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This special issue on phase behavior was instigated by the successful JEEP (Journées
d’Étude des Équilibres entre Phases) meeting in March 2016 in Paris. The meeting is
held yearly for over forty years and was established by a group of French researchers
back in the seventies working on phase equilibria. It explains why its name is French
even if the working language during the conference is nowadays English, as a large
community from diﬀerent countries participates (which has led to the proposition to
call the conference ‘Joint European days on Equilibria between Phases’). This special issue is not the proceedings of the conference, but it does demonstrate the vast
research area in which phase equilibria are of importance.
Phase behavior can appear as something magical. To take a simple example, the
freezing or melting of water occurs at constant temperature, which means that mixtures of water and ice can be used to control temperature very accurately. In ﬁrst
instance, and possibly even after one understands thermodynamics, this can appear
a miracle.
An interesting question related to phase behavior is for example the preferential
formation of one form of calcium carbonate by shellﬁsh, whereas a more stable form
of calcium carbonate exists. How could this happen? How does the animal control the
formation of a less stable form? How can the animal prevent the interconversion into
the more stable form? Similar questions exist in the pharmaceutical realm, where formulators need to ascertain the stability of a drug formulation, consisting for example
of a powder, a tablet, or a suspension. A patient expects that his or her drug will work
even after it has been stored on a shelf in the bathroom for over a year. This requires
understanding of the solid-state behavior of drugs and mixtures of drugs and their
sensitivity to water. Therefore, the FDA (Food and Drug Administration) and EMA
(European Medicine Agency) require the pharmaceutical industry to prove that they
can maintain their formulation for a given period of time.
Similar questions exist for metal tools in industry used under high pressure, strain,
and high temperatures. Machinery cannot fail when working under demanding circumstances, as it can cause dangerous situations and it will result in loss of material
and proﬁt. Another interesting issue is the taste and mouth feel of chocolate, which
highly depends on the proper crystal form of the cocoa butter. It possesses several
diﬀerent crystal structures, and the most sought after form melts just above 30 ◦ C in
a
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the mouth. Life itself also depends on phase behavior, as lipids that make up the cells
can form diﬀerent structures depending on their concentration in water. Self-assembly
is for that matter driven by systems searching for equilibrium, even if they remain in
a steady state or another non-equilibrium state.
Processes occur because they are driven towards equilibrium. Thus even if equilibrium is not the eventual goal of the experimenter or engineer (or life), understanding
the equilibrium conditions of a system can help understand why a system changes in
certain ways. An interesting example is the case of ritonavir. It is one of the ﬁrst drug
molecules that were found to be eﬀective against HIV. Because of this, the formulation
of the drug was carried out as quickly as possible and consisted of a suspension based
on the only solid form that was found to exist during the development phase. Once
the drug was on the market, it was observed that its eﬀectiveness had dramatically
decreased. Only after an intense research eﬀort, the researchers understood that the
absence of activity was caused by the crystallization of a more stable crystalline form
that had not been previously known [1, 2]. Due to this crystallization into a far less
soluble form, the drug quantity taken up by the body did not exceed the necessary
minimum concentration to be eﬀective against HIV. Had the developers known, they
could have prepared a formulation avoiding this crystallization in advance.
The scientiﬁc realization that systems tend to equilibrium only really started to
gain prominence in the 18th century with Amontons (1663–1705) in France discovering and contemplating an absolute zero in the temperature scale and with Black
(1728–1799) in Great Britain studying latent heat of fusion of ice and the heat capacity of water and snow. It took hold in the 19th century when the push for theoretical
understanding and optimization of the ﬁrst steam engines designed during the industrial revolution in England gave rise to the so-called mechanical theory of heat, the
precursor of classical thermodynamics. A lot of work in this ﬁeld was done in Europe
by Carnot (the Carnot cycle) and Clapeyron (Clapeyron equation) in France and by
Clausius (second law of thermodynamics) in Germany to name a few. In terms of
phase equilibria, it was, however, the American Josiah Willard Gibbs (1839–1903)
who gathered the available European knowledge by traveling to Great Britain and
Germany and managed to distill and describe the essentials of modern day ‘classical’
thermodynamics used in phase equilibria and represented by the equation [3–5]:
dU = T dS − P dV

(1)

where dU is the change of internal energy of the system under study depending on
two variables, the change in entropy dS of the system and the change in the volume
of the system dV . In addition to this equation, classical thermodynamics depends on
two postulates. 1) Energy in an isolated system is conserved and 2) for a spontaneous
process, the entropy must always increase, reaching a maximum, when the system
reaches equilibrium. Nernst added a third postulate: the entropy of a system at zero
kelvin (or absolute zero) is equal to zero.
The work of Gibbs is the basis for the so-called “phase theory” – the thermodynamics of phase equilibria- even if at present researchers often prefer to use a Legendre
transform of equation (1), which in the honor of J.W. Gibbs is called the Gibbs free
energy:
dG = −SdT + V dP.
(2)
The advantage of this equation is that the variables of the Gibbs energy are the temperature and the pressure, variables that can be most easily controlled in a laboratory
setting. Nonetheless, the original equation used by Gibbs should not be forgotten and
it is shown in this special issue how both equations are related to each other and to
two other representations of the internal energy, the enthalpy and the Helmholtz free
energy [6].
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The English researcher Maxwell, in line with Gibbs, developed the Maxwell equations relating the changes of diﬀerent thermodynamic quantities with each other
through partial derivatives [7] leading to a mathematical interpretation of thermodynamics. Dutch researchers, such as Van der Waals, were motivated by the work of
J.W. Gibbs leading to the Van der Waals equation of state of a ‘real’ gas in contrast to
the ideal gas. Bakhuis-Roozeboom continuing the graphical approach used by Gibbs
proposed the only four possible pressure-temperature phase diagrams of crystalline
dimorphism [8].
Fast forward to the current scientiﬁc situation, it is clear that the theoretical
framework of thermodynamics developed in the second part of the 19th century is
well established. However, this framework only gives an overall macroscopic description of phase behavior, whereas the phase behavior of individual systems still cannot
be satisfactorily described, even if computer calculations in the ﬁeld of crystal structure predictions of organic molecules, for example, has made tremendous progress in
the last decade [9]. Nonetheless, chemical systems and their phase behavior need to
be studied experimentally either to improve descriptions of phases at the atomic level
or due to general lack of data on the behavior of the system. Only in this way, can
we increase our understanding and advance science to a point, where ultimately all
phase behavior in materials can be described mathematically or at least simulated
in the computer. One of the main objectives of this special issue is the exploration
of experimental data and their comparison to theoretical approaches. It contains on
the one hand phenomenological descriptions of the phase behavior of materials, be
it organic or inorganic systems, and descriptions of equipment to obtain the necessary data and on the other hand theoretical descriptions in the form of theoretical
approaches and simulations.
The importance of understanding phase behavior in materials becomes clear when
one considers the incredible diversity of the subjects in this special issue. One of the
more diﬃcult ﬁelds is probably biological systems, which due to their complex makeup
may not demonstrate a clearly deﬁned equilibrium state. Many local minima in the
internal energy may exist and in addition, living organisms maintain a steady state
driven by potentials deﬁned with respect to equilibrium states that are never reached.
A simple and very applied example is presented here in relation to water vapor equilibria and biological matter concerning sorption isotherms of mint [10]. In this respect,
it is also possible to use biological matter for absorption of other molecules, such as
dyes [11].
Another applied issue in the realm of phase equilibria is that of water treatment
and desalination [12], a subject that will only become more important with the increasing water scarcity in the world. Related to this subject are geochemical studies of
the solubility of aluminium hydroxysulfates from aluminosilicate ores for processing
applications [13].
Of course, many of the papers in this special issue belong to more traditional
research areas of phase equilibria, such as that of metal systems, which have clear
technological applications: the aluminium-barium phase diagram [14], local order in
molten steel for control over its properties [15], glass-forming mixtures of metals [16],
the holmium–germanium phase diagram [17], mixtures between a rare earth and gold
for use in new technologies [18], the phase diagrams of Ag-In and Cu-In [19], thermodynamic modeling of ﬂuxing alloys of Ni-C-Cr-Si-B systems [20], and crystallization
of Al-Co-Dy(Ho) amorphous alloys [21].
Another area that is industrially important is mixtures of small (often carbon
containing) molecules, in particular in the petroleum industry. Understanding the
phase behavior of such systems helps improving transport and storage of fuels as
well as carbon capture. Examples in this special issue are theoretical approaches on
liquid-vapor behavior in mixtures [22] and of argon [23]. Equipment to determine the
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vapor pressure of complicated mixtures has been described using a quartz crystal
resonator [24].
Polymorphism in organic crystals is an important issue for the pharmaceutical and
the food industry as some of the previous examples have illustrated. Experimental investigations of polymorphs are also important to provide the ﬁeld of crystal structure
calculation with the necessary experimental data for comparison and ﬁne-tuning. In
particular, the incorporation of the inﬂuence of temperature in the crystal structure
calculations and accurate energy estimates are still diﬃcult to carry out [25]. The
relative stability between polymorphs can be investigated using diﬀerential scanning
calorimetry and X-ray diﬀraction [26], with which also a pressure-temperature phase
diagram can be determined as shown here for ﬂuoxetine nitrate [27]. Related to the
polymorphism issue is the solubility of pharmaceuticals, for which as is often the
case nowadays algorithms are developed to predict solubility, which may facilitate
the choice of the active molecule to develop [28].
One of the more challenging experimental questions concerning phase behavior
is how the amorphous phase evolves into a stable crystal form and whether it does.
In this respect, it is not clear whether the amorphous phase should be considered
as a continuous series of ‘metastable’ states with a continuum of diﬀerent thermodynamic properties or that one can even speak of poly-amorphism. Nonetheless, the
amorphous (or viscous) phase allows the study of almost stationary molecules and
can therefore be used in certain cases to investigate nucleation and local order. An
example can be found in the paper on the mobility of (±)-methocarbamol [29]. Another example of how crystallization occurs in the amorphous phase has been given
in an article on griseofulvin [30]. In this context, it is also important to be able to
obtain the amorphous phase, so that its – crystallization – behavior can be studied.
Equipment to obtain amorphous water and salt mixtures has been described in this
special issue [31].
An important issue relevant to phase equilibria is the separation of racemic
mixtures. Even if from an energetic point of view, both enantiomers have the same
probability to crystallize, additives can be used to change the crystallization kinetics
allowing only a single enantiomer to crystallize demonstrating a delicate interplay
between thermodynamic equilibrium requirements and the kinetics of crystallization [32].
For puriﬁcation purposes, the phase diagrams of impurities with the main
compound can be studied. An example is the binary phase diagrams of 9,10dihydroanthracene and carbazole with phenanthrene [33].
The formation of mixed crystals, like cocrystals and solvates, is an important
subject, as in each case the conditions for formation and the resulting properties of
the crystals are diﬀerent. A very useful subject of investigation in this respect is the
Buckminsterfullerene, which tends to form solvates with many diﬀerent solvents [34].
In line with the graphical approach of J.W. Gibbs, it has been shown in this special issue how the diﬀerent representations of the internal energy, U , H, F , and G
(respectively the internal energy itself, the enthalpy, the Helmholtz free energy and
the Gibbs free energy) are graphically related to each other and how each of them
can be related to characteristic experimental variables [6]. In relation to this rather
theoretical treatise another contribution demonstrates how the combination of simple thermodynamic rules and graphical extrapolations allows one to obtain consistent
topological pressure – temperature phase diagrams [35]. A similar approach is used
to study the degrees of freedom in the melting of plastic crystals under pressure [36].
And an example of a temperature – volume diagram (a projection of the Helmholtz
energy) can be found in the paper on ascorbic acid [37].
Finally, it can be shown that these thermodynamic approaches and phase diagrams, mainly applied to ‘simple’ matter can also be used for plasma [38].
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It has been my pleasure to be the guest editor of this special issue on phase equilibria that really demonstrates how rich the research area of phase equilibria and
its diﬀerent applications is. I would therefore like to thank all the authors for their
contributions, which make this special issue worth reading. However, I would like to
thank in particular all the reviewers who while remaining anonymous have put a lot
of work in giving their opinions about the papers in this special issue and whose work
I never would have been able to do by myself. I hope in the end that the readers of
this special issue will feel as enthusiastic as I do when reading this special issue on
phase equilibria and its applications.
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