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Abstract

The aim of this work is to investigate the solubility behavior of a hydrophobic model drug, diazepam, in a binary
solvent of industrial interest for freeze-drying, the water + tert-butyl alcohol mixture. Firstly, a model describing
the dependence of the excess volume of the solvent on both composition and temperature was validated from
experimental data obtained during this work and literature data. This model was used to derive expressions for
excess partial thermodynamic quantities and their variations with respect to composition and temperature were
discussed in terms of molecular interactions and structural arrangements in solution. Secondly, the solubility of
diazepam in neat solvents and different binary solvent mixtures was determined. The density of drug-saturated
mixtures was also determined as well as the thermophysical properties of original diazepam crystals and excess
solid phases from solid-liquid equilibria. The thermodynamic properties relative to the dissolution process of the
drug under saturation condition were obtained from solubility temperature dependence using van’t Hoff plots.
From these, the excess partial thermodynamic properties of diazepam in saturated mixtures were computed and
the forces driving the drug solubility variation with respect to the solvent composition were identified. Finally,
two excess Gibbs energy models, the Scatchard-Hildebrand and combined Scatchard-Hildebrand/Flory-Huggins
models were tested to represent the solubility data. Their capabilities in correlating the dependence of the drug
solubility on both the solvent composition and temperature were evaluated and compared.

Key words: diazepam; water; tert-butyl alcohol; solubility; density; solid-liquid equilibrium; thermodynamic
analysis; thermodynamic modeling; excess thermodynamic quantities

Résumé

L’objectif de ce travail est I’étude de la solubilité d’un principe actif hydrophobe modéle, le diazépam, dans un
solvant binaire d’intérét pour la lyophilisation industrielle, le mélange eau + fert-butanol. Un modele décrivant la
dépendance du volume d’exces du solvant vis-a-vis de sa composition et de sa température a été validé a partir
de données mesurées au cours de ce travail et de données de la littérature. Les variations de diverses propriétés
partielles d’excés issues de ce modele en fonction de la composition du solvant et de sa température ont été
interprétées en termes d’interactions moléculaires et d’arrangements structuraux. Ensuite, la solubilit¢ du
diazépam dans le solvant a été mesurée en fonction de sa composition et de sa température. La masse volumique
des phases liquides saturées ainsi que les propriétés thermophysiques des cristaux de principe actif originels et
des phases solides en exces issues des équilibres solide-liquide ont été déterminées. Les propriétés
thermodynamiques caractéristiques du processus de dissolution du diazépam en condition d’équilibre ont été
obtenues a partir de la dépendance de sa solubilité vis-a-vis de la température. A partir de ces données, les
propriétés thermodynamiques d’exces du diazépam dans les différents mélanges saturés ont été calculées et les
forces responsables de la variation de la solubilit¢ du principe actif avec la composition du solvant ont été
identifiées. Enfin, la capacité de deux modeles d’enthalpie libre d’exces, le modéle de Scatchard-Hildebrand
combiné ou non au modele de Flory-Huggins, a corréler les données expérimentales de solubilité a été évaluée et
comparée.

Mots-clés : diazépam ; eau; tert-butanol ; solubilité ; masse volumique; équilibre solide-liquide ; analyse
thermodynamique ; modélisation thermodynamique ; quantités thermodynamiques d’exces
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Preface

Despite formulation approaches and technologies developed by scientists over the past
decades to enhance the solubility and/or the dissolution rate of hydrophobic drugs in aqueous
media, the design of an optimal, reliable and scalable formulation for poorly water-soluble
drugs delivery remains extremely challenging, especially when these drugs exhibit physical
and/or chemical instability. Freeze-drying, the process by which solvent or dispersion media
is removed from a frozen solution or suspension by sublimation and desorption under
vacuum, is traditionally used in the pharmaceutical industry for the manufacturing of solid
dosage forms of heat-labile and/or water-labile drugs. The first step in the manufacturing
process of most lyophilized pharmaceutical compositions consists in preparing a
homogeneous solution of the ingredients to be dried, and for this purpose, water is almost
universally used as solvent. When considering freeze-drying of high-dosage hydrophobic
drugs, for which the concentration in the solution to be lyophilized must be high enough to
make the whole process economically viable for a large-scale production, cosolvency, the
addition of a miscible organic solvent to water, appears to be the most effective and widely
used solubilization approach. Among the cosolvents that have been investigated over the past
years in the field of freeze-drying, fert-butyl alcohol is the one that attracted the most
attention from researchers in both academic and industrial settings. As a matter of fact, fert-
butyl alcohol is miscible with water over the whole composition range at any temperature,
has a low toxicity profile and exhibits suitable physical properties with regard to the freeze
drying process including a high fusion temperature, a high solid vapor pressure and a low
sublimation enthalpy. All water + fert-butyl alcohol solvent mixture compositions share these
desirable properties as well and, consequently, they freeze under operating conditions for
conventional commercial freeze-dryers and they sublime at a higher rate than neat water for

identical process parameters.

A survey of the literature on poorly water-soluble drug formulations freeze-dried from water
+ tert-butyl alcohol solvent mixtures yields the following observations. First, indisputable
evidence is given that any kind of poorly water-soluble drug formulation that might be
prepared by solvent evaporation method could be produced by freeze-drying from this

cosolvent system, but it could or could not be manufactured at the industrial level with
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respect to the technology currently available. Second, and despite the fact that actual
knowledge allows a rational and effective development of lyophilization cycles, attention is
focused on formulation aspects so that apart from very few studies, freeze-drying appears to
be a push-button affair, regardless of the process complexity. In the pharmaceutical industry,
empirical selection of process parameters and development of freeze-drying cycles on a trial-
and-error basis is a risky choice, always time-consuming and cost-effective. This is all the
more surprising given that for specific formulation approaches, their successes in improving
the solubility and/or the dissolution rate of hydrophobic drugs in aqueous media are
conditioned by the process parameters settings. Third, and as a consequence of the second
observation made above, the nature of single or multiple excipients included in the
pharmaceutical composition as well as their relative amount to the drug of interest are deeply
investigated as formulation parameters whereas the composition of the water + tert-butyl
alcohol solvent mixture used as freeze-drying medium, the total concentration of solutes into
and the filling volume of vials or containers of any type are almost never studied as such.
Since successful application of freeze-drying is driven by the interplay between formulation
and process parameters, it is essential to design such liquid formulations of poorly water-
soluble drugs not only according to their end-use properties, but also according to the
lyophilization process. In this context, a rational selection of the composition of water + tert-
butyl alcohol solvent mixtures is to be made. This requires detailed knowledge of the
influence of the mixed solvent system composition on many outcomes such as solubility and
stability of drugs and excipients, thermophysical properties of maximally freeze-concentrated
phases, sublimation kinetics under specified shelf temperature and chamber pressure

conditions or even on mechanical properties of freeze-dried cakes.

The primary interest of using fert-butyl alcohol as a cosolvent to water being to enhance the
solubility of hydrophobic drugs to allow them to be freeze-dried from a restricted volume of
solvent, the ability to predict the composition and temperature dependence of the solubility
of poorly water-soluble drugs in this cosolvent system with a qualitative level of accuracy
and precision would be of a great value. Obviously, comparative evaluation of existing
models in this aim requires the availability of a large experimental data set, but at this time,
solubility data of drugs in water + fert-butyl alcohol solvent mixtures are very scarce and
often limited to a narrow solvent composition range. In this framework and as a first step

toward this goal, the aim of this thesis is to investigate the solubility behavior of a
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hydrophobic model drug, diazepam, in this mixed solvent system of industrial interest for
freeze-drying. The thesis-by-publication format was selected for the presentation of the
current research findings. Following this preface, the remainder of this document is divided
into three independent chapters with nomenclature and references listed at their ends.
Chapter 1 presents a validated model describing the dependence of the excess specific
volume of the binary solvent mixture on both composition and temperature and discusses the
variations of excess partial specific thermodynamic quantities with respect to temperature
and composition in terms of molecular interactions and structural arrangements in solution.
Chapter 2 provides experimental solubility data of diazepam in water + fert-butyl alcohol
solvent mixtures as well as other experimental data allowing performing the thermodynamic
analysis used to identify the forces driving the variation of the drug solubility with respect to
the binary solvent mixture composition and temperature. Chapter 3 investigates the
capability of the Scatchard-Hildebrand and combined Scatchard-Hildebrand/Flory-Huggins
excess Gibbs energy models in correlating the composition and temperature dependence of
the solubility of diazepam in water + fert-butyl alcohol solvent mixtures and the use of an
approach based on information-theoretic concepts to select the temperature dependence of
model parameters with respect to the parsimony principle. The first two chapters are
published in an international peer-reviewed journal. Nevertheless, it is though that this does

not negate the possibility to criticize their respective contents.

19



This page is intentionally left blank.

20



Chapter 1

Excess specific volume of water + fert-butyl alcohol solvent
mixtures: Experimental data, modeling and derived excess
partial specific thermodynamic quantities

Abstract

The aim of this work is to develop a model for the dependence of the excess specific volume of the
water + tert-butyl alcohol system on both composition and temperature under the temperature and
pressure conditions relevant to the manufacturing and processing of poorly water-soluble drug
formulations intended to be freeze-dried. For this purpose, experimental excess volumes of binary
solvent mixtures were obtained from density measurements performed with a vibrating-tube density
meter and carried out at atmospheric pressure for thirty-nine compositions covering the whole
composition range and at five temperatures over the range from 293.15 to 313.15 K. For every
temperature investigated, experimental excess volume data were fitted by a Redlich-Kister-based
equation. By considering the temperature dependence of the regression coefficient estimates thus
determined, the complete model equation was obtained and further validated by testing its correlative
and predictive capabilities against data from this work and those from literature, respectively. Then, it
was used to derive expressions for the excess partial thermodynamic quantities and their variations
with respect to composition and temperature were discussed in terms of molecular interactions and

structural arrangements in solution.

This chapter was published in Fluid Phase Equilibria, volume 439, 15 May 2017, pages 43—66.

21



This page is intentionally left blank.

22



1.1. Introduction

Solvent mixtures are of widespread use in the pharmaceutical industry as reaction, crystallization,
extraction, separation or formulation media [1]. Over the past decades, water + fert-butyl alcohol
solvent mixtures have received an increasing interest from scientists in both academic and industrial
settings as lyophilization vehicle for the preparation of freeze-dried pharmaceutical compositions [2-
4]. In addition to be fully miscible with water under ambient temperature and pressure conditions, tert-
butyl alcohol is a low toxicity [5] and environmentally friendly solvent relatively safe in use [6] which
exhibits suitable physical properties with regard to the freeze-drying process including a high fusion
temperature, a high solid vapor pressure and a low sublimation enthalpy [2-4]. Binary mixtures of this
monohydric alcohol with water share these desirable properties as well so that, unlike other aqueous
organic cosolvent systems, they can be frozen under operating conditions for conventional industrial-
scale freeze-dryers [7-11] and, for identical process parameters, they sublime faster than neat water
[12, 13]. Since the first step in the manufacturing process of most lyophilized pharmaceutical
compositions consists in preparing a homogeneous solution of the ingredients to be dried, the use of
water + fert-butyl alcohol solvent mixtures is especially valuable when considering freeze-drying of
high-dosage hydrophobic drugs, for which the concentration in the solution to be lyophilized must be
high enough to make the whole process economically viable for a large-scale production [2-4, 14]. To
further increase the concentration of such drugs, the solubilization step is preferably carried out with
slight heating [15, 16], provided that the drug dissolution in the excipient-free and/or -containing
binary solvent mixture of defined composition is an endothermic process, and that the stability of the
individual solute components in the resulting solution at the selected temperature is ensured until

completion of pre-lyophilization unit operations.

These multicomponent liquid mixtures, comprising at least water, fert-butyl alcohol and a hydrophobic
drug, but more generally also including one or more hydrophilic and/or amphiphilic excipients [15-
20], are expected to exhibit strong deviations from ideal mixing behavior. Indeed, in addition to the
difference in size and shape of individual mixture components, a wide range of specific intermolecular
interactions is very likely to occur in such solutions since, on the one hand, both solvent components
are associated liquids, and on the other hand, most drug and excipient molecules present single or
multiple hydrogen bond acceptor and/or donor functional groups in their structures. Although precise
knowledge of excess thermodynamic properties of these multicomponent liquid mixtures is essential
for both theoretical and practical considerations, they are unlikely to be found in the literature, let
alone under temperature conditions of interest, owing to the large number of possible qualitative and
quantitative mixture compositions. Experimental determination of excess thermodynamic properties of
liquid mixtures becoming increasingly more difficult, time-consuming and cost-intensive with each

additional component, the development of model equations enabling to reliably estimate them has
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always been an overarching goal of research in solution thermodynamics [21-24] and a countless
number of empirical and semi-empirical expressions have been proposed and evaluated in the past
with this aim [25-39]. Above and beyond their capabilities and limitations, one common feature of
these mathematical models is that they are all built-up in such a way that the excess thermodynamic
properties of a multicomponent liquid mixture of defined composition can be predicted only from
knowledge of those of every possible contributing binary subsystem, commonly parameterized using
the Redlich-Kister formalism [27]. Therefore, generating highly accurate excess thermodynamic data
for the water + fert-butyl alcohol binary system and providing a suitable analytical representation of
their dependencies on both mixture composition and temperature are essential steps toward predicting
excess thermodynamic properties of drug formulations intended to be freeze-dried from this cosolvent

system.

Among thermodynamic properties of liquid mixtures, volumetric and related derived quantities as well
as the extent of their deviations from ideal mixing behavior are of special importance from both
fundamental and applied viewpoints [40]. Indeed, knowledge of volumetric properties is not only
indispensable for properly converting volume-based quantities into mass- or amount-of-substance-
based quantities and performing all material balance calculations required for designing, operating,
controlling and scaling-up technological processes, but also provides insights into the nature of
intermolecular interactions taking place in the mixed systems. Although a great number of volumetric
data at atmospheric pressure for the water + tert-butyl alcohol binary mixture have been reported by
numerous investigators over the last sixty years [41-55], it was necessary for us to perform
complementary experiments in the temperature range relevant to the industrial manufacturing of
pharmaceutical composition freeze-dried from this co-solvent system, which is the field in which we
are focus in this work. As a matter of fact, as pointed out by Egorov and Makarov [54], most of these
experimental data were obtained either at a single temperature, or over limited composition and/or
temperature ranges, or over the whole composition and/or wide temperature ranges but with large
intervals, and even in some instances, they were only graphically displayed. To remedy these
shortcomings, these authors carried out density measurements at atmospheric pressure on up to thirty-
six water + tert-butyl alcohol binary mixture compositions per temperature, ranging from 274.15 to
348.15 K [54], and also performed isothermal compressibility measurements over the temperature
range from 278.15 to 323.15 K and pressures up to 100 MPa [56, 57]. However, despite the substantial
amount of experimental data provided in these studies, those covering the whole composition range
under atmospheric pressure conditions are available only for four temperatures, of which solely one is
inside the range of from 293.15 to 313.15 K in which we are interested in, whereas the remaining three
are substantially higher than the said upper temperature range limit. Furthermore, although from these
data modeling of the isothermal dependence of the excess volume of the water + fert-butyl alcohol

system on composition was performed, that of its dependence on both temperature and composition
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was not considered, so that no extrapolation beyond the temperature range covered can be made.
Nevertheless, even if this were practicable, it would be unwise unless the reliability in as such
extrapolated excess volume values were assessed, which in turn would require availability of sufficient
experimental data covering the whole composition and relevant temperature ranges to ensure a fair

evaluation.

The aim of this study is to provide a single equation allowing for the simultaneous modeling of both
the composition and temperature dependence of the excess volume of the water + fert-butyl alcohol
system under the temperature and pressure conditions relevant to the manufacturing and processing of
poorly water-soluble drug formulations intended to be freeze-dried. For this purpose, experimental
excess volumes of binary solvent mixtures were obtained from density measurements performed with
a vibrating-tube density meter and carried out at atmospheric pressure on thirty-nine compositions
covering the whole composition range and at five temperatures over the range from 293.15 to 313.15
K. The model equation was developed by considering, first, the composition dependence of excess
volume of the liquid mixture on composition under isothermal conditions, and second, the temperature
dependence of the model parameter estimates, and was further validated by testing its correlative and
predictive capabilities against data from this work and those from literature, respectively. Finally, the
changes in derived excess partial thermodynamic quantities with respect to the composition and
temperature were computed and discussed in terms of molecular interactions in the light of findings
from structural and dynamical studies published to date. Before proceeding further, one should specify
that throughout this work, specific units were preferred over molar units to express thermodynamic
quantities because, in addition to be more convenient for practical purposes in the field, they allow to
detect [50, 58] and model [54] more subtly extrema in the composition dependence of excess partial
thermodynamic quantities. Although less conventional, this does not represent any particular issue

since conversion of data provided in this work from mass units to molar ones is straightforward.

1.2. Material and methods

1.2.1. Chemicals

Ultra-pure water, otherwise known as type 1 water, ([CAS 7732-18-5], 18.2 MQ-cm resistivity at
298.15 K, total organic carbon < 10 ppb, sodium < 1 ppb, chlorine < 1 ppb and silica < 3 ppb, W,
component 1) was produced by a Synergy water purification system (Merck Millipore, Molsheim,
France) whereas tert-butyl alcohol (2-methylpropan-2-ol, [CAS 75-65-0], purity: 0.99 in mass
fraction, TBA, component 2) was purchased from Fisher Scientific (Loughborough, United Kingdom)
and used as received with no further purification. Overview of chemicals used in this study is

summarized in Table 1.1.
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1.2.2. Solvent mixtures preparation

Since pure TBA is in the solid state at room temperature, the original container was warmed in a water
bath a few degrees above its fusion temperature until the entire content was melted and was further
homogenized prior to use. Samples of 100 g of W + TBA solvent mixtures were prepared by
gravimetric method using a CP225D analytical balance (Sartorius, Goettingen, Germany) with an
accuracy of £ 1-107" mg. The mass fraction of TBA in solvent mixtures ranged from 0.025 to 0.975
with increments of 0.025. The uncertainty in mixture composition expressed in mass fraction was less
than 1-107 for each component. In order to minimize errors in mixture composition due to preferential
evaporation of the organic solvent, water was weighed in first, followed by fert-butyl alcohol. For the
same reason, binary mixtures were kept in hermetically sealed vials until analysis, performed within

the same or following day.
1.2.3. Density measurements

Density measurements were performed with a DMA 5000 M vibrating-tube digital density meter
(Anton Paar, Graz, Austria). Apparatus was operated in the dynamic temperature mode under
atmospheric pressure condition and an incorporated Peltier system was used to control the temperature
of the measuring cell. According to the technical specifications provided by the manufacturer for this
instrument, accuracy and repeatability standard deviation in density measurement are of 5-10° and
1:10° g-em™ whereas those in temperature of the measuring cell are of 110 and 1107 K,
respectively. The density of neat water as well as investigated solvent binary mixtures was measured
at 293.15, 299.15, 303.15, 308.15 and 313.15 K. The density of neat fert-butyl alcohol was measured
at the same temperatures starting from 299.15 K and at two additional temperatures, namely 318.15
and 323.15 K. Every measurement was performed in triplicate and was preceded by density meter
calibration with dry air and ultra-pure water. The standard uncertainty in density measurement and
measuring cell temperature were found to be at most of 3:10° g-cm™ and less than 5-107° K,

respectively.

1.2.4. Statistical analysis

Standard error propagation equations were used to estimate the standard deviations in values
calculated from those obtained from experimental measurements [59]. Regression analyses were
performed using ordinary least-squares method. Goodness-of-fit of regression equations was evaluated
by the adjusted squared correlation coefficient and its statistical significance was assessed by one-
tailed Fisher’s F-test whereas statistical significance of estimated regression coefficients was
determined by two-tailed Student’s f-test. Accuracy and precision of regression equations were

appraised from standard deviation of the residuals and range of relative standard deviation of the
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dependent variable estimates, respectively. All calculations were carried out using Microsoft Excel

2010 software (Microsoft, Redmond, USA).
1.3. Results
1.3.1. Experimental excess specific volume data of water + fert-butyl alcohol solvent mixtures

The experimental density values of pure water ,0’]k and tert-butyl alcohol p; are provided according to
the temperature in Table 1.2 whereas those of W + TBA binary mixtures p are presented in Table 1.3
according to the temperature and the TBA mass fraction w,. For comparison purposes are also
included in Table 1.2 the experimental density data of pure components taken from literature [41, 47,
49-54, 60-62] as well as from reference works and handbooks [63-67]. It can be observed that the
results presented in this work are in perfect agreement with those reported by others, our measured
values being in the range of published ones for every investigated temperature. Based on these data,
the experimental excess specific volume of the binary mixtures was calculated for each isotherm from

its definition [68, 69]:

VE =y —vid =y — [V + w15 — )] (1.1)

where v =w(T, P,X) = [p(T, P, X)]~', vE =E(T, P, X) = A, x (T, P, X) and V¢ = vi4(T, P, X) are

respectively the actual, the excess and the ideal specific volume of the mixture, v; = v;(T, P) =

[p;‘(T, P)]_] is the specific volume of the pure liquid i-th component, T is the system temperature, P is
the system pressure, X is the mixture composition, the A symbol denotes the change in an extensive
thermodynamic quantity associated with a process, the subscript mix refers to mixing process whereas
the superscripts E, id and * stand for excess quantities, ideal quantities and pure component,

respectively.

Since the fusion temperature of pure TBA is reported to be in the range of 298.65-298.87 K at
atmospheric pressure [11, 41, 51, 67, 70-72], the density value of the hypothetical pure liquid TBA at
293.15 K required to calculate the excess specific volume of the W + TBA mixtures from Eq. (1.1) at
this temperature must be extrapolated. This can be achieved by considering either the dependence of
the binary mixture density on composition at the relevant temperature or the dependence of the pure
component density on temperature. The latter approach was adopted in this work. As illustrated in
Figure 1.1, the density of neat TBA exhibits a linear dependence on temperature over the range
299.15-323.15 K and could be regressed into a straight line whose slope and intercept were found to

be equal to —1.061 = 0.006 -10° K" and 1.097 + 0.002 g-cm ™, respectively. Both these parameters as

well as the adjusted squared correlation coefficient ryy;, which value exceeds 0.9998, were found to be
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statistically significant with p-values lesser than 1-10°°. From this, the density value of the
hypothetical pure supercooled liquid TBA was estimated to be p;(T= 293.15 K, P=0.1 MPa) = 7.860
+0.001 107" g-em™.

7.9

Density x 10 (g-cm"”)
~ ~
n i

X
=)
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7.5 1 1 1 1 1 1 1
290 295 300 305 310 315 320 325

Temperature (K)

Figure 1.1. Density of pure fert-butyl alcohol as function of the absolute temperature (®):
experimental values; (O): extrapolated value at 7" = 293.15 K (the solid line is a linear fit to
experimental data; the dashed line is the continuation of the solid line to temperatures lower than the
fusion temperature of the pure component; error bars corresponding to plus and minus one standard
deviation are smaller than symbol size).

The experimental values of the excess specific volume of the W + TBA binary mixtures are listed in
Table A.1 and displayed in Figure 1.2 according to the TBA mass fraction and the temperature. The
relative standard deviations of excess specific volume values are less than 1% for almost all mixture
compositions, irrespective of the temperature condition. The only exception to this concerns the excess
specific volume values of TBA-rich mixtures at 293.15 K for which the relative standard deviations
are at most of 20%, because of the uncertainty associated with the extrapolated density value of the

pure TBA which is about one hundred times higher than those of the experimental density for these
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mixtures at this temperature. Provided that mixture composition and excess volume are converted into
the same units, the variations of the W + TBA mixtures excess volume obtained in this work with
respect to the temperature and composition well agree with those reported by others [41-43, 46, 49-51,
53, 54]. However, direct comparison of experimental values provided by these authors with those
obtained in the present work is limited due to difference in both investigated mixture compositions and
system temperatures so that it can only be achieved for a very limited number of data. Instead, we
think more appropriate to consider indirect comparison by means of a model expressing the
dependence of the excess specific volume of the W + TBA system on both mixture composition and

temperature as described in the section 1.3.2.

One can see from Table A.1 and Figure 1.2 that the excess specific volume of the W + TBA mixtures
is negative over the entire composition range indicating that the mixing of the individual components
always results in volumetric contraction for this system in the temperature range investigated. As
illustrated in Figure 1.2, the variation of vF with the mixture composition for a given system
temperature exhibits an asymmetric U-shaped profile in agreement with the general features of water
and monohydric alcohols binary mixtures. Depending on temperature, the maximum deviation from
ideal mixing behavior with respect to volume change is found to occur in binary mixtures with w,
ranging from 0.40 to 0.45 and appears to shift to mixtures of higher TBA content as the temperature
increases. The variation of the magnitude of V¥ with the system temperature for a given mixture
composition can be better discussed by considering the values of the excess specific isobaric
expansivity ef, defined as eE(T, P, X) = (0vE/0T) px - 1O investigate for the temperature dependence
of this quantity at a given composition, the experimental values of v* were regressed against the
temperature. It was found that a linear dependence of vF on the temperature provide the best regression
results, evidencing that the temperature range covered in this work is narrow enough so that the
temperature dependence of e[];: over the whole composition range can be neglected. The experimental
values of e};: = e[];:(P, X) over the range T = 293.15-313.15 K and at a given composition are the slope

of the straight lines obtained from least-squares linear regression of the experimental excess specific

volume data on temperature according to:

ey =A:1T(VE—B) (1.2)

where A and B are the slope and intercept of the linear function, respectively. The corresponding
values of eg are provided as supplementary material in Appendix A (Table A.2) and depicted in Figure
1.3 according to the TBA mass fraction in the solvent mixture. The variation of ell;: with mixture
composition displays a W-shaped profile. For binary mixtures with a TBA mass fraction lower than

0.15 and higher than 0.50, e}j‘ values are negative so that the magnitude of vE decreases with
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temperature whereas in the composition range in between, e values are positive and the opposite
occurs. Within these TBA mass fraction intervals, extrema are found for TBA mass fractions of 0.075,

0.250 and 0.875 for which e}j‘ values are —0.5, 1.1 and —1.2:10* cm®g ™K™', respectively.

Excess specific volume x 100 (cm3-g'])

00 01 02 03 04 05 06 07 08 09 1.0
tert-butyl alcohol mass fraction

Figure 1.2. Experimental excess specific volume of water + fert-butyl alcohol solvent mixtures as
function of the fert-butyl alcohol mass fraction (W): 7= 293.15 K; (A): T=299.15 K; (®): T=303.15
K; (©): T=308.15 K; (¥): T =313.15 K (error bars corresponding to plus and minus one standard
deviation are smaller than symbol size, the solid lines are calculated from Eq. (1.4)).
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Figure 1.3. Excess specific isobaric expansivity of water + fert-butyl alcohol solvent mixtures over the
temperature range 7" = 293.15-313.15 K as function of the fert-butyl alcohol mass fraction (O):
experimental values calculated from Eq. (1.2); (solid line): modelled values calculated from Eq. (1.5)
(error bars and dashed-dotted lines correspond to plus and minus one standard deviation).

Accordingly, as it can be seen on Figure 1.2, in the temperature range investigated, the magnitude of
the maximum deviation from ideal mixing behavior with respect to volume change is highest at 293.15
K and lowest at 313.15 K for which temperatures v& = —2.98:10 cm>g ' and vF = -2.88:10 cm™g ',
respectively. Consequently, the dependence of the mixture excess specific volume on temperature over
the range investigated is not very strong in the water-rich region while it is more pronounced in the

remaining part of the composition range, without exceeding 2.5-10~ cm®g ™.

The large negative excess specific volume observed for the W + TBA system indicates that the
difference in shape and size of the unlike molecules as well as the specific and non-specific
intermolecular interactions between like and unlike molecules in the mixture impose overall structural
changes upon mixing of the individual components. These molecular rearrangements, although being
composition and temperature dependent, always result in an effective packing of the mixture leading

to system contraction. The structural changes of individual mixture components with respect to their
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pure liquid state leading to the observed dependence of the W + TBA excess specific volume on
mixture composition and temperature can be more appropriately interpreted in light to those of excess
partial specific volumes and their variation with temperature at a given pressure and composition. This
obviously requires beforehand to model the variation of the binary mixture excess specific volume

with respect to its composition over the temperature range investigated.

1.3.2. Modeling of the temperature and composition dependence of excess specific volume of

water + tert-butyl alcohol solvent mixtures
1.3.2.1. Determination of model coefficients and their temperature dependencies

For each of the five temperatures studied, the composition dependence of the mixture excess specific

volume was correlated with a Redlich-Kister-like polynomial equation [27]:

k
VE=wy(1=wy) Y Ai(1 = 2w,) (1.3)
2

where A; = A;(T, P) are the model coefficients, k is the degree of the polynomial and where other
terms are as previously defined. One can see that this equation is structurally expressed in such a way
that VE(T, P, wy=1)= VvE(T, P, wy, =0) = 0. The coefficients of Eq. (1.3) were obtained by
regressing V& against each of the w,(1 — wy)(1 — 2w2)i terms for the different isotherms. In order to
avoid overfitting, extra-sum-of-squares F-test was used to check whether stepwise increment in k
value from zero up to six results in a statistically significant better fit of Eq. (1.3) to the data. The
results, including relative differences in residual sum-of-squares SS(e) and degrees of freedom df
between compared models as well as corresponding F-scores and associated p-values reported as
asterisks, are summarized in Table 1.4 for the different temperature investigated in the framework of
this study. Full statistical analysis results are provided in Appendix A (Table A.3). For every isotherm
studied, one can see from Table 1.4 that despite the loss in degrees of freedom, increasing the
polynomial degree value from k to k + 1 always leads to a statistically significant improvement in the
fit of Eq. (1.3) to the data at the 95 percent level of confidence. A noticeable exception to this occurs
when the value of the polynomial degree is increased from two to three but at the same time, a fourth-
order polynomial expression fit the data significantly better than does a second-order one, with
associated p-values lesser than 1-107°. In addition to this approach based on traditional statistical
hypothesis testing, second-order Akaike’s information criterion corrected for small sample size
(AIC,), which is based on information-theoretical concepts, was used to compare and rank the
different nested candidate models according to the parsimony principle. Full explanation and details of

calculation procedures for computing AIC, scores and derived indices from the results of least-squares

35



regression analysis can be found in the reference book by Burnham and Anderson [73]. The results are
presented in Table 1.5 and lead to the exact same conclusion than that drawn from extra-sum-of-
squares F-tests. Indeed, for each of the different temperatures considered, the sixth-order polynomial
model presents the lowest AIC, score among alternative models tested, indicating that Eq. (1.3) with
the highest polynomial degree performs better than with any of the lower ones in balancing the
decrease in the residual sum-of-squares against the number of adjustable coefficients. In addition to
SS(e) values and AIC, scores, are also presented in Table 1.5 Akaike weights w, which are the weight
of evidence in favor of each model being the actual Kullback-Leibler best model in the model set
considered, given the data, normalized to sum to unity so that they may be interpreted as probabilities
[73]. It can be observed from Table 1.5 that, for the five temperatures investigated, the value of wy
corresponding to Eq. (1.3) with k = 6 is higher than 0.9999, providing compelling support that it is the
most parsimonious model among those examined. Hence, from the results of both statistical- and

information theory-based approaches, a sixth-order polynomial was selected as the optimal model.

The least-squares regression parameters are presented in Table 1.6, including p-values of estimated
regression and adjusted squared correlation coefficients reported as asterisks. Full statistical analysis
results are summarized in Appendix A (Tables A.4 and A.5), including the respective variance-
covariance matrices. It can be observed from Table 1.6 that the values of the adjusted squared

determination rﬁdj are higher than 0.9999 with associated p-values of less than 1-107* in all cases,

indicating that for every investigated temperature, almost all of the total variation in the dependent
variable is accounted for by the model. Regarding to the model coefficient estimates, they are found to
be statistically significant at the 95 percent level of confidence with p-values mostly lower than 1-107*,
however, with notable exception of the quartic coefficient estimates for 7= 293.15 K and 7 = 299.15

K.

From Table 1.6, the accuracy and precision of Eq. (1.3) in modeling the excess specific volume of the
W + TBA system from its composition at a given investigated temperature can be considered
satisfactory. Indeed, the values of the standard deviation of the residuals from regression s(e) ranges

from 2.22:107* to less than 1-10™* cm®g™' whereas the maximum values for the relative standard

E

deviation of the calculated excess specific volume s,(vgy.

) ranges from 2.9 to 18.1%. In comparison
with the uncertainty in experimental v data, the values of these two parameters are found to be
slightly higher, whatever the temperature, but both the accuracy and precision of mixture excess

specific volume values calculated from Eq. (1.3) increase with temperature [42, 43].
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In order to describe the dependence of the excess specific volume of the W + TBA system on both
temperature and mixture composition with a single equation, the temperature dependence of the
estimated coefficients A; of Eq. (1.3) was considered on the basis of a linear relationship because of

the narrow temperature range covered in the present work so that Eq. (1.3) can be written as:

(B,T+ C)(1 —2w,)’ (1.4)

6
vE = wo(1 —wy)

i=0

where B; = B;(P) and C; = C;(P) are the slope and intercept of the considered linear functions,
respectively, and are independent of composition as well as temperature over the experimental
temperature range and where other terms are as defined above. It should be noted that, despite being
found statistically insignificant at the probability level of 0.05 for two of the five isotherms
investigated, the temperature dependence of the coefficient estimate A4 was considered over the full
temperature range. The plots of the coefficient estimates of Eq. (1.3) against temperature are shown in
Figure 1.4 and the least-squares linear regression parameters are given in Table 1.7. As for the
previous regression analysis, the statistical significance of estimated regression and adjusted squared
correlation coefficients reported as asterisks are included in this table whereas complete statistical
analysis results are provided in Appendix A (Tables A.6 and A.7). From Figure 1.4 and Table 1.7, it
can be observed that five of the seven regression coefficient estimates of Eq. (1.3) exhibit a linear
dependence to the absolute temperature over the experimental temperature range as assessed by the p-
values of less than 0.05 associated with the respective adjusted squared correlation coefficients whose
values range from 0.6324 to 0.9708. Oppositely, the degree of association between the values of the
remaining two regression coefficient estimates Ay and As and the temperature was not found to be
statistically significant at the 95 percent level of confidence suggesting that the variation of these
parameters with temperature is not linear. Considering the graphical plots and the p-values associated
with the slopes and intercepts as obtained from linear regression of A, and A5 values against
temperature, it follows that the former coefficient estimate is almost constant over the temperature
range considered whereas the poor correlation observed for the latter one results because of a single
data point. Consequently, these two parameters were considered to be temperature independent over
the range T = 293.15-313.15 K and their mean values with respect to temperature were used for
subsequent calculations so that, from the results provided in Table 1.6, Cy = —1.1516:10"" cm’>g ' and

Cs =7.4767-107 cm™g ' with By=Bs=0K .
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Figure 1.4. Regression coefficient estimates of Eq. (1.3) as a function of the absolute temperature (H):
Ap; (D) Ap; (@) Ay; (O): As; (9): Ay (O): As; (A): Ag (the solid lines are linear fits to data; the
dashed lines are the arithmetic mean values of data; error bars corresponding to plus and minus one
standard deviation are smaller than symbol size).

The curves of the excess specific volume of W + TBA binary mixtures as calculated from Eq. (1.4) for
the different experimental temperatures are drawn in Figure 1.2. At a first glance, experimental data
appeared to be well described by the model equation from which the minimum values in V£ are
calculated to occur in binary mixtures with a TBA mass fraction of 0.384, 0.421 and 0.472 at
temperatures of 293.15, 303.15 and 313.15 K, respectively. Considering the variation of the first
derivative of Eq. (1.4) with respect to w, as a function of the binary mixture composition, it appears
that the curves relating the composition dependence of vF for any temperature in the range considered
exhibits two inflexion points, one in the water-rich region and another in the fers-butyl alcohol-rich
region of the composition range. As the temperature increases, the former is shifted toward mixtures
of lower TBA content whereas the latter is shifted toward mixtures of higher TBA content. The binary
mixture compositions corresponding to the occurrence of these inflexions in the curves describing the
dependence of V£ on composition are computed to be w, = 0.080 and w, = 0.916 for T = 293.15 K

and w, = 0.060 and w, = 0.974 for T = 313.15 K.
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In addition, the composition dependence of e}j‘ over the whole composition range can be obtained by

differentiation of Eq. (1.4) with respect to the temperature:

6
el =wy(1 - wz)z B;(1 —2w,)’ (1.5)
=0

The variation of e}; with the TBA mass fraction, as calculated from Eq. (1.5), is illustrated in Figure
1.3 in order to compare the curve profile computed in this way with the values obtained from fitting
Eq. (1.2) to experimental v* data. It can be observed from Figure 1.3 that el}f values calculated by the
two methods are in good agreement from a qualitative point of view but show some quantitative
differences, especially at the extrema of the curve and in the composition range w, = 0.5-0.7. The
values of ell;: corresponding to the experimental binary mixture composition calculated from Eq. (1.5)
are provided in Appendix A (Table A.2) along with those calculated from Eq. (1.2) for comparison
purpose. Due to the high order of the polynomial Eq. (1.5), the values obtained from Eq. (1.2) are

eE

» values

expected to be more accurate but, nevertheless, the absolute difference between the
calculated by the two methods is at most of 0.2:10™* cm® g "*K™'. The extrema in the curve describing

the composition dependence of eg as calculated from Eq. (1.5) are computed to occur in binary
mixtures with a TBA mass fraction of 0.051, 0.289 and 0.887 whereas null values of e,l;: are found for

wy = 0.129 and, as expected, w, = 0.500.
1.3.2.2. Evaluation of correlative and predictive capabilities of the model

The effectiveness of Eq. (1.4) in modeling the dependence of the excess specific volume of W + TBA
solvent mixtures on both composition and temperature was evaluated by considering the experimental
data obtained in this work as well as those reported in published papers. These two experimental data

sets are hereinafter referred as training and testing sets, respectively.

The testing set was constituted by all available numerical experimental values of either density or
excess volume for the binary system under consideration in the range 7 = 293.15-313.15 K at
atmospheric pressure published up to December 2015 for a total of 393 data points taken from [41-45,
47, 48, 51, 52, 54]. Experimental data from [49] and [53], although originally included in the testing
set, were excluded because over half of experimental data from each of these references turned out to
be detected as outliers on the basis of how we defined them, which is detailed below. The
experimental excess specific volume values of W + TBA solvent mixtures, when not directly
provided, were calculated from Eq. (1.1) using binary mixtures and pure components density values as

reported in the original publication. When missing in the original publication, the experimental density
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values of pure components measured in this work were used if available at the relevant temperature. If
not, reference values from [64] were used for neat water whereas extrapolated values from least-
squares linear regression of pure component density on temperature were used for neat tert-butyl
alcohol, employing the density values measured in this work. The only exception is for the data from
[54] for which all density values of pure TBA reported in were regressed with respect to temperature
using a quadratic polynomial function and extrapolated density values of hypothetical pure
supercooled TBA were calculated from the corresponding equation coefficient estimates. It should
also be mentioned that the excess specific volume values for compositions corresponding to pure
components, which by definition are null and perfectly predicted by the Redlich-Kister-like
polynomial expansion were not included, neither in the training nor in the testing data sets, for not

positively biasing the results.

In order to assess the correlative and predictive capabilities of Eq. (1.4), experimental data points from
both the training and testing sets were compared with values computed from the model equation using
the fixed coefficients values predetermined in section 1.3.2.1 and the model performances were
evaluated from the least-squares fitting parameters including goodness-of-fit and its statistical
significance as well as accuracy and precision of the calculated excess specific volume values, in the
exact same way that for previous regression analyses. The results are summarized in Table 1.8 and the

statistical outcomes are set out in Appendix A (Table A.8).

Table 1.8. Results of the least-squares comparison of Eq. (1.4) with fixed coefficient values to the
excess specific volume of the water + fert-butyl alcohol mixtures vF data from this work (training
set) and from literature (testing set)®.

Experimental data set n rﬁdj s(e) (em™g™) 5:vE 1) (%)°

Training set  Full 195 0.9999 #***  1.76-107* 0.10 - 8.96
Outliers excluded 184 >0.9999 #**¥% 141107 0.08 — 8.44

Testing set Full 393 0.9994 **#% 466107 0.22-16.78
Outliers excluded 368 0.9997 *#***  336-107 0.16 - 13.11

w55 < 0.0001, #% p<0.001, ** p<0.01, * p<0.05.

a

n: number of regressed data points; rﬁdj: adjusted squared determination coefficients; s(e):

standard deviations of the residuals from regression; sr(vgalc): relative standard deviations of the

excess specific volume estimates over the whole composition and temperature ranges.

E

® Null values corresponding to Veale

for pure components excluded.
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One can see from Table 1.8 that experimental data of vE from both training and testing sets are well
represented by Eq. (1.4) as indicated from the closeness of rﬁdj values to unity. The good agreement

between experimental values obtained in this work as well as those reported by others and the ones
calculated from Eq. (1.4) can be appreciated in Figure 1.5 where it can be observed that all the training
data points and almost all the testing data points fall along the identity line. Regarding to the accuracy
of the model equation, the values of the standard deviation of the residuals from regression for the
training set was found to be 1.76:10* cm®g™" which, depending on the temperature considered and
with exception of the lowest one, is 1.2 to 2.0-fold higher than the values obtained from the use of Eq.
(1.3). For the testing set, the value of s(e) was found to be less than 5107 cm3-g_1 which seems
reasonable but, unfortunately, direct comparison with experimental uncertainties is hindered because
measurement error is unavailable in most of the references from which the data were pooled. The
uncertainty in calculated excess specific volume values for the training and testing data sets, computed
from their respective variance-covariance matrices according to the general error propagation
equation, are depicted in Figure 1.6 as a function of the composition of the W + TBA mixture for
temperatures corresponding to the mean temperature of the range currently under discussion and at
this temperature plus and minus 5 and 10 K. Because for both data sets the overall covariance term is
always found to be negative with an absolute value slightly lower than that of the overall variance
term over the whole composition and temperature ranges, it can be observed from Figure 1.6 that
uncertainty values in calculated excess specific volume are very small and never exceed 7.3:107
cm’g! for the training set and 1.6:10™* cm’g™" for the testing set. Regarding to the composition and

temperature dependence of the uncertainty in vE

-alc computed for the training set, as expected, the

standard deviation of VE

calc €xhibits a symmetrical profile with respect to the composition

corresponding to the mixture of equal mass of components over the whole temperature range whereas

for a given mixture composition, the uncertainty in vE

ol increases going away from the mean

temperature of the range. In comparison, for a given mixture composition and system temperature, the

uncertainty in v

e computed for the testing set are always higher. Furthermore, although the

uncertainty in vt

cale 18 still converging toward the same value as the mass fraction of TBA in the

mixture tends to 0.5 for the different isotherms, the symmetry of both sides of this composition is lost.
In addition, considering the whole composition range, for the same deviation in temperature around
the mean temperature of the range, the difference in uncertainty values are more pronounced than
those observed for the training set. This obviously arises from the fact that the fitted data set is not the
one that was used to estimate the model equation coefficients which results in different values in the
matrix error. Whatever, the precision of the excess specific volume values calculated from Eq. (1.4) is
proved to be extremely satisfactory considering the magnitude of the thermodynamic quantity of
interest, the relative standard deviations of V5. being lesser than 9% and 17% for the training and the

testing sets, respectively.
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Figure 1.5. Scatter plot of the values of the excess specific volume of water + fert-butyl alcohol
solvent mixtures calculated from Eq. (1.4) against the experimental values from this work (O): training
set and from literature (®): testing set (the solid line is the identity line).

Before any other considerations, analyses of residuals from regression for both the training and testing
sets were graphically performed to ensure that assumptions underlying the least-squares regression
method were satisfied and to detect the presence of potential outliers in the experimental data sets. To
assess whether or not residual errors from the model equation corresponding to the two the data sets
under consideration are approximately normally distributed, the standardized residuals were plotted
against theoretical z-scores derived from the Gaussian distribution. The resulting normal probability
plots are depicted in Figure 1.7.A and 1.7.B for the training and testing sets, respectively. From these,
one can note that for both data sets, the probability plots exhibit a straight-line pattern in the center of
the data but that the first and last few data points in the lower and upper extremes of the plot show
respectively an increasing departure from linearity below and above the fitted line, typical of a long-
tailed distribution with respect to the normal one. Departure from linearity is more marked in the
upper extreme of the distribution for the training set whereas the opposite occurs for the testing set.
Furthermore, the middle of the probability plot of the residuals from the testing data set presents an S-

like pattern while this not obvious on the plot corresponding to the residuals from the training data set.
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Figure 1.6. Uncertainty in excess specific volume estimates of water + tert-butyl alcohol solvent
mixtures calculated from Eq. (1.4) as function of the fert-butyl alcohol mass fraction (A): training set;
(B): testing set; (a): T=293.15 K; (b): T=298.15 K; (¢): T=303.15K; (d): T=308.15K; (e): T=
313.15 K.
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Figure 1.7. Normal probability plots of the residuals from Eq. (1.4) corresponding to experimental
values of the excess specific volume of water + fert-butyl alcohol solvent mixtures from this work (A):
training set and from literature (B): testing set (residuals are standardized with respect to mean and
standard deviation; the solid lines are linear fits to data).
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Figure 1.8. Lag plots of the residuals from Eq. (1.4) corresponding to experimental values of the
excess specific volume of water + fert-butyl alcohol solvent mixtures from this work (A): training set
and from literature (B): testing set (residuals are ranked in an increasing order first with respect to the
tert-butyl alcohol mass fraction and second with respect to the absolute temperature).
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Despite the values of the squared correlation coefficient associated with the linear fit to the data are
found to be equal to 0.9776 and 0.9022 for the training and testing data sets, respectively, the profiles
of the probability plots suggest the presence in them of outliers relative to a Gaussian distribution.
Since in the present work, and supposedly in others, the order of experiments was not randomized with
respect to both binary mixture composition and temperature, serial independence of residuals was
checked by plotting for the two data sets each i-th residual value against the corresponding (i — 1)-th
one as depicted in Figure 1.8. The residual values were ranked first with respect to TBA mass fraction
and second with respect to temperature so that the resulting final order correspond to the order of
experiments of this work where density measurements were performed in an increasing order of TBA
content and where for a given binary mixture composition, the density was measured in an increasing
order of temperature. For the residuals obtained from the comparison of Eq. (1.4) to the data
constituting the testing set, this ordering can be judged to be arbitrary but in absence of relevant
information in the different published studies, we assumed that experimental scientists, especially
those who used vibrating-tube digital density meters, performed the density measurements of W +
TBA mixtures in the same way we did. It can be seen in Figures 1.8.A and 1.8.B that, neither for the
training set nor for the testing set, the lag plots exhibit any identifiable pattern which assess of the
independence of residuals from regression of experimental v* data on temperature and composition
using the model equation. In addition, the presence of some outliers in the data sets is confirmed from
these plots. Detection of outliers was performed in the usual way by plotting standardized residuals as
a function of calculated values of the dependent variable, as illustrated in Figure 1.9. However, in the
present work, standardization of residuals was done with respect to the median and median absolute
deviation of the residuals distributions rather than with respect to their means and standard deviations.
This was preferred because, on the one hand, residuals are observed to be not completely normally
distributed, and on the other hand, because median and median absolute deviation are respectively
central tendency and dispersion indicators which are both almost insensitive to the presence of
outlying values, in contrary to mean and standard deviation. Full explanation and details of the
calculation procedure for absolute deviation around the median of a distribution are available in the
paper by Leys and coworkers [74]. As recommended by these authors, a threshold value of 2.5 was
selected as rejection criterion value so that any data point for which the corresponding standardized
residual value was found to be either strictly superior to 2.5 or strictly inferior to —2.5 was considered

as outlier'”.

! The interval of two and a half absolute deviations from either side of the median population do not correspond to the one
enclosing a certain percentage of the observations based on any distribution assumption but qualitatively to a moderately
conservative one.

2 It should be emphasized that the experimental data identified as outliers in this work should not, in any way, be

systematically considered as erroneous experimental values, but well as they are defined, that is, data points whose
perpendicular distance from the fitted line of regression is two and half times greater than the median distance value.
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Figure 1.9. Scatter plot of the standardized residuals from Eq. (1.4) corresponding to experimental
values of the excess specific volume of water + fert-butyl alcohol solvent mixtures from this work (O):
training set and from literature (@®): testing set, against the calculated mixture excess specific volume
(residuals are standardized with respect to median and median absolute deviation; the dashed lines are
the threshold values used for defining outliers).

Accordingly, it can be observed from Figure 1.9 the presence of 11 outlying values in the training set
and 25 ones in the testing set which correspond, respectively, to 5.6 and 6.4% of the experimental data
sets. In Figure 1.10 is depicted a scatter plot of the experimental data points identified as outliers
which allows for mapping their presence with respect to both mixture composition and temperature.
Considering outliers from the training data set, it appears that they are clustered in the water-rich and
tert-butyl alcohol part of the composition range and are more prevalent in the lower part of the
temperature range. Those from the testing are more scattered with respect to the mixture composition
but not with respect to the temperature, but it should be kept in mind that for this data set,
experimental excess specific volume values measured at temperatures lower than 303.15 K are
proportionally more numerous than those measured at higher temperatures. Once outliers were
identified and removed from the two data sets, goodness of representation of experimental excess

specific volume values with Eq. (1.4) and accuracy and precision of excess specific volume values
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calculated from the model equation were recomputed and the results are presented in Table 1.8 for

comparison purposes.
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Figure 1.10. Distribution of the identified outlying experimental data points of excess specific volume
of water + tert-butyl alcohol solvent mixtures from this work (O): training set and from literature (@®):
testing set, as function of the fert-butyl alcohol mass fraction and absolute temperature.

For both data sets, removal of outliers results in a slight enhancement of the model performance
indicators, as expected. The normality of the distribution of the residuals was also reassessed using the
same procedure as described before. The squared correlation coefficients from linear regression
between standardized residuals and normal z-scores for the outlier-free training and testing sets were
found to be closer to unity in comparison to those obtained for the full data sets, with values of 0.9804
and 0.9953, respectively. It can be reasonably concluded that the distribution of residuals from both
outlier-free data sets is nearly normal so that the corresponding means and standard deviations can be
used as central tendency and dispersion estimators, respectively. The values of s(e) are provided in
Table 1.8 and were found to be equal to 1.4-10™* cm® g™ for the training set and to 3.4-10™* cm™g ™" for

the testing set whereas the those of # were calculated to be 6.1-10°° cm®g ™" for the former data set and
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—1.4-10" cm’g" for the latter one. Scatter plots of the residuals from regression against the model
response and predictor variables for the two outlier-free data sets are depicted in Figure 1.11.
Considering the plots of the residuals against the excess specific volume of binary mixtures calculated
from Eq. (1.4), it appears that for both data sets, individual data points are randomly distributed from
either sides of the mean value and that requirement of homoscedasticity of errors is met overall. This
is also true when considering the distribution of the residuals as a function of the temperature but it is
less evident when one examines Figures 1.11.A.3 and 1.11.B.3 where the residuals are plotted against
the TBA mass fraction in the binary mixture. Regarding to the outlier-free training set, the distribution
of the residuals appears to be globally satisfactory, with exception of the water-rich region of the
composition range where depending on the considered composition, residuals are clustered on one side
of the mean or the other but the magnitude of the deviations around the mean value in this specific part
of the composition range is similar to that observed in the remaining one. This clustering is also
observed for the outlier-free testing set but the magnitude of the deviation around the mean value is no
more nearly constant over the whole composition range and is accompanied by a shift toward negative
residual values as the TBA content in the mixture increases. Nevertheless, considering all the results
highlighted in this subsection, it can reasonably be stated that assumptions underlying the least-squares

regression method are, at least substantially, satisfied.

The performances of Eq. (1.4) in modeling the temperature and composition dependences of vF were
further evaluated by considering the absolute relative deviation (ARD) between calculated values and
the experimental ones from both outlier-free data sets. The distribution of ARD in vE_ is graphically
presented as scatter and box-and-whiskers plots in Figures 1.12.A and 12.B, respectively. Looking to
Figure 1.12.A, where ARD values of individual data points are plotted against the mixture
composition, one can see that for both data sets, the ARD values are lower than 5% over almost all of

the composition range. In comparison, the values of the ARD in vE

calc are considerably higher in both

the water-rich and fert-butyl alcohol-rich regions, without exceeding 10% for the training set but being
up to about 175% for the testing set. This must be considered in the light of the very low absolute
value of the excess specific volume for these mixtures. Turning to Figure 1.12.B to examine the
distribution of the ARD among the individual data sets, it can be observed that the mean ARD value is
less than 1% for the training set and of about 7% for the testing set. Although appreciable, these values
are substantially higher than the corresponding median ARD values because of extremely large values
outweigh the smaller and more numerous ones so that it appears more pertinent to consider percentiles
values of the ARD distributions. The values of the 25", 50" and 75" percentiles were found to be
equal to 0.25, 0.47 and 0.87% for the training set and to 0.77, 1.64 and 5.95% for the testing set,

respectively.
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Figure 1.11. Scatter plots of the residuals from Eq. (1.4) corresponding to experimental values of the
excess specific volume of water + ferr-butyl alcohol solvent mixtures from this work (A): training set
and from literature (B): testing set, against (1): calculated excess specific volume of the binary mixture;
(2): absolute temperature and (3): fert-butyl alcohol mass fraction (the dashed lines are the means of the
residuals from regression; data points identified as outliers are not included in the data sets).
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Figure 1.12. Absolute relative deviation in values of the excess specific volume of water + fert-butyl
alcohol solvent mixtures calculated with Eq. (1.4) from experimental values from this work and from
literature displays as (A): scatter plot against tert-butyl alcohol mass fraction (O): training set; (®):
testing set and (B): box-and-whiskers plots (the upper and lower hinges of the boxes indicate the 25
and 75" percentiles, respectively, the lines within the boxes represent the 50" percentiles, the whiskers
extend from the 2.5" to the 97.5" percentiles, the crosses denote the means and the dots correspond to
individual values which are outside the range delimited by whiskers; data points identified as outliers
are not included in the data sets).

Finally, evaluation of the forecasting ability of Eq. (1.4) was performed by considering the coverage
rate of the 99% prediction interval of the model, constructed on the basis of the least-squared
regression parameters corresponding to the outlier-free training set using a Student’s distribution. The
proportion of experimental excess specific volume values from the outlier-free testing set falling into
was computed to be of 80.7% which can be considered satisfactory in regard to the narrowness of the
prediction interval width which does not exceed 8-10™ cm™g ™' and to the fact that considered excess
specific volume values are obviously accompanied by an experimental error. In Figures 1.13.A and
1.13.B are shown the coverage rates of the 99% model prediction interval over the binary mixture

composition and temperature ranges partitioned into discrete classes.
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Because they are of unequal size, the cumulative frequencies of experimental data per interval are also
presented in these figures. From Figure 1.13.A it can be observed that coverage rate values are highest
for binary mixtures with a TBA mass fraction of less than 0.5 or higher than 0.975 and are least for
those of composition in between with values ranging from 60 to 73%. For classes corresponding to the
water-rich and tert-butanol-rich ends of the composition interval, the proportion of experimental
values falling into the model prediction interval are found to be of about 83% and 94%, respectively,
indicating that Eq. (1.4) is able to correctly describe the composition dependence of vF at near infinite
dilution conditions. It can also be seen from Figure 1.13.B that, for temperatures higher than 298.15 K,
the coverage rate values range from 85 to 98% whereas at lower or equal temperatures, only about

71% of the observations were covered by the 99% prediction interval

From these results, it can be concluded that the experimental data provided in this work are in perfect
agreement with those previously reported in the literature. Furthermore, the model Eq. (1.4) can be
considered to be reliable in predicting the dependence of the excess specific of W + TBA solvent
mixtures on composition and temperature over the range investigated so that it can be used to compute
related excess partial specific thermodynamic quantities of water and ferf-butyl alcohol in their binary

mixtures.
1.3.3. Derived excess partial specific thermodynamic quantities

Excess partial thermodynamic quantities, as differential properties, allow separating the contribution
of individual mixture components to the deviation of the system from ideal behavior and quantifying

for each component the changes accompanying their transfer from the pure state to the mixture. The
composition and temperature dependences of the excess partial specific volumes of water v =
(aVE/ amy )T, Py and tert-butyl alcohol vg =(aVE/ dmy )T’P’m1 in mixtures were determined on the
basis of Eq. (1.4) through the use of the well-known method of intercepts [21, 22]. It can be readily
shown that the intercepts of the tangent line to the curve relating the isothermal variation of V& with w,

at mixture composition w5 on the axis at w, = 0 and w, = 1 are v]f(w'z) and vg(w'z), respectively, and

they can therefore be computed from the following equations:

E

U U ! ! 1. .
vEwy) = vE(w)) — Wz@(wz) (1.6.2)

, , L dE 1.6.b
VE(wh) = vE(w)) + (1 —wz)d—vvvz(WQ) (1.6)
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where vE(w;) and dvF/ dw, (w5) are the binary mixture excess specific volume and its derivative with

respect to wy for w, = wh, respectively. Appropriate differentiation of Eq. (1.4) and substitution with

Eq. (1.4) into Eq. (1.6.a) and Eq. (1.6.b) lead, after rearrangement, to:

6
W= (wz)zz (B;T+ CH[(1 = 2wy)" + 2i(1 — wy)(1 — 2wy)" '] (1.7.2)

i=0

6
W= (1—wy)’ Z (BT + C) [(1 = 2wy — 2iwy(1 = 2wy) ™" (1.7.5)

i=0

where V¥ = VvE(T, P, X) = A,ixv/(T, P, X) and where all other terms are as previously defined. The
temperature dependence of the excess partial specific volumes over the range 7 = 293.15-313.15 K

can be accounted for by using the quantities 65, = (0VE/0T) py for water and eg’z = (0v5/0T) px for

tert-butyl alcohol. They are computed from differentiation of Eqgs. (1.7.a) and (1.7.b) with respect to

temperature:
6 1.8
Ly i- 8.a
et = (WZ)ZZB,-[(I —2wy)" + 2i(1 — wy)(1 — 2wy) '] (1.8.2)
i=0
6 1.8.b
ey =(1— wZ)ZZ B [(1 = 2wy)" = 2iw,(1 — 2wy) '] (1.8.b)
=0

From Egs. (1.8.a) and (1.8.b) and within the framework of the model we propose, it can be seen

that e[];:,,- = [];:,,-(P, X) = Apix€p,i(P, X) are independent of the temperature over the range considered.

The values of vF and e[]ii calculated for our experimental compositions at different temperatures are
provided in Appendix A (Tables A.9, A.10 and A.11). In Figure 1.14 and Figure 1.15 are displayed
respectively the variations of v§ and V% and those of e[];:,l and e[';:,z with the mass fraction of alcohol over

the whole experimental composition and temperature ranges. According to the Gibbs-Duhem relation
[75, 76] applied to a binary system, any change in a given partial property of one of the mixture
component is accompanied by an opposite one, but not necessarily equal, in that of the other
component. Thus, extrema in the curves describing the composition dependence of the partial
properties of the individual mixture components occur at the same composition, which corresponds
into an inflexion in the curve of the corresponding mixture property against composition. In addition,
equalization of the values of the partial quantity of the two component occurring at a given mixture
composition is reflected as an extremum in the curve relating the binary mixture property to its

composition.
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Figure 1.14. Excess partial specific volume of water and fert-butyl alcohol in their mixtures as
function of the fert-butyl alcohol mass fraction (a): 7= 293.15 K; (b): T=298.15 K; (c): T =303.15
K; (d): T=308.15 K; (e): T=313.15 K (the solid lines are calculated from Eq. (1.7.a) and Eq. (1.7.b)).

From Figure 1.14, one can observe the presence of extrema in the curves of £ and V5 plotted against
the mass fraction of TBA at both ends of the composition range. Whereas the sharp minimum in V5
curves in the water-rich region is a characteristic feature of aqueous solutions of non-electrolytes
containing both polar and non-polar groups, that in V§ curves in the tert-butyl alcohol-rich region,
although certainly less pronounced but nonetheless well defined, is generally not reported in the
literature, except in the work of Sakurai [5S0] whose curve profiles of V& and V5 depicted in are in
perfect agreement with those shown in Figure 1.14. As pointed out and demonstrated by this author
almost thirty years ago, this arises from the mixture composition scale and volume unit used to
investigate the volumetric behavior of the W + TBA system. Indeed, the molar mass of fert-butyl
alcohol being about four times greater than that of water, expressing the mixture composition and
volume in mole fraction and molar units, respectively, results in concealing the extrema in the curves

describing the composition dependence of vt and 5 in the rert-butyl alcohol-rich region whereas
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expressing mixture composition in mass fraction and volume in mass units allows to reveal them. The
unusual volumetric behavior of the W + TBA system in the tert-butyl alcohol-rich region, as reflected
by the occurrence of a minimum in the curve relating the dependence of the apparent partial molar
volume of water on mixture composition, was also evidenced by Kipkemboi and Easteal for different
isotherms [52]. However, since apparent partial thermodynamic quantities of a given mixture
component are calculated in such a way that all the deviations in the corresponding mixture properties
from ideal mixing behavior are attributed solely to this component, this extremum was not
accompanied by one in the curve describing the composition dependence of the apparent partial molar

volume of fert-butyl alcohol.

<— fert-butyl alcohol

Excess partial specific isobaric expansion
x 1000 (cm>.g” LK)

00 01 02 03 04 05 06 07 08 09 1.0
tert-butyl alcohol mass fraction

Figure 1.15. Excess partial specific isobaric expansivity of water and fert-butyl alcohol in their
mixtures over the temperature range 7 = 293.15-313.15 K as function of the tert-butyl alcohol mass
fraction (the solid lines are calculated from Eq. (1.8.a) and Eq. (1.8.b)).
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Regarding to the sign of the excess partial specific volumes of both components, it follows that they
are negative over the most of the composition range meaning that the specific volume of water and
tert-butyl alcohol in their binary mixtures is lower than that in their pure liquid states. Oppositely, they
are found to be positive only over a narrow range on both sides of their respective maximum at either
one or another ends of the composition range so that in these restricted zones, the specific volume of
water and tert-butyl alcohol in mixture appears to expand in comparison with their pure counterparts.
Focusing on the extreme values of v} and V5 in the water-rich and fert-butyl alcohol-rich regions, one
can notice that the magnitude of the minima in both v and V5 curves are substantially larger than that
of the corresponding maxima. As the system temperature increases, the composition of the mixture
corresponding to the extrema in the water-rich region are shifted toward lower alcohol content
whereas that corresponding to the extrema in the fert-butyl alcohol-rich region are shifted toward
higher one. Furthermore, increasing the temperature results in a decrease in the magnitude of the
extrema in both v and V% curves in the water-rich region while in the fert-butyl alcohol-rich region,
this also entails a decrease in the magnitude of the maxima in the V5 curve but an increase in the
magnitude of the minima in that of v£. However, the magnitude of the maxima in either v or V5

curves is not as dependent as that of the corresponding minima on temperature.

Turning to Figure 1.15, it can be seen that the curve relating the dependence of ell;:,z to the mass
fraction of alcohol exhibits a pronounced maximum in the water-rich region which, in comparison to
the minima in the V5 isothermal curves, occurs for a mixture composition of slightly higher TBA
content. This maximum is obviously accompanied by minimum in the eg’l curve but the magnitude of
this latter is relatively small compared to that of the former. Consequently, within the composition
range on both sides of these extrema, the values of eg’z are positive whereas those of eg | are negative
so that in this composition range, the magnitude of the variation of the partial specific volumes of fert-
butyl alcohol and water in mixture with temperature is respectively greater and lesser than that of the
components in their pure liquid states. The excess partial specific isobaric expansivity of both mixture
components are found to change in sign twice across the whole composition range and the mixtures
compositions at which this occurs expectedly correspond to those for which the respective excess
partial specific volume values are temperature independent within the range of interest. Furthermore,
at these particular compositions, the dependence of the partial specific volume of the relevant
component on temperature is the same than that in its pure liquid state. The values of e[';:’l and e[';:’z are
found to be positive for TBA mass fraction ranging about from 0.243 to 0.865 and from 0.053 to
0.309, respectively, and negative over the remaining composition range. Over the range of mixture
composition from about 0.35 to 0.75 in mass fraction of TBA, one can notice the presence of small-

amplitude fluctuations in both e;:’l and e;:’z curves. From visual inspection of Figure 1.3, it appears that

within this particular composition range, the variation of e[];: with respect to the binary mixture
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composition is almost linear whereas it is described by a concave upward curve through the use of Eq.
(1.5). This reflects in the corresponding first-order partial derivative curves as fluctuations which
almost certainly have non-physical meaning so that e[}f’l and ellj"z should more likely exhibit a
monotonic variation with mixture composition in the range considered. The more suitable way to
confirm it would be to straightforwardly regress eg data calculated from Eq. (1.2) on alcohol
concentration in mixture in order to express the composition dependence of this thermodynamic
quantity with a proper equation from which corresponding excess partial specific isobaric thermal
expansivity of individual mixture components could be determined. However, since no convenient
procedure appears to be readily available for such a curve fitting procedure, one must be satisfied with
the present data and, from our opinion, their use must be restricted to a qualitative interpretation,

especially over the composition range in which fluctuations in ¢£, and ell;:,z curves are observed .

p,1
Considering now the water-rich and zert-butanol-rich ends of the composition range, one can observed
from Figure 1.15 that as the concentration of one of the mixture component tends to toward infinite
dilution, the excess partial specific isobaric expansivity of that component decreases in a sharp manner

to an extreme negative value.

Numerical values of infinite dilution excess partial specific volumes of water v];:’w = limO (V%) and of
wi—

tert-butyl alcohol VE’OO = limO(vg) can be readily computed over the range T = 293.15-313.15 K by
Wo

setting, respectively, w, = 1 into Eq. (1.7.a) and w, = 0 into Eq. (1.7.b) so that:

6

© i 1.9.a

Vo = Z (B,T+ C)(—1) (1.9.2)
=0

: b

= BT+ C) (156)
i=0

where v?’w = V?’OO(T, P) = ALixV7 (T, P). Hence, the temperature dependence of the limiting excess
partial specific volumes over the temperature range under consideration can be envisioned by
considering the quantities ei’;’o = ((?v];:’w/ oT), for water and el];:”f = (avg’“’/ oT), for tert-butyl

alcohol which are easily obtained from direct differentiation of Egs. (1.9.a) and (1.9.b) with respect to

temperature:
N (1.10.a)
o0 i .10.a
e = ZB,-(— 1’
i=0
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6
oo _ ZB" (1.10.b)

Eoo _
i

where e . = eE”fo(P) = Apixep(P) are inherently constant over the temperature range considered. In

p:

Figure 1.16 are displayed the variations of v];:’w and v};’w with respect to temperature as calculated from

Eq. (1.9) over the temperature range of applicability. The values of v];:’w and vg’w are computed to
range from —0.44 = 0.04 to —1.12 £ 0.03 -10”" cm>¢™" and from —0.42 + 0.04 to —0.92 + 0.03 10"
cm’g !, respectively. As expected from Eq. (1.9), both these thermodynamic quantities decrease
linearly with temperature over the temperature range investigated with a constant slope of —3.4 £ 0.03
£

cm’g K™ and 2.5 £ 0.03 cm™g "K', equal to ei’;” and e, respectively. In Figure 1.16 are also

shown for comparison purposes values of vlf’w and vg’w taken from literature. It can be observed that
the values of vlli’c’O calculated from Eq. (1.9) show good agreement with those reported in [50-52] but

considerable differences with those reported in [41] and [54], whereas values of v];’oo obtained in this
work are found to be substantially higher than those previously published [41, 46, 47, 52, 54, 58, 77].
Although, such discrepancies between values of infinite dilution partial thermodynamic quantities are
commonly ascribed to difference in methodology used for extrapolation to zero concentration, one
cannot ignore that, unless proven otherwise, extrapolated infinite dilution values estimated from a
fitting equation applied to data covering the whole composition range are less accurate than the ones
obtained from the same fitting equation with a smaller number of coefficients but restricted to data
covering the very-diluted composition range [78]. Because of the particular application domain of
interest to us, very-diluted regions of the W + TBA system were not of prime importance in the
present work so that they were not experimentally covered. Hence, and despite the fact that Eq. (1.4)

was shown to be able to adequately describe the composition dependence of vF at near infinite dilution
conditions, the values of v];:’w and v];’w derived from this equation are certainly less reliable than those

obtained from measurements carried out on extremely diluted binary mixtures [54].
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1.4. Discussion

The variations of the excess partial specific volume and isobaric expansivity of water and tert-butyl
alcohol with respect to the composition reflect the structural changes of individual components
occurring in mixture in comparison to their pure liquid state. Both water and fert-butyl alcohol are
associated liquids with their own structures which are expected to be rearranged and/or disrupted upon
mixing as a result of a complex interplay of specific and non-specific intermolecular interactions
between like and unlike molecules as well as of packing and steric effects. From these, infinite dilution
excess partial thermodynamic quantities allow nevertheless to isolate unlike intermolecular
interactions between solute and solvent molecules [79]. Undeniably, extrema in the curves relating the
dependence of excess partial volumetric properties of individual mixture components on composition
evidence the occurrence of transitions in mixing schemes. However, because thermodynamic data
describe a system at the macroscopic scale, their interpretation at the molecular level remains
extremely challenging. Fortunately, the structure and dynamics of the W + TBA system have been the
subject of numerous studies over the past decades and, despite being obtained by methods focusing on
a limited number of molecules, the results from these investigations provide direct information about
the changes in intermolecular interactions leading to molecular reordering from which the variations
of the excess partial volumetric properties of water and fert-butyl alcohol with mixture composition

originate.

1.4.1. Components in their pure state

Before considering the binary mixtures, some comments may be given on the two components in their
pure liquid sate. On the one hand, water molecule is characterized by its very small size and its ability
to form up to four intermolecular hydrogen bonds through the two hydrogen atoms and the two lone
electron pairs on the oxygen atom allowing for different local structural arrangements [80, 81].
Despite decades of effort, the exact structure of bulk liquid water, even under ambient conditions, is
still not fully understood and remains the subject of extensive research and debate [82, 83]. According
to one of the presently accepted views, the structure of liquid water under ambient temperature and
pressure conditions consists in a dynamic and inhomogeneous three-dimensional hydrogen-bonded
network within which most of water molecules present a closer packing than tetrahedral with distorted
hydrogen bonds, but with local clusters of tetrahedrally hydrogen-bonded molecules existing as
fluctuations on some time scale whose occurrence and size increase with decreasing temperature [84-
86]. On the other hand, fert-butyl alcohol molecule is of relatively large size in comparison to a water
one and presents a strong amphiphilic character due to the presence of three hydrophobic methyl
groups and a fourth hydrophilic hydroxyl group attached to a central carbon atom. This amphiphilic

nature is evidenced by the fact that, when placed at a water-oil interface, a tert-butyl alcohol molecule
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aligns itself equally between the two phases with the hydroxyl and alkyl moieties being respectively in
the water and oil phases [87]. The three methyl groups being in symmetrical positions with respect to
the carbon-oxygen axis, the TBA molecule exhibits a tetrahedral geometry with the hydroxyl group
pointing in opposite direction from that of the alkyl moieties. The structure of this alcohol in its pure
liquid state has received much less attention than that of water, nevertheless, the most recent studies
performed at temperatures slightly higher than the component fusion temperature have revealed that
the structure of the neat liquid is less dominated by intermolecular hydrogen-bonding interactions than
generally postulated [88, 89]. Indeed, it was proven the presence of a significant level of other
intermolecular interactions including polar to polar interactions between hydroxyl groups, polar to
non-polar interactions between hydroxyl and methyl groups as well non-polar to non-polar interactions
between alkyls moieties of alcohol molecules [88]. The formation of extensive intermolecular
hydrogen bonds appears to be restricted and hindered by the bulky methyl groups so that each TBA
molecule, despite being able to participate up to three intermolecular hydrogen bonds, forms no more
than two with neighboring molecules [89]. This complex balance of intermolecular interactions results
in the formation of dynamic molecular clusters involving from three to six molecules which can adopt
either a cyclic or a chain hydrogen-bonding pattern [90-92]. At room temperature, the cyclic
hydrogen-bonding pattern is the one preferentially adopted by TBA molecules but the occurrence of
the chain hydrogen-bonding pattern increases with increasing temperature [92]. However, hydrogen-
bonded chains of TBA molecules remain relatively short in comparison to linear alcohols due to the

steric hindrance imposed by the configuration of the methyl groups [93].
1.4.2. Components in their mixed state

Turning back to the binary W + TBA system and considering the water-rich region of the composition
range, all the results obtained from theoretical analyses [94-99], nuclear magnetic resonance
spectroscopy [100-103], infrared [101, 104, 105] and near-infrared [106] spectroscopy, Raman
spectroscopy [107, 108], mass spectroscopy [109] and light scattering [110-115] experiments as well
as from molecular dynamics [103, 114, 116-122] and Monte Carlo [123] simulations converge to the
fact that the composition at which extrema in the curve profiles of v§ and v§ occur corresponds to a
boundary separating the water-rich region into two distinct parts involving different mixing schemes.
In extremely dilute aqueous solutions, fert-butyl alcohol molecules are essentially hydrated as single
individual molecules with water molecules adopting a configuration allowing to incorporate the solute
hydroxyl group into its hydrogen-bonded network and to surround the alcohol alkyl moieties in a
cage-like manner. Due to the steric conformation of the three methyl groups, the hydrophobic moiety
of a TBA molecule exhibits a nearly spherical surface which curvature allows limiting the distortion of
the hydrogen bond angles between water molecules in its vicinity and hence helping to maintain the

integrity of the hydrogen-bonded cage-like structure [124, 125]. According to the conclusion drawn by
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Nakanishi and coworkers [123] who investigated the nature of intermolecular interactions occurring in
an aqueous solution close to infinite dilution conditions, two strong hydrogen bonds are formed
between the hydroxyl group of a fert-butyl alcohol molecule and neighboring water molecules while

there are no interaction of this kind between solute molecules. This is in agreement with the negative
values of vg’oo which indicate that intermolecular interactions between the solute and solvent molecules
are stronger than that between solute molecules in the pure liquid state. Also, the negative value of
ei’zo reveals that, in the temperature range investigated, the difference in intermolecular interactions

strength between, on the one hand, solute and solvent molecules in infinite dilute solutions, and on the
other hand, solute molecules in the pure liquid state, increases with temperature. This complies with
the findings that the strength of the hydrogen bonds between fert-butyl alcohol and water molecules is
stronger than that between two alcohol molecules and/or that intermolecular interactions weaker than
hydrogen-bonding account for a significant part of the overall intermolecular interactions taking place
in pure liquid fert-butyl alcohol. Although in such dilute aqueous solutions not every alcohol polar
moieties are involved in hydrogen-bonding formation, they can still interact with water molecules
through strong dipole-dipole forces. Besides, it is expected that water molecules could interact with
the methyl groups of the alcohol molecule through weak dipole-induced dipole forces and that those
belonging to the hydration shell at the interface with the hydrophobic surface of the solute molecule
would rearrange and adopt the tangential configuration characteristic of hydrophobic hydration
allowing maintaining the integrity of three-dimensional hydrogen-bonded network around [124, 126,
127]. Whether or not, relative to that of the bulk water, the fers-butyl alcohol hydrophobic surface
induces an enhancement of the hydrogen-bonded network of water molecules in contact with, is still a
controversial issue and the results from different groups appear to be contradictory. Whatever, in the
water-rich end of the composition range, the hydration shell structure around individual TBA
molecules remains thermodynamically stable to suppress any direct contacts between hydrophobic
moieties of different solute molecules [107] and the sign and variation of v'l“: and v'g: with mixture
composition arise from this interplay between hydrophilic and hydrophobic hydrations of alcohol
molecules as well as from volume exclusion effects [124]. As the mass fraction of TBA in the mixture
increases from infinite dilution to the herein above defined threshold composition, an increasing
number of alcohol molecules are interstitially accommodated in the dynamic open structure of water.
Solute molecules hydrated in such a way being much more efficiently packed than in their pure liquid
state, this manifests by a sharp decrease and negative sign of v5. At the same time, rearrangement of
the three-dimensional water hydrogen-bonded network accompanying the accommodation of the
bulky TBA molecules and exclusion of water molecules from the volume they formerly occupied lead
to a slight expansion of the water structure as reflected by the small increase and positive sign of vE.
Because in this narrow composition range the mixing process is mainly governed by the structural

features of water and occurrence of specific short-range interactions between unlike molecules, the
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weak temperature dependence of v§ and 15 mostly results from the strength of the hydrogen bonds
between solvent molecules and those between solute and solvent molecules. At the threshold
composition, there are no longer enough water molecules to form any additional separate hydration
shell around a solute molecule [128] so that upon further addition of alcohol, they are expelled from
water and start to self-associate through the so-called hydrophobic effect [124, 127, 129]. By this
process, the total surface area of the volume occupied by the solute molecules decreases relative to a
non-associated state so that less water molecules are required to form a complete hydration shell
around an equal number of fert-butyl alcohol molecules. Furthermore, the amphiphilic alcohol
molecules are expected to adopt a micelle-like configuration which, by shielding the non-polar
moieties formerly exposed to the bulk water, allows minimizing the contact surface area between the
tert-butyl groups of solute molecules and surrounding water molecules [130]. Consequently, in more
concentrated aqueous solutions, that is, binary mixtures with an alcohol content higher than the
threshold composition, fert-butyl alcohol molecules are hydrated as small-sized molecular clusters
existing as fluctuations on some time scale [112, 113, 131, 132] and the system, despite being
macroscopically homogeneous, exhibits an incomplete mixing at the molecular level’. Such a self-
association process being driven by the difference between the hydration Gibbs energy of a molecular
aggregate and the overall hydration Gibbs energy of the individual solute molecules constituting it,
clustering of solute molecules occurs spontaneously when their concentration in aqueous solution is
large enough to make this difference negative and, under ambient conditions, the driving force for
forming this kind of assembly strengthens as the temperature increases [124, 130]. Hence, the mixture
composition corresponding to the transition between the two mixing schemes is shifted toward lower
TBA content as the system temperature is increased. Consequently, as the extent of the water-rich
region where TBA molecules are individually hydrated decreases, the absolute value of v¥ and V% at

the threshold mixture composition also decreases. The variations of eg’l and 65’2 with respect to

mixture composition in the water-rich region, characterized by passing through an extremum value,
result from and reflect this temperature influence on the self-association process. Additionally, it
should be pointed out that, for any temperature in the range studied, the binary mixture composition
for which self-association of TBA molecules is predicted to occur from Egs. (1.7.a) or (1.7.b) by ¢
and V5 taking respectively a maximum and a minimum value, is in perfect agreement with that
determined from scattering and spectroscopy experiments. The extent of the second part of the water-
rich region can be better appreciated by considering the first derivatives of these equations with

respect to the mass fraction of TBA in the binary mixture, which composition dependences over the

3 As a remark, one can highlight that binary systems of water and other butanol isomers, for which curves relating the
dependence of the partial specific volume of the respective alcohols on mixture composition also display a pronounced
minimum in the water-rich region, undergo a macroscopic liquid-liquid phase separation that occurs in aqueous alcohol
solutions slightly more concentrated than that corresponding to the said extremum [42-43].
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entire range are depicted in Figure 1.17 for different isotherms, as calculated from the following

expressions:
b o
—1 = ZWZZ(B,T-}- CH(1 = 2wy) (1 4+ 20)(1 = 2wy) — 2iwy (i — 1(1 = wy)(1 = 2wy) 7]
dW2 pr
(1.11.a)
6
dVg i—1 . . . -1
= 2(1=wy) Y BT+ CH(1 —2wy) " [(1 +2) 2wy — 1) + 2iwy (i — D(1 — wy) (1 — 2wy) 7Y

i=0
(1.11.b)

where all terms are as previously defined.
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Figure 1.17. First composition derivative of the excess partial specific volume of water and fert-butyl
alcohol in their mixtures as function of the fert-butyl alcohol mass fraction (a): T=293.15K; (b): T=
298.15 K; (¢): T=303.15K; (d): T=308.15 K; (e): T=313.15 K (the solid lines are calculated from
Eq. (1.11.a) and Eq. (1.11.b)).
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From Figure 1.17, one can observed that the first composition derivative of 5 stops changing with
increasing alcohol concentration in solution when the mass fraction of TBA reaches a value in
between 0.40 to 0.45, depending on the temperature considered, indicative of a threshold composition
marking changeover to a steady-state in which the magnitude of the excess partial specific volume of
tert-butyl alcohol is inversely proportional to its content in the mixture. Regardless of being a
coincidence or not, it should be mentioned that when the mixture composition is expressed in terms of
volume fraction, tert-butyl alcohol becomes the major component in the system beyond a mixture
composition whose alcohol content is almost exactly the same than that corresponding to the step
change in the dependence of v5 on the alcohol mass fraction. Whatever, this threshold mixture
composition is here defined as the upper limit of the second part of the water-rich region and the lower
one as that for which the first composition derivative of v5 changes in sign. In this composition range,
isotopic substitution neutron diffraction experiments and Monte Carlo-based simulations with
empirical potential structure refinement procedure performed by Bowron, Finney and Soper [133-135]
provided evidence of direct molecular contacts between clustered fert-butyl alcohol molecules
involving only van der Walls intermolecular interactions, the formation of hydrogen bonds through the
hydroxyl groups of alcohol molecules taking place solely with water molecules. The interface between
tert-butyl alcohol molecular clusters and water molecules belonging to their respective hydration
shells was proven to be similar to that of individually hydrated solute molecules with water molecules
in the vicinity of the methyl and hydroxyl groups of alcohol molecules adopting tangential and
hydrogen-bonding orientations, respectively. Hence, the molecular clusters of TBA are surrounded by
a hydrogen-bonded network of water molecules into which the alcohol hydroxyl groups are
incorporated. These results have been supported by molecular dynamics simulations from independent
laboratories [113, 116, 132] as well as from infrared and nuclear magnetic resonance spectroscopic
studies [101, 106] and discard the hypothesis of a water-separated association scheme such as the
formation of clathrate-like alcohol hydrates originally postulated from some early X-ray diffraction
[128, 136-138] and light scattering [110, 111] experiments. In aqueous alcohol solutions of
compositions close to that corresponding to the lower limit of the composition range under
consideration, is present a small number of solute clusters undergoing continual change on short times
scales that are constituted by two to four TBA molecules interacting with each other predominantly
through instantaneous dipole-induced dipole forces between methyl groups whereas the hydrogen-
bonding requirements of the hydroxyl groups of every clustered alcohol molecules are exclusively and
almost fully satisfied by available water molecules [99, 113, 116, 120, 132-135]. As the mass fraction
of TBA increases up to the upper limit of the second part of the water-rich region, the molecular
clusters not only increase in number but also growth in size with a number of TBA molecules per
cluster being as high as six to eight [113, 134]. Even if non-polar to non-polar interactions between
clustered TBA molecules remains predominant over this composition range, the increase of the

alcohol content in the mixture is accompanied by the occurrence and increase in number of polar to
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non-polar interactions. Although substitution of hydrogen bond interactions between hydroxyl groups
of water and alcohol molecules by dipole-induced dipole interactions between hydroxyl group of one
TBA molecule and methyl groups of a neighboring one is suboptimal, this is compelled by the rise in
number of alcohol molecule within clusters, but partially compensated by the ability of the
neighboring TBA molecule to retain its hydrogen bonds with surrounding water molecules [134].
Hence, the progressive disruption of hydrogen bonds between water and alcohol molecules and the
shift toward a more complex balance of intermolecular interactions between TBA molecules closer to
those observed in the pure liquid alcohol is reflected by a sharp decrease in the magnitude of V5.
Concomitantly, these are accompanied by a progressive overlap of the hydration shells of adjacent
solute molecules and an increase in the number of distorted hydrogen bonds between water molecules
belonging to the first hydration layers [116, 117, 120, 122] which manifests by the smooth decrease of
Vi with respect to the increase of the TBA content in the mixture. The upper limit of the second part of
the water-rich region corresponds to a threshold composition beyond which short-lived, short-ranged
micelle-like structural fluctuations are no more detected in binary mixtures [113, 122] and marks the
cross-over to an usual non-ideal mixing scheme where molecular clusters of fert-butyl alcohol and
water coexist and are bridge together though hydrogen-bonding but exhibit a growing tendency to be
apart from each other [113]. At this threshold composition, intermolecular interactions between fert-
butyl alcohol and water molecules become less prevalent than those between fert-butyl alcohol
molecules whose pattern differs from that found in the pure liquid almost only in the number of polar
to polar interactions between the hydroxyl groups of alcohol molecules [133, 134]. Indeed, the
strength of the hydrogen bonds between water and alcohol molecules being much larger than that
between alcohol molecules, the hydrogen-bonding requirement of TBA molecules remains fully
satisfied by available water molecules. However, even if they are of comparable strength, hydrogen-
bonding between water molecules are always preferred over hydrogen-bonding between water and
alcohol molecules. Thus, as the TBA content in the mixture increases further beyond this threshold
composition and the number of water molecules available to fully satisfy the hydrogen-bond
requirement of the alcohol hydroxyl groups decreases, the level of polar to polar interactions between
alcohol molecules continuously increases so that the difference in pattern of intermolecular
interactions between TBA molecules in solution and in pure liquid state decreases which translates
into the monotonic increase of negative v values toward zero. Besides, at the same time the large
spanning hydrogen-bonded clusters of water molecules break up into smaller ones solvated by the
hydroxyl groups of alcohol molecules, in which the near tetrahedral hydrogen-bonded structure is
preserved wherever possible [99, 120, 139, 140]. This progressive disruption of the three dimensional
hydrogen-bonded network of water is reflected by the marked decrease of v with respect to the
increase in the content of alcohol in mixture from the threshold composition considered up to the one

at which extrema in the curve profiles of v§ and V5 occur. Over this composition range, a point would
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be reached where, like it happens in concentrated aqueous solution of other monohydric alcohols
[141], the number of water molecules in mixture would no longer be sufficient to reach full
connectivity and a transition from a percolating to a non-percolating three dimensional hydrogen-
bonded network of water would occur but manifestation of this phenomenon in the curves relating the
composition dependence of either v¥ or its first composition derivative is not obvious at all. Because
the alcohol-rich region of composition range has received to date much less attention than the water-
rich one, interpreting the temperature and composition dependences of partial specific volume of
individual mixture components in extremely concentrated aqueous solution of fert-butyl alcohol
remains especially challenging. One can argue that what is manifested through the minima in the curve
profiles of V5 in the water-rich end should be reciprocated in the minima in the curve profiles of v} and
it does not appear incongruous to presume that they correspond to a strongly temperature-dependent
threshold composition beyond which water molecules are no more solvated as hydrogen-bonded
molecular clusters but rather as individual molecules. Hence, the sharp decrease in vt values observed
upon the first addition of water to neat tert-butyl alcohol is linked to the interstitial accommodation of
individual water molecules within the alcohol structure and arises from the absence of any hydrogen-
bonded structure between solute molecules in the extremely fert-butyl alcohol-rich region. However,
the fact that a given change in temperature leads to an opposite effect on both occurring composition
and magnitude of the minimum in the curve profile of v§ as compared to that of V5 clearly evidences
that different mechanisms are involved. On this basis, the shift of the extrema in the alcohol-rich
region toward mixture compositions of higher content upon increase in temperature would indicate
that as the system temperature increases, the extent of the composition range where water molecules
are individually solvated decreases. Since the negative values of vlli’oo cannot be attributed to a larger
strength of the hydrogen bonds between water and fers-butyl alcohol molecules than between two
water molecules, it can reasonably be stated the structural features of the alcohol, and especially the
variation of its hydrogen-bonding pattern with respect to temperature, might be the prime determinant
of the observed variations in excess partial specific volume values of individual mixture components
with respect to composition and temperature in extremely concentrated aqueous solutions of fert-butyl

alcohol.
1.5. Conclusion

In the present investigation, experimental excess specific volumes of water + tert-butyl alcohol solvent
mixtures were obtained from density measurements carried out over the whole composition range and
temperature range from 293.15 to 313.15 K. For every temperature investigated, the composition
dependence of the excess specific volume of the binary system was adequately described by a sixth-
order Redlich-Kister-like polynomial equation. By considering the temperature dependence of the

regression coefficient estimates, a single equation allowing for the simultaneous modeling of both the
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composition and temperature dependence of the excess specific volume of the water + fert-butyl
alcohol system was obtained. The correlative and predictive performances of the proposed model were
further evaluated against experimental data from this work and those taken from literature,
respectively. Both were deemed to be particularly satisfactory with mean and median absolute relative
deviations of less than 0.5 and 0.9% for the outlier-free training set and less than 1.7 and 7.0% for the
outlier-free testing set, which were respectively constituted by 184 and 368 experimental data. From
the developed equation, excess partial specific volume and excess partial specific isobaric expansivity
of water and zert-butyl alcohol in their binary mixtures were derived and their variations with mixture
composition over the temperature range investigated were used to evidence transitions in mixing
schemes. Accordingly, the composition range can be divided into distinct regions differing from one
another by the nature and magnitude of intermolecular interactions between like and unlike molecules
as well as the molecular arrangements in solution. These were discussed in the light of the results from
structural and dynamical studies performed to date on the water + fert-butyl alcohol system with
which the threshold composition values delimiting the boundaries between different mixing schemes
as predicted by equations derived from the proposed model were found to be in perfect agreement. As
far the application of this model to freeze-drying of poorly water-soluble formulations from water +
tert-butyl alcohol mixtures is concerned, it would provide a solid basis to predict the excess volumetric
properties of such multicomponent liquid mixtures, provided that, in addition to those reported herein
for the cosolvent system, excess volumetric properties of every other possible contributing binary
subsystem would be known and described using the Redlich-Kister formalism. Furthermore, it could
also be used to forecast the specific volume or density of the binary solvent mixture of any
composition over the temperature range of applicability by simply adding into the ideal contribution at
the desired system composition and temperature. Similarly, the composition and temperature
dependences of the partial specific quantities of individual mixture components could be easily
obtained from relevant derived equations by introducing into the pure component counterpart at the
relevant temperature. This allows, for example, performing rigorous conversion of mixture
composition from either mass or mole fractions to volume fractions which are preferred by
pharmaceutical scientists to expressed solvent blend composition. Finally, the proposed equation set
would also constitute for physico-chemical scientists involved in the structural and dynamical

characterization of the system a useful tool for designing experiments.
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Nomenclature

Latin letters

A parameter of Equation (1.2) (cm3 -g_l-K_l)

A; parameters of Equation (1.3) (cm3 -g_l)

B parameter of Equation (1.2) (cm3 -g_l)

B; parameters of Equation (1.4) and derived expressions (K™')
G parameters of Equation (1.4) and derived expressions (cm™g ")
e residual from least-squares regression (varies)

e, specific isobaric expansivity of the mixture (cm®g K ™)
€pi partial specific isobaric expansivity of the i-th mixture component (cm> g "“K™")
F Fisher statistic

k polynomial order of Equation (1.3) and derived expressions
m; mass of the i-th mixture component (g)

n number of data points

P pressure (MPa)

P statistical probability

rﬁdj adjusted squared correlation coefficient

S standard deviation (varies)

Sy relative standard deviation

T temperature (K)

t Student statistic

u standard uncertainty (varies)

U. combined expanded uncertainty (varies)

Uy relative standard uncertainty

% volume of the mixture (cm?)

v specific volume of the mixture (cm>g ")

Vi partial specific volume of the i-th mixture component (cm’g ")
W Akaike weight

w; mass fraction of the i-th mixture component

X phase composition

z normal statistic

Greek letters

A change in quantity

p density of the mixture (g-cm™)

Superscripts

* pure component

00 infinite dilution

E excess quantity

id ideal quantity
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Subscripts
1

2

calc

mix
Abbreviations
AIC,
ARD

df

RD

SS

TBA

VS.
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component 1
component 2
back-calculated from a model equation

mixing process

second-order Akaike’s information criterion
absolute relative deviation

statistical degree of freedom

relative difference

sum-of-squares

tert-butyl alcohol

versus

water
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Chapter 2

Solubility of diazepam in water + fert-butyl alcohol solvent
mixtures: Experimental data and thermodynamic analysis

Abstract

The aim of this work is to provide solubility data of a poorly water-soluble drug, diazepam, in water +
tert-butyl alcohol solvent mixtures that could be used to train existing cosolvency models and to
identify the forces driving the drug solubility variation with the cosolvent content in the solvent
mixture. The solubility of diazepam was determined in nine binary solvent mixtures and in both neat
solvents at temperatures ranging from 293.15 to 313.15 K under atmospheric pressure. The density of
diazepam-free and diazepam-saturated solvent mixtures were also determined as well as the
thermophysical properties of original drug crystals and excess solid phases from solid-liquid
equilibria. The thermodynamic quantities relative to the dissolution process of diazepam under
saturation condition were obtained from solubility temperature dependence using the van’t Hoff plot.
From these data, the changes in thermodynamic quantities of diazepam upon fusion and mixing as
well as the excess thermodynamic quantities of the drug in the different saturated solvent
compositions over the temperature range investigated were determined using classical
thermodynamic approaches. The mole fraction solubility of diazepam increases with the zert-butyl
alcohol content in the solvent mixture to reach a maximum in the solvent mixture with a cosolvent
mass fraction of 0.90. For every solvent compositions investigated, the transfer of the drug molecules
from the pure crystalline solid to the saturated liquid mixtures was found to be endothermic so that
the solubility of the drug increases with the temperature. Moreover, for every solvent compositions
investigated, enthalpy is the main contributor to the deviation of the systems from ideal behavior,
with noticeable exception of neat water. The solubility enhancement of the drug upon increase of the
tert-butyl alcohol content in the solvent is then linked to a simultaneous evolution of the partial molar

excess entropy and enthalpy of the drug with respect to the solvent composition.

This chapter was published in Fluid Phase Equilibria, volume 408, 25 January 2016, pages 284-298.
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2.1. Introduction

Current methods used in drug discovery programs are leading to the selection of an increasing number
of new small-molecule drug candidates with high pharmaceutical potency but low aqueous solubility
[1-3]. Poor aqueous solubility is a major hurdle to successful drug development owing to formulation
issues associated with water-insoluble drugs [4]. Over the past decades, numerous formulation
approaches and technologies were developed by scientists to enhance the solubility and/or the
dissolution rate of hydrophobic drugs in aqueous media [5-7]. However, the design of an optimal,
reliable and scalable formulation for poorly water-soluble drugs delivery remains extremely
challenging, especially when these drugs exhibit physical and/or chemical instability [8]. For heat-
labile and/or water-labile hydrophobic drugs, the combination of functional excipients with freeze-
drying process was proven to be an effective strategy to develop solid dosage forms with long-term

stability and improved end-use properties [9-19].

The first step in the manufacturing process of such lyophilized pharmaceutical compositions is the
preparation of a homogeneous solution containing an appropriate amount of drug and excipients in a
fixed ratio in order to obtain, after freeze-drying, the required dose of formulated drug per unit dosage
form. Due to the poor aqueous solubility of hydrophobic drugs, the use of neat water as solvent is not
adequate to prepare the bulk solution intended to be freeze-dried, especially when considering high-
dosage drugs. Indeed, the tremendous amount of solvent that would need to be removed from such
very dilute solutions would require lengthy freeze-drying cycle times, which would result in
unacceptably high operating costs [20, 21]. In addition, the batch size capacity would be drastically
limited due to the vial geometry necessary to accommodate these dilute solutions [20, 21]. To achieve
a sufficiently high drug concentration in the solution to be freeze-dried and make the whole process
economically viable for a large-scale production, cosolvency, the addition of a miscible organic
solvent to water, appears to be the most effective and widely used solubilization approach [22-25].
Besides to enable to incorporate the intended amount of drug per unit dosage form in an acceptable
volume of solvent, it can also decrease the hydrolytic degradation rate of water-labile drugs in solution
[25-27]. This allows performing pre-lyophilization unit operations over an extended temperature range
and/or time-period, thus adding flexibility in the manufacturing process as well as in the production

scheduling of such freeze-dried pharmaceutical compositions [20, 21].

Among the cosolvents that have been investigated over the past years in the field of freeze-drying,
tert-butyl alcohol is the one that attracted the most attention from researchers in both academic and
industrial settings [22-24]. As a matter of fact, fert-butyl alcohol is miscible with water over the whole
composition range at any temperature, has a low toxicity profile and exhibits suitable physical
properties with regard to the freeze drying process including a high fusion temperature, a high solid

vapor pressure and a low sublimation enthalpy [22-24]. All water + tert-butyl alcohol solvent mixture

85



compositions share these desirable properties as well and, consequently, they freeze under operating
conditions for conventional commercial freeze-dryers and they sublime at a higher rate than neat water

for identical process parameters [28-31].

Experimental determination of drug solubility is a time-consuming and cost-effective procedure being
mostly unworkable for drug candidates in the early stages of development [32-34]. For these reasons,
numerous mathematical models have been developed and expanded over decades to correlate and/or
predict the solubility of drugs in mixed solvents. Their underlying basis and assumptions as well as
their capability, limitation and accuracy for correlating and/or predicting the solubility of drugs in
water + cosolvent mixtures have been reviewed elsewhere [35]. Above and beyond the specificity of
well-established models commonly employed in the pharmaceutical industry, their use to predict the
solubility of drugs in water + cosolvent mixtures necessitate knowledge of numerical values of
cosolvent-specific model constants [36-41]. Unfortunately, as far as we know, those for ters-butyl
alcohol have not been reported to date in the literature. Moreover, their determination would require
the availability of a large experimental data set, but at this time, solubility data of drugs in water +
tert-butyl alcohol solvent mixtures are very scarce and often limited to a narrow solvent composition
range [27, 42, 43]. Thus, it is of a crucial importance to create a large enough database on

experimental solubility of hydrophobic drugs in this cosolvent system.

In the present work, diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one;
M = 284.74 g-mol™'; Figure 2.1) was used as hydrophobic model drug. Its physico-chemical
properties, synthesis routes, pharmacology and pharmacokinetic characteristics as well as clinical uses
were recently reviewed [44]. Solubility enhancement of diazepam through the use of common organic
solvents, either neat or mixed with water, was reported by many authors. Common organic solvents
investigated include ethanol [45-48], propane-1,2-diol [48-51], 1-methyl-2-pyrrolidinone [48, 52, 53]
and 1,4-dioxane [54]. Oppositely, the use of alternative solvents such as supercritical fluids [55] and
ionic liquids [56], which are of increasing interest in the pharmaceutical industry [57-59], is more
limited. So far, solubility data of diazepam have been reported only in supercritical carbon dioxide

[60].
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Figure 2.1. Chemical structure of diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-
benzodiazepin-2-one; molar mass: 284.74 g-mol ™).

The aim of this study is to provide experimental solubility values of diazepam in different water + fert-
butyl alcohol solvent mixtures as well as density values of the diazepam-free and diazepam-saturated
solvent mixtures in the temperature range from 293.15 to 313.15 K at atmospheric pressure. From
these data, the thermodynamic quantities relative to the dissolution process of the drug in the different
solvent mixtures under phase equilibrium condition were determined and the changes in the excess
partial molar thermodynamic quantities of diazepam with the solvent composition were used to
identify the forces driving the variation of the drug solubility in the different solvent mixtures. Special
emphasis was paid to the methodology used to produce the data in order to minimize their possible
contribution to error sources in solubility modeling as well as to the thermodynamic framework used

for their interpretation.
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2.2. Theory'
2.2.1. Solid-liquid equilibrium

Consider, on the one hand, a non-reactive closed system containing a solvent defined as component 1,
either neat or a blend, and a drug defined as component 2 and on the other hand, a solid—liquid
equilibrium for which the solid phase is pure crystalline component 2 and the liquid phase is a mixture
of components 1 and 2 saturated with respect to component 2. Complete thermodynamic equilibrium
condition requires temperature and pressure uniformity throughout the system as well as equality of

the chemical potential of component 2 in both solid and liquid phases. Thus:
us(er, T, Py = us*(1, T, P, X) (2.1)

where u, is the chemical potential of component 2, the superscripts * and sat stand respectively for
pure component and mixture saturation condition, cr and I indicate the state of aggregation of the
phases as crystalline solid and liquid, respectively, and 7, P and X are the system temperature, pressure

and phase composition, respectively.

The dissolution process of the pure crystalline solid component 2 into the saturated liquid mixture at a
given system temperature and pressure can be divided into two subsequent processes, namely fusion

and mixing processes, so that from Eq. (2.1):

Aot GRS(T, P, X) = p$(1, T, P, X) — pi(er, T, P)

=[50, T, P) = wier, T, P)| + [u$'(L, T, P, X) — 51, T, P)]
= AfusGm,Z(T’ P) + AmixGir?,E(T, P)
=0 (2.2)

where Gy, , = u, is by definition the partial molar Gibbs energy of component 2, the A symbol denotes

the change in an extensive thermodynamic quantity associated with a process and where the subscripts

fus, mix and sol refer to the fusion, mixing and dissolution processes, respectively.

The fusion of the pure crystalline solid component 2 into a hypothetical pure supercooled liquid can be
decomposed through the well-known isobaric three-step thermodynamic cycle [61] wherein pure
component 2 in the solid state is first brought from the system temperature to its fusion temperature

Trys2(P) at the system pressure, then converted from the solid state to the liquid state under

"In this work, the saturated liquid phase is considered as a mixture with attendant definitions of standard chemical potential
and activity coefficient for components in a mixed condensed phase. For the sake of coherence and to prevent any confusion,
the use of the terms solution, solvent and solute is avoided in this section. Nevertheless, they are used in other sections for
convenience and clarity without implying any changes in the way the liquid phase is defined.
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equilibrium conditions and finally brought back to the original system temperature so that the molar

Gibbs energy change upon fusion at the system temperature and pressure is given by:
AfusGm,Z(Te P) = AfusHm,Z(Ta P) - TAfusSm,Z(T’ P)

= [AtHu2 + AuHo + AmHin o] = T[A1Sma + AuSma + AmSma] (2.3)
where subscripts I, II and III refer to the steps of the thermodynamic cycle above described. The first

step involves heating of pure solid component 2 at constant pressure. Provided that no solid-solid

phase transition occurs, the corresponding molar enthalpy and entropy changes are:

Tfus,2
AHy,, = f Cpmoler, T) -dT’ (2.4)
T
Thys2 . dT’
AISm,Z = j Cp,m,Z(cr, T') " (25)
T T

where C;,m,z is the molar heat capacity at constant system pressure of pure component 2 in the defined

state of aggregation. The second step implies phase change of pure component 2 at solid—liquid

equilibrium for which the molar Gibbs energy change is:
AnGino(Thus2) = AnHmp — Tys2 - ApSmz =0 (2.6)

where AH,, » = AgysHy, 2(Thys2) is the molar fusion enthalpy of pure component 2 at its fusion point

and AySp o = AgygSmo2(Ths 2) 18 the corresponding molar fusion entropy as given from Eq. (2.6) by:

AtusHin 2 (Thus 2)
AuSm2(Thus2) = ——————— 2.7
fus,2

The third step entails supercooling of pure liquid component 2 at constant pressure. The corresponding

molar enthalpy and entropy changes are given by:

T

ApHpnp = f Coma(l, T -dT" (2.8)
Tfus,2
r . dr

AmrSm2 = f Coma(, T - ra (2.9)
Tfus,2

From combination of Egs. (2.3) to (2.9), the molar Gibbs energy change of component 2 upon fusion

at the system temperature and pressure is rigorously expressed as:
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T
] + j AC, o (T)-dT' =T

Tfus,2

Afus m2(T P) Afus mZ(Tfus2) [1 -

T dTY
| AGuma -
T~

fus,2

Tfus 2
(2.10)

with Tfus,2 = Tfus,Z(P) and ACp,m,Z(T') = C;,m,z(l’ T — C;,m,Z(Cr, T

The partial molar Gibbs energy change of component 2 upon mixing in the saturated liquid mixture at

the system temperature and pressure is defined by the following equation:
AmixGio(T, P, X) = RT - In(x5"»5") @2.11)

where R is the molar ideal gas constant and where x3* = x3*(1, T, P, X) and ys‘“ = yzat(l T, P, X) are

the mole fraction solubility and the symmetrical activity coefficient of component 2 in the saturated

liquid mixture at the temperature and pressure of the system, respectively.

Substitution of Eq. (2.10) and Eq. (2.11) into Eq. (2.2) and rearrangement lead to the following general
expression for the solubility of crystalline solid component 2 in liquid component 1 at the system

temperature and pressure:

Inpgt = — s w2t

Aw H (T 11 1 r
sat _ fus m,2( fus»z) ] f ACp,m,Z(T') -dT"
T

fus,2

(2.12)

+l jT AC, ma(T) - I Iy
R Tus,2 pm2() r e

Provided that AggHy, »(Ttysp) and AC, ,» are known, this expression allows calculating ysa‘ from

experimental solubility data.

2.2.2. Solubility temperature dependence

An excess partial molar thermodynamic property of component 2 in the saturated mixture ZFnz is

defined as the difference in the partial molar property of mixing over that for an ideal saturated

mixture. That is:
Z2PU, T, Py X) = ApinZ25(T, P, X) = A Z254(T, P, X) (2.13)

where Z is the thermodynamic properties of interest and where the superscripts id and E stand for ideal
and excess quantities, respectively. Since under ideal condition the activity coefficient is equal to

unity, it appears from Eq. (2.11) and Eq. (2.13) that:
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AmixGE4N(T, P, X) = RT - Inx3" (2.14)
and therefore
GSF(1, T, P, X) = RT - In 3" (2.15)

Substitution of Eq. (2.14) and Eq. (2.15) into Eq. (2.2) and rearrangement lead to the following

expression:

Inx = RlT [AtssGona(T, P) + Gy (1, T, P, X)| (2.16)
with

GES(L T, P,X) = Hoy(, T, P, X) — TSRS (L T, P, X) (2.17)

Introduction of Eq. (2.3) and Eq. (2.17) into Eq. (2.16) yields:

1
I = — o [AtusHimo (T, P) + HESS(, T, P, X)) + [AtusSma(T, P) + Spp(L T, P, X)) (2.18)

Since by definition A H 1GI(T P, X) = 0 it follows that HELZ(I, T, P, X) = ApixHpy 2 (T, P, X) so that
[AtuHo(T. P) + Hyy (L TP X)] = [AnyHino (T, P) + A o (T, P X)] = AHRS(T.P.X) s
the partial molar enthalpy change accompanying the transfer of component 2 molecules from the pure

crystalline solid to the saturated liquid mixture at a given system temperature and pressure. Thus, Eq.

(2.18) can be written as:

1
g = = [AGHRS(T P, X)) + [ArusSma(T, P) + Smo(1, T, P, X)) (2.19)

Provided that at constant pressure the natural logarithm of the mole fraction experimental solubility of
component 2 in component 1 exhibits a linear dependence on the reciprocal absolute temperature over

the temperature range of interest, it can be described by an equation of the form:
1
Inx* = ?-A +B (2.20)

where A and B are the slope and intercept of the linear function, respectively, and are independent of
both temperature and composition over the temperature and composition ranges of interest. It is
clearly apparent from Eq. (2.19) and Eq. (2.20) that the coefficients of the so-called linear van’t Hoff

solubility plot are:
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A== AGHE(P) (2.21.2)

1
B == [AuSna(T. P) + Spa(l T, P, X)] (2:21.b)

2.3. Material and methods
2.3.1. Chemicals

Bulk diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one, [CAS 439-14-
5], purity: 0.998 in mass fraction, DZP) and corresponding analytical reference standard were
purchased from Cooper (Melun, France) and from the European Directorate for the Quality of
Medicines (EDQM, Strasbourg, France), respectively. Tert-butyl alcohol (2-methylpropan-2-ol, [CAS
75-65-0], purity: 0.99 in mass fraction, TBA), methanol (HPLC grade, [CAS 67-56-1], purity > 0.999
in mass fraction, MEOH), acetonitrile (HPLC grade, [CAS 75-05-8], purity > 0.999 in mass fraction,
ACN) and tetrabutylammonium hydrogen sulfate ([CAS 32503-27-8], purity: 0.98 in mass fraction,
TBAHS) were purchased from Fisher Scientific (Loughborough, United Kingdom). Ultra-pure water,
otherwise known as type 1 water, ([CAS 7732-18-5], 18.2 MQ-cm resistivity at 298.15 K, total
organic carbon < 10 ppb, sodium < 1 ppb, chlorine < 1 ppb and silica < 3 ppb, W) was produced by a
Synergy water purification system (Merck Millipore, Molsheim, France) and used in all experiments.
All chemicals were used as received with no further purification. Overview of chemicals used in this

study is summarized in Table 2.1.
2.3.2. Solvent mixtures preparation

Since pure TBA is in the solid state at room temperature, the original container was warmed in a water
bath a few degrees above its fusion temperature until the entire was melted and was further
homogenized prior to use. All W + TBA solvent mixtures were prepared by mass in quantities of 100
g using a Sartorius CP225D analytical balance (Goettingen, Germany) with an accuracy of = 0.1 mg.
The mass fraction of TBA in solvent mixture ranges from 0.10 to 0.90 with increments of 0.10 in
order to study nine solvent binary mixtures and both neat solvents. The uncertainty in mixture

composition was less than 0.5% of the nominal mass fraction for each solvent.
2.3.3. Solid-liquid equilibria

Equilibrium solubility experiments were performed at atmospheric pressure using the conventional
saturation method at temperatures ranging from 293.15 to 313.15 K. For each solvent composition and
each temperature investigated, five independent solubility samples were carried out in parallel and

prepared according to the following procedure.
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At least a two-fold excess of solid was weighed into 10 mL volumetric amber glass flask. A PTFE-
coated stirring magnet was introduced into the flask and closed ballast rings were placed around the
flask neck. The solubility medium was then added to the mark of the flask which was immediately
capped with a PTFE stopper to prevent any liquid phase modification due to solvent evaporation. All
solid-liquid mixtures were placed on a Cimarec multi-position magnetic stirrer (Thermo Fisher
Scientific, Villebon-sur-Yvette, France) immersed in a thermostatic water bath kept at the appropriate
temperature using a Julabo ED heating immersion circulator (Seelbach, Germany) with an accuracy of
+ 0.1 K. The solid-liquid mixtures were then stirred at 500 rpm for 96 h to reach the phase
equilibrium. The temperature was monitored over the entire equilibration time using an YC-747UD
data logger thermometer (YCT, Taipei, Taiwan) with an accuracy of + 0.01 K connected to four type
K thermocouples (TC Direct, Dardilly, France) disposed in the water bath. Recorded temperature data
were processed with Temp Monitor S2 software. The uncertainty in the experimental temperatures
was measured to be + 0.03 K. The experimental set-up used in this study is depicted in Figure 2.2.
Once the equilibrium achieved, excess of solid was separated from the saturated solution by filtration
under isothermal conditions. The suspensions were transferred into 10 mL polypropylene syringe
(Terumo, Leuven, Belgium) and filtered through 0.2 um pore size regenerated cellulose membrane
syringe filter (Fisher Scientific, Illkirch, France). Syringes and filter units were heated in oven at the
equilibrium temperature for at least 24 h and kept at this temperature until use. Absence of colloidal
particles in the saturated solutions was systematically checked by shinning a laser beam through the
filtered samples and assessed by absence of Tyndall light scattering. One milliliter of saturated
solution intended for solubility measurement was immediately diluted with the same volume of
MEOH to prevent DZP reprecipitation which could arise from difference between the room and
equilibrium temperatures. For the same reason, the remaining saturated solution was maintained a few
degrees above the experimental temperature until density measurement. To avoid preferential
evaporation of TBA and consequential composition changes, both samples were kept in hermetically

sealed vials and analysis were performed within a day.
2.3.4. Solubility measurements

Quantification of DZP in saturated solutions was performed by reverse-phase high-performance liquid

chromatography with ultraviolet detection (HPLC-UV) using an external calibration.
2.3.4.1. Preparation of calibration standards and quality control samples

Accurately weighed 20.0 mg of DZP reference standard was transferred to 20 mL volumetric flask and
dissolved with MEOH to prepare a stock solution at concentration of 1000 ug-mL™". Six calibration
standard solutions at 1.0, 2.5, 5.0, 10, 25 and 50 pg-mL~" were prepared in 50 mL volumetric flasks by

diluting required volumes of stock solution with the same solvent.
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Figure 2.2. Experimental set-up used to carry out parallel solid—liquid equilibria experiments (A):
General overview of the complete system: (1): Type K thermocouple; (2): Heating immersion
circulator; (3): Data logger thermometer; (4): Plexiglass tank containing water as thermostating
medium; (5): 60 positions magnetic stirrer connect to controller; (6): Immersed 10 mL volumetric
amber glass flasks containing samples; (B): Detail view of sample-containing system: (1): PTFE
stopper; (2): Ballast rings; (3): PE fiber-reinforced PVC tube; (4): Saturated liquid phase; (5): PTFE-
coated magnetic stirring bar; (6): Excess solid phase (Note that the tank is normally covered by a
plexiglass plate when experiments are in progress).

Quality control (QC) samples were prepared in the same way from a different stock solution at three
representative concentration levels of the calibration curve, namely 1.75, 7.5 and 37.5 ug-mL™". Stock
solutions, calibration standards and QC samples were aliquoted in 1.5 mL polypropylene
microcentrifuge tubes (Eppendorf, Sartrouville, France), stored at 193 K and used within a month. For
each analytical batch, both in validation study and along with the solubility samples, calibration
standards and QC samples were thawed and allowed to equilibrate at room temperature. The thawed
samples were then vortexed to ensure complete mixing of the content and transferred into 2 mL HPLC

autosampler amber glass vial before analysis.
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2.3.4.2. Preparation of solubility samples

Half-diluted solubility samples were further diluted with MEOH to adjust concentration of DZP within
the calibration range and resulting solutions were transferred into 2 mL. HPLC amber glass vials. Total
dilution factors range from 2 to 2000, depending on the equilibrium temperature and the solvent

mixture composition.
2.3.4.3. Instrumentation and analytical conditions

The method was developed, validated and operated on a SpectraSystem chromatographic apparatus
(Thermo Electron, Les Ulis, France) equipped with a P1I000XR quaternary pump, a SCM1000 on-line
degasser, an AS3000 autosampler fitted with a 100 uL loop, a SN4000 system controller and an
UV6000 photodiode array detector. Instrument control, data acquisition and data processing were
achieved with ChromQuest software. Chromatographic separations were performed at 303 + 0.5 K
using a Kinetex C18 100 A (150 mm x 4.6 mm, 5 um) analytical column (Phenomenex, Torrance,
USA). A 1:1 volumetric ratio mixture of ACN and 0.01 M TBAHS aqueous solution was used as the
mobile phase and isocratically delivered at a flow rate of 1.0 mL-min"'. The autosampler was
programmed with an injection volume of 10 uL and a run time of 8 min. The UV-Vis spectra were

obtained in the range 200-400 nm and diazepam was detected at 230 nm.
2.3.4.4. Method validation

To ensure correct determination of DZP concentration in saturated solutions, the method was validated
according to International Conference on Harmonization guidelines for validation of analytical
procedures [62] regarding to linearity, precision, accuracy, limit of detection (LOD), lower limit of
quantification (LLOQ) and recovery. It was demonstrated that hydrolysis of DZP occurs only in strong
acidic or alkaline media after exposure to higher temperatures than those used in this study and over a
time-period much longer than those required to reach the equilibrium solubility [63, 64]. Thus,
interferences from DZP degradation products were not expected so that method specificity was not
investigated. In order to evaluate the linearity of the method, ten separate calibration curves, ranging
from 1.0 to 50 pg-mL~", were constructed on ten consecutive days by plotting DZP peak area versus
nominal concentration of six calibration standard solutions. Linearity over the concentration range
investigated was assessed from squared correlation coefficient values of calibration curves fitted by
least-squares linear regression. The precision, expressed as the relative standard deviation (RSD), and
accuracy, expressed as the mean percentage deviation (MPD) of the calculated concentrations from the
nominal concentrations, were evaluated by analysis of QC samples at low, medium and high
concentration levels along with calibration standards. The intra-day precision was assessed by

analyzing ten replicates of each QC samples in the same experiment whereas inter-day precision and
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accuracy were determined from each QC samples by performing ten separate experiments on six
consecutive days. The quantification parameters LOD and LLOQ were determined based on signal-to-
noise ratio (S/N) by analyzing five replicates of samples with decreasing DZP concentrations. The
LOD and LLOQ were defined as the lowest concentrations resulting in a peak signal to noise of
baseline ratio equivalent to 3:1 and 10:1, respectively. In addition, analysis of ten replicates of QC
samples with DZP concentration at the LLOQ was performed to ensure that these samples can be
quantified with acceptable precision and accuracy. In order to evaluate potential filter sorption of DZP
through the solid-liquid phases separation process, recovery was determined by comparing the mean
peak area obtained from analysis of five replicates of QC samples at low and high concentration levels

before and after filtration with syringe filter units previously described.

Under the used analytical conditions the retention time of DZP was 3.63 = 0.03 min. A typical
chromatogram is provided in Figure 2.3. The results of the validation procedure are summarized in
Table 2.2. The HPLC-UV method showed a good linearity in the calibration concentration range as
indicating by the average squared correlation coefficient value which exceeds 0.999. The LOD and
LLOQ for DZP were found to be 0.25 pg'mL™" and 0.75 pg'mL™", respectively. Both accuracy and
precision of the method evaluated at the low, medium and high concentration levels were found to be
satisfactory. The MPD values for accuracy ranged from —4.7% to 2.8% whereas the RSD values of the
intra-day and inter-day precisions were less than 2.0% and 1.0%, respectively. In addition, the
recovery values for both low and high concentration levels were determined to be 100% within the
measurement uncertainty indicating that DZP is not adsorbed onto the filters used for solid-liquid
phase separation. These results testified that this chromatographic method is accurate and reliable for

the quantification of DZP in saturated solutions.
2.3.4.5. Quantification of diazepam in solubility samples

For each analytical batch, calibration standards and QC samples were analyzed along with solubility
samples. Solubility data were accepted if the QC samples analyzed in duplicate before and after
solubility samples were quantitatively determined with an individual systematic error lower than 5%.
Neither peak shape deformation nor presence of additional peaks were detected on the chromatograms
of solubility samples so it can be ensure that DZP did not undergo any degradation over the time-

period of equilibration.
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Figure 2.3. HPLC chromatogram of diazepam (sample concentration: 7.5 ug'mL™" in methanol;
injection volume: 10 pL; column: C18 100 A, 150 X 4.6 mm, 5 pm; column temperature: 303 K;

mobile phase: acetonitrile/ tetrabutylammonium hydrogen sulfate 0.01 M in water 50:50 v/v; elution:

isocratic; flow rate: 1 mL-min""; detection: UV 230 nm).

2.3.5. Density measurements

In order to convert mass concentration solubility into mole fraction solubility, the densities of every
saturated solution were measured with a DMA 4500 M vibrating-tube digital density meter (Anton
Paar, Graz, Austria) with an accuracy of + 1-10~ g'-mL ", Apparatus was operated in the static mode at
the relevant temperature. An incorporated Peltier system was used to control the temperature of the
measuring cell with an accuracy of + 0.01 K. Every measurement was preceded by density meter
calibration with dry air and ultra-pure water. The uncertainty in density measurement and measuring
cell temperature were found to be less than 5107 g'mL™" and 0.03 K, respectively. In addition, the
densities of the solvent mixtures and neat solvents free of solute were measured in triplicate at each

equilibrium temperature using the same experimental procedure.
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2.3.6. Differential scanning calorimetry measurements

Thermal properties of DZP original crystals were obtained by differential scanning calorimetry (DSC).
Experiments were carried out on a DSC Q200 apparatus equipped with a refrigerated cooling system
(TA Instruments, Guyancourt, France). Calibration for both temperature and heat flow was performed
using certified indium as standard. The uncertainty in the calibration was estimated to be within 1 K

! For the

and 2 J-g "', respectively. Nitrogen was used as the purge gas at a flow rate of 50 mL-min~
thermal analysis experiments, samples of 3-5 mg were accurately weighed in Tzero aluminium pans
using the analytical balance previously described with an uncertainty of = 0.01 mg. The powder was
slightly pressed within the pan with a flat-end stainless steel device to avoid thermal gradient effects
across the sample. The pans were then hermetically sealed with Tzero aluminium lids using a press.
An identical empty aluminium pan was used as a reference. Analyzes were performed in standard
DSC mode, which samples were equilibrated at 293 K for 2 min and then heated at 5 K-min™" to 423
K. The data were processed using TA Universal Analysis software. In order to determine whether any
solid-state form changes have occurred during equilibration process, the individual solid phases
obtained after equilibration with the neat solvents and solvent mixtures at the lowest and highest
experimental temperatures were also investigated. These samples were analyzed using the same

experimental procedure, except that excess of solvent was left to evaporate to dryness at ambient

conditions prior to DSC measurements. In all cases, experiments were performed in triplicate.
2.3.7. Calculations

As described in the theoretical section, equations related to the fusion process of the drug at the system
temperature and pressure under isobaric condition involve the differential molar heat capacity of the
pure liquid and crystalline solid forms of the drug over the temperature range [7'; Tj,]. Since the
molar heat capacity of the pure liquid drug well below its fusion temperature cannot be determined
experimentally, the differential molar heat capacity of DZP was assumed to be temperature
independent over the temperature range of interest and that it can be empirically approximated by the
molar entropy of fusion of DZP at its fusion temperature according to Hildebrand and Scott [65] and

as detailed elsewhere [66]:

AfusI_Im,Z(Tfus,Z)

ACp,m,Z = AfusSm,Z(Tfus,2) = T
fus,2

(2.22)

With these assumptions and according to Egs. (2.3) to (2.10) the molar thermodynamic quantities for

the fusion process of DZP at the system temperature and pressure were calculated as:

T
AfusHm,Z(T, P) = AfusHm,2(Tfus,2) : T_ (2233)
fus,2
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AgysHipy o (T T
AfusSrn,2(T, P) = M “11+1In ] (2.23.b)
Tius 2 fus.2
T Tfus,2
Afus(;m,2(Ta P) = AfusPIm,Z(Tfus,Z) -—=—-In (2.23.¢)

Tfus,2 T

whereas the partial molar enthalpy and entropy changes for the dissolution process of DZP in a given
TBA + W solvent mixture were calculated respectively from temperature dependence of the
experimental drug solubility according to Eq. (2.21) and from phase equilibrium condition Eq. (2.2)

as:
. 1
AcotSma (T, P, X) = =+ A (T, P, X) (2.24)

The partial molar thermodynamic quantities for the mixing process of DZP in the saturated liquid

mixture at the system temperature and pressure were calculated according to their definition:

AmixHino (T, P, X) = Ao Hno (T, P, X) — AgysHn 5 (T, P) (2.25.2)
AnixSma (T, P, X) = AiSia (T, P, X) = ApysSina (T, P) (2.25.b)
ApixGeaa (T, P, X) = =AgysGin o (T, P) (2.25.c)

as well as the partial molar excess thermodynamic quantities:

HYF(L T, P, X) = Ay B (T, P, X) (2.26.)
S (LT, P, X) = Apix o (T, P, X) + R - In x5 (2.26.b)
G (L, T, P, X) = RT - In " (2.26.0)

Finally, the ideal mole fraction solubility of DZP at a given temperature was calculated from
experimental values of fusion temperature and molar heat of fusion at the fusion temperature of the
drug crystals according to the following equation derived from Eq. (2.12) along with assumptions

related to the differential molar heat capacity term:

xsat,id _ AfusI—Im,Z(Tfus,Z) 1 T

In = n 2.27
2 RTfus,2 Tfus,2 ( )

and accordingly, the activity coefficients of DZP in the different saturated solvent mixtures were
calculated from ideal mole fraction solubility and experimental mole fraction solubility values at the

temperature of the system as:

Iy = Inx3™ — In g (2.28)
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2.3.8. Statistical analysis

Standard error propagation equations were used to estimate the standard deviations in values
calculated from those obtained from experimental measurements [67]. Regression analyses were
performed using ordinary least-squares method. Goodness-of-fit of regression equations was evaluated
by the squared correlation coefficient and its statistical significance was assessed by one-tailed
Fisher’s F-test whereas statistical significance of estimated regression coefficients was determined by
two-tailed Student’s #-test. All calculations were carried out using Microsoft Excel 2010 software

(Microsoft, Redmond, USA).
2.4. Results and discussion
2.4.1. Experimental data

2.4.1.1. Thermal analysis of original drug crystals and excess solid phases from solubility

samples

The DSC thermograms of DZP original crystals displayed a single sharp melting endotherm upon
heating and no other thermal events were detected in the temperature range studied, indicating that the
raw material exists in a single crystal form. A typical thermogram of DZP original crystal is provided
in Figure 2.4. The experimentally determined values of the DZP fusion temperature at atmospheric
pressure Ty, and the corresponding molar heat of fusion AgHnmo(Ths2) were found to be equal to
404.12 £ 0.02 K and 26.17 + 0.14 kJ-mol ™', respectively. These values are in good agreement with
those reported by Rubino (ApgHmo(Thsp) = 25.3 kJ'mol ", Tiso = 404.15 K) [68], Wassvik et al.
(ApsHmo(Tts2) = 24.70 kJ-mol ™, Trus2 = 404.75 K) [69] and Verheyen et al. (ApsHm2(Tts2) = 25.49
kJ-mol ™", Ty = 403.55 K) [70]. The heating scans of the solid phases obtained after equilibration with
the neat solvents and W + TBA solvent mixtures did not reveal any additional thermal events in
comparison with those of the original drug crystals. Additionally, the values of the fusion temperature
and molar heat of fusion did not significantly differ from those measured for the original crystals with
deviations being less than 0.2% and 3%, respectively. These results indicate that neither polymorphic
conversion nor solvates formation occur during equilibration of the solid phase with the saturated
solutions at the experimental temperature range. Therefore, the contribution of solid-state properties to

the solubility of DZP could be considered as constant in all solvent compositions studied.
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Figure 2.4. DSC thermogram of diazepam (sample size: 3.95 mg; pan: aluminium hermetically
sealed; heating rate: 5 K-min™'; sample purge flow N,: 50 mL-min").

2.4.1.2. Density of diazepam-free and diazepam-saturated water + fert-butyl alcohol solvent
mixtures

The experimental data for the density of the W + TBA solvent mixtures free of solute p, as well as

t are given in Table 2.3 according to the phase composition

those of the saturated solutions p®
expressed by the TBA mass fraction in solvent mixture free of solute wrga. In all cases, the relative
standard deviations of the density values were less than 0.1%. Regarding to the density of the solvent
binary mixtures free of solute, the experimental values presented in this work are in good agreement
with those recently reported by Egorov and Makarov [71]. This is illustrated in Figure 2.5 were the
values provided by these authors and those obtained in this study are compared at a temperature of
308.15 K. As expected from the respective density of neat solvents, it can be observed from Table 2.3
that for every isotherm, the density of the W + TBA solvent mixture decreases as the content of TBA

in the mixture increases. Moreover, for a given solvent composition, it can be remarked that the

density of the solvent binary mixture decreases as the temperature increases. Considering the density
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of the W + TBA solvent mixtures saturated with DZP, it can be noticed that the relative increase in the
mixture density value resulting from the presence of the solute is less than 0.5% for solvent mixtures
containing a TBA mass fraction lower or equal to 0.30 and is at most of 3.6% for other solvent
mixture compositions. Consequently, variation of the density of saturated solutions with respect the
mass fraction of TBA in the solvent mixtures follows the same trends that those of the solvent binary
mixtures free of solute for every isotherm. Additionally, it appears that as the temperature increases,
the relative increase in density increases for every solvent composition but with a higher magnitude

for the TBA-rich mixtures.

1.00

0.95-

0.904

0.854 A

S
%
<

A
A
A nng

Density of solvent mixtures free of solute (g mL'l)
>

0.75 T T T T T T T T T
0.0 0. 02 03 04 05 06 0.7 08 09 1.0

tert-butyl alcohol mole fraction

Figure 2.5. Comparison of the experimental density values of the water + ferr-butyl alcohol solvent
mixtures free of diazepam at 308.15 K from this work (®) and from Reference [71] (A) (error bars are
omitted for readability).
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2.4.1.3. Solubility of diazepam in water + tert-butyl alcohol solvent mixtures

The experimental data for the mole fraction solubility of DZP x5 in W + TBA solvent mixtures in the

temperature range studied are reported in Table 2.4 according to the solvent mixtures composition
expressed by the TBA mass fraction in solvent mixture free of solute. These data expressed in other
units are also available in Appendix B (Table B.1) for convenience in application and use. Table 2.4
also includes the ideal mole fraction solubility of DZP x;at'id calculated from Eq. (2.27) using the
experimental values of fusion temperature and molar enthalpy and entropy changes upon fusion at the
fusion temperature. The relative standard deviations of solubility values ranged from 0.3% to 4.5%
which was considered to be satisfactory considering the magnitude of DZP solubility in the solvents
investigated. The aqueous solubility values in this work are in good agreement with those available in
the literature. The solubility of DZP in neat water was measured to be 1.489-107* mol-L™" at 293.15 K
which is close to the values of 1.413:10* mol-L™" and 1.479-10* mol-L™" reported at the same
temperature by Wassvik et al. [69] and Du-Cuny et al. [72], respectively. The aqueous solubility
values for DZP determined in this work are also consistent with those published by Jouyban and
coworkers who presented molar solubility values of 1.5:10™* mol-'L™" and 2.0-10™* mol-L™" at 298.15 K
[49, 52, 53] and mole fraction solubility values of 3.0-107° and 4.0-107% at 303.15 K [45, 73]. In this
study, the measured molar solubility value of 1.665-10* mol'L™" at 299.15 K and the mole fraction
solubility value of 3.604-107 at 303.15 K are in the solubility range reported by these authors. From
the best of our knowledge, no solubility data for DZP in neat TBA or in W + TBA solvent mixtures

are available in the literature making any other comparisons impossible.

The evolution of the mole fraction solubility of DZP according to temperatures and the mass fraction
of TBA in the solvent mixtures free of solute is shown in Figure 2.6. Regarding the influence of the W
+ TBA mixture composition on the solubility of DZP, it can be observed that the solubility of the drug
increases with addition of TBA to reach a maximum and then decreases with further increase in TBA
concentration. At all the temperature studied, the maximum solubility values are obtained in the same
solvent mixture but its composition depends on the unit in which solubility is expressed. It
corresponds to a solvent mixture containing a TBA mass fraction of 0.90 for solubility expressed in
mole fraction and to a solvent mixture containing a TBA mass fraction of 0.80 for solubility expressed
in other units. In addition, considering a given solvent composition, it can be noted that the solubility
of DZP increases with temperature, with no exception. Depending on the solvent mixture composition,
substantial differences exist between experimental solubility values and those predicted assuming the
model of an ideal solution, the former being less than the latter in all cases. According to Eq. (2.27),
the theoretical solubility value that would be obtained in a perfect solvent depends only on the strength
of solute-solute intermolecular interactions within the crystal lattice. The results obtained indicate that
the contribution of solute-solute, solvent-solvent and solvent-solute intermolecular interactions in the

liquid phase to the solubility of DZP in W + TBA solvent mixtures is significant.
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Figure 2.6. Experimental mole fraction solubility of diazepam in water + fert-butyl alcohol solvent
mixtures as function of the tert-butyl alcohol mass fraction in solvent mixture free of solute (H): 7 =
293,15 K; (»): T=299.15 K; (®): T=303.15 K; (¢): T=1308.15 K; (¥): T=313.15 K (error bars
are omitted for readability).

2.4.1.4. Temperature dependence of the solubility of diazepam in water + fert-butyl alcohol

solvent mixtures

The so-called van’t Hoff solubility-temperature plots obtained from experimental data are shown in
Figure 2.7. It can be observed that for every investigated solvent composition, the natural logarithm of
the DZP mole fraction solubility exhibits a linear dependence to the reciprocal of the system
temperature over the experimental temperature range and could be regressed into a straight line. The
least-squares linear regression parameters for the van’t Hoff curves are given in Table 2.5. The
statistical significance of the estimated regression coefficients and squared correlation coefficients
were assessed using Student's #-test and Fisher's F-test, respectively, and corresponding p-values as
asterisks are also reported in Table 2.5. The complete statistical analysis results are provided in

Appendix B (Table B.2). The obtained squared correlation coefficients values are very high and range
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from 0.977 to 0.998 and their associated p-values were less than 0.01 in all cases, indicating a strong
and significant goodness-of-fit between the dependent and independent variables of interest for every
solvent composition. Regarding to the linear coefficient estimates, the values of the slopes are always
negatives whereas those of the intercepts are always positive, with exception of neat water. For every
solvent composition, the linear coefficient estimates are found to be statistically significant with p-
values mostly lower than 0.01 and at least lower than 0.05 so that they can be appropriately used to

calculate the partial molar enthalpy change of DZP upon dissolution ASO]H,SETZ and the entropic term

[AfusSm,z +Si,?’t’25] according to Egs. (2.20) and (2.21). Their values are included in Table 2.5.

Importantly, for a given solvent or solvent mixture, these two thermodynamic quantities can be
considered to be independent of both temperature and composition within the temperature range

investigated.
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Figure 2.7. Natural logarithm of the experimental mole fraction solubility of diazepam in water + fert-
butyl alcohol solvent mixtures as function of the reciprocal of the absolute temperature (M): wrga =
0.00; (2A): wrga = 0.10; (@): wrga = 0.20; (&): wrga = 0.30; (¥): wrga = 0.40; (O): wrga = 0.50; (A):
wrga = 0.60; (O): wrga = 0.70; (@): wrga = 0.80; (V): wga = 0.90; (3¢): wrga = 1.00; (x): Ideal (the
solid lines are model fits to experimental data as described in section 2.2.2; error bars are omitted for
readability).
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2.4.2. Thermodynamics of the solubility of diazepam in water + fert-butyl alcohol solvent

mixtures’

As described in the theoretical section, the overall dissolution process of DZP in the different W +
TBA solvent mixtures under phase equilibrium conditions can be decomposed into fusion of pure solid
drug crystals and mixing of the resultant hypothetical pure supercooled liquid form of the drug with
the liquid solvent, both processes occurring at the same temperature as the saturated solution. Since
the contribution of the solid-state properties of DZP to the dissolution process of the drug at a given
system temperature is constant over the whole solvent composition range, variations in partial molar
thermodynamic quantities of dissolution with the cosolvent content in the mixture depends only on
those of the mixing process. Since the mixing process of the drug in actual solutions can be
decomposed into those of the ideal solution corrected by excess quantities, only the latter are presented
here since in addition to cancelling the constant molar thermodynamic quantities relative to the fusion
process of DZP out, they also provide deviation of the system from ideality. Nevertheless, values of
the changes in thermodynamic quantities of DZP upon fusion and mixing, as well as their relative
contribution to the dissolution process of the drug for the different systems investigated are given in

Appendix B along with those of the partial molar entropy of dissolution (Tables B.3 to B.6).

2.4.2.1. Activity coefficient of diazepam in water + fert-butyl alcohol solvent mixtures

sat

The values of the activity coefficient of DZP in saturated solutions y5

are given in Table 2.6. They

were calculated from Egs. (2.27) and (2.28) using experimental solubility and calculated ideal

solubility values displayed in Table 2.4. In all cases, the activity coefficient values are superior to the
unity and the largest ones are obtained in neat water (y;Elt = 30 000). As the mass fraction of TBA in

the solvent mixture increases, the activity coefficient values decrease, indicating a more ideal behavior

in presence of the cosolvent. The lowest activity coefficients are found in the mixtures with a TBA

sat

mass fraction of 0.90 (33

= 10) which corresponds to the solvent composition of DZP maximum
solubility. In addition, for all the studied solvent compositions with exception of neat water, the
activity coefficient values decrease as the temperature increases, indicating lesser deviations from

ideality at higher solution temperatures.

2 By defining the standard pressure as the atmospheric pressure and by selecting the reference temperature as the system
temperature, all thermodynamic quantities presented in this work become standard thermodynamic quantities.
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2.4.2.2. Excess partial molar thermodynamic quantities of diazepam in water + fert-butyl alcohol

solvent mixtures

The values of the partial molar excess thermodynamic quantities of DZP in the different saturated
solutions are given in Table 2.7 and depicted in Figure 2.8 as a function of the solvent mixture
composition. Table 2.7 also includes the relative contribution of excess partial molar enthalpy and
entropy to the excess partial molar Gibbs energy. Let us notice that the solute excess partial molar
entropy can be calculated according to two methods. Firstly, one can use the intercept of the van’t
Hoff solubility plots according to Eqs. (2.20) and (2.21) (see Table 2.5). Secondly, one can use Egs.
(2.24), (2.25) and (2.26). The two methods give values that differ for less than 1 J-K™mol ™.

As can be seen from Table 2.7, the values of the solute excess partial Gibbs energy Gfﬁf’zE are positive

in all solvent mixtures over the temperature range investigated, indicating positive deviations of the
systems of interest from ideal behavior, as expected from the values of the activity coefficient of DZP
presented in Table 2.6. Considering the variation of this thermodynamic quantity with the solvent

composition for a given system temperature, it can be observed from Figure 2.8.A that the value of the

excess partial molar Gibbs energy of DZP presents a maximum in neat water (Gfﬁ’t’zEE 26 kJ-mol ") and

decreases in a smooth and continuous manner as the mass fraction of TBA in the solvent increases

down to a minimum in the solvent mixture with a TBA mass fraction of 0.90 (GISIT’ZEE 5.6 kJ-mol ™)

and then slightly increases in neat fert-butyl alcohol (Gsat’Ez 6.6 kJ-mol™"). It can be noticed that for

m2 —
all the solvent composition investigated, the excess partial molar Gibbs energy of DZP is not very
temperature dependent, may be with exception of neat water and the solvent mixture containing a
TBA mass fraction of 0.20 for which increasing the temperature results in an increase and a decrease

in these thermodynamic quantities, respectively.

Regarding to the relative contribution (RC) of the excess partial molar enthalpy to the excess partial
molar Gibbs energy of DZP in the different W + TBA solvent mixtures, one can observed from Table
2.7 and Figure 2.8.B that for every solvent compositions investigated, enthalpy is the main contributor
to deviation of the systems from ideality, with noticeable exception of neat water. In this particular
solvent, entropy contribution accounts for about 90% of the excess partial molar Gibbs energy of DZP.
This is in good agreement with the thermodynamic features related to hydrophobic hydration
phenomenon in which rearrangement of the H-bond network of water in the vicinity of hydrophobic
solute molecules results in structural changes in the system accompanied by a large negative excess

entropy [74, 75].
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Table 2.7. Partial molar excess thermodynamic quantities of diazepam G

sat,E
m,2 °

HsatE TSsatE nd SsatE

in water + fert-butyl alcohol solvent mixtures at system temperature 7 and pressure P = 0.1 MPa“.

Gfr'c]ltéE HsatE Tdet ,E S:;]lt,ZE HsatE TSsat E
YA kJmol™) (k- mor‘) (kJ- mor‘) JK'mol™")  (%RC)  (%RC)*
T=293.15K
0.00 25.17(2.81)  3.62(1.99) —21.54(1.99) -73.49 (6.77)  14.4 85.6
0.10 2257(3.10) 2321 (2.19)  0.64(2.19) 219 (7.48) 973 27
0.20 1770 (7.42) 42,96 (5.25) 2526 (525)  86.16 (17.90)  63.0 37.0
0.30 1250 2.67)  19.35(1.89)  6.86(1.89) 2339 (6.44)  73.8 26.2
0.40 10.26 (1.35)  13.56 (0.96)  3.30(0.96)  11.24(326)  80.4 19.6
0.50 876 (1.60) 12.86(1.13)  4.09(1.13)  13.97(3.84) 758 242
0.60 769 (273)  1331(1.93)  562(1.93)  19.18(6.59)  70.3 29.7
0.70 674 (3.06) 12.13(2.17)  539(2.17)  1837(7.39)  69.2 30.8
0.80 6.06(276) 1220(1.96)  6.13(1.95)  20.92 (6.66)  66.5 33.5
0.90 578 (323) 11.95(228)  6.17(2.28)  21.04(7.78)  66.0 34.0
T=299.15K
0.00 2579 (2.81)  323(1.99) -22.56(1.99) —75.41(6.64)  12.5 87.5
0.10 2273(3.10) 2283 (2.19)  0.10(2.19) 034(7.32)  99.6 0.4
0.20 16.84 (7.42)  42.57(525) 2573(5.25)  86.00(17.54) 623 37.7
0.30 1251 2.67)  18.96(1.88)  6.45(1.89)  21.56(631)  74.6 25.4
0.40 10.28 (1.35)  13.17(0.96)  2.89 (0.95) 9.66 (3.19)  82.0 18.0
0.50 874 (1.59) 12.47(1.13)  373(1.13)  1248(3.76)  77.0 23.0
0.60 771(2.73)  1292(1.93)  521(1.93)  17.42(6.46) 713 287
0.70 6.82(3.06) 1174 (2.17)  492(2.16) 1644 (7.24)  70.5 295
0.80 6.09(276) 11.81(1.96)  5.71(1.95)  19.10(6.53) 674 32.6
0.90 5.84(3.23) 11.56(228)  5.72(228)  19.13(7.62) 669 33.1
1.00 6.76 (2.04) 1539 (1.44)  8.63(1.44)  28.85(4.81)  64.1 35.9
T=303.15K
0.00 2594 (2.81)  2.98(1.99) —22.97(1.99) —75.77(655 115 88.5
0.10 2251 (3.10) 2257 (2.19)  0.06(2.19) 0.18(7.23)  99.8 0.2
0.20 16,32 (7.42)  42.31(525) 2599 (5.25)  85.74(1731) 61.9 38.1
0.30 1227 (2.67)  18.70(1.89) 643 (1.89)  21.22(6.22) 744 25.6
0.40 10.18 (1.35)  12.91(0.96)  2.73 (0.96) 899 (3.16) 826 17.4

*Values in parentheses are standard deviations, u(7) = 0.03 K, u,(P) = 0.05 and u,(wrp,) = 0.005.
®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.

c
RC sat,E =
H, m,2

“RC g = |55’ |/]| o
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Table 2.7. Partial molar excess thermodynamic quantities of diazepam G

m.

sat,E HsatE’ TSsatzE and

m,2 °

SsatéE in water + tert-butyl alcohol solvent mixtures at system temperature 7 and pressure P = 0.1

MPa (continued)®.
:’:téE HsatE Tdet ,E S:;]lt,ZE HsatE TSSdt E

PTEA Ggmol ™y (k- mol‘l) (kJ- mol‘l) JK ' mol)  (%RCY  (%RC)
050  864(1.59) 1221(1.13)  3.57(1.13)  1178(3.72)  77.4 226
060  7.45(2.73) 12.66(1.93)  521(1.93)  17.19(637)  70.9 29.1
070  651(3.06) 11.48(2.17)  497(2.16) 1639 (7.14)  69.8 30.2
080  5.78(2.76) 1155(1.96)  577(1.95)  19.03 (6.44)  66.7 33.3
090  549(323) 1130228  582(228)  19.19(752)  66.0 34.0
100 6.65(2.04) 15.13(1.44)  848(1.44) 2798 (4.75)  64.1 35.9
T=308.15K
000 2645(2.81)  2.65(1.99) -23.80(1.99) -77.23(6.44)  10.0 90.0
0.10  2271(3.10) 2224(2.19) -047(2.19)  -153(7.11)  97.9 2.1
020 16.12(742) 41.99(525)  25.86(5.25)  83.93(17.03) 61.9 38.1
030 1231(2.67) 1838(1.89)  6.07(1.89)  19.68 (6.12) 752 24.8
040  1020(1.35) 1259(0.96)  2.39 (0.96) 776 (3.10)  84.0 16.0
050  868(1.59) 11.89(1.13)  321(1.13) 1041 (3.65)  78.7 21.3
060  7.55(2.73) 1234(1.93)  479(1.93) 1553 (627)  72.1 27.9
070  659(3.06) 11.15(2.17)  4.56(2.16)  14.80(7.02)  71.0 29.0
080  5.82(2.77) 1122(1.96)  540(1.96)  17.53(635)  67.5 32.5
090  555(3.23) 1098(228)  543(2.28)  17.61 (7.40)  66.9 33.1
100 658(2.04) 1481 (1.44)  823(1.44) 2670 (4.67) 643 35.7
T=313.15K
000 26.68(2.81)  233(1.99) —2435(1.99) -77.77(6.34) 8.7 91.3
010 2257(3.10) 21.92(2.19)  —-0.65(2.19)  -2.07(7.00)  97.1 2.9
020 16.02(742) 41.66(525)  25.64(525)  81.88(16.76) 61.9 38.1
030 12.06(2.67) 18.06(1.89) 599 (1.89)  19.13(6.03)  75.1 24.9
040  10.08(1.36) 12.26(0.96)  2.19 (0.96) 698 (3.07) 849 15.1
050  850(1.59) 11.56(1.13)  3.06 (1.13) 978 (3.60)  79.1 20.9
060  7.34(2.73) 12.02(1.93)  467(1.93)  1493(6.17)  72.0 28.0
070  644(3.06) 10.83(2.17)  439(2.16)  14.01(691) 712 28.8
080  5.73(2.76) 10.90(1.96)  5.17(1.95) 1651 (624)  67.8 32.2
090  545(323) 10.66(2.28)  520(228)  16.62(729)  67.2 32.8
100 635(2.04) 1448(1.44)  8.13(1.44) 2596 (4.60)  64.0 36.0

0.05 and ur(WTBA) =0.005.

®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.
‘RC e = | th|/[| th |TSsatE|]

|TSsatE|/[| atE| + |TSsatE|]

*Values in parentheses are standard deviations, u(7T) = 0.03 K, u,(P) =

d RC sat E
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Figure 2.8. Excess partial thermodynamic quantities of diazepam in saturated water + fert-butyl
alcohol solvent mixtures as function of the tert-butyl alcohol mass fraction in solvent mixture free of
solute (A): Excess partial molar Gibbs energy; (B): Relative contribution of excess partial molar
enthalpy to excess partial molar Gibbs energy; (C): Excess partial molar enthalpy; (D): Excess partial
molar entropy; (M): 7=293.15 K; (A): T=299.15 K; (®): T=303.15K; (¢): T=308.15K; (¥): T=
313.15 K (error bars are omitted for readability).

The transition from the entropic behavior in neat water to the enthalpic behavior in W + TBA solvent

mixtures and in neat fert-butyl alcohol is linked to the simultaneous evolution of Hfit’zE(l, T, P, X) and

SEQ, T, P, X)

m,2

according to Eq. (2.17). It can be observed from Figures 2.8.C and 2.8.D,

respectively, that HI:‘;E globally increases from 3 kJ-mol' in neat water to approximately 13 kJ-mol’

sat,E

in the TBA-rich region while S 5" globally increases from —75 J-mol K™

in neat water to
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approximately 20 J-mol-K™' in the TBA-rich region. In between, these two quantities reach a
maximum in the solvent mixture containing a TBA mass fraction of 0.20. This is no mere coincidence.
Indeed, this particular W + TBA solvent mixture is an eutectic composition [28] where water and ferz-
butyl alcohol molecules interact preferentially with each other and are strongly associated through H-
bonding [76]. The reverse V-shaped profile of the excess partial molar enthalpy and entropy of DZP in
the water-rich region can be attributed to structuredness of the solvent as the TBA content in the
solvent mixture increases up to the eutectic composition and to disruption of the solvent structure
resulting from further increase in TBA content in the solvent mixture [76]. Finally, let us notice that
the temperature has little influence on the excess partial molar enthalpy and entropy of DZP,
especially in the water-rich region where it is almost insignificant. For every solvent composition, both

these thermodynamic quantities decrease linearly with the temperature over the temperature range

investigated with a constant slope of —0.065 kJ'mol "K' and —0.21 J-K *mol ', respectively.
2.5. Conclusion and perspectives

The solubility of diazepam in water + tert-butyl alcohol solvent mixtures and the density of the
diazepam-free and diazepam-saturated solvent mixtures were determined in the temperature range
from 293.15 to 313.15 K at atmospheric pressure. The relative increase in the mixture density resulting
from the presence of the drug increases with temperature and is at most of 3.6%. The solubility of
diazepam depends on both solvent composition and temperature. The solubility of the drug increases
as the temperature increases and as the fert-butyl alcohol content in the solvent mixture increases up to
a mass fraction of 0.90. In this solvent mixture, the mole fraction solubility of diazepam is in the order
of 1:107. The natural logarithm of the drug mole fraction solubility exhibits a linear dependence to the
reciprocal of the system temperature over the experimental temperature range for every solvent
mixture composition investigated. From the temperature dependence of the drug solubility and
thermophysical properties of the drug crystals, the thermodynamic quantities related to the dissolution
process of diazepam under saturation condition were calculated and the variations in the drug excess
partial molar thermodynamic quantities with the solvent composition were used to identify the forces
driving the variation of the drug solubility. The drug solubility enhancement resulting from the
increase in the fert-butyl alcohol content in the solvent mixture is related to a decrease of the drug
activity coefficient. In turn, this decrease is related to a simultaneous evolution of the drug excess

partial molar enthalpy and entropy with respect with the solvent mixture composition.

The solubility data provided in this work were found to be reliable and accurate so that they can be
used to train existing cosolvency models in their original or extended forms and to evaluate their
capability and accuracy for correlating the solubility of diazepam in water + tert-butyl alcohol
mixtures. This will be the subject of future works. However, solubility prediction of hydrophobic

drugs in this cosolvent system, whatever the model retained, would require availability of a large
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experimental solubility data set. Experimental determination of the solubility of non-structurally
related hydrophobic drugs in water + fert-butyl alcohol mixtures are currently underway in our

laboratory.
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Nomenclature

Latin letters
A
B

o
H
=]

O
-

EQ“H

‘NW“W=§_E

-~
~ g

<

Zn

Greek letters

4
A
U
p

Superscripts
E

id

sat
Subscripts

1

2

fus

parameter of the van’t Hoff equation (K)

parameter of the van’t Hoff equation

amount concentration (mol-L™") or mass concentration (mg-mL™")

molar heat capacity at constant pressure (J-K '*mol ")

crystalline solid phase

Fisher statistic

partial molar Gibbs energy (kJ-mol ")
partial molar enthalpy (kJ-mol™")
liquid phase

molar mass (g-mol_l)

number of regressed data points
pressure (MPa)

statistical probability

molar ideal gas constant (8.3145 J-K "smol ")
squared correlation coefficient
partial molar entropy (J-K ™ "*mol™")
temperature (K)

Student statistic

standard uncertainty (varies)

relative standard uncertainty

mass fraction

phase composition

mole fraction

partial molar quantity (varies)

activity coefficient referenced to Raoult’s law
change in quantity

chemical potential (kJ-mol ™"

density (gmL™")

pure component
excess quantity
ideal quantity
saturation condition

component 1
component 2

fusion process
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mix

sol
Abbreviations
ACN
df

CRS
DSC
DZp
EDQM
GC
HPLC
LLOQ
LOD
MEOH
MPD
QC

RC
RSD
S/N
TBA
TBAHS
Uv
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mixing process

dissolution process

acetonitrile

statistical degree of freedom

chemical reference substance

differential scanning calorimetry
diazepam

european directorate for the quality of medicines
gas chromatography

high performance liquid chromatography
lower limit of quantification

limit of detection

methanol

mean percentage deviation

quality control

relative contribution

relative standard deviation
signal-to-noise ratio

tert-butyl alcohol

tetrabutylammonium hydrogen sulfate
ultraviolet

water
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Chapter 3

Solubility of diazepam in water + fert-butyl alcohol solvent
mixtures: Correlation using Scatchard-Hildebrand and
combined Scatchard-Hildebrand/Flory-Huggins excess
Gibbs energy models

Abstract

The aim of this work is to evaluate the performances of two excess Gibbs energy models, namely the
Scatchard-Hildebrand model and the combined Scatchard-Hildebrand/Flory-Huggins model, in
correlating the composition and temperature dependence of the solubility of diazepam in water + tert-
butyl alcohol solvent mixtures. The dependence of the pure component properties required as input
data to the models on temperature was considered as well as that of the adjustable binary interaction
parameters. For this purpose, a set of twenty-seven model versions containing from three up to six
adjustable parameters and differing from one another by the dependence of at least one binary
interaction parameter on temperature was generated for the two excess Gibbs energy models
investigated. To rank and weight among these different model versions, second-order Akaike’s
information criterion corrected for small sample size was used. The correlative performances of the
most parsimonious versions of the Scatchard-Hildebrand and combined Scatchard-Hildebrand/Flory-

Huggins models selected from this approach were then evaluated, compared and discussed.
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3.1. Introduction

Solvent mixtures are of widespread use in the pharmaceutical industry as reaction, crystallization,
extraction, separation or formulation media [1]. Over the past decades, water + fert-butyl alcohol
solvent mixtures have been received an increasing interest from scientists in both academic and
industrial settings as lyophilization vehicle for the preparation of freeze-dried pharmaceutical
compositions [2-4]. In addition to be fully miscible with water under ambient temperature and
pressure conditions, tert-butyl alcohol is a low toxicity [5] and environmentally friendly solvent
relatively safe in use [6] which exhibits suitable physical properties with regard to the freeze-drying
process including a high fusion temperature, a high solid vapor pressure and a low sublimation
enthalpy [2-4]. Binary mixtures of this monohydric alcohol with water share these desirable properties
as well so that, unlike other aqueous organic cosolvent systems, they can be frozen under operating
conditions for conventional industrial-scale freeze-dryers [7-11] and, for identical process parameters,
they sublime faster than neat water [12, 13]. Although to date this cosolvent system is used for the
industrial production of a single marketed drug approved by the Food and Drug Administration [14,
15], it has been successfully investigated for the last fifteen years as freeze-drying medium for a wide
variety of bulk or formulated small-molecule therapeutic agents including, among others, anti-
inflammatories [16-21], antibiotics [22, 23], anticonvulsants [24-28], antidiabetics [29], antiemetics
[20, 24, 30, 31], antihyperlipidemics [32-35], antihypertensives [17, 24, 28, 36], antineoplastics [31,
37-49], contraceptives [50] and immunosuppressants [24, 48, 51, 52]. Some of these drug formulations
freeze-dried from water + fert-butyl alcohol solvent mixtures were evaluated for proof-of-concept in

humans [41, 44, 47] and it can be expected that many others will enter clinical study in the near future.

The first step in the manufacturing process of most lyophilized pharmaceutical compositions
consisting in preparing a homogeneous solution of the ingredients to be dried, the use of water + fert-
butyl alcohol solvent mixtures is especially valuable when considering freeze-drying of high-dosage
hydrophobic drugs, for which the concentration in the solution to be lyophilized must be high enough
to make the whole process economically viable for a large-scale production [2-4]. Besides to enable to
incorporate the intended amount of drug per unit dosage form in an acceptable volume of solvent, it
can also decrease the hydrolytic degradation rate of water-labile drugs in solution [41, 53, 54]. This
allows performing pre-lyophilization unit operations over an extended temperature range and/or time-
period, thus adding flexibility in the manufacturing process as well as in the production scheduling of
such freeze-dried pharmaceutical compositions [55, 56]. Rational design of such poorly water-soluble
drug formulations intended to be freeze-dried obviously requires, among many others, knowledge of
the solubility of the drug of interest in water + fert-butyl alcohol solvent mixtures. However, it is

unlikely to be found in the literature, let alone under temperature conditions of interest, since at this
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time, solubility data of drugs in this cosolvent system are very scarce and often limited to a narrow

solvent composition range [41, 57, 58].

Even if experimental values are always desirable, experimental determination of drug solubility is a
time-consuming and cost-effective procedure being mostly unworkable for drug candidates in the
early stages of development [59-61]. Fortunately, a countless number of mathematical expressions
have been developed and expanded in the past allowing modeling solid-liquid equilibrium data.
Among thermodynamic models, the Scatchard-Hildebrand equation [62, 63], the Wilson equation
[64], the non-random two liquids equation [65] and the universal quasi-chemical equation [66] have
been widely used in their original or modified forms to describe solubility of a large variety of drugs in
either pure or mixed solvents including, non-exhaustively, analgesic and antipyretic agents [67-84],
anti-infective agents [68, 74, 77, 85-98], central system nervous agents [68, 72, 83, 99-105],
antihistamine agents [77, 82, 100, 104, 106-111] as well as hormones and vitamins [74, 112-114].
Above and beyond their capabilities and limitations, one common feature of these excess Gibbs
energy models is that they are all parameterized in terms of binary interaction parameters,
characteristic of a given pair of unlike molecules. Hence, they can be employed not only to correlate
the solubility of drugs in either pure or mixed solvents, but also to predict the solubility of drugs in
mixed solvents from binary equilibrium data. Nevertheless, determination of the binary interaction
parameters set for a given multicomponent system from global regression of multicomponent
equilibrium data commonly yields a better representation of the phase equilibria under specified
temperature and pressure conditions than from regression of binary equilibrium data for all possible

contributing binary subsystems, as discussed elsewhere [115].

In the first part of this work [116], solubility data of the poorly water-soluble drug diazepam (7-
chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one) in water + tert-butyl alcohol
solvent mixtures in the temperature range from 293.15 to 313.15 K were reported. From these, the
changes in thermodynamic quantities of diazepam upon fusion and mixing as well as the excess
thermodynamic quantities of the drug in the different saturated solvent compositions over the
temperature range investigated were determined using classical thermodynamic approaches. As a
direct continuation, the aim of the present study is to evaluate the correlative performance of the
Scatchard-Hildebrand model, both corrected and uncorrected for relative difference in molar volume
of individual components in the liquid phase, in correlating the dependence of the solubility of
diazepam in water + fert-butyl alcohol solvent mixtures on solute-free binary solvent composition and
system temperature. Unlike local composition theory-based excess Gibbs energy models, the
Scatchard-Hildebrand equation, combined or not to the Flory-Huggins equation for the excess molar
combinatorial entropy of mixing, contains only one adjustable binary interaction parameter per pair of

unlike molecules but due to the assumptions underlying the model, its use in the chemical engineering
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literature is traditionally restricted to liquid mixtures into which the only intermolecular interactions
existing are instantaneous dipole-induced dipole forces [117-128]. In the pharmaceutical literature,
however, a modified form of the Scatchard-Hildebrand model introduced by Martin and coworkers
[85, 86, 99, 100, 106, 112, 129] is widely used to correlate the solubility of drugs in mixed solvents,
included hydrogen-bonded cosolvent systems such as that presently investigated [67, 69, 78, 79, 81,
87, 88, 93, 95, 101, 102, 107, 108]. In this approach, the Scatchard-Hildebrand expression for the
activity coefficient of a component in a binary mixture is used, irrespectively of the real number of
components in the saturated liquid phase, and the cosolvent system is considered as a pure component
so that the resulting equation does contain only one adjustable parameter, but this depends on both the
qualitative and quantitative composition of the mixed solvent. In the present work, the use of this
approach was avoided in order to preserve the capability of the model to predict multicomponent
equilibrium data from binary equilibrium data only. Furthermore, it was considered that the capability
of the excess Gibbs energy models investigated in correlating the solubility of diazepam in water +
tert-butyl alcohol solvent mixtures over the temperature range under consideration could be enhanced
by taking into account not only the temperature dependence of the pure component properties required
to their use, but also that of the binary interaction parameters and for this purpose, an approach based
on information-theoretic concepts was employed. The correlative performances of the most
parsimonious versions of the Scatchard-Hildebrand and combined Scatchard-Hildebrand/Flory-
Huggins models selected from this approach were evaluated, compared and discussed, before

providing some practical recommendations for their use.

3.2. Theory

3.2.1. Solid-liquid equilibria

According to the International Union of Pure and Applied Chemistry (IUPAC) [130], solubility is
defined as the analytical composition of a mixture saturated with respect to one of its components,
expressed in terms of the proportion of the designated component in the designated mixture, and
hence, it can be determined only from phase equilibria experiments. In the framework of solid-fluid
equilibria, analytical expressions describing the solubility of a component in a fluid can be derived
from complete thermodynamic equilibrium condition between phases and relevant thermodynamic
cycle, as described elsewhere [131, 132]. Accordingly, provided that the solid phase is made of pure k&
and presents a single crystalline form, the solubility of component k in either a pure or a mixed
homogeneous solvent at the system temperature and pressure is given by the following general

expression:
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where X" =x* (LT, P,X) and ;" =" (LT, P,X) are respectively the mole fraction solubility and
the symmetrical activity coefficient of component k in the saturated liquid phase of composition X at

the system temperature 7 and pressure P, Ay H, , (T; ;)= H:ﬂ,k (LT

us,k °

Py-H, (cr,T;

us,k °

P)is the

fus
molar fusion enthalpy of pure component k at its fusion temperature at the system pressure

Ti =T (P), AC, . (Th=C, (LT)=C, . (cr,T) is the differential molar heat capacity at

p.m,k p.m.k p.m.k

constant system pressure between the hypothetical pure supercooled liquid and crystalline solid forms

of component k at any temperature 7”comprised in the range [T ; i, ], R is the molar ideal gas

constant, the superscripts * and sat stand respectively for pure component and mixture saturation
condition, the subscript fus refers to fusion process whereas cr and | indicate the state of aggregation
of the phases as crystalline solid and liquid, respectively. In this equation, the braced term represents
the contribution of component k to its own solubility whereas the activity coefficient term
characterizes the deviation from the ideal solubility behavior due to the non-ideality of the saturated
mixture, thermodynamically expressed by its excess Gibbs energy. While the first is inherently
independent of the solvent nature, the second is obviously not. Hence, computation of the mole
fraction solubility of component k in a solvent at a given system temperature and pressure from Eq.
(3.1) requires, in addition to knowledge of its thermophysical properties in the pure state, a model
allowing to appropriately describe the excess Gibbs energy of the mixture in order to compute its

activity coefficient in the saturated liquid phase.
3.2.2. Excess Gibbs energy models

From basic thermodynamics [133, 134], the activity coefficient of any component k in a mixture

containing m number of components ¥, =¥, (1T, P, X) is related to the excess molar Gibbs energy of

the mixture Gfl = Gfl (1,T,P,X) through the following equation:

G- Zn

RT ank

Iny, = (3.2)

T,P,n;

where n; is the amount of the i-th mixture component and where other terms are as previously stated.

Accordingly, for any mathematical expression satisfying the Euler theorem and describing the

dependence of the excess Gibbs energy of a mixture at a given system temperature and pressure as a
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function of the amount of components, the activity coefficients of each component in a mixture of

defined composition can be obtained from appropriate partial differentiation.

3.2.2.1. Scatchard-Hildebrand model

Derived on the basis of the works of van der Waals [135] and van Laar [136-138] by assuming, on the
one hand, ideal behavior with respect to entropy and volume changes upon mixing of pure liquid
components under constant temperature and pressure conditions so that the excess internal energy of a
mixture equals its excess enthalpy and that changes in the nature and strength of intermolecular
interaction patterns arising upon mixing of the pure liquid components account for the entire deviation
of the liquid mixture from Raoult’s law, and on the other hand, that under isothermal conditions the
internal energy change on going from a liquid mixture to an ideal gas of same composition can be
expressed by a quadratic function of the volume fractions of individual components, the Scatchard-
Hildebrand model [62, 63, 139, 140] for the excess molar Gibbs energy of a multicomponent mixture
into which the only intermolecular interactions existing are instantaneous dipole-induced dipole forces

is as follows:

1 j=1

G:i = [i Xin;’i ]{%ii¢l¢j l:(al* _ 5; )2 + 25:5;[11}} (3.3.2)
i=1 i j

with [, ;=0;; and [;; =1, ; =...=0, for which

=t 350 [ (-0 +2.00 |- (6 -0 + 2,0 (330
l J

where x, =x,(1LT,P,X) and V,,, =V, ,(LT,P) are the mole fraction of the i-th mixture component

and the molar volume of component i in the pure liquid state at the system temperature and pressure,
where ¢, =¢,(1,T,P,X) is the volume fraction of the the j-th mixture component defined according to

both the underlying model assumption of ideal mixing behavior with respect to volume change stated

above and IUPAC statements [141], as:

£
XV,

) =

ix.v* ‘ (3.4)
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and where &, =&, (T, P) is the solubility parameter of pure component i at the system temperature

and pressure defined as the square root of its cohesive energy density [142-144]":

12

o =| —_mi (3.5)
[ Vm’i J

where A, U, ;= U,.(g.T,P=0)-U, (1T,P) is the molar internal energy change upon isothermal

vaporization of the pure liquid to the ideal gas state with g denoting the state of aggregation of the

phase as gas, whereas [, j =1 j(T,P) is a dimensionless empirical binary interaction parameter

characteristic of a given pair of unlike molecules which can be positive or negative but usually small
compared to unity, introduced into the original equation to relax it from the geometric mean mixing

rule for the cohesive energy densities of unlike non-polar molecular pairs® [145, 146]. Provided that,

and only if, /; j =/ ik =...=0, these equations reduce to those given by the original regular solution

theory and contains only pure component properties.
3.2.2.2. Combined Scatchard-Hildebrand/Flory-Huggins model

Accroding to Hildebrand, Prausnitz and Scott [146], the Flory-Huggins equation [147-150] for the
excess molar combinatorial entropy of mixing, derived from statistical mechanics analyses of flexible
chain molecules in dilute solution by using a quasi-crystalline lattice model for the liquid state and by
assuming, among others, ideal mixing behavior with respect to volume change under constant
temperature and pressure conditions, can be introduced into Eq. (3.3.a) in order to account for the
deviation from ideality due to the relative differences in molar volume between individual mixture

components:

N | =

i=1 i

Gt - [ZVJ{ > > a0, (6-5) + 2@*5§l£,]}+ RTY ln(ﬁ] (:62)
i=1 i=l j=1 i

with l;j =l;~’,- and [ =l;.’j =...=0, for which

" As highlighted and fully detailed by Verdier and Andersen [144], it should be emphasized that several
definitions of the cohesive energy density are in use in the literature as a result of differences in both the pressure
at which the molar volume of the pure liquid component is taken and the thermodynamic path used to compute
its cohesive energy. The definition herein adopted is the larger one, allowing considering the dependence of the
solubility parameter not only on temperature but also on pressure.

* For liquid mixtures within which intermolecular interactions other than instantaneous dipole-induced dipole
forces operate and molecules differ in size and shape such as the system presently under investigation, binary
interaction parameters would account for overall deviations from regular behavior, provided that the model
yields a perfect quantitative agreement with experimental data.
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where all terms are as previously defined. Provided that, and only if, Vr:’i =V ; =V so that

m, mk *

x; =¢,, these equations reduce to those set out in the preceding section and [/, =, ;.

3.3. Methods
3.3.1. Calculations

As described in the theoretical section, values of both molar volume in the pure liquid state and
solubility parameter of each mixture component at the system temperature and pressure are required as
input data to Scatchard-Hildebrand (SH) and combined Scatchard-Hildebrand/Flory-Huggins (SH/FH)
models. A common and convenient practice, consistent with the thermodynamic development of the
original regular solution theory, is to assume these two parameters to be temperature and pressure
independent and to use values at 7 = 298.15 K and P = 0.1 MPa. Although for the system under
investigation solid-liquid equilibria experiments were carried out at atmospheric pressure and over a
narrow temperature range comprising the herein above mentioned customary reference temperature,
the dependence of molar volumes and solubility parameters of individual mixture component on
temperature was considered. This was done, in part, for consistency purposes since, at first glance,
binary interaction parameters were not envisioned to be temperature independent, as explicated in the

following section.

For pure liquid water (W, component 1) and either pure liquid or hypothetical pure supercooled liquid
tert-butyl alcohol (TBA, component 2), molar volume values at temperatures corresponding those

used for solubility measurements as well as at the reference temperature mentioned above were
calculated from knowledge of components molar mass M, and density p; = p; (1, T, P) at the relevant

temperature and atmospheric pressure according to:

Vii=— (3.7)

The density values of the pure liquid components required for these calculations were taken from a
previous work [151]. If not available at the appropriate temperature, experimental density data
provided in were regressed against temperature by ordinary least-squares method in order to estimate

the few missing values. In this process, linear extrapolation and second-order polynomial interpolation
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were used to obtain the density of supercooled liquid TBA at 293.15 and 298.15 K and that of liquid

W at 298.15 K, respectively. The values of V;J and V;,z computed in this way for the five isotherms

investigated are given in Table 3.1. In turn, these were used to further calculate solubility parameter
values for pure liquid W and either pure liquid or hypothetical pure supercooled liquid TBA at the
system temperature and pressure from those at 7= 298.15 K and P = 0.1 MPa reported in reference
handbook [152]. This was done by using the following expression given by Fedors [153] which relates
the temperature dependence of the solubility parameter of a pure liquid component to that of its molar
volume, provided that 7" and 7" do not differ by more than 150 K and that both are at or below the

normal boiling temperature of the pure liquid:

s 17/15
V. (LT, P) ]

S, (T',P)=6,(T,P)| =~
. (T",P)=6, ( ){VH;,,-(LT’,P)

(3.8)

The values of § and &, calculated in this manner at system temperature and pressure are listed in

Table 3.1. For hypothetical pure supercooled liquid diazepam (DZP, component 3), molar volume and
solubility parameter values at 7= 298.15 K and P = 0.1 MPa were estimated from its molecular
structure using the group contribution method devised by Fedors [153], as detailed in Table 3.2. Since
the density of the pure liquid drug well below its fusion temperature cannot be determined
experimentally, the use of Eq. (3.7) and Eq. (3.8) to obtain values of the molar volume and solubility
parameter of DZP at the different temperatures of interest from those thereby calculated by group

contribution method at 298.15 K is prevented. This issue was overcome by considering the solubility
parameter of the solute-free binary solvent mixture 5102 = (S]?Z(T, P, X). This quantity being defined as
the volume fraction average of the solubility parameters of its components [117, 154, 155], the
following expression was employed to compute that of the W + TBA solvent mixture from knowledge
of its composition, expressed as the mole fraction of TBA in the solute-free binary solvent mixture xJ,
and pure component data at the required temperature:

s _(128)Vo 8l +0V.00, (3.9)

*

1,2 *
(1= Vi, + 3V 5

The original regular solution theory predicts that when the value of the solubility parameter of a solute
lies between those of two solvents, its mole fraction solubility will be greater in certain binary solvent
mixtures than in either pure solvents and will reach the ideal solubility when the solute-free binary
solvent mixture composition yields equality between the solubility parameter of the solute and that of

the mixed solvent [117, 154, 155].
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Table 3.2. Calculation of diazepam molar volume V;,3 and solubility parameter 5; at T=298.15

K and pressure P = 0.1 MPa from Fedors group contribution method [153]".

Atom or group Vi3 Vi (cm®.mol ™) AU, 4 .mol™)°
—CH= 8 13.5 4309.52
>C= 5 -5.5 4309.52
—CH; 1 335 4707.00
>C=0 1 10.8 17363.60
—CH, 1 16.1 4937.12
-N< 1 -9.0 4184.00
-N= 1 5.0 11715.20
—Cl 1 24.0 11547.84
Ring closure > 5 atoms 3 16.0 1046.00
Conjugated double bond in ring 6 -2.2 1673.60

1/2
Vos =D 13V, =195.70 cm® ‘mol ™ and & :(ZVMA U / Zv,.ﬁvm,,.] =25.14 MPa'?

vap ~ m,i

a

V;3: number of atoms or groups 7 in diazepam; V, ;: molar volume of atom or group i; A, U

i vap~ m,i*
molar internal energy of vaporization of atom or group i.

® Converted from original values expressed in caly'mol ™! by using 1 caly, =4.184 J.

Hence, and even if the maximum mole fraction solubility of DZP in W + TBA solvent mixtures was
found to fall short of the ideal solubility for the different isotherms investigated, it was assumed the
temperature dependence of the solubility parameter of DZP to be identical to that of the solubility
parameter of the solute-free binary solvent mixture of equal value. This was supported by the fact that
among the W + TBA solvent mixtures investigated, the maximum in experimental solubility of DZP

was always obtained for the same solute-free binary solvent composition with w; = 0.90, irrespective

of the system temperature [116]. Furthermore, while the experimental solubility parameter value for
drugs are commonly taken as the one corresponding to the solute-free solvent mixture composition
into which maximum solubility enhancement is observed, that estimated from group contribution
method was preferred. First, because this value was found to be convenient with the solubility profile
of the DZP in W + TBA solvent mixtures, and second, because an accurate experimental
determination would have required to obtained solubility data over much smaller solute-free binary
solvent mixture composition intervals [99, 156], especially in the vicinity of the observed solubility
maximum, as well as to ensure absence of chameleonic effect arising from the nature of the solvents

investigated [86, 88, 157, 158]. From these statements, the above equation was first used to determine

0

x, value for which 5&= 8, by using pure component data at 7 = 298.15 K and P = 0.1 MPa.
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Introducing V,, = 18.07 cm™mol ™', & =47.80 MPa'?, V, ,=94.94 cm’mol™' and &, = 21.75 MPa'”

m

into Eq. (3.9) and then solving it with respect to x after setting éfz= 5,=25.14 MPa'? yielded X =

0.56 corresponding to w, = 0.84 in agreement with experimental data [116]. The same equation with

x)= 0.56 was then used again to compute values of the solubility parameter of hypothetical pure

supercooled liquid DZP at the different system temperatures from those of molar volume and
solubility parameter of pure liquid W and either pure liquid or hypothetical pure supercooled liquid
TBA reported in Table 3.1. In turn, these values were introduced into Eq. (3.8) to calculate molar
volume values of hypothetical pure supercooled liquid DZP at the different system temperatures from

the pure component data estimated from group contribution method and displayed in Table 3.2. The

values of V:L3 and &, at system temperature and pressure computed in this way are listed in Table 3.1

together with those of the two other components.

3.3.2. Data reduction

Rather than assuming that over the temperature range investigated, the dependence of all binary
interaction parameters of both the SH and SH/FH models on temperature can be neglected or
represented by an identical function, it was judged to be more relevant to envision that the temperature

dependence of each individual binary interaction parameter A, with A =1

’
i Or A=l

iJ
depending on the excess Gibbs energy model considered, could be described independently from that

of the others by one of these three equations:

Aj=b; (3.10.2)
Ay =a,;T (3.10.b)
A j=a;,;T+b, (3.10.c)

Accordingly, by considering all possible combinations of the three types of temperature dependence
relationships for each of the three binary interaction parameters, a set of twenty-seven model versions
containing from three up to six adjustable parameters and differing from one another by the
temperature dependence of at least one binary interaction parameter was generated for both the SH

model and the SH/FH model, as summarized in Table 3.3.
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Table 3.3. Overview of the different versions of the Scatchard-Hildebrand and
combined Scatchard-Hildebrand/Flory-Huggins models investigated in this
study®.

Model A],z A1,3 A2,3 K

Scatchard-Hildebrand model: Eq. (3.3) with 4, ; =/, ;

Combined Scatchard-Hildebrand/Flory-Huggins model: Eq. (3.6) with A, ; = ll-', j

1 U U U 3
2 (=] (| U 3
3 U (=] U 3
4 (| (| [=] 3
5 (=] (=] U 3
6 (=] 0 (=] 3
7 0 (=] [=] 3
8 (=] (=] [ 3
9 | O (] 4
10 0 [ U 4
11 O 0 | 4
12 [ (=] [=] 4
13 (=] [ [=] 4
14 (=] (=] | 4
15 0 (=] | 4
16 0 [ [=] 4
17 (=] O ] 4
18 | 0 [=] 4
19 (=] | (] 4
20 | (=] (] 4
21 | [ U 5
22 | O | 5
23 U [ | 5
24 | [ [=] 5
25 | (=] | 5
26 (=] [ | 5
27 | | | 6

(O): A,j =bi’j; (E): A,] =ai,jT; (m): A” :ai,jT—i-bl.,j

® k: number of adjustable model parameters.

138



Estimates of adjustable parameters ¢, ; and/or b, ; were determined simultaneously for the three pairs

of unlike molecules from ordinary non-linear least-squares analysis of the whole experimental data set

by minimizing the following objective function (OF):

N

OF = Z(ln 7/35?;xpt - ln ﬁ?ctalc )12 (31 1)

i=1

where 7%, and Y, are the experimental and model-calculated activity coefficients of DZP in

saturated mixtures, respectively, and N is the number of data points. Minimization of the objective
function was performed by generalized reduced gradient nonlinear solving method [159] using the
solver function within Microsoft Excel 2010 software (Microsoft, Redmond, USA). The experimental
values of the activity coefficient of DZP in W + TBA solvent mixtures were provided in the first part
of this work [116]. They were computed from Eq. (3.1) by assuming the differential molar heat
capacity of the pure liquid and crystalline solid forms of DZP to be temperature independent and equal

to the molar entropy of the drug at its fusion temperature [160-162]:

A H (T
In ygat — fus* " m,3 ( fus,3) In T —In x;at (3 . 12)
RY}usﬁ Tfus,3

The values of the model-calculated activity coefficient of DZP in W + TBA solvent mixtures under
saturation condition were computed from Eq. (3.3.b) for the SH model and from Eq. (3.6.b) for the
SH/FH model, which for the ternary system investigated take the form of Eq. (3.13.a) and Eq. (3.13.b),

respectively:

*

iy =2l (g P [ (6 -8 ) + 21,88, |+ (62 [ (8 -8) +20,.,88, |
RT (3.13.a)

F2g g [(53)2 +8,6 (hs—1)+8,6 (L —1)- 66, (1, —1)}

*

sat Vm sa o o ’ ok sa k A ’ A
iyt =g (6 - ) +2pa [+ (o) (6 -a) 421,808

<200 () + 88 (1, -1)+ 68 (5, 1) 678, (1, -1) (3:13:0)
sat sat

+ ln(%] +1- %
3 X3
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sat sat sat

These equations were used by setting )cfat:(l—xg)(l—x3 ) and X" =x) (1—x3 ) to ensure

summation of the mole fractions of each component in the saturated liquid phase to be equal to unity

during iteration steps as well as to be more convenient for practical application in the field.
3.3.3. Models comparison and selection

For both model sets herein above defined, second-order Akaike’s information criterion corrected for
small sample size (AIC,) [163-165] was used as model selection method to rank and weight among the
different versions of the SH and SH/FH models according to the parsimony principle. Full explanation
of this approach based on information-theoretic concepts and mathematical statistics can be found in
the comprehensive book by Burnham and Anderson [166]. Assuming that the requirements of
residuals normality and homoscedasticity were meet for all models included in the sets under

consideration, AIC, scores were computed from ordinary least-squares regression statistics as:

SS(e)

AIC, = Nln[T} +2(k +1)+M

3.14
N—-k-2 G149

N
where SS(e)ZZ:ei2 is the sum-of-squares of the residuals from regression, k is the number of

adjustable model parameters and N is the number of data points as previously stated. According to this
model selection method, the candidate model presenting the lowest AIC, score was estimated to be the
most parsimonious model given the data and the model set. The so-called Akaike weights w, , which
are the weights of evidence in favor of each candidate model in the set being the actual best model in
the sense of minimum Kullback-Leibler information loss [167] normalized to sum up to unity so that
they may be interpreted as probabilities, were calculated from differences in AIC, score between a

particular model and the estimated best model according to:

1
exp(—zAAICC’jj

Wy i =

’ iexp(—;AAICw)

i=1

(3.15)

where AAIC, ; = AIC,; —min AIC, with the min being over all the models in the set and where r is the

number of candidate models constituting it.
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3.3.4. Statistical analysis

Standard error propagation equations were used to estimate the standard deviations in values
calculated from those obtained from experimental measurements as well as to compute standard
deviations in model-calculated values from relevant variance-covariance matrix of estimated model
coefficients [168]. Goodness-of-fit of regression equations was evaluated by the adjusted squared
correlation coefficient and its statistical significance was assessed by one-tailed Fisher’s F-test
whereas statistical significance of estimated regression coefficients was determined by two-tailed
Student’s #-test. Accuracy and precision of regression equations were appraised from standard
deviation of the residuals and range of relative standard deviation of the dependent variable estimates,
respectively. All calculations were carried out using Microsoft Excel 2010 software (Microsoft,

Redmond, USA).
3.4. Results and discussion

3.4.1. Correlation of the temperature and composition dependence of the activity coefficient of

diazepam in water + fert-butyl alcohol solvent mixtures

In order to avoid underfitting or overfitting by arbitrary selecting the same function to describe the
temperature dependence of binary interaction parameters of the SH and SH/FH models, performances
of the different model versions investigated in the framework of this study in balancing the decrease in
the residual sum-of-squares against the number of adjustable coefficients were evaluated using an
information-theoretic approach, as described in section 3.3.3. The results are presented in Tables C.1
and C.2 for the SH and SH/FH models, respectively. For convenience, alternative model versions are
ranked in ascending order with respect to their AIC, scores, recalling that the lower the AIC, score, the
better the tradeoff between model fit and complexity. In addition to AIC, scores, are also presented in

Tables C.1 and C.2 the values of the residual sum-of-squares SS(e), the adjusted squared correlation

coefficient rgfjj and the Akaike weights w, for the different model versions tested. From these tables,

one can see that among candidate models, model number thirteen for the SH model set and model
number five for the SH/FH model set emerge as the most parsimonious models for these data.
However, although clearly in both model sets many of the candidate models represent a poor
approximation to the data at hand, considerable uncertainty in the selection of the best approximating
models remains. Indeed, based on the Akaike weight values, the first-ranked SH model and SH/FH
model versions are, respectively, only 1.3 to 2.5 times and 1.2 to 2.8 times more likely to be the best
approximating model in their respective model set than the four next best-ranked candidate models.
Nevertheless, it can also be stated that they are, respectively, more than 9.5 times and 26.1 times more

likely to be the best approximating model than the model number twenty-seven, where the dependence
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of each binary interaction parameter on temperature is described by a linear relationship, and more
than a million times more likely than the model number one, where all binary interaction parameters
are assumed to be temperature independent. Hence, and despite the level of empirical support being
substantial for some of other candidate models in both model sets, these two model versions were
selected as the optimal final models. For convenience and sake of conciseness, from this point and for
the remainder of the present paper, selected most parsimonious versions of the SH and SH/FH models

will be shortly referred to as SH and SH/FH models, respectively.

The corresponding least-squares regression parameters are presented in Table 3.4, including p-values
of regression coefficient estimates and adjusted squared correlation coefficients reported as asterisks.
Full statistical analysis results are summarized in Tables C.3, C.4 and C.5, including the respective
variance-covariance matrices. It can be observed from Table 3.4 that for the two excess Gibbs models
under consideration, the coefficient estimates are all found to be statistically significant at the 95

percent level of confidence with p-values mostly lower than 1-10*. Additionally, the values of the
adjusted squared determination raﬁj are higher than 0.99 with associated p-values of less than 1-10™* in

both cases, indicating that almost all of the total variation in the dependent variable is accounted for by

the SH and SH/FH models. In Figure 3.1.A and Figure 3.1.B are displayed the scatter plots of
calculated against experimental In ;" values for the SH and SH/FH models, respectively. The first

striking observation from these figures is that both plots exhibits an exact identical pattern where the
data points in the lower extreme of the plot fall along the identity line whereas those in the center and
the upper extreme of the plot are slightly scattered around. In addition, these figures do not reveal any
systematic shift or strongly marked differences in the trends in the calculated values with respect to the
experimental ones so that agreement between experimental and model-calculated values can be

considered satisfactory overall.

Regarding to the to the accuracy of the two excess Gibbs energy model under consideration, the value
of the standard deviation of the residuals from regression was found to be only about 0.25 natural log
unit for both the SH and SH/FH models, which seems reasonable but remains from 1.5- to more than
15-fold higher than the uncertainty in experimental data used for models parameterization. Analyses of
residuals from the two regression models investigated were graphically performed to ensure that
assumptions underlying the least-squares method were satisfied as well as to further investigate their
performances in correlating the dependence of the activity coefficient of DZP in W + TBA solvent
mixtures on composition and temperature under saturation condition. For both models, the mean of the

residuals from regression is found to be close to zero with a value of less than 3-10™* natural log unit.
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Table 3.4. Results of the non-linear least-squares regressions of the natural logarithm of
the activity coefficient of diazepam ;" in water + tert-butyl alcohol solvent mixtures at

system temperature 7 and pressure P = 0.1 MPa to the selected most parsimonious
versions of the Scatchard-Hildebrand and combined Scatchard-Hildebrand/Flory-Huggins

models®.

Parameters” SH model SH/FH model

N 54 54

a, (K™ —8.764 (0.087) -107* kst —8.541 (0.087) -107* ks
b, 0 0

a5 (K™ —6.469 (0.498) -10* ks —3.961 (0.017) -107* ks
b5 3.564 (1.510) <107 * 0

a5 (K™ 7.000 (0.371) -1077 sk 0

b, 4 0 2.456 (0.112) - 1072 ##%
Tai 0.9905 ** 0.0007 ###

s(e) 0.265 0.262

S (%5 ) (%0)° 0.52 —3.54 0.70 — 3.59

wk% < 0.0001, #% p<0.001, ** p<0.01, * p<0.05.

*Values in parentheses are standard deviations.

® N: number of regressed data points; a; ; and b, ;¢ adjustable model parameters; Iﬁiji

adjusted squared determination coefficients; s(e): standard deviations of the residuals
from regression; s,.(Iny; ) : relative standard deviations of the estimates of the natural

logarithm of diazepam activity coefficient.

¢ Over the ranges T'=293.15-313.15K, xg =0-1 and x; =0-0.02.

To assess whether or not residual errors from the two excess Gibbs energy models are approximately
normally distributed, the standardized residuals were plotted against theoretical z-scores derived from
the Gaussian distribution. The resulting normal probability plots are depicted in Figure 3.2.A and
3.2.B for the SH and SH/FH models, respectively. From these, one can note that for both models, the
probability plots exhibit a reasonably straight-line pattern of the data but that the first and last points in
the lower and upper extremes of the plots show departure from the reference fitted line. It can also be
seen in these figures that both the lower and upper tails of the distribution show departure from
linearity above the fitted line, neither characteristic of a short-tailed nor of a long-tailed distribution
with respect to the normal one, and also that the lower tails of the distributions appeared to be
noticeably shorter than the upper ones. The values of the squared correlation coefficient associated

with the linear least-squared fit to the data are found to be equal to 0.9549 and 0.9418 for the SH and
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SH/FH models, respectively, indicating that deviation from an ideal Gaussian distribution is slightly

less important for the former model than for latter one.

N

S 12

;f::

£ |A

=

]

£ 10

2

N

s

g &

2 8

]

3

5 °

2

S 6

S

=

g y

£ 4-

=

N

<

=

=

]

= 21

=

=

< T T T T T

© 2 4 6 8 10 12
Experimental natural log of the diazepam activity coefficient

N

5 12

2

2=

€ |B

=

]

£ 10+

2

N

9

<

g . i

="

D

N

]

= (o)

Q

S 61

o

=

g ¢

£ 44

=

N

]

=

<=

2

= 21

=

=

< T T T T T

o

2 4 6 8 10 12
Experimental natural log of the diazepam activity coefficient

Figure 3.1. Scatter plots of the values of the natural logarithm of the diazepam activity coefficient
calculated from the selected most parsimonious versions of (A): Scatchard-Hildebrand model and (B):
combined Scatchard-Hildebrand/Flory-Huggins model (B) against the experimental values (the solid
line is the identity line).
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Figure 3.2. Normal probability plots of the residuals from the selected most parsimonious versions of
(A): Scatchard-Hildebrand model and (B): combined Scatchard-Hildebrand/Flory-Huggins model
(residuals are standardized with respect to mean and standard deviation; the solid lines are linear fits to
data).
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To ensure that the distribution of the residuals from regressions cannot be better approximated by
another symmetric distribution with same means and variances, Tukey lambda probability plot
correlation coefficient plots were constructed for the two excess Gibbs energy models under
consideration in the usual way by plotting the correlation coefficient values computed for the
probability plot associated with a given value of the shape parameter A against their corresponding

shape parameter values, ranging in the present study from minus one to one as displayed in Figure 3.3.

1.0

0.9+

Probability plot correlation coefficient

0.7

-1.0 -0.5 0.0 0.5 1.0
Tukey lambda distribution shape parameter

Figure 3.3. Tukey lambda probability plot correlation coefficient plot of the residuals from the
selected most parsimonious versions of (a): Scatchard-Hildebrand model and (b): combined
Scatchard-Hildebrand/Flory-Huggins model (the dashed line indicates the shape parameter value
corresponding to an approximately normal distribution).

For both the SH and SH/FH models, it can be observed from this figure that the maximum correlation
occurs for a value of A very close to 0.14 and hence it can be reasonably concluded that the
distribution of residuals from regression are better described by a Gaussian distribution than by any of
other commonly used symmetric distribution. Scatter plots of the residuals from regression against

model response and predictor variables for the SH and SH/FH models are displayed in Figures 3.4.A
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and 3.4.B, respectively. For the two excess Gibbs energy models under consideration, the exact same

comments can be made.

Considering the plots of the residuals against the model-calculated values displayed in Figures 3.4.A.1
and 3.4.B.1, it appears that the residuals are clustered on either one side or the other of the zero line
over most of the model response range. The magnitude of the deviation around the zero line being not
constant with respect to the model response, this translates into a sinusoidal wave-shaped distribution
pattern of increasing amplitude toward larger model-calculated values. Turning to Figures 3.4.A.2 and
3.4.B.2 where the residuals are plotted against the TBA mass fraction in the solute-free binary solvent
mixtures, it can be observed that the distribution of the residuals also displays a sinusoidal wave-
shaped pattern due to the clustering of the residuals on one side of the zero line or the other. In a less
obvious manner, heteroscedasticity of errors is also demonstrated from the plots of the residuals
against the mole fraction solubility of DZP in W + TBA solvent mixtures as depicted in Figures
3.4.A.3 and 3.4.B.3. When one examines these figures, one first remarks that in the lower extreme and
middle of the mole fraction solubility range, residuals are satisfactory well scattered on both sides of
the zero line but nevertheless with a large difference in the magnitude of deviation around the said
line. However, the magnitude of the deviation around the zero line becomes nearly constant as the
mole fraction solubility of DZP in W + TBA solvent mixtures increases but residuals adjacent to one
another tend to have similar sign. Nevertheless, such clustering does not translate into a sinusoidal
wave-shaped distribution pattern as observed in the top plots of Figure 3.4. Looking to Figures 3.4.A.4
and 3.4.B.4 where the residuals are plotted against the system temperature, it is striking to see that for
both excess Gibbs energy models under investigation, the individual data points are almost perfectly
randomly distributed from either sides of the zero line and that requirement of homoscedasticity of
errors is quite fully met with respect to this variable. Finally, serial independence of residuals from
regression was checked by plotting for the two excess Gibbs energy models investigated each i-th
residual value against the corresponding (i — 1)-th one, as depicted in Figures 3.5. It can be seen from
the top plots of this figure that by ranking residual values in an increasing order first with respect to
TBA mass fraction in the solute-free binary solvent mixture, that for the two excess Gibbs energy
models investigated, the data are clustered along the lag plot diagonals, similar to those coming from
an autoregressive model with moderate positive autocorrelation, which highlight some degree of
dependence between successive residual values when considering these ranking criteria. Unlikely, it
can also be observed from both the middle and bottom plots of Figure 3.5 that when residual values
are ranked in an increasing order first with respect of either mole fraction solubility of DZP or
temperature, the lag plots no more exhibit any identifiable pattern assessing of the independence of

residuals from both the SH and the SH/FH models with respect to these ranking criteria.
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Figure 3.4. Scatter plots of the residuals from the selected most parsimonious versions of (A):
Scatchard-Hildebrand model and (B): combined Scatchard-Hildebrand/Flory-Huggins model, against
(1): calculated natural logarithm of diazepam activity coefficient; (2): fert-butyl alcohol mole fraction
in solvent mixture free of solute; (3): diazepam mole fraction solubility and (4): absolute temperature
(residuals are standardized with respect to mean and standard deviation).
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From these results, one can emphasize first that the selected most parsimonious versions of the two
excess Gibbs energy models under investigation perform almost equally well in least-squares fitting
the experimental data and provide an overall good representation of the phenomenon under study.
Second, and despite the residual distributions being found to be close to a normal one, assumptions
underlying the regression method are only partially satisfied. Whereas both the SH and SH/FH models
appeared to be adequate and complete to account for the temperature dependence of the natural
logarithm of the activity coefficient of DZP over the whole range of solute-free binary solvent mixture
composition, the detected structural relationships between residuals from regression and mixture
composition variables clearly evidence that they perform less well in describing the composition
dependence of the deviation of the liquid phase from ideal mixing behavior under isothermal
conditions. This can be ascribed, one the hand, to the methodology used to best described the
dependence of individual binary interaction parameters on temperature, and on the other hand, to the
model structures themselves since they have been originally developed for mixtures within which
instantaneous dipole-induced dipole forces are the only intermolecular interactions operating,
remembering that, in addition to any other specific intermolecular interaction, both water and fert-
butyl alcohol are associated liquids able to interact through hydrogen-bonding not only with each

other, but also with diazepam.

Although by using the values of adjustable parameters provided in Table 3.4 one could compute from
the SH and SH/FH model the activity coefficients of individual mixture components over the whole
composition range and temperature range within the framework of this study, in practice, occurrence
of the condition of saturation depending on both solute-free binary solvent mixture composition and
system temperature sets an upper limit to the mole fraction of DZP that is very low. Hence, evaluation
of the precision of the two excess Gibbs energy models under consideration was limited to mixture
compositions with x; in the range from O up to 2:107%, which encompass the mole fraction solubility
of DZP in W + TBA solvent mixtures over the temperature range investigated. From Table 3.4, it can

be observed that within these limits, the relative standard deviation in values of Inp; . computed

from the SH and SH/FH models are found to range from 0.52 to 3.54% and from 0.70 to 3.59%,
respectively, which can be considered satisfactory in regard to the relative standard deviation in

corresponding experimental data, found to range from 0.19 to 2.20%.

In Figure 3.6 are depicted, for x; values corresponding to the upper and lower limits of the range just
stated above, the uncertainty in Inp; . computed from the SH and SH/FH models as a function of

the composition of the solute-free binary solvent mixtures for temperatures corresponding to the mean

temperature of the range currently under discussion and at this temperature plus and minus 5 and 10 K.
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It can be seen from this figure that, within the restricted mixture composition range, uncertainty values

in Iny; . never exceed 0.10 natural log unit for the SH model and 0.15 natural log unit for the

SH/FH model. Regarding to the composition and temperature dependence of the uncertainty of

Inp; ... it appears that for both the SH and SH/FH models, the uncertainty in Inj; . increases

going away from the mean temperature of the range in the water-rich region of the solute-free binary

solvent mixture composition range whereas in the remaining part the uncertainty in Inp; . increases
with temperature. For the SH model, the uncertainty in Inp; . is almost insensitive to temperature

except in the water-rich region of the solute-free binary solvent mixture composition range but the

opposite is observed for the SH/FH model. Considering the influence of x; on the precision of model
estimates, it can be remarked from Figure 3.6 that for both the SH and SH/FH models, the uncertainty

in Inpy, . decreases as x, increases, irrespective of the solute-free binary solvent mixture

composition and temperature. However, the magnitude of this decrease is found to be larger in the
water-rich region than in the remaining part of the solute-free binary solvent mixture composition

range.

In the light of these results, it can be concluded that the selected most parsimonious versions of the SH
and SH/FH model performed equally well in correlating the temperature and composition dependence
of the activity coefficient of DZP in W + TBA solvent mixtures. One may be tempted to claim that it
evidences that for the system under consideration, the relative difference in molar volumes of
components is not large enough to require the FH expression for the excess molar combinatorial
entropy of mixing to be combined with the SH model. However, it must also be pointed out that fitting
the selected most parsimonious versions of the SH and SH/FH models to the data yields approximately
the same sum-of-squares of the residuals. The former model containing one more adjustable parameter
than the latter one, it is obvious that it is less parsimonious. This can be numerically appreciated by
pairwise comparison of two excess Gibbs energy models under consideration using the same

information-theoretic approach that leads to their selection. The value of w, corresponding to the

SH/FH model is now calculated to be equal to 0.86 indicating that it is more than 6 times more likely
to be the best model for the data at hand that the SH model. Nevertheless, one can also argue that such
comparison does not provide compelling support that incorporation of the FH expression for the
excess molar combinatorial entropy of mixing into the SH model is not worthless since the
temperature dependence of their respective binary interaction parameters is not the same. When the
two excess Gibbs energy models are compared pairwise for each of the twenty-seven model versions
investigated in this work, it appears that in exactly two-thirds of the cases, the SH/FH model emerges

as being the actual Kullback-Leibler best model.
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Figure 3.6. Uncertainty in natural logarithm of diazepam activity coefficient estimates calculated from
the selected most parsimonious versions of (A): Scatchard-Hildebrand model and (B): combined

Scatchard-Hildebrand/Flory-Huggins model by setting (1): x; =0 and (2): x; = 2-107 as a function

of the tert-butyl alcohol mass fraction in solvent mixture free of solute; (a): 7= 293.15 K; (b): T =
298.15K; (¢): T=303.15K; (d): T=308.15K; (e): T=313.15 K.

3.4.2. Accuracy and precision of calculated solubility of diazepam in water + tert-butyl alcohol

solvent mixtures

Computation of the mole fraction solubility of DZP in W + TBA solvent mixtures from Eq. (3.1)

along with assumptions related to the differential molar heat capacity term by using either the SH or

SH/FH model to express the temperature and composition dependence of the activity coefficient of the
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drug in the saturated liquid phases requires an iterative procedure which, irrespective of the solute-free
binary solvent mixture composition or system temperature, was found to rapidly converge to an

optimum solution, provided that the value for the variable is initially set equal to zero and imposed to
be lower than 2:107>. The values of ng‘ctalc computed this way for our experimental compositions and

temperature are provided in Table C.6 together with their standard deviations. For convenience in
comparison, in this table are also included experimental data reported in the first part of this work
[116]. In Figure 3.7 are displayed the model-calculated mole fraction solubility of DZP in W + TBA
computed over the whole solute-free binary solvent mixture composition range for temperatures
corresponding to the experimental isotherms together with experimental solubility data. In agreement
with the results from analysis of residuals from regressions, it can be observed from this figure that, in
spite of their simplicity, both excess Gibbs energy models under consideration provide an overall

reasonably good representation of the phenomenon under study, but fail in perfectly modeling the
experimental data at hand. The accuracy and precision in xj,. were evaluated by considering the
absolute relative deviation (ARD) between model-calculated values and the experimental ones and

relative standard deviation in model-calculated values s, (xg?;alc) , respectively.

The distributions of ARD in xfctalc calculated from Eq. (3.1) using the SH and SH/FH models are

graphically presented as scatter and box-and-whiskers plots in Figure 3.8.A and Figure 3.8.B,
respectively. Looking to Figure 3.8.A, where ARD values of individual data points are plotted against
the solute-free binary solvent mixture composition, one can see that for both excess Gibbs energy
models under consideration the ARD values does not exhibit a particular trend with respect to the
TBA mass fraction in the solute-free binary solvent mixtures and are about dozens of percent over the
whole composition range. Turning to Figure 3.8.B to examine the respective distributions of the ARD
values, it can be observed that they range from less than 0.1% to 85% for the SH model and from
about 1% up to 100% for the SH/FH model whereas the values of the 25", 50™ and 75™ percentiles are
found to be equal to 8.39, 17.26 and 27.94% for the former model and to 10.08, 16.29 and 28.42% for

the latter one, respectively.

Although various criteria are in used in the literature, the mean ARD in model-calculated values is the
one more widely used to express the overall accuracy of a model in correlating and/or predicting the
solubility of drugs in mixed solvents [169]. In the present study, the mean ARD values in mole
fraction solubility of DZP in the W + TBA solvent mixtures computed from the SH and SH/FH
models are 21.87% and 22.77% which must be judged with respect to, on the one hand, the wide mole
fraction solubility range of DZP in W + TBA solvent mixtures, and on the other hand, the nevertheless
low mole fraction solubility of this drug in this cosolvent system. For practical applications in liquid

formulation design, a model enabling to estimate the solubility of a drug with an ARD value lower
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than that of the relative standard deviation in corresponding experimental data obtained from
measurements of independent replicate samples is of an ideal nature but such degree of accuracy is

hardly ever reached.
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Figure 3.7. Mole fraction solubility of diazepam in water + tert-butyl alcohol solvent mixtures as
function of the fert-butyl alcohol mass fraction in solvent mixture free of solute. Symbols are
experimental values from Reference [116] (W): 7= 293.15 K; (A): T=299.15 K; (®): T=303.15K;
(©): T = 308.15 K; (¥): T = 313.15 K and solid lines are calculated from the selected most
parsimonious versions of (A): Scatchard-Hildebrand model and (B): combined Scatchard-
Hildebrand/Flory-Huggins model (error bars for experimental data and lines for model-calculated data
corresponding to plus and minus one standard deviation are omitted for readability).
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Figure 3.8. Absolute relative deviation in model-calculated values of the mole fraction solubility of
diazepam in water + fert-butyl alcohol solvent mixtures from experimental values from Reference
[116] displays as (A): scatter plot against fert-butyl alcohol mass fraction in the solute-free binary
solvent mixtures (®): selected most parsimonious version of the Scatchard-Hildebrand model; (O):
selected most parsimonious version of the combined Scatchard-Hildebrand/Flory-Huggins model and
(B): box-and-whiskers plots (the upper and lower hinges of the boxes indicate the 25" and 75"
percentiles, respectively, the lines within the boxes represent the 50" percentiles, the whiskers extend
from the 2.5" to the 97.5™ percentiles, the crosses denote the means and the dots correspond to
individual values which are outside the range delimited by whiskers).

Due to the special emphasis paid to the methodology used to minimize the possible contribution of
experimental data to error sources in solubility modeling, the relative standard deviations in
experimental solubility values ranged only from 0.3 to 4.5%. Hence, this accuracy requirement is
found to be met for only 7.4% and 5.6% of the values computed from the SH and the SH/FH models,
respectively. However, it is commonly admitted in the literature that for correlation of the solubility of
drug in mixed solvent, a model can be considered as accurate enough for practical applications on the

field provided that its mean ARD in mole fraction solubility estimates is less than 30% [129, 169-171].
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From this more reasonable requirement level, the accuracy of the two excess Gibbs energy models

under investigation appears to be satisfactory.

Considering now the precision of the mole fraction solubility of DZP in W + TBA solvent mixtures
calculated from the SH and SH/FH models, it can be observed from Figure 3.9.A that the two excess
Gibbs energy models under consideration clearly do not perform equally well with this respect.

Indeed, one can remark that over the whole solute-free binary solvent mixture composition range the

sat
values of s, (x5

") are higher for the SH/FH model than for the SH model and that for both models
the scatter plots exhibit, regarding to the sensitivity of this parameter to temperature as a function the

mass fraction of TBA in the solute-free binary solvent mixtures, the same features than those
described in the preceding section for the uncertainty in Inp; . computed from their respective

variance-covariance matrices. Regarding to the distribution of the s (x3,.) values, it can be seen

from Figure 3.9.B that they range from 4.84% to 13.72% for the SH model and from 20.47% to
30.91% for the SH/FH model, the values of the 25", 50™ and 75" percentiles being equal to 5.55, 6.39
and 8.41% for the former model and to 22.49, 23.01, 24.94% for the latter one, respectively. Unlike
accuracy, precision in model-calculated values is rarely evaluated and, from the best of our
knowledge, criteria and associated cut-off values allowing stating whether or not the overall precision
of a model in correlating and/or predicting the solubility of drugs in mixed solvents is adequate

enough to be use for liquid formulation design are still not be defined. One can always argue that the

lower the mean s,(x},.) value, the better the model and with this respect, the SH model would

perform better than the SH/FH model, the mean s, (ng‘;alc) value being equal to 7.10 for the former

model and to 24.29 for the latter one. However, keeping in mind that both excess Gibbs energy models
do not perfectly describe the experimental solubility data, this must be balanced by considering the
proportion of experimental values falling into the confidence interval of the model output for a given
probability level since the greater the model precision, the narrower the model confidence interval. In
Figures 3.10.A and 3.10.B are shown for the two excess Gibbs energy models under consideration the
coverage rates of the 99% model confidence interval based on a Student’s distribution, over the solute-
free binary solvent mixture composition and temperature ranges partitioned into discrete classes. It can
be immediately observed that whereas 100% of the experimental solubility data are within the
confidence interval limits of the SH model, only about 48% of them are within those of the SH model.
It is also striking to note that for this latter model, the coverage rate values increase as the mass
fraction of TBA in the solute-free binary solvent mixtures increases and as the temperature departs
from the mean temperature of the range. These obviously result from the variations of the width of the
99% model confidence interval with respect to both solute-free binary solvent mixture composition

and temperature.
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Figure 3.9. Relative standard deviation in model-calculated values of the mole fraction solubility of
diazepam in water + fert-butyl alcohol solvent mixtures displays as (A): scatter plot against tert-butyl
alcohol mass fraction in the solute-free binary solvent mixtures (®): selected most parsimonious
version of the Scatchard-Hildebrand model; (O): selected most parsimonious version of the combined
Scatchard-Hildebrand/Flory-Huggins model and (B): box-and-whiskers plots (the upper and lower
hinges of the boxes indicate the 25™ and 75" percentiles, respectively, the lines within the boxes
represent the 50" percentiles, the whiskers extend from the 2.5™ to the 97.5" percentiles, the crosses
denote the means and the dots correspond to individual values which are outside the range delimited
by whiskers).

For the two excess Gibbs energy models under consideration, the width of the 99% confidence interval
was found to be extremely narrow in the water-rich end of the solute-free binary solvent mixture
composition range with values in the order of 1-10"° mole fraction units for both the SH and SH/FH
models and widens as the mass fraction of TBA in the solute-free binary solvent mixtures and the
temperature increase, without exceeding 6:10~° mole fraction units for the SH model and 2:10~* mole
fraction units for the SH/FH model. The difference in the coverage values between the two excess
Gibbs energy models under consideration is fully attributable to that in the width of the 99% model
confidence interval which, depending on the solute-free binary solvent mixture composition and

temperature considered, is from to 2 to 4 times wider for the SH/FH model than for the SH model.
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3.4.3. Practical considerations

Since the mole fraction solubility of DZP in W + TBA solvent mixtures was never found to exceed 2%
over the temperature range investigated in the framework of this study, the accuracy and precision of
the model-calculated drug solubility were also evaluated under the assumption of infinite dilution.
From this hypothesis, computation of the mole fraction solubility of DZP in W + TBA solvent
mixtures from Eq. (3.1), still along with assumptions related to the differential molar heat capacity
term, by using either the SH or SH/FH model to express the temperature and composition dependence
of the activity coefficient of the drug in the saturated liquid phases does not require an iterative
procedure anymore. It was found that in comparison to those obtained under finite dilution conditions,

sat

the distributions and hence the mean values of both the ARD in X%, and the s,(x}t,.) remained

sat

almost unchanged upon setting X3, =0 into the SH and SH/FH equations for the dependence of the

drug activity coefficient on composition and temperature. Accordingly, the two excess Gibbs energy
models under consideration can be used assuming infinite dilution of DZP in W + TBA solvent

mixtures without dramatically impairing their performances, which allows saving computation time.

For practical purposes in the field, mass fraction or mass concentration units would be preferred over
molar units to express the solubility of the drug in the binary solvent mixtures. Conversion from mole
fractions to mass fractions is straightforward and requires only knowledge of the molar mass of the
individual mixture components. However, pharmaceutical scientists might prefer to express diazepam
solubility as the mass of drug per unit volume of solute-free binary solvent mixture. This can be
readily achieved from knowledge of the mass fraction solubility of DZP in the solute-free binary
solvent mixture of defined mass fraction composition, but it also requires knowledge of the specific
volume of the W + TBA binary solvent mixture of interest at the considered temperature. For this
purpose, experimental volumetric data on the W + TBA binary solvent mixtures provided in a
previous work [151] can be used. If not available for the composition and/or for the temperature of
interest, the specific volume of the W + TBA binary solvent mixture can be estimated with a good
accuracy and precision by using the model equation reported in which covers the whole composition

range and the exact same temperature range than that encompassed in the present study.
3.5. Conclusion and perspectives

In the present investigation, the performances of the Scatchard-Hildbrand and combined Scatchard-
Hildebrand/Flory-Huggins models in correlating the composition and temperature dependence of the
solubility of diazepam in water + fert-butyl alcohol solvent mixtures were evaluated and compared.
Notwithstanding their relative simplicity, the two excess Gibbs energy models enable a reasonable
description of the data at hand, provided the temperature dependencies of the pure components
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properties required as input data is taken into account and those of the adjustable binary interaction
parameter is selected among the ones investigated with respect to the parsimony principle. The
selected most parsimonious versions of the Scatchard-Hildbrand and combined Scatchard-
Hildebrand/Flory-Huggins models achieve essentially the same accuracy with a mean absolute relative
deviation between estimated and experimental values of 21.87 and 22.77%, respectively, but do not
provide the same precision, the mean relative standard deviation in solubility estimates being of 7.10%
for the former model and of 24.29% for the latter one. Whether or not correcting the Scatchard-
Hildebrand model for the relative differences in molar volume between components by using the
Flory-Huggins model for the excess molar combinatorial entropy mixing is justified for the present
system remains difficult to be stated categorically based on these accuracy and precision criteria alone,
especially because the selected most parsimonious version of the each of the two models compared
does not contain the same number of adjustable parameters. From pairwise comparison of the two
excess Gibbs energy models under consideration for each of the investigated model versions, the
combined Scatchard-Hildebrand/Flory-Huggins model emerges as the one that performs best in
balancing the decrease in the residual sum-of-squares against the number of adjustable parameters in
two-thirds of the cases. Still based on information-theoretic considerations, the select most
parsimonious version of the combined Scatchard-Hildebrand/Flory-Huggins model appears to be more
than 6 times more likely to be the best model for the data at hand that the one of the Scatchard-
Hildebrand model. In addition to be more parsimonious and as a counterpart of its worse precision, the
selected version of the combined Scatchard-Hildebrand/Flory Huggins model has the advantage over
that of the Scatchard-Hildebrand model of encompassing all experimental solubility data within the
limits of its 99% confidence interval, without this being outrageously wide. For these reasons, it is left
to the end-user to choose which model to adopt depending on its own requirements. In the framework
of developing solid dosage forms of poorly water-soluble drugs by freeze-drying from water + fert-
butyl alcohol solvent mixtures, selected most parsimonious versions of the two excess Gibbs energy
models investigated are accurate and precise enough for preformulation studies at early development
stages. However, one should not expect that models with such as simple structure might allow
describing the dependence of the solubility of drugs in this cosolvent system on composition and
temperature with the level of accuracy and precision required at latter development stages. It is quite
likely that, due to their more complex structures, excess Gibbs energy models based on local
composition theory would perform better than the two excess Gibbs energy models presently
investigated in correlating experimental solubility data, but this should obviously be evaluated. This
will be the subject of future works. Nevertheless, it is possible even now to highlight that by
considering the exact same three functions to describe the possible dependence of binary interaction
parameters on temperature before selecting the best combination with respect to the parsimony
principle using second-order Akaike’s information criterion corrected for small sample size as
presently done, the number of model versions generated for local composition theory-based excess
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Gibbs energy models to be compared is substantially higher than that for the two excess Gibbs energy
models investigated in this work. For a ternary system such as the one studied here, the number of
model versions reaches up to 729 for excess Gibbs energy models containing two binary interaction
parameters per pair of unlike molecules, and up to 19 683 for those containing three. With this respect,
it might be wiser to evaluate directly the predictive performances of these models by determining
binary interaction parameters from regression of binary equilibrium data while keeping the same
approach to best select their respective dependencies on temperature. As a result, the number of model
versions does reduce to either 9 or 27 per each of the three contributing binary subsystems, depending
on the number of binary interaction parameters per pair of unlike molecules contained in the excess
Gibbs energy model considered. Although this would allow saving computational efforts, it would be
nevertheless interesting to compare the performances of the local composition theory-based excess
Gibbs energy models as well as those investigated in the present work in both correlating and
predicting the composition and temperature dependence of the solubility of diazepam in water + fert-

butyl alcohol mixtures. Efforts towards such computations are currently underway in our laboratory.
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Nomenclature

Latin letters

A interaction parameter of any excess Gibbs energy model
a adjustable parameter of any excess Gibbs energy model (K™")
b adjustable parameter of any excess Gibbs energy model
. -1 -1
Cpm molar heat capacity at constant pressure (J-K™ -mol ")
cr crystalline solid phase

e residual from least-squares regression (varies)
F Fisher statistic

g gas phase

G, molar Gibbs energy (J-mol™")

H,_ molar enthalpy (J -mol_l)

k number of adjustable model parameters

1 liquid phase

l interaction parameter of the Scatchard-Hildebrand model
U interaction parameter of the combined Scatchard-Hildebrand/Flory-Huggins model
M molar mass (g'mol ")

m number of mixture components

N number of regressed data points

n amount of substance (mol)

P pressure (MPa)

P statistical probability

R molar ideal gas constant (8.3145] K mol™)
r number of models

,ﬁij adjusted squared correlation coefficient

s standard deviation (varies)

Sy relative standard deviation

T temperature (K)

t Student statistic

U, molar internal energy (J-mol ™)

V. molar volume (cm’mol ")

% number of atoms or groups

Wy Akaike weight

w mass fraction

X phase composition

b mole fraction

z normal statistic
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Greek letters

< Ny b

< D

Superscripts
0

sat

Subscripts
1

2

3

expt

calc

fus

vap

Abbreviations
AIC,
df
DZP
FH
IUPAC
OF

SH

SS
TBA
w

activity coefficient referenced to Raoult’s law
change in quantity
solubility parameter (MPa'?)

shape parameter of Tukey lambda distribution
number of atoms or groups

density (g-cm™)

volume fraction

pure component
solute-free

saturation condition

component 1

component 2

component 3

experimental

back-calculated from a model equation
fusion process

vaporization process

second-order Akaike’s information criterion
statistical degree of freedom

diazepam

Flory-Huggins

international union of pure and applied chemistry
objective function

Scatchard-Hildebrand

sum-of-squares

tert-butyl alcohol

water
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Table A.1. Excess specific isobaric expansivity of water + ferf-butyl alcohol mixtures e,

E

over the

temperature range 7= 293.15-323.15 K at pressure P = 0.1 MPa as calculated from Eq. (2.2) and Eq.

(2.5)%

Wy Eq. (2.2) Eq. (2.5) Wy Eq. (2.2) Eq. (2.5)

e,l;: (cmB-g_l-K_l) eg (cm3-g_1-K_l)

0.025 —2.63(0.13)-10° -4.25(0.41)-107 0.525 -1.24(3.93):10° -1.51(0.05)-107
0.050  —4.24(0.23)-10° -5.47(0.50) 107 0.550  -1.51(0.41)-10° -2.93(0.11)-107
0.075  —5.02(0.26)-10° -4.72(0.48) -107° 0.575 -2.73(0.45)-10° -4.23(0.17)-107°
0.100  —4.48(0.30)-10° -2.82(0.45)-107 0.600  —3.46 (0.49)-10° —5.41(0.23)-107
0.125 -2.56(0.33)-10° -3.78 (4.47)-10°° 0.625 -5.02(0.53)-10° —6.46 (0.29) 107
0.150 9.04 (2.65)-10°  2.19(0.44) 107 0.650  —6.29 (0.58)-10° —7.40 (0.33) 107"
0.175 499 (0.17)-107°  4.58 (0.41)-107° 0.675 —7.49 (0.63)-10° —8.24 (0.35)-107°
0.200 8.33(0.41)-10°  6.61 (0.37) 107 0.700  -8.41(0.70)-10° —9.01 (0.36) -107°
0.225 1.06 (0.06) 10" 8.17 (0.35) 107 0.725 -9.28 (0.76) 10  —9.75 (0.34) 107
0.250 1.13 (0.07) 10" 9.21 (0.34) -10™ 0.750  -1.01(0.08)-10* —1.05(0.03)-10™*
0.275 1.11 (0.08)-10™*  9.73 (0.36) -10™° 0.775 -1.07(0.09)-10* -1.12(0.03)-10™*
0.300 1.06 (0.08) -10*  9.76 (0.37) -10™ 0.800 -1.12(0.10)-10°* —1.19(0.03)-10™*
0.325 9.70 (0.69) -10°  9.36(0.36) -10™° 0.825 -1.16(0.10)-10* —1.27 (0.04)-10™*
0.350 8.79 (0.65)-10°  8.58 (0.33) 107 0.850 -1.18(0.11)-10™* —1.33(0.04)-10™*
0.375 7.69 (0.56) -10°  7.50 (0.29) -107° 0.875 -1.18(0.12)-10* -1.37(0.04)-10™*
0.400 6.45(0.53)-10°  6.19(0.23) 107 0.900 -1.17(0.13)-10* -1.37(0.04)-10™*
0.425 5.38(0.48) 107  4.73(0.17) 107 0.925 -1.14(0.13)-10* -1.29 (0.05)-10™*
0.450  3.90(0.44)-10°  3.17(0.11)-107° 0.950 -1.05(0.14)-10* -1.08 (0.05)-10™*
0.475 3.63 (0.40)-10°  1.57 (0.05) 107 0.975 -8.63(1.56):10° —6.82(0.41)-107
0.500 1.25 (0.40) -10”  0.00 (0.00) -10°

* Values in parentheses are standard deviations. Those corresponding to e,l;: computed from Eq. (2.5)

are calculated from the variance-covariance matrix of the outlier-free training set according to the
general error propagation equation.
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Table A.2. Variance-covariance matrices of coefficients from Eq. (2.3)“"3.

Ay A Ay Az Ay As Ag

T=1293.15K

Ao 116107  —° -1.51-10°  —° 45510° —° -3.69-107°
A —¢ 233:10° —° -1.21-10°  —° 1.30-10°  —°

A, -1.51-10° —° 3.79-10°  —°¢ -1.37:10% —° 1.22:10™
A, S -121-10° —°¢ 796:10°  —° -9.52:10° —°

A4 45510° —° -137-10* —° 55610 —° -5.28-107*
As — 1.30-10° —° -9.52:10° —° 1.2410%  —°

Ag -3.69-10° —°¢ 1.22:10% —° -5.2810% —°¢ 528107
T=1299.15K

Ao 486:10° —° -6.32:107  —°¢ 1.90-10° —° -1.54-107°
A, —° 9.71-107  —° -5.0510° —° 5.42:10° —°

A, -6.32:107 —°¢ 158107 —° -5.7310° —° 5.08:107
A, ¢ -5.05-107° ¢ 3.32:107 ¢ -3.97-107 ¢

Ay 1.90-10° —° -5.7310° —° 2.32:10% —° -2.20-107*
As ¢ 5.42:10° ¢ -3.97-107 ¢ 5.17-107 ¢

Ag -1.5410° —° 508107 —° 22010 —° 2.20-107*
T=303.15K

Ao 3.20:110°  —°¢ -4.17-107  —°¢ 1.2510° —° -1.01-107°
A, ¢ 6.40-10” ¢ -3.33-107° ¢ 3.57-10° ¢

A, 417107 —° 1.0410° —° -3.77-10° —° 3.35:107
A, —° -333:10° —°¢ 219107 —° -2.62:10° —°¢

Ay 12510° —° -3.77-10° —° 1.53-10% —° -1.45-10"
As —° 3.57-10° —° -2.62:10° —° 3.41-10°  —°

Ag -1.01-10° —° 335100 —°¢ -145-10"% —°¢ 1.45-107
T=308.15K

Ao 2.06:10°  —° 268107 —° 8.04-107  —°¢ -6.52:107"
A, —° 411107 —° -2.1410° —° 229-10° —°

A, 268107 —° 6.70-10°  —° -24310°  —° 2.15:107
A, —° -2.1410° —° 1.41:10° —° -1.6810° —°

Ay 8.04107 —° -243-10° —°¢ 9.83:10°  —° -9.33-107
As —° 2.29-10° —° -1.6810° —° 21910 —°

Ag -6.52-107 —°¢ 2.15:107 ¢ -9.33-107 ¢ 9.34-107

* Uncertainty in the experimental excess specific volume was considered to be uniform and set equal
to the standard deviation of the regression residuals for the calculation of the curvature matrix
elements.

® Units of s°(4;A;) and sz(AiAj) are cm®™g .

¢ Absolute value of sz(A,-Aj) is less than 1-107" cm®g > and was set equal to zero for subsequent
calculations.
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Table A.2. Variance-covariance matrices of coefficients from Eq. (2.3) (continued)a’b.

Ay A Ay Az Ay As Ag

T=313.15K

A, 17510°  —¢ 228107 —°¢ 6.85:107  —° -5.55-107
A = 350107 —° -1.82:10° —° 1.9510° —°

A, -228107 —° 57010°  —° -2.07-10° —°¢ 1.83-107°
Ay —° -1.82:10° —° 120107 —° -1.4310° —°

A, 6.85107 ¢ -2.07-10° —° 8.37:10°  —°¢ ~7.94-107
As = 1.95107° ¢ -1.43-107 ¢ 1.86:107 ¢

Ag  —5.55107 ¢ 1.83:107 ¢ ~7.94-107 ¢ 7.95:107

* Uncertainty in the experimental excess specific volume was considered to be uniform and set equal
to the standard deviation of the regression residuals for the calculation of the curvature matrix

elements.

® Units of 5°(A;A;) and sz(AiAj) are cm®g "~

¢ Absolute value of sz(A,-Aj) is less than 1:10™"° cm®g™* and was set equal to zero for subsequent

calculations.
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Table A.3. Statistical analysis results for the multiple linear least-squares regressions of the excess
specific volume of the water + fert-butyl alcohol mixtures v
system temperature T and pressure P = 0.1 MPa".

E

on tert-butyl alcohol mass fraction w, at

Parameters T=293.15K T=299.15K T=303.15K T=308.15K T=313.15K
n° 41 41 41 41 41
Ay Hn=7) 338.93 524.55 642.86 799.99 868.31

p < 0.000001 < 0.000001 < 0.000001 < 0.000001 < 0.000001
A, Hn=7) 22.29 24.07 23.75 21.27 14.91

p < 0.000001 < 0.000001 < 0.000001 < 0.000001 < 0.000001
A,  tn=7) 8.45 12.43 14.30 16.86 17.82

p < 0.000001 < 0.000001 < 0.000001 < 0.000001 < 0.000001
Ay H(n-T) 4.23 8.57 11.01 14.22 15.59

p 0.00017 < 0.000001 < 0.000001 < 0.000001 < 0.000001
A, Hn=T) 0.091 1.00 231 4.00 4.90

p 0.93 0.32 0.027 0.00033 0.000023
As  H(n-7) 6.44 11.34 13.28 15.71 16.14

p < 0.000001 < 0.000001 < 0.000001 < 0.000001 < 0.000001
Ag  Hn=7) 5.73 7.66 9.48 11.51 11.62

p 0.0000019 < 0.000001 < 0.000001 < 0.000001 < 0.000001
ragi F(7,n-7) 56 966.65 137 238.03 206 431.42 320 464.10 378 681.49

p < 0.000001 < 0.000001 < 0.000001 < 0.000001 < 0.000001

*1(df), p: t-score (degree of freedom), two-tailed Student’s t-test p-value
F(dfy, dfy), p: F-score (degree of freedom 1, degree of freedom 2), one-tailed Fisher’s F-test p-value

® Number of regressed data points.
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Table A.4. Statistical analysis results for the least-squares linear regressions of equation coefficients
A, from Eq. (2.3) on system temperature T at pressure P = 0.1 MPa®.

B; Ci adi
i n

t(n-2) p t(n-2) p F(1, n-2) )4
0 5 3.04 0.056 28.22 0.000098 9.24 0.056
1 5 12.97 0.00099 13.65 0.00085 168.30 0.00099
2 5 9.95 0.0022 13.01 0.00098 99.07 0.0022
3 5 3.26 0.047 2.56 0.083 10.60 0.047
4 5 11.08 0.0016 10.65 0.0018 122.69 0.0016
5 5 0.67 0.55 1.41 0.25 0.45 0.55
6 5 4.10 0.026 5.36 0.013 16.81 0.026

*1(df), p: t-score (degree of freedom), two-tailed Student’s #-test p-value

F(df,, df,), p: F-score (degree of freedom 1, degree of freedom 2), one-tailed Fisher’s F-test p-value

® Number of regressed data points.
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Table A.6. Statistical analysis results for the least-squares comparison of Eq. (2.4) with fixed coefficient
values to the excess specific volume of the water + fert-butyl alcohol mixtures vF data from this work
(training set) and from literature (testing set)®.

Training set

Testing set

Parameters
Full Outliers excluded Full Outliers excluded

n° 195 184 393 368
C, Hn-12) 951.35 1177.35 375.32 493.93

p < 0.000001 < 0.000001 < 0.000001 < 0.000001
C, tn-12) 25.93 31.60 9.69 12.36

p < 0.000001 < 0.000001 < 0.000001 < 0.000001
C, tn-12) 3.00 3.62 1.18 1.52

p 0.0031 0.00039 0.24 0.13
C; tn-12) 4.60 5.44 1.91 2.48

p 0.0000079 < 0.000001 0.057 0.014
C, tn-12) 2.16 2.54 0.93 1.22

p 0.032 0.012 0.35 0.22
Cs t(n-12) 18.93 22.47 9.51 12.54

p < 0.000001 < 0.000001 < 0.000001 < 0.000001
Cy t(n-12) 1.55 1.79 0.73 0.96

p 0.12 0.075 0.47 0.33
B, t(n-12) 24.64 30.02 9.18 11.72

p < 0.000001 < 0.000001 < 0.000001 < 0.000001
B, t(n-12) 2.30 2.77 0.90 1.16

p 0.023 0.0062 0.37 0.25
By  t(n-12) 5.87 6.93 2.43 3.16

p < 0.000001 < 0.000001 0.016 0.0017
B, t(n-12) 2.25 2.65 0.97 1.27

p 0.025 0.0089 0.33 0.20
By t(n-12) 1.18 1.37 0.56 0.73

p 0.24 0.17 0.58 0.46
rﬁdj F(12,n-12) 263 672.15 399 929.07 53 286.01 93261.28

p < 0.000001 < 0.000001 < 0.000001 < 0.000001

*1(df), p: t-score (degree of freedom), two-tailed Student’s t-test p-value
F(df,, df;), p: F-score (degree of freedom 1, degree of freedom 2), one-tailed Fisher’s F-test p-value

® Number of regressed data points.
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Table A.9. Excess partial specific isobaric expansivity of water ellj"l and tert-butyl alcohol egg in water

+ tert-butyl alcohol mixtures over the temperature range 7' = 293.15-323.15 K at pressure P = 0.1 MPa
as calculated from Eq. (2.8.a) and Eq. (2.8.b)".

Wo e]lj"l (cm3-g_1-K_l) e‘,l:"z (cm3-g_1'K_l) Wh ellj"l (cm3'g_1'K_l) e,liz (cm3-g_1-K_1)

0.025 -1.72(0.22)-10° -1.03 (0.09) -10°° 0.525 2.93(0.11)-10* -2.94(0.11)-10™*
0.050  -5.31(0.57)-10° -8.48(5.74)-107° 0.550 2.71(0.13)-10*  -2.75(0.12) -10™*
0.075  -9.03(0.80)-10°  4.85(0.69) 107" 0.575 2.43(0.14)-10*  -2.53(0.13)-10°*
0.100 -1.18(0.09)-10*  7.84(0.62)-10™* 0.600 2.13(0.14)-10*  -2.32(0.13)-10™*
0.125  -1.32(0.08)-10*  8.94(0.47)-10™* 0.625 1.83(0.12) 10" -2.13(0.11) -10™*
0.150  -1.29(0.08)-10*  8.78 (0.36) -10™* 0.650 1.56 (0.09) -10*  —1.98 (0.09) -107™*
0.175  -1.11(0.10)-10*  7.83(0.35)-10™* 0.675 1.34 (0.11)-10* -1.87(0.07)-10™*
0200 -7.84(1.10):10°  6.44(0.36) -10™* 0.700 1.20 (0.17)-10*  —1.80 (0.07) -107™*
0.225 -3.56(1.16)-10°  4.86(0.36) -10™* 0.725 1.13 (0.24)-10*  —-1.77 (0.09) -107™*
0.250 1.41(1.09)-10°  3.26(0.32)-107* 0.750 1.13(0.31)-10*  -1.77 (0.10) -10™*
0.275 6.75(0.94) 107 1.76 (0.25) -10™* 0.775 1.16 (0.35)-10*  -1.78 (0.11)-10™*
0.300 1.21 (0.08) 10" 4.32(1.74) 107 0.800 1.17 (0.35)-10*  —1.79 (0.10) -10™*
0.325 1.72 (0.08) -10™* —6.89 (1.11)-107° 0.825 1.03 (0.33)-10*  -1.75(0.09) -10™*
0.350 2.17 (0.09) 10"  -1.59 (0.10) -10°* 0.850 5.46 (3.54) 107  -1.66 (0.08) -10°*
0.375 2.56 (0.11)-10* -2.27(0.12)-10™* 0.875  —5.46 (4.67)-10° -1.49(0.08)-10™*
0.400 2.86(0.13) 10" —2.74 (0.14) -10™* 0.900 —2.63(0.61)-10* -1.23(0.08)-107*
0.425 3.06 (0.13) 10" -3.03 (0.14) -107* 0.925 —6.25(0.67)-10"* -8.85(0.80) 107
0.450 3.17(0.12)-10*  -3.17(0.13) -107* 0.950  —1.21(0.05)-107° -5.02(0.57)-107
0.475 3.18(0.11)-10™*  -3.18 (0.11) -107* 0.975  —2.11(0.09)-107° -1.59(0.22) 107

* Values in parentheses are standard deviations calculated from the variance-covariance matrix of the
outlier-free training set according to the general error propagation equation.
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Table B.1. Solubility of diazepam in water + tert-butyl alcohol solvent mixtures expressed in concentration ¢5** and mass
fraction w3 at system temperature 7 and pressure P = 0.1 MPa®.

wrga®  T=293.15K T=299.15K T=303.15K T=308.15K T=313.15K

3 (mg'mL™)

0.00 4.240 (0.022) 10> 4.740 (0.052) -10  5.670 (0.056) 10>  6.240 (0.019) -10>  7.620 (0.094) -10*
0.10 1.119 (0.051)-10"  1.481 (0.005)-10"  2.014 (0.014) -10™"  2.439 (0.018) -10™"  3.360 (0.099) 10"
0.20 7.485(1.188) 10" 1.423(0.028)-10°  2.120(0.043)-10°  2.875(0.030) -10°  3.730 (0.091) -10°
0.30 5.617 (0.195)-10°  7.197 (0.093) -10°  9.355(0.204)-10°  1.124 (0.020) -10"  1.503 (0.053) 10’
0.40 1.231 (0.035)-10"  1.547 (0.009) -10'  1.870(0.043)-10"  2.242(0.027)-10"  2.810 (0.120) 10"
0.50 1.969 (0.050) -10"  2.482(0.034) -10'  2.974 (0.060) -10"  3.492 (0.040) -10'  4.416 (0.087) -10'
0.60 2.610(0.040)-10"  3.195(0.094) -10"  4.042(0.039) 10"  4.603 (0.055)-10"  5.843 (0.121) 10’
0.70 3.220 (0.103) -10"  3.825 (0.072) -10"  4.911 (0.076) -10"  5.582 (0.075) -10"  6.884 (0.117) -10'
0.80 3.471 (0.055)-10"  4.178 (0.061) -10"  5.348 (0.055)-10"  6.151 (0.210) -10"  7.386 (0.124) 10’
0.90 3.069 (0.043) -10"  3.651 (0.032) -10"  4.741 (0.092) -10'  5.396 (0.026) -10'  6.435 (0.261) -10'
1.00 — 1.885(0.012) 10" 2.249 (0.064) -10"  2.717 (0.027) -10"  3.460 (0.099) -10
¢S (mol-L ™"

0.00 1.489 (0.008) -10™*  1.665 (0.018) -10™*  1.991 (0.020) -10™*  2.191 (0.006) -10™*  2.676 (0.033) -10™*
0.10 3.930(0.178)-10™*  5.201 (0.018) -10™*  7.073 (0.049) -10™*  8.566 (0.064) -10™*  1.180 (0.035) -10™°
0.20 2.629 (0.117)-107  4.997 (0.098) 107  7.445(0.152)-10°  1.010(0.010) 107>  1.310 (0.032) -10°>
0.30 1.973 (0.069) 107> 2.528 (0.033) -10  3.285(0.072) -10*  3.946 (0.069) -10>  5.279 (0.184) -10*
0.40 4324 (0.121)-107*  5.431(0.030) 10>  6.568 (0.150) -10*>  7.872(0.095) -10>  9.869 (0.423) -10*
0.50 6.916 (0.176) 10 8.718 (0.118)-10>  1.044 (0.021)-10"  1.226 (0.014) 10"  1.551 (0.031) -10™"
0.60 9.165 (0.141)-10  1.122(0.033)-10"  1.420(0.014)-10""  1.617 (0.019)-10"  2.052 (0.042) -10™"
0.70 1.131 (0.036) 107" 1.343(0.025)-10"  1.725(0.027)-10""  1.960 (0.027) 10" 2.418 (0.041) -10™"
0.80 1.219 (0.019)-10™"  1.467 (0.021)-10""  1.878 (0.019)-10"  2.160 (0.074) 10" 2.594 (0.044) -10™"
0.90 1.078 (0.015)-10™"  1.282(0.011)-10™"  1.665(0.032)-10""  1.895 (0.009) 10"  2.260 (0.092) -10™"
1.00 — 6.620 (0.041) 107 7.897 (0.225) 107>  9.541 (0.096) -10*  1.215 (0.035) -10™"
100 ws

0.00 4.248 (0.022) 107 4.756 (0.053) -107  5.695 (0.056) 10  6.277 (0.019) -10~°  7.680 (0.095) -10°°
0.10 1.138 (0.052) 10> 1.509 (0.005) -107>  2.055 (0.014) -10>  2.494 (0.019) -107>  3.443 (0.102) -10*
0.20 7711 (1.224) 102 1.473(0.029)-10"  2.198 (0.045)-10"  2.990 (0.031) -10""  3.893 (0.095) -10™"
0.30 5.911(0.205) 10" 7.605 (0.099) 10" 9.907 (0.216) -10™"  1.195 (0.021) -10°  1.603 (0.056) -10°
0.40 1.325(0.037)-10°  1.670(0.010)-10°  2.025 (0.046) -10°  2.435(0.030) -10°  3.063 (0.131) -10°
0.50 2.167 (0.055) -10°  2.742(0.037)-10°  3.294 (0.067) -10°  3.876 (0.044) -10°  4.918 (0.097) -10°
0.60 2.938 (0.045)-10°  3.608 (0.106) -10°  4.578 (0.044) -10°  5.216 (0.062) -10°  6.635 (0.137) -10°
0.70 3712 (0.119) -10°  4.421 (0.083)-10°  5.685 (0.087) -10°  6.467 (0.087) -10°  7.980 (0.136) 10"
0.80 4.105 (0.065) -10°  4.951 (0.072) -10°  6.346 (0.065) -10°  7.298 (0.250) -10°  8.769 (0.148) -10°
0.90 3.737 (0.053) -10°  4.459 (0.040) -10°  5.803 (0.113) -10°  6.606 (0.031) -10°  7.967 (0.324) -10°
1.00 — 2.393(0.015)-10°  2.864 (0.072) -10°  3.472(0.035)-10°  4.440 (0.127) -10°

*Values in parentheses are standard deviations,

u(T) =0.03 K, u,(P) = 0.05 and u,(wrga) = 0.005.

®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.
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Table B.2. Statistical analysis results for the least-squares linear regression of the natural logarithm of
the diazepam mole fraction solubility x5 on reciprocal of the absolute system temperature T for the

different water + fert-butyl alcohol solvent mixtures investigated at pressure P = 0.1 MPa®.

2

. . Slope Intercept ¥

WTBA n
H(n-2) )4 H(n-2) )4 F(1,n-2) p

0.00 5 11.40  0.0014 4.55 0.020 130.03 0.0014
0.10 5 19.29  0.00030 6.37 0.0078 372.21 0.00030
0.20 5 11.81  0.0013 7.56 0.0048 139.43 0.0013
0.30 5 20.36  0.00026 10.82 0.0017 414.70  0.00026
0.40 5 3433  0.000054 17.62 0.00040 1178.38 0.000054
0.50 5 28.44  0.000095 15.66 0.00057 809.01  0.000095
0.60 5 16.75  0.00046 9.91 0.0022 280.47 0.00046
0.70 5 14.40  0.00073 8.72 0.0032 207.27 0.00073
0.80 5 1599  0.00053 10.07 0.0021 255.61 0.00053
0.90 5 13.59  0.00086 8.64 0.0033 184.65 0.00086
1.00 4 2425  0.0017 15.80 0.0040 587.97 0.0017
Ideal 5 176.46  0.00000040 125.71 0.0000011 31137.77 0.00000040

“1(df), p: t-score (degree of freedom), two-tailed Student’s #-test p-value
F(df,, df,), p: F-score (degree of freedom 1, degree of freedom 2), one-tailed Fisher’s F-test p-value

®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.

¢ Number of regressed data points.
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Table B.3. Partial molar entropy changes of diazepam upon dissolution Asoleﬁ,tz in water + tert-

butyl alcohol solvent mixtures at system temperature 7 and pressure P = 0.1 MPa".

wiga® T=293.15K  T=299.15K T=303.15K T=308.15K T=313.15K
Agor S35 (I K *mol ™)

0.00 77.13 (6.76) 75.58 (6.63) 74.58 (6.54) 73.37 (6.43) 72.20 (6.33)
0.10 143.96 (7.46)  141.07 (7.31)  139.21(7.22)  136.95(7.10)  134.76 (6.99)
020  211.31(17.90) 207.07 (17.54) 204.34(17.31) 201.02 (17.02) 197.81 (16.75)
0.30 130.78 (6.42)  128.16 (6.29) 12647 (6.21)  124.41(6.11)  122.43(6.01)
0.40 111.02(3.23)  108.79 (3.17)  107.36 (3.13)  105.61 (3.08)  103.93 (3.03)
0.50 108.63 (3.82)  106.45(3.74)  105.05(3.69)  103.34(3.63)  101.69 (3.58)
0.60 110.18 (6.58)  107.97 (6.45)  106.55(6.36)  104.82(6.26)  103.14 (6.16)
0.70 106.13 (7.37)  104.00(7.22)  102.63 (7.13)  100.97 (7.01) 99.35 (6.90)
0.80 106.37 (6.65)  104.23 (6.52)  102.86 (6.43)  101.19 (6.33) 99.57 (6.23)
0.90 105.54 (7.77)  103.42(7.61)  102.05(7.51)  100.40 (7.39) 98.80 (7.27)
.00 — 11621 (4.79)  114.68 (4.73)  112.82(4.65)  111.02 (4.58)
Ideal 64.77 (0.50) 64.77 (0.49) 64.77 (0.48) 64.77 (0.47) 64.77 (0.46)

*Values in parentheses are standard deviations, u(7) = 0.03 K, u,(P) = 0.05 and u,(wrp,) = 0.005.

®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.
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Table B.4. Molar thermodynamic quantities for the fusion process of diazepam Ag Gy, 5, ApysHpn 2,
TAgysSimo and AgySpy o at system temperature T and pressure P = 0.1 MPa".

T AfusGmp2 ApusHmp TAfysSm2 AfysSm2 ApsHmp  TApgSmp
(K) (kJmol™)  (kJmol™)  (kJ'mol™) (J)K'mol™)  (%RC)*  (%RC)
293.15  6.10(0.18) 18.99 (0.15) 12.89(0.11) 43.98(0.37)  59.6 40.4
299.15  5.83(0.18) 19.38(0.14) 13.55(0.11) 45.29(0.37)  58.9 41.1
303.15  5.64(0.18) 19.63(0.14) 13.99(0.11) 46.15(0.37) 584 41.6
308.15  5.41(0.18) 19.96 (0.14) 14.55(0.11) 47.21(0.36)  57.8 422
313.15  5.17(0.18) 20.28 (0.14) 15.11(0.11) 48.25(0.36)  57.3 42.7

*Values in parentheses are standard deviations, u(7) = 0.03 K, u,(P) = 0.05 and u,(wrp,) = 0.005.
bRCAfu;Hm’z = |AfusHm,2|/[|AfusHm,2| + |TAfusSm,2|]
CRCTAfu;Sm,z = |TAfusSm,2|/[|AfusHm,2| + |TAfusSm,2|]
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Table B.S. Partial molar thermodynamic quantities for the mixing process of diazepam Amifogfz,

Anmix rfll,tQ, TAmiXngfz and AmixSfﬁ"tQ in water + fert-butyl alcohol solvent mixtures at system
temperature T and pressure P = 0.1 MPa".

_— Anix rr?jZl TAmixSil?itZ Amixﬁfﬁ}Z L Amix n‘11:2 TAmiXS%?,tZ
(kJ-mol ) (kJ'mol ) (J’-K"mol ) (%RC) (%RC)

T=293.15K AmiXGi,?’tz =-6.10(0.18) kJ-mol ™!

0.00 3.62 (1.99) 9.72 (1.99) 33.15 (6.77) 27.2 72.8
0.10 23.21 (2.19) 29.31 (2.19) 99.98 (7.47) 44.2 55.8
0.20 42.96 (5.25) 49.05 (5.25) 167.33 (17.90) 46.7 53.3
0.30 19.35 (1.89) 25.45(1.89) 86.80 (6.43) 43.2 56.8
0.40 13.56 (0.96) 19.65 (0.95) 67.04 (3.26) 40.8 59.2
0.50 12.86 (1.13) 1895 (1.13)  64.66 (3.84) 40.4 59.6
0.60 13.31 (1.93) 19.41 (1.93) 66.20 (6.59) 40.7 59.3
0.70 1213 (2.17)  1822(2.16)  62.16 (7.38) 40.0 60.0
0.80 1220 (1.96) 1829 (1.95)  62.39 (6.66) 40.0 60.0
0.90 11.95 (2.28) 18.05 (2.28) 61.56 (7.78) 39.8 60.2
Ideal 0.00 () 6.10(0.18)  20.79 (0.62) 0.0 100.0
T=299.15K Ay G = -5.83 (0.18) kl-mol

0.00 3.23 (1.99) 9.06 (1.99) 30.29 (6.64) 26.3 73.7
0.10 22.83 (2.19) 28.65 (2.19) 95.78 (7.32) 44.3 55.7
0.20 42.57 (5.25) 48.40 (5.25) 161.78 (17.54) 46.8 53.2
0.30 18.96 (1.88) 24.79 (1.88) 82.87 (6.30) 433 56.7
0.40 13.17 (0.96) 19.00 (0.95) 63.50 (3.19) 40.9 59.1
0.50 12.47 (1.13) 18.30 (1.13) 61.17 (3.76) 40.5 59.5
0.60 12.92 (1.93) 18.75 (1.93) 62.68 (6.46) 40.8 59.2
0.70 11.74 (2.17) 17.56 (2.16) 58.72 (7.23) 40.1 59.9
0.80 11.81 (1.96) 17.63 (1.95) 58.95 (6.53) 40.1 59.9
0.90 11.56 (2.28) 17.39 (2.28) 58.13 (7.62) 399 60.1
1.00 15.39 (1.44) 21.22 (1.44) 70.93 (4.81) 42.0 58.0
Ideal 0.00 (-) 5.83(1.82)  19.48 (0.61) 0.0 100.0
T=303.15K Apy G = -5.64 (0.18) kJ-mol

0.00 2.98 (1.99) 8.62 (1.99) 28.43 (6.55) 25.7 74.3
0.10 22.57 (2.19) 28.21 (2.19) 93.06 (7.23) 44 .4 55.6
0.20 42.31 (5.25) 47.96 (5.25) 158.19 (17.31) 46.9 53.1
0.30 18.70 (1.89) 24.35 (1.89) 80.32 (6.22) 43.4 56.6
0.40 12.91 (0.96) 18.56 (0.95) 61.21 (3.15) 41.0 59.0
0.50 12.21 (1.13) 17.86 (1.13) 58.90 (3.71) 40.6 59.4

*Values in parentheses are standard deviations, u(7T) = 0.03 K, u,(P) = 0.05 and u,(wrpa) = 0.005.

® Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.

“RC,

mixHhi,Z

IRC

sat - = |Amisti‘§,t2|/[|Amisti‘§,t2| + |TAmixSrsIall,t2|]

TAmixSKS'lfll,tz = |TAmixSf§,t2|/[|AmixHSI§,t2| + |TAmixSfre11,t2|]



sat

Table B.5. Partial molar thermodynamic quantities for the mixing process of diazepam A,;xGp, »,

Amix

sat
m,2»

TAmiXngfz and AmixSfﬁ"tQ in water + fert-butyl alcohol solvent mixtures at system
temperature T and pressure P = 0.1 MPa (continued)®.

Wipa Amix rﬁle TAmixsiﬁitz Amixfir?,tz L Anix nitz TAmiXS%?,tZ
(kJ'mol ) (kJ-mol ) (J’ K *mol ) (%RC) (%RC)

0.60 12.66 (1.93) 18.31 (1.93) 60.40 (6.37) 40.9 59.1
0.70 11.48 (2.17) 17.12 (2.16) 56.48 (7.14) 40.1 59.9
0.80 11.55 (1.96) 17.19 (1.95) 56.71 (6.44) 40.2 59.8
0.90 11.30 (2.28) 16.95 (2.28) 5591 (7.52) 40.0 60.0
1.00 15.13 (1.44) 20.78 (1.44) 68.53 (4.74) 42.1 57.9
Ideal  0.00(-) 5.64 (0.18) 18.62 (0.60) 0.0 100.0
T=308.15K Ay G = —5.41 (0.18) kJ'mol”!

000  2.65(1.99) 8.06 (1.99) 26.17 (6.44) 247 75.3
0.10  2224(219)  27.65(2.19) 80.74 (7.11)  44.6 55.4
0.20 41.99 (5.25) 47.40 (5.25) 153.81 (17.03) 47.0 53.0
0.30 18.38 (1.89) 23.79 (1.89) 77.21 (6.12) 43.6 56.4
0.40 12.59 (0.96) 18.00 (0.95) 58.41 (3.10) 41.2 58.8
0.50 11.89 (1.13) 17.30 (1.13) 56.14 (3.65) 40.7 59.3
060  1234(193)  17.75(1.93) 57.61(627)  41.0 59.0
0.70 11.15 (2.17) 16.57 (2.16) 53.76 (7.02) 40.2 59.8
0.80 11.22 (1.96) 16.63 (1.95) 53.98 (6.34) 40.3 59.7
0.90 10.98 (2.28) 16.39 (2.28) 53.19 (7.40) 40.1 59.9
1.00 14.81 (1.44) 20.22 (1.44) 65.61 (4.67) 42.3 57.7
Ideal  0.00(-) 5.41 (0.18) 17.56 (0.59) 0.0 100.0
T=313.15K Ay G = —5.17 (0.18) kJ-mol”!

000  233(1.99) 7.50 (1.99) 23.95(634) 237 76.3
0.10  21.92(2.19)  27.09(2.19) 86.51 (7.00)  44.7 55.3
020  41.66(525)  46.84(525) 14956 (1676)  47.1 52.9
030  18.06(1.89)  23.23(1.89) 7418 (6.02) 437 56.3
040  1226(096)  17.43 (0.96) 5568 (3.05) 413 58.7
050  11.56(1.13)  16.74 (1.13) 53.44 (3.59) 409 59.1
060  12.02(1.93)  17.19(1.93) 5489 (6.17)  41.1 58.9
070 1083 (2.17)  16.00 (2.16) 5110 (691) 404 59.6
0.80  10.90(1.96)  16.07 (1.95) 5132 (6.24) 404 59.6
090  10.66(228)  15.83 (2.28) 50.55(7.28) 402 59.8
100 1448 (1.44)  19.66 (1.44) 62.77 (459) 424 57.6
Ideal  0.00(—) 5.17 (0.18) 1652(059) 0.0 100.0

*Values in parentheses are standard deviations, u(7) = 0.03 K, u,(P) = 0.05 and u,(wrp,) = 0.005.

®Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.

“RC,

IRC

198

mix

B, = | AmixHino |/ [| AmixHan2| + | TAmix S|
TAmixSISlzll,tZ = |TAmixSf§,t2|/[|AmixHSI§,t2| + |TAmixSfre11,t2 ]



Table B.6. Relative contribution RC of the fusion and mixing processes thermodynamic quantities to the
dissolution process of diazepam in water + fert-butyl alcohol solvent mixtures at system temperature 7 and
pressure P = 0.1 MPa™".

WA AfusHm,z Amix n"llt2 TAfusSm,Z TAmixSi?,tz
T=293.15K

0.00 42.0% 8.0% 28.5% 22.5%
0.10 22.5% 27.5% 15.3% 34.7%
0.20 15.3% 34.7% 10.4% 39.6%
0.30 24.8% 25.2% 16.8% 33.2%
0.40 29.2% 20.8% 19.8% 30.2%
0.50 29.8% 20.2% 20.2% 29.8%
0.60 29.4% 20.6% 20.0% 30.0%
0.70 30.5% 19.5% 20.7% 29.3%
0.80 30.4% 19.6% 20.7% 29.3%
0.90 30.7% 19.3% 20.8% 29.2%
1.00 — — — —
Ideal 50.0% 0.0% 34.0% 16.0%
T=299.15K

0.00 42.9% 7.1% 30.0% 20.0%
0.10 23.0% 27.0% 16.0% 34.0%
0.20 15.6% 34.4% 10.9% 39.1%
0.30 25.3% 24.7% 17.7% 32.3%
0.40 29.8% 20.2% 20.8% 29.2%
0.50 30.4% 19.6% 21.3% 28.7%
0.60 30.0% 20.0% 21.0% 29.0%
0.70 31.1% 18.9% 21.8% 28.2%
0.80 31.0% 18.9% 21.7% 28.3%
0.90 31.3% 18.7% 21.9% 28.1%
1.00 27.9% 22.1% 19.5% 30.5%
Ideal 50.0% 0.0% 35.0% 15.0%
T=303.15K

0.00 43.4% 6.6% 30.9% 19.1%
0.10 23.3% 26.7% 16.6% 33.4%
0.20 15.9% 34.1% 11.3% 38.7%
0.30 25.6% 24.4% 18.2% 31.8%
0.40 30.2% 19.8% 21.5% 28.5%
0.50 30.8% 19.2% 22.0% 28.0%

“u(D) =0.03 K, u,(P) = 0.05 and u,(wrgs) = 0.005.
bRCAer,Q = |AcHo|/[|AstHimz | + | TAwiSma|] and RCra s, , = |TASm |/ [| AsotHima | + | TAwiSma|]-

“Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.
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Table B.6. Relative contribution RC of the fusion and mixing processes thermodynamic quantities to the
dissolution process of diazepam in water + fert-butyl alcohol solvent mixtures at system temperature 7 and
pressure P = 0.1 MPa (continued)™".

WrBA® AfusHm,z Amix n"llt2 TAfusSm,Z TAmixSi?,tz
0.60 30.4% 19.6% 21.7% 28.3%
0.70 31.6% 18.4% 22.5% 27.5%
0.80 31.5% 18.5% 22.4% 27.6%
0.90 31.7% 18.3% 22.6% 27.4%
1.00 28.2% 21.8% 20.1% 29.9%
Ideal 50.0% 0.0% 35.6% 14.4%
T=308.15K

0.00 44.1% 5.9% 32.2% 17.8%
0.10 23.7% 26.3% 17.2% 32.8%
0.20 16.1% 33.9% 11.7% 38.3%
0.30 26.0% 24.0% 19.0% 31.0%
0.40 30.7% 19.3% 22.3% 27.7%
0.50 31.3% 18.7% 22.8% 27.2%
0.60 30.9% 19.1% 22.5% 27.5%
0.70 32.1% 17.9% 23.4% 26.6%
0.80 32.0% 18.0% 23.3% 26.7%
0.90 32.3% 17.7% 23.5% 26.5%
1.00 28.7% 21.3% 20.9% 29.1%
Ideal 50.0% 0.0% 36.4% 13.6%
T=313.15K

0.00 44.9% 5.1% 33.4% 16.6%
0.10 24.0% 26.0% 17.9% 32.1%
0.20 16.4% 33.6% 12.2% 37.8%
0.30 26.5% 23.5% 19.7% 30.3%
0.40 31.2% 18.8% 23.2% 26.8%
0.50 31.8% 18.2% 23.7% 26.3%
0.60 31.4% 18.6% 23.4% 26.6%
0.70 32.6% 17.4% 24.3% 25.7%
0.80 32.5% 17.5% 24.2% 25.8%
0.90 32.8% 17.2% 24.4% 25.6%
1.00 29.2% 20.8% 21.7% 28.3%
Ideal 50.0% 0.0% 37.3% 12.8%

“u(D) =0.03 K, u,(P) =0.05 and u,(wrgs) = 0.005.
bRCAer,Q = |AcHo|/[| AsotHimo | + | TAwiSma|] and RCra s, = |TASm |/ [| Asot i | + | TAwiSma|]-

“Mass fraction of fert-butyl alcohol in the solvent mixture free of solute.
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Supplementary materials related to Chapter 3
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Table C.1. Results of Akaike’s information criterion analysis for comparison of the different versions
of the Scatchard-Hildebrand model in fitting the natural logarithm of the activity coefficient of

diazepam ;" in water + fert-butyl alcohol solvent mixtures at system temperature 7 and pressure P =
0.1 MPa“.

Rank Model® N SS(e) T AIC, Wy
1 13 54 3.503 0.9905 ~136.46 0.1805
2 12 54 3.541 0.9904 ~135.88 0.1354
3 20 54 3.577 0.9903 -135.33 0.1027
4 5 54 3.788 0.9899 ~134.67 0.0741
5 15 54 3.623 0.9902 ~134.64 0.0727
6 24 54 3.462 0.9904 ~134.56 0.0699
7 19 54 3.633 0.9901 ~134.50 0.0677
8 26 54 3.490 0.9903 -134.12 0.0560
9 21 54 3.514 0.9903 -133.76 0.0469
10 25 54 3.527 0.9902 ~133.55 0.0422
11 8 54 3.888 0.9897 -133.26 0.0366
12 14 54 3.743 0.9898 ~132.88 0.0302
13 7 54 3.931 0.9895 -132.67 0.0273
14 23 54 3.623 0.9900 -132.10 0.0205
15 27 54 3.460 0.9902 -131.95 0.0190
16 16 54 3.864 0.9895 -131.16 0.0128
17 10 54 4.035 0.9891 ~128.83 0.0040
18 3 54 4364 0.9884 ~127.03 0.0016
19 18 54 8.396 0.9772 -89.26 <0.0001
20 22 54 8.051 0.9777 —88.99 <0.0001
21 9 54 8.534 0.9768 -88.38 <0.0001
22 54 10.173 0.9729 -81.32 <0.0001
23 11 54 9.879 0.9732 —80.47 <0.0001
24 4 54 10.384 0.9724 -80.22 <0.0001
25 17 54 12.554 0.9659 —67.53 <0.0001
26 2 54 14.740 0.9608 —61.30 <0.0001
27 6 54 15.276 0.9594 -59.37 <0.0001

* N: number of regressed data points; SS(e): residual sum-of-squares; raﬁj: adjusted squared correlation
coefficient; AIC,: second-order Akaike’s information criterion; w, : Akaike weight.

"See Table 3.3 for alternative model versions investigated in this study.
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Table C.2. Results of Akaike’s information criterion analysis for comparison of the different versions
of the combined Scatchard-Hildebrand/Flory-Huggins model in fitting the natural logarithm of the

activity coefficient of diazepam ;" in water + tert-butyl alcohol solvent mixtures at system
temperature T and pressure P = 0.1 MPa®".

Rank Model® N SS(e) g AIC, W,
1 54 3.500 0.9907 ~138.95 0.2288
2 54 3.523 0.9906 ~138.59 0.1912
3 12 54 3.440 0.9907 ~137.44 0.1076
4 13 54 3.466 0.9906 ~137.04 0.0880
5 19 54 3.477 0.9906 ~136.87 0.0808
6 20 54 3.481 0.9906 ~136.80 0.0784
7 14 54 3.498 0.9905 ~136.53 0.0685
8 25 54 3.430 0.9905 ~135.06 0.0328
9 24 54 3.438 0.9905 ~134.93 0.0307
10 26 54 3.463 0.9904 ~134.55 0.0254
11 21 54 3.475 0.9904 ~134.35 0.0230
12 15 54 3.674 0.9900 ~133.89 0.0182
13 23 54 3.577 0.9901 ~132.80 0.0106
14 27 54 3.430 0.9903 ~132.42 0.0088
15 16 54 3.861 0.9895 ~131.20 0.0048
16 7 54 4.242 0.9887 ~128.56 0.0013
17 10 54 4.077 0.9889 ~128.27 0.0011
18 3 54 4.573 0.9878 ~124.50 0.0002
19 18 54 5.679 0.9846 -110.37 <0.0001
20 22 54 5.473 0.9848 ~109.83 <0.0001
21 1 54 6.035 0.9839 -109.52 <0.0001
22 4 54 6.072 0.9838 ~109.19 <0.0001
23 9 54 5.807 0.9842 ~109.16 <0.0001
24 11 54 6.035 0.9836 ~107.08 < 0.0001
25 17 54 7.729 0.9790 -93.73 < 0.0001
26 54 8.558 0.9772 -90.66 <0.0001
27 6 54 8.955 0.9762 -88.21 <0.0001

* N: number of regressed data points; SS(e): residual sum-of-squares; raf,j: adjusted squared correlation
coefficient; AIC: second-order Akaike’s information criterion; w, : Akaike weight.

®See Table 3.3 for alternative model versions investigated in this study.
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Table C.3. Statistical analysis results for the non-linear least-squares regressions of the
natural logarithm of the activity coefficient of diazepam

solvent mixtures at system temperature 7" and pressure P = 0.1 MPa to the selected most

parsimonious versions of the Scatchard-Hildebrand and combined Scatchard-

Hildebrand/Flory-Huggins models®.

sat

in water + tert-butyl alcohol

Parameters” SH model SH/FH model
N 54 54
k 4 3
a, t(N=k) 100.34 98.66

p < 0.000001 < 0.000001
a5 t(N-k) 12.98 235.88

p < 0.000001 < 0.000001
b, t(N-k) 2.36 —

p 0.022 —
a, 5 t(N—k) 18.87 —

p < 0.000001 —
b, 5 t(N—k) — 22.02

p — < 0.000001
r,jjj F(k, N-k) 1381.08 1880.25

p < 0.000001 < 0.000001

*1(df), p: t-score (degree of freedom), two-tailed Student’s #-test p-value.
F(dfy, df,), p: F-score (degree of freedom 1, degree of freedom 2), one-tailed Fisher’s

F-test p-value.

® N: number of regressed data points, k: number of adjustable model parameters.
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Table C.4. Variance-covariance matrix of regression coefficient estimates of the selected most
parsimonious version of the Scatchard-Hildebrand model™".

Coefficients b4 a, a3 a3

b5 228107 4.05-107"° -7.52:1077 -2.68:107"°
a, 4.05-107"° 7.63-107" 8.52-107" 2.23-107"
a; -7.52:1077 8.52:107" 248107 228107
a, 5 -2.68:107"° 223107 228107 1.38-107"

* Uncertainty in the natural logarithm of the experimental activity coefficient of diazepam was
considered to be uniform and set equal to the standard deviation of the regression residuals for the
calculation of the curvature matrix elements.

® Units of s*(aa) are K and s*(ab) are K.

Table C.5. Variance-covariance matrix of regression coefficient estimates of the selected most
parsimonious version of the combined Scatchard-Hildebrand/Flory-Huggins model*’.

Coefficients b, a,, a3

b, 5 1.24-107° 6.65-107° 4.18-107"°
a , 6.65:107° 7.50-107" 9.67-107"
aj 4.18:107" 9.67-107" 2.82:107"

* Uncertainty in the natural logarithm of the experimental activity coefficient of diazepam was
considered to be uniform and set equal to the standard deviation of the regression residuals for the
calculation of the curvature matrix elements.

® Units of s*(aa) are K> and s*(ab) are K™'.
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sat

Table C.6. Comparison between values of the mole fraction solubility of diazepam x;" in water +
tert-butyl alcohol solvent mixtures at system temperature 7" and pressure P = 0.1 MPa determined
experimentally and calculated from the selected most parsimonious version of the combined
Scatchard-Hildebrand/Flory-Huggins models®.

sat

X
Wy :
Experimental [116] SH model SH/FH model

T=293.15K

0.00 2.688 (0.014) -10°° 1.661 (0.228) -10°° 1.791 (0.554) -10°°
0.10 7.790 (0.354) -10°° 1.437 (0.153) -107° 1.563 (0.389) -107°
0.20 5.755 (0.256) -10™ 8.277 (0.752) -107 8.921 (2.0.15) 107’
0.30 4.866 (0.169) -10™* 3.365 (0.281) -10™* 3.556 (0.817) -10™*
0.40 1.217 (0.034) -107° 1.013 (0.079) -10° 1.044 (0.245) -10°
0.50 2.250 (0.057) -107 2.333(0.164) -107° 2.331 (0.540) -107°
0.60 3.497 (0.054) .10~ 4.188 (0.259) -107° 4.028 (0.901) -10°°
0.70 5.162 (0.165) -107 5.965 (0.331) 107 5.520(1.214) 107
0.80 6.820 (0.107) -107° 6.918 (0.396) -10~° 6.253 (1.457) 107
0.90 7.647 (0.108) -107° 6.737 (0.479) -107° 6.162 (1.640) -107°
T=299.15K

0.00 3.010 (0.033) -10°° 2.122(0.222)10°° 2.146 (0.662) -10°°
0.10 1.033 (0.004) -107° 1.855(0.134) -107° 1.916 (0.476) -107°
0.20 1.100 (0.022) -10™* 1.072 (0.065) -10™* 1.111 (0.251)-10™
0.30 6.271 (0.081) -10™* 4.366 (0.265) -10™* 4.495 (1.033) -10™*
0.40 1.539 (0.009) -10°° 1.316 (0.080) -107* 1.340 (0.314) -10°°
0.50 2.863 (0.039) -107° 3.032 (0.177) -107° 3.039 (0.700) -107°
0.60 4.321(0.127) 107 5.422 (0.289) -10°° 5.297 (1.172) -107°
0.70 6.187 (0.116) -107° 7.645 (0.383) -107° 7.245 (1.564) -107°
0.80 8.287 (0.120) -107° 8.734 (0.474) -107° 8.141(1.852) -107°
0.90 9.179 (0.082) -10~° 8.367 (0.580) -10°° 7.956 (2.069) -107°
1.00 6.342 (0.039) -107 6.942 (0.654) -107 7.152 (2.179) -107°
T=303.15K

0.00 3.604 (0.036) -107° 2.774 (0.270) -10°7° 2.698 (0.832) -10°°
0.10 1.407 (0.010) -107° 2.375(0.152) -107 2.379 (0.590) -107°
0.20 1.643 (0.034) -10™* 1.348 (0.073) -10™* 1.365 (0.308) -10™*
0.30 8.186 (0.179) -10™* 5.402 (0.300) -10™* 5.483 (1.260) -10™*
0.40 1.873 (0.043) -107° 1.610 (0.092) -10°° 1.633 (0.382) -10°°

“Values in parentheses are standard deviations. Those of model-calculated values are computed from

the relevant variance-covariance matrix according to the general error propagation equation.



sat

Table C.6. Comparison between values of the mole fraction solubility of diazepam x;" in water +

tert-butyl alcohol solvent mixtures at system temperature 7" and pressure P = 0.1 MPa determined
experimentally and calculated from the selected most parsimonious version of the combined

Scatchard-Hildebrand/Flory-Huggins models (continued)*.

sat

X
wh :
Experimental [116] SH model SH/FH model

0.50 3.456 (0.070) -107° 3.678 (0.204) -107° 3.709 (0.851) 1107
0.60 5.531 (0.053) -10°° 6.513 (0.333) -107° 6.455 (1.416) -107°
0.70 8.047 (0.124) -10° 9.066 (0.439) -107° 8.752 (1.864) -10~°
0.80 1.075 (0.011) -107* 1.021 (0.054) -107* 9.724 (2.176) -10°3
0.90 1.208 (0.024) -107 9.654 (0.659) -10~° 9.419 (2.412) -10°°
1.00 7.618 (0.217) 107 7.928 (0.739) -10~° 8.429 (2.535) 107
T=308.15K

0.00 3.973 (0.012) -10°° 3.595 (0.385) -10°° 3.342 (1.029) -10°°
0.10 1.708 (0.013) -10°7° 3.038 (0.228) -107° 2.935(0.726) -107°
0.20 2.236 (0.023) -107* 1.702 (0.109) -10™* 1.678 (0.379) -10™*
0.30 9.889 (0.172) -107* 6.761 (0.423) -107* 6.753 (1.552) -107*
0.40 2.260 (0.027) -107 2.007 (0.124) -107° 2.029 (0.474) .10
0.50 4.088 (0.047) -10° 4.579 (0.265) -107° 4.669 (1.065) 107
0.60 6.340 (0.075) -107 8.078 (0.421) 107 8.184 (1.775) -107°
0.70 9.220 (0.125) -107 1.114 (0.054) -107> 1.104 (0.231) -107>
0.80 1.247 (0.043) -107 1.239 (0.065) -107> 1.213 (0.266) -107>
0.90 1.385 (0.007) -1072 1.157 (0.077) -107> 1.165 (0.292) -107>
1.00 9.277 (0.093) -107° 9.409 (0.863) -10~° 1.039 (0.307) -107>
T=313.15K

0.00 4.860 (0.060) -10°° 4.847 (0.637) -10°° 4.340 (1.334) -10°°
0.10 2.358 (0.070) -107° 4.027 (0.405) -107° 3.779 (0.932) -107°
0.20 2.914 (0.071)-10™* 2.220(0.191) -10™* 2.146 (0.483) -10™*
0.30 1.332 (0.047) -107° 8.724 (0.690) -10™* 8.628 (1.981)-10™*
0.40 2.860 (0.123) -107° 2.577 (0.188) -107° 2.617 (0.609) -107°
0.50 5.239 (0.104) -107° 5.863 (0.380) -107° 6.115 (1.382) 107
0.60 8.172 (0.169) -107 1.027 (0.057) -1072 1.077 (0.230) -107>
0.70 1.154 (0.020) -107* 1.394- (0.070) 1072 1.429 (0.293) -107>
0.80 1.519 (0.026) -107> 1.517 (0.079) -1072 1.534 (0.328) -1072
0.90 1.689 (0.069) -107> 1.388 (0.091) -1072 1.445 (0.354) -107>
1.00 1.195 (0.034) -107* 1.111 (0.100) -1072 1.274 (0.370) -1072

“Values in parentheses are standard deviations. Those of model-calculated values are computed from

the relevant variance-covariance matrix according to the general error propagation equation.
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