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Résumé

Résumé

Dans le cadre de cette thése, nous avons réalisé I'étude de systémes amorphes moléculaires
chiraux en évaluant leur vieillissement, leur mobilité ainsi que leur capacité a recristalliser en
fonction de la composition énantiomérique du matériau. Pour limiter les facteurs additionnels
a la chiralité, ce travail s’est concentré sur des systémes modeéles formant des conglomérats

stables : N-acetyl-a-methylbenzylamine (Nac-MBA) et 5-ethyl-5-methylhydantoin (12H).

De ces travaux il ressort que I'impact le plus spectaculaire de la chiralité est exprimé dans la
propension a la cristallisation ou I’habilit¢ a former un verre (qui augmente de facon
inversement proportionnelle de I'exces enantiomérique (ee)). Les cinétiques de vieillissement
sont implicitement impactées par I'ee : Celles-ci sont plus lentes pour les ee importants. Enfin,
il semble que les processus de relaxation ainsi que les temps associés soient identiques quelle
gue soit I'ee, bien que le comportement a la cristallisation soit lui significativement impacté.
A noter que la signature la plus manifeste de la chiralité dans I’état amorphe du Nac-MBA

s’exprime dans l'intensité diélectrique des processus D et a.

Mots Clés : Chiralité, Mobilité Moléculaire, Etat Vitreux, Transition Vitreuse, Vieillissement

Physique, Relaxation Debye, DSC, FSC, Spectroscopie de relaxation Diélectrique (DRS).
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Abstract

Abstract

In the framework of this thesis, we carried out the study of amorphous chiral molecular
systems by evaluating their molecular mobility, the evolution of physical properties during
aging and the recrystallization behavior as function of the initial enantiomeric excess (ee). In
order to avoid factors additional to chirality itself, we focused on enantiomeric systems
forming stable conglomerates (full chiral discrimination in the solid state) by choosing two
model compounds: 5-ethy-5-methylhydantoin (12H) and N-acetyl-a-methylbenzylamine
(Nac-MBA).

From this thesis it was shown that the most spectacular effects of chirality in the amorphous
state is expressed in the GFA or the crystallization propensity. The GFA increases as the ee
decreases. The kinetics of physical aging is implicitly impacted by chirality. Glassy pure
enantiomer requires more time to reach equilibrium than that of an intermediate
composition. This situation is hypothetically due to constraints effects mostly resulting from a
strong nucleation behavior in the glass state at high ee. Furthermore, the time scale of all the
processes (D, a, PBis, v) and the evolution of their temperature dependency are
approximatively identical even though the crystallization behavior is highly impacted by ee. it
seems that molecular mobility would not be a key parameter in the crystallization behavior of
Nac-MBA. The main expression of chirality in amorphous Nac-MBA is evidenced in the

signature of the dielectric strength of both D and a processes.

Keywords: Chirality, molecular mobility, glassy state, glass transition, physical aging, Debye

relaxation, Fast Scanning Calorimetry (FSC) Dielectric relaxation spectroscopy (DRS).
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Introduction

Introduction

Chirality is an important feature for molecular recognition in biology and chemical physics.
Amino acids (as found in proteins) and monosaccharides (as found in RNA or DNA) possess
forms that are each nonsuperimposable to their respective mirror images. In general,
laboratory synthesis of a given chiral compound will yield a racemic mixture, i.e., an equal
proportion of its two chiral forms identified typically as L- or D- enantiomers. However, all
naturally occurring chiral proteinogenic amino acids exist exclusively as L-enantiomers, as
identified by the chirality of their a-carbon, while most naturally occurring monosaccharides
exist as D-enantiomers, as identified by the chirality of the carbon furthest removed from the
carbonyl group [1-3]. Chirality as well as its stereochemical, structural and thermodynamic
implications, play an important role in many biological and physicochemical processes. It is
well establish that the opposite enantiomer of a chiral drug often differs significantly in it
pharmacological, toxicological, pharmacodynamics and pharmacokinetic properties [2].
Specific examples include the tuberculosis drug ethambutol, which possesses an enantiomer
that lacks antimicrobial activity and the morning sickness as well as cancer drug thalidomide,
which possesses an enantiomer known to cause birth defects. Accordingly, the
pharmaceutical industry pursues the development of design principles for asymmetric
synthesis [2,4] or efficient separation [5] of chirality-tailored compounds. Additionally to the
few pharmaceutical applications, chirality is of primary importance in advance photonic
applications [6,7] (such as alternative routes to negative refraction), in low-power display
technologies [8,9] and in the processing of amorphous pharmaceuticals [10]. A specific
example relevant to processing concerns the area of pressure induced crystallization [11].
Whereas high pressures increase the rate of crystallization of supercooled achiral and
enantiopure liquids, recent experiments have shown the opposite effect for racemic mixtures
of analgesic drugs such as ketoprofen and ibuprofen [12,13].

More than 50% of pharmaceutical marketed drugs are chiral. Usually Active Pharmaceutical
Ingredients (API) are formulated in the crystalline state for obvious reasons of structural
purity, high physical and chemical stability. Their physicochemical properties remain stable
after long storage time. However, they are concerned by the problematic of poor solubility

raised by the biopharmaceutical classification system. The biopharmaceutical classification
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system (BCS) categorizes oral medications into four groups on the basis of their solubility and
permeability characteristics. The problem of poor solubility of APIs is a huge headache for
pharmaceutical industries. About 40% of commercialized drugs are poorly water soluble and
a more disturbing feature is that almost 75% of future drugs candidates will have this deficit
of solubility in water. This deficit in solubility could be skirted by converting the crystalline API
to the disordered amorphous solid considering that thermodynamic properties of the
amorphous products present higher dissolution rate leading to better oral absorption [14].
Many studies have been carried out on the amorphous state of API, investigating the
molecular mobility (relaxation processes and their time scale), the recrystallization behavior
at ambient and variable pressure, the structural or enthalpy relaxation time evolution and so
on [14,15]. But when it comes to the impact of chirality in the amorphous state, very few
studies are reported. The thesis of Dr Quentin Viel (defended in 2017) realized in SMS and
GPM laboratories of “Université de Rouen Normandie” was entirely devoted to the
understanding of the amorphous state and relaxation phenomena in chiral compounds
(diprophylline) as function of the initial enantiomeric composition. The work of Dr Viel aimed
to complete the very few studies on this area [12,13,16,17]. It revealed that the glass
transition temperature and the characteristic size of cooperative movements, appear to be
independent of the ratio of enantiomers (in accordance to Gordon Taylor Law), whereas the
differences of relaxation processes and relaxation rates were due to the presence of very few
molar percentage of theophylline impurities rather than from chirality itself [18]. In the
framework of MACHI (Materials and Chirality) FEDER project, we proposed to carry on the
work initiated by Dr Viel on chiral amorphous molecular compounds by evaluating their aging,
their mobility and their ability to form glass or the propensity to crystallize as function of the
enantiomeric composition. In order to characterize the aging and storage effects, it was
necessary to avoid factors additional to chirality that may influenced these effects. We
therefore focused on enantiomeric systems forming stable conglomerates (full chiral
discrimination in the solid state). Indeed in almost 95% of chiral systems, the crystallization of
a racemic compound is favored from a thermodynamic point of view; this is the case of
diprophylline. The appearance of this compound in the binary diagram between both
enantiomers could thus influence the aging and relaxation behavior. Conversely, in the case
of stable conglomerates, the counter enantiomer will act as an impurity (of the same chemical

nature) until reaching a maximum of 50% which could impact the relaxation rates in the
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amorphous state. This project therefore focused on the glass forming ability, the
recrystallization tendency, the physical aging phenomenon, and the phenomena of relaxation
at several enantiomeric excess (ee) of the following organic chiral glasses: 5-ethyl-5-
methylhydantoin (12H, stable conglomerate), N-acetyl-alpha-methylbenzylamine (NAC-MBA,
conglomerate stable below 64 °C, racemic compound stable above). The characterization of
the amorphous states were carried out by mean of calorimetric techniques (such as
Differential Scanning Calorimetry (DSC) Fast Scanning Calorimetry (FSC), Temperature
modulated DSC (MTDSC)), structural characterization (Temperature Resolved X-ray
diffraction), dielectric spectroscopy and molecular dynamic simulations.

The modelling and molecular mobility analyses were performed in the framework of
collaboration with Pr Frédéric Affouard and Dr Natadlia Correia of UMET Laboratory in
“Université de Lille”.

The compiled results have the aim to shed light into the following interrogations:

i) At which extent the amorphous state of a pure enantiomer differs from that of an
equimolar composition of the two enantiomers in conglomerate forming systems?

ii) Upon storage, is the viability of the amorphous state identical or strongly differ when
considering an enantiomerically pure sample or samples presenting variable
concentrations of both enantiomers?

iii) At what extent the molecular mobility can influence the crystallization behavior of
pure enantiomer or racemic mixtures?

iv) Regarding the pharmaceutical interest to obtain purely active enantiomers, could the
amorphous state be a pathway towards the crystallization of new polymorphic forms
crystallizing as conglomerates?

The manuscript is organized into five chapters and presented as follow:

Chapter | is devoted to generalities on the physics of condensed matter specifically the glassy

state and some background and vocabulary notions on chirality.

Chapter Il is subdivided into two sections. The first section details the thermal and structural
properties of the investigated materials. The second section explicit the different
experimental and modelling facilities used to probe the amorphous state of the studied

systems.
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Chapter Ill is entirely devoted to the calorimetric characterization by Fast Scanning
Calorimetry and Differential Scanning Calorimetry of the amorphous of a stable conglomerate
namely 5-ethyl-5-methylhydantoin (12H). An attention is paid the glass forming ability, the
recrystallization behavior from the amorphous state, the propensity of crystallization and the

viability of the amorphous state upon physical aging as function of the ee.

Chapter IV details the thermal characterization of the amorphous state of the second model
system namely N-acetyl-a-methylbenzylamine (Nac-MBA), a stable conglomerate below 64°C.
A special interest is attached to the determination of the binary phase diagram after
recrystallization from the glassy state, the evaluation of the glass forming ability and the

kinetic of enthalpy recovery upon physical aging as function of the ee.

The last chapter is devoted to molecular mobility investigation in Nac-MBA probe by dielectric
relaxation spectroscopy and molecular dynamic simulations. The relaxational landscape of
Nac-MBA is therefore investigated as function of the enantiomeric composition and direct

implications of the expression of chirality in the amorphous Nac-MBA are explored.

At last, a general recall of the main results of this thesis are presented and some prospects
regarding the amorphous state of chiral molecular compounds, the impact of chirality and

possible pharmaceutical applications are proposed.

At the end of the manuscript, few annexes are proposed to the reader concerning some
enthalpy recovery analysis performed by FSC at 500 K/s for several ee at different aging

temperature and some published articles concerning this thesis.
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CHAPTER I:

THE PHYSICS OF AMORPHOUS STATE AND CHIRALITY






|- Generalities on the Glassy state

The present chapter partitioned into three main sections encounters theoretical and
fundamental notions on the physics of condensed matter, chirality and the state of art of
chirality in the amorphous state respectively. The first section devoted to the glassy state hold
on five parts. Section 1.1 and 1.2 explicit the phenomena implicated in glass formation and
crystallization. The glass transition and several thermodynamics and kinetic models are
presented in section 1.3 and 1.4 respectively. Since the glassy state is an out of equilibrium
state, a high point is mentioned on its instability character and the implications related to
molecular mobility or time dependent properties such as physical aging and relaxation
phenomena (see section I.5). The second main topic is dedicated to chirality and subdivided
into three parts: a brief history of chirality, the stereochemical nomenclature used, and the
thermodynamics of chiral systems respectively. In the last section, few available studies on
the impact of chirality in the amorphous state regarding their glass forming ability and
crystallization propensity as function of the enantiomeric composition are detailed. Lastly we
illustrated some molecular mobility investigations from the glassy state toward the
supercooled liquid state over a wide range of frequency at variable temperatures for both

pure enantiomer and racemic mixture.

I- Generalities on the glassy state

1.1 Vitrification Processes and Crystallization Mechanisms

1.1.1 Vitrification Processes

Glasses are disordered materials (liquid-like structure) with no long-range translational order
or periodicity of crystals but behave mechanically like solids. Glass formation is a generic
behavior of matter [1-4]. Several types of materials, with different chemical nature such as
metallic alloys [5-8], oxides [9-12], polymers [13-15], chalcogenides [16], halides [17],
pharmaceuticals [4,18-20] or small organic molecules [21,22] can form glasses. Numerous
routes of glass formation from various initial states are summed up in figure 1. Therefore melt
guenching remains one of the most conventional and ancient route for vitrification. Under
certain conditions, the melt of several materials can be cooled continuously below the melting
point Tm in order to reach the out of equilibrium glassy state. Anyhow amorphous glass can

be obtained from melt quenching if crystallization is bypassed upon cooling.
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Figure 1: Various routes to the glassy state, roughly indicating the energies of the initial states relative

to the final glassy states. Adapted from [23]

Crystallization is a conjugation of two temperature dependent phenomena: nucleation and
crystal growth. This process results in a competition between the driven force of crystallization
and molecule dynamics. When the melt is cooled down slowly below the melting temperature,
the first order transformation from liquid to crystal does not take place spontaneously upon
cooling. The supercooled liquid crystallizes at the crystallization temperature Tc. Therefore, if
sufficient cooling rate is provided, crystallization can be inhibited even below Tc. At the glass
transition temperature Tg the supercooled liquid ‘falls’ in an out of equilibrium state, namely
the vitreous state. One of the best ways to illustrate this fact is to schematize a time-
temperature-transformation (TTT) diagram, which predicts the amount of crystalline fraction
at an annealing temperature after a given time. Figure 2 schematizes a TTT diagram, which
illustrates the different pathways that lead either to glass formation or to crystallization. This
diagram often presents a nose-shape behavior and the temperature at which crystallization is
most probable is located at the nose. Passing rapidly this nose temperature with a critical

cooling rate Qccrit, may certainly avoid experimentally detectable crystallization, but it does

12



I- Generalities on the Glassy State

not necessarily avoid catching some nuclei that are unable to grow within the amorphous

matrix [4]
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Figure 2: Schematic TTT diagram adapted from [19]

Theoretically, one can understand that crystallization can be avoided when sufficient cooling
is provided. Therefore all liquids do not present the same propensity to crystallize or to vitrify.
Consequently one can distinguish good, medium and poor glass former depending on how

fast enough it is necessary to cool down the liquid in order to reach the glassy state.

1.1.2 Crystallization Mechanism: Nucleation and Crystal Growth Phenomena
From a theoretical point of view, crystallization from the molten or amorphous state is a
thermodynamic phenomenon involving complex nucleation and growth stages, each

phenomenon having its own specific properties.
a) Nucleation

The most common, and reliable theory that gives a good understanding of the mechanism
engaged in nucleation is the classical nucleation theory (CNT). Nucleation is related to the
stochastic spontaneous formation of small crystalline nuclei made of few molecules in the
liguid. Two types of nucleation are distinguished: homogeneous nucleation, corresponding to
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1. Vitrification Processes and Crystallization Mechanisms

spatially and temporally independent fluctuations of regions of the original phase, and
heterogeneous nucleation, which is catalyzed at specific sites [20,24,25]. In this section only
homogenous nucleation will be discussed. The characteristic features of homogeneous
nucleation - formation of nuclei, able to grow in a homogeneous phase by fluctuation of the
atomic structure - have been developed by Volmer and Weber [cited in 25] and also by Becker
and Doring [cited in 26]. Statistical fluctuations generate nuclei through the transient
appearance and disappearance of small regions of a new phase within an original (or
““parent”’) phase. Here the “fluctuation” is taken to be a cluster of few molecules in the
configuration of the new phase. These fluctuations are localized and are stochastic in both
space and time. The probability that a fluctuation occurs is governed by thermodynamic
conditions, specifically the minimum work required to create the fluctuation. The lifetime of

III

a fluctuation is related to its size. Only when a “critical” size is exceeded is the dissolution
probability small enough for the fluctuation to evolve into a macroscopic region of the new
phase. The stochastic behavior of shrinkage and growth is consistent with the existence of a
barrier to the phase transition: the nucleation barrier. The nucleation barrier arises from the
energy penalty for creating an interface between this cluster and the original phase. The
formation of a small volume fraction, which has the structure of the end phase, is connected
to a decrease of the Gibbs energy of the system by AGy,. Simultaneously, a phase interface
appears between the nucleus and the starting phase. The nucleation is thus, connected with

an increase in the interfacial Gibbs energy by AG,;. The total change in Gibbs energy AG of the

system connected to the nucleation is given by:

AG = AGy + AG, (1)
Assuming that the nuclei are of spherical shape, the change of the Gibbs energy during
nucleation is then related to the radius r of the nucleus and expressed as follows:

AG = gnr3AgV + 4nrio (2)
where Agy is the Gibbs free energy variation per unit volume for the formation of the new
phase, and o is the interfacial energy per unit area. For a critical cluster, having radius r* and
containing n* molecules, the Gibbs free energy for new phase formation has a maximum AG#*,
which constitutes the barrier to nucleation. As clusters grow beyond the critical size, the
fraction of molecules in the interfacial region decreases, as does the work of cluster formation

(see figure 3). Clusters larger than r* (or n*) are therefore favored to grow to complete the
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phase transformation [20,24,25]. The critical nucleus size r* is calculated by solving

(dAG/dr), =0

« _ 20
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gy (3)
And the activation energy required to reach the critical size, AG *is:
« _ 1lém o3
AG™ = 3 29,7 (4)
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Figure 3: Gibbs free energy of formation of a cluster of n molecules, AG, as a function of n.
The critical size, n*, the critical work of formation, AG(n*) = AG*, and the critical region
(within which AG(n) — AG* < kgT) are indicated. Below n*clusters are on average

dissolving; above n” they are on average growing. From [24]

Diffusion is also required to make nucleation possible since molecules have to aggregate to
form the nucleus. Nucleation is often characterized by the nucleation rate, | (unit m3 s?),
which is the number of formed critical nuclei per volume unit and time. It is proportional to
the product of two activated processes: (i) the number of critical size nuclei ~exp[—AG*/
kgT] (kg is the Boltzmann constant) and (ii) the probability for a molecule to migrate across
the interface separating the critical size nucleus and the liquid (thus forming a supercritical

size nucleus) which is roughly proportional to the diffusivity D~exp[—A/kgT], where A is the
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1. Vitrification Processes and Crystallization Mechanisms

energy barrier associated with atomic motion. Both probabilities behave in opposite ways as
a function of temperature and thus give rise to the bell-shaped dependence of the nucleation
rate. The nucleation rate increases sharply with increasing supercooling, yet decreases again
at low temperatures, due to the decreasing atomic mobility, described by the diffusion

coefficient [20,24,28,29] (see figure 4).
] A

I~exp[—A/kgT|exp|—AG" /kgT]

Maximum
nucleation rate

[ ~ 0:No mobility [ ~ 0: No driving force

Figure 4: Temperature dependence of the nucleation rate I C involving a thermodynamic

and a mobility contribution

b) Crystal growth

The second stage in which the supercritical nuclei formed will grow within the liquid phase is
the growth stage. It occurs by aggregation of molecules of the phase undergoing a
transformation. Crystal growth velocity, C (unit m.s™'), is a measure of the growing of the
crystal surface of the supercritical nuclei. Similarly to the nucleation rate, C is proportional to
the product of a thermodynamic term, describing the probabilities of attachment/detachment
of the molecules to/from the nuclei [1 — exp(—A4Giq—crys/kgT)] and the probability of the

molecule diffusion across the interface, which is also roughly proportional to the
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I- Generalities on the Glassy State

diffusivity, D~exp[—A/kgT] where AGjq_ys is the difference between the Gibbs free
energies of the liquid and the solid phases, kj is the Boltzmann constant and A is the energy
barrier associated to atomic motions. The net effect of combining these two terms is that the
growth rate must go through a maximum and thus also give rise to a bell-shaped dependence

as a function of temperature as displayed in figure 5.
C4

C~exp(—A/kgT) x [1 - exp(—AG,,-q_cr},s/kBT)]

T
[ ] : : T
C~ 0:Nomobility =~ Maximumof ¢~ 0:No driving force
growthrate AG'liq—cr:,rs (Tm)=0

Figure 5: Temperature dependence of the growth rate C involving a thermodynamic

and a mobility contribution
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2. Glass Forming Ability

1.2 Glass Forming Ability (GFA)

The knowledge of both nucleation and growth rates as a function of temperature thus
provides a guideline to predict the crystallization tendency. The glass-forming ability (GFA) of
a meltis usually evaluated in terms of the critical cooling rate (Qccrit) for glass formation, which
is the minimum cooling rate necessary to keep the melt amorphous without precipitation of
any crystals during solidification. The smaller Qccrit, the higher the GFA of a system should be
[30,31]. However, a general or universal understanding of GFA based on structural, dynamic
and thermodynamic theories is not yet available [19]. It has been suggested that a good GFA
is linked to the complexity of the molecular composition. For many metallic alloys, as the
number of components increases the crystallization propensity decreases, consequently GFA
increases [32,33]. Low molecular symmetry and high flexibility due to high number of internal
degrees of freedom can also improve the GFA [20,34]. The correlation between molecular
mobility and GFA is still questionable. Molecular glasses with the same mobility can illustrate
different crystallization propensity [35]. From a thermodynamically point of view a low
melting entropy, ASm, and a limited range between the melting temperature Tm and Tg appear
to be an advantage for GFA [4,7,8,10]. Since the dynamic, thermodynamic and structural
properties are mostly interrelated, it is somehow difficult to accurately predict the GFA
character of a system. Theoretically, crystallization of the supercooled melt implies nucleation
and growth stages, both processes having their own temperature dependence behavior. As
illustrated in figure 6, when the temperature dependence curve of nucleation and crystal
growth are well separated, crystallization becomes difficult and takes much more time.
Conversely, when the two processes overlap, the propensity to crystallize increases
consequently the GFA is impacted. The temperature position of both nucleation and growth
domains is function of the interfacial energy. Consequently, this parameter may play an
essential role in the GFA of glass forming liquids. The interfacial energy can be defined as the
necessary energy required to build an interface between the liquid and the solid phases. As
long as this energy is of high magnitude, the interface creation becomes costly energetically.
Therefore, it seems obvious that crystallization becomes difficult, while vitrification could be

favored. Conversely if the interfacial energy is low enough, crystallization is favored.

18



I- Generalities on the Glassy State

a) Good GFA
T Slow cooling Ieaclin_g_ to -]
m vitreous state
v Growth Crystallized
E fraction
E TN """"""""""""""""""""""""" ! 4J
Q :
£ :
[ i !
= Nucleation |
L~ Sl A
ty
Time
b) Poor GFA
1 |Slowcoolingleadingtohigh _ _ _ _ _ _ __ __ ..
m [N\ “crystallized fraction
Crystallized
o Growth fraction
& AT AVA
o N\
gTN """"""" : %7 d. N
; AN
g ' <"’g
T, F--- to-- T,
tIN

Time

Figure 6: Schematically time evolution of nucleation and growth temperature

region for a) good GFA and b) poor GFA

19



3. The Glass Transition Phenomenon

1.3 The glass Transition Phenomenon

Glassy materials are omnipresent in our daily life and play an essential role in modern
technology. Even though they have been available since the rise of mankind their physical
understanding is still controversial and remains an unresolved problem of condensed matter
physics [37].The glass transition is an important phenomenon for the glass-formers and its
fundamental nature is still unclear. Philip W. Anderson, a Nobel Laureate wrote in 1995: “The
deepest and most interesting unsolved problem in solid state theory is probably the theory of
the nature of glass and the glass transition” [38]. Contrary to melting, glass transition is not a
real phase transition but a kinetic phenomenon and vitrification occurs over a narrow
temperature interval. Additionally, Tg value depends on the cooling rate: the lower the cooling
rate, the lower the Tg value as long as cooling is fast enough for glass formation. Figure 7a)
illustrates the thermal behavior that characterizes the cooling of a liquid through the glass
transition at different cooling rates. Upon continuous undercooling from the molten state, the

enthalpy, H or entropy, S evolution changes continuously across Tg same as the volumetric, V

ToS

behavior, but the corresponding heat capacity Cp = ((g—:) ’(W) )decreases brutally to a
P p

value slightly higher than that of the crystal (see figure 7b)). Likewise the drop of the expansion

alnv

coefficient a, results from a change in volume, V (T)(ap = (a_T

) )- The drop of Cp at Tg is
P

characterized by its magnitude ACp = Cp 114 — Cp giass-
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Figure 7: Schematically temperature evolution of a) enthalpy, H and corresponding b) heat

capacity, Cp at different cooling rates Q.(1), Q.(2) and Q.(3)

Cp increases in relation to the number of degree of freedom consequently, AC, > 0 below
and above Tg. Two types of motions contribute to Cp of an ordinary glass forming liquid: very
fast vibrational motions (motions localized inside the cage formed by neighboring molecules)
and molecular rearrangement processes such as diffusion from the cage and molecular
rotation of high angles (See figure 8). Only vibrational motions contribute in the Cp of
crystalline solids. A glass differs from a liquid due to the absence of some degrees of freedom

frozen at Tg. Even below Tg vibrational and localized relaxation motions can occur in glassy
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3. The Glass Transition Phenomenon

state. This is the main reason for the slight excess of the specific heat of the glass in
comparison with the crystal. The thermodynamic quantities involved in Cp (or H, S...) can be

separated into a vibrational and configurational contribution.
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Figure 8: Schematic illustration of the vibrational and configurational contribution of Cp in both
crystalline and glassy phases. Some specific molecules are numbered in order to identify their

position after the conformational change occurs

The temperature defined by the intersection of the liquid and vitreous portion of the volume
or enthalpy vs. temperature curve is the glass transition temperature, Tg. Then, Tg marks the
transition from amorphous supercooled liquid to the glassy amorphous state. At this
temperature the characteristic time for structural relaxation approaches the time scale of a
macroscopic experiment 100 -1000 s. At the same time the viscosity value reaches 102 Pa.s.
Therefore molecules rearrange so slowly in such a way that they cannot explore the entire
possible sample configurations in the available time permitted by the cooling rate. The

supercooled liquid is structurally arrested and falls out of equilibrium [4,37,38]
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1.4 The Glass Transition Models

Several theories and models have been proposed to explain the phenomenology and physical
fundamentals of the glass transition. They can be classified into two types: a thermodynamic
and a dynamic viewpoint. The first considered the glass transition as a kinetically controlled
manifestation of an underlying singularity described by thermodynamic properties. This
viewpoint concerns the Doolitle [39] or Cohen-Turnbull free volume model [40,41] and the
entropy based Gibbs-Di Marzio theory [42]. The second considered vitrification as a purely
dynamic singularity described by molecular mobility [38]. The purpose of this section is not to
make a catalogue of existing theories on the glass transition but to highlight the link between
thermodynamic and dynamic viewpoints. For this reason we will focus on the Kauzmann

paradox and the Adam-Gibbs cooperative rearrangement region theory.
a) The Kauzmann Paradox

Kauzmann defined the glassy state as a necessity of matter in these terms ““the vitreous or
glassy state of liquids evidently only exists because experiments performed by mortal beings
must of necessity be of limited duration” [43].

The entropy of a liquid phase, §;;, exceeds that of the corresponding crystalline phase S, at
the melting temperature. However, upon cooling S;;, decreases more rapidly than S.,. Let’s
hypothesize that we can undercool the liquid phase ultra-slowly, while avoiding crystallization
or vitrification at low temperature. As illustrated in figure 9 at a particular temperature called
Kauzmann temperature Tk the entropy difference between the liquid and its corresponding
crystalline phase vanishes. Below Tk the entropy of the crystal becomes greater than that of
the imaginary liquid. This unphysical result of the glassy state phenomenology is known as the
““Kauzmann Paradox”. Experimentally no proof of such behavior has been highlighted since
vitrification or crystallization seems unavoidable during undercooling. The Kauzmann paradox
has been a permanent theoretical cogitation for many decades. In order to solve this puzzle,
Kauzmann proposed the existence of the liquid intrinsic limit of metastability in the vitreous
state temperature region. This limit of metastability implies a spontaneous crystallization
process at temperature lower than Tk due to a critical decrease of the nucleation barrier

[4,43]. Consequently, if vitrification did not occur between Tg and Tk crystallization would
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4. The Glass Transition Models

remain inevitable. The second approach considered the opposite reasoning. If crystallization
is bypassed upon cooling, the supercooled liquid can only escape the entropy crisis by
undergoing a sharp glass transition at a defined temperature Ty. This transformation known
as the “ideal glass transition” is a true thermodynamic transition by contrast to the

experimental glass transition [38,44].
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Crystal
’ |
z Sliq (TK) = Scx (TK) |
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Figure 9: Schematic entropy S evolution as function of temperature of a liquid and its
corresponding crystalline phase. AS,, is the melting entropy. The extrapolated liquid

entropy equals the crystal entropy at the Kauzmann temperature Tk
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b) Adam-Gibbs (AG) Theory

The merit of Adam-Gibbs theory is to rationalize the link between the two approaches of the
glass transition physics. The foundation of this model is built from the Gibbs and Di Marzio
entropy theory. From the latter theory, the entropy of a glass forming liquid can be separated
into two contributions: a configurational and a vibrational contribution in such a way that the
vibrational part is equal to that of the crystalline solid phase. As the liquid is undercooled, the
entropy of the system drastically decreases due to a diminution in accessible configurations.
Therefore the configurational entropy (defined as the entropy difference between the
undercooled liquid and the crystal) diminishes upon undercooling and vanishes at Tx[38,42].
The latter phenomenological description advances a structural arrest of configurational
rearrangements at Tk with the condition that the liquid be undercooled without crystallization
or vitrification occurring. Therefore, the AG model theorizes a thermodynamic phase
transition to a state of zero configurational entropy and infinite relaxation time at Tx. From
this description, the temperature evolution of the relaxation times can be expressed as a
function of the configurational entropy S, [4,45] as follows:

T=AexpC/TS.(T) (5)
where Cis a constant containing an activation energy term. A fundamental notion developed
in AG theory is the concept of ““‘cooperatively rearranging region” defined as a subsystem of
molecules that can rearrange itself into a different configuration independently of its
surrounding environment resulting from an enthalpy fluctuation. As the liquid is undercooled,
the cooperatively rearranging regions grow and relaxations demand the concerted
participation of progressively bigger and bigger cooperatively rearranging regions. This
increase of cooperativity is reflected by a loss of configurational entropy linked to a decrease

of molecular mobility in AG theory [38,45].
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I.5- Molecular Mobility in Glass Forming Liquids by Broadband Dielectric

Spectroscopy

So far we focused on the thermodynamic description of glass transition manifestation below
and above Tg. Therefore one of the fundamental aspects of this process is the out of
equilibrium character emphasized by relaxation phenomena from the undercooled liquid to
the vitreous state and vice versa. The understanding of the nature and origin of these
relaxation motions and their temperature evolution, remain one of the main challenges of
condensed matter physics [46,46,47]. These interrogations originate from the complex
dynamics in glass forming liquids. Several experimental techniques are used to probe
molecular dynamics in such disorder materials by applying a perturbation (electrical, magnetic
or mechanical) on the system and monitoring its relaxation toward equilibrium. The most
prominent among these are nuclear magnetic resonance techniques [48], mechanical [49],
dielectric [50], enthalpy [51]and volume relaxation [52]. When the dynamic of molecules
implies the mobility of permanent dipole moments or ionic displacements, broadband
dielectric spectroscopy persists as one of the most useful tools to inquest molecular mobility
[47,53]. This powerful tool covers over 16 decades in the frequency range which enables

measurements of different dynamics from the undercooled liquid to the vitreous state.

I.5.1 Relaxation Processes in Glass Forming Liquids: from the Supercooled

Liquid to the Glassy State

The vitrification of a liquid implies a gradual slowing down of molecular motion as
temperature decreases with a concomitant increase of viscosity. The dynamical character of
such glass forming liquids and thus its relaxational processes, covers a wide frequency range
from local vibronic processes around Ty, to highly cooperative motions at the vicinity of T,
[54] (see figure 10). Molecular motions in such systems are rather a complex affair. In the
liquid state, the molecular motion is governed by a single response time with a temperature
dependence reflecting a single activated process, followed by the appearance of at least two
processes in the undercooled regime, a slow non exponential and non-linear [46,55] process
due to intermolecular cooperativity [45,47,56,57] with a departure from an Arrhenius

behavior, and a faster secondary process that remains active even below Ty with an Arrhenius
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temperature dependence. In the following sections we will analyze the dynamical behavior
and its origins in glass forming liquid from the undercooled liquid to the glassy state by

dielectric spectroscopy.
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Figure 10: Schematic evolution of the dielectric loss peak €” at two temperatures T; < T, over
20 decades in the frequency range (top figure) and its analogous temporal evolution ® (t)
illustrating different possible relaxation modes in a glass forming liquid (bottom figure).

Adapted from [47]
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5. Molecular Mobility in Glass Forming Liquids by Broadband Dielectric Spectroscopy

a) Structural Relaxation a

The structural relaxation process is a common feature in glass forming liquids associated to
the dynamic of glass transition. This process is observed in the undercooled liquid at
temperatures higher than T;. Generally the dielectric loss associated to the a relaxation
presents a broad and asymmetric shape with an intensity significantly higher than other
processes. According to Adam-Gibbs model of glass transition, this process originates from a
cooperative motion in several sub-systems of molecules that can rearrange in a certain
environment independently from each other called CRR’s. As temperature decreases the
relaxation time drastically increases and reaches a value of 100 s at T; this is the dielectric T}
(Approximately equal to the calorimetric T,). At Ty, the structure of the liquid is frozen and
the glassy state is reached. Additionally the structural relaxation time becomes very slow in
such a way that extremely long time (low frequency) measurements are required for its
detection at lower temperature. This abrupt increase of relaxation time with the temperature
decrease induces a nonlinear temperature evolution of the relaxation time. The empirical
Vogel-Fulcher-Tamman-Heise (VFTH) [58,59] model is usually used to quantitatively describe

the temperature evolution of the a relaxation time. Equation gives the VFTH expression:

Ty = Too €XP (TD_TTOO) (6)

where 1, is the dielectric relaxation time in the high temperature limit with a typical value of
about 7, = 107135 (1, has the physically reasonable value corresponding to angular
attempt frequencies for independent rotation of the molecules at high temperatures) [cited
in 34], D is a constant and T is the Vogel temperature interpreted as the glass transition of
an ideal glass, ie a glass obtained with infinitely slow cooling rate. Although the VFTH equation
is generally in good agreement with the relaxation time temperature dependence behavior
derived from experimental measurements, a clear physical meaning of this equation is lacking
[60]. As illustrated in figure 11, the temperature evolution of the relaxation time (or viscosity)
of all glass former does not express the same deviation from an Arrhenius behavior near
the Tj. The quantification of this deviation is at the origin of a classification in glass forming
system. The latter classification permitted to distinguish two types of behavior: strong (if the
temperature evolution of 7, is close to an Arrhenius nature when plotting log T, as function

of the scaled temperature T, /T), and fragile (if the scaled temperature evolution of log 7,
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deviates strongly from the Arrhenius behavior but fits well with a VFTH law). This deviation
near Ty is quantified by the so called fragility parameter m or the steepness index defined by
Bohmer and co-workers [61] as follows:

_ [dlogra _ __ D(To/Tg)
d(T/Tg) T=T, (1—(T0/Tg))21n10

(7)

where D is the strength parameter.
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Figure 11: Evolution of the viscosity (log scale) as a function of the scaled temperature T, /T of

different glass formers exhibiting either a strong or a fragile behavior. From [3]

Following the value of the fragility index parameter m, a glass former is considered as strong
when m < 30 and fragile when m = 100. For the particular case where 30 < m < 100 the
liguid can be considered as an intermediate glass former.

Many attempts were carried out to establish a correlation between the fragility index m and
the GFA or the glass stability (GS). It is usually considered that good glass formers mostly
present a strong ““character”’, while fragile systems usually demonstrate marginal GFA [36,62].
This observation is mostly accurate for some classes of material such as metallic and inorganic
systems but remains questionable concerning molecular or pharmaceutical compounds
[20,63,64]. Due to contradictory features on the hypothetic link between these parameters,
no general consensus up to now has been found. Nevertheless, it is universally accepted that

strong liquids are resistant to structural change due to temperature fluctuation near T,
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whereas fragile systems undergo larger structural reorganization with temperature leading to
non-Arrhenius character of the structural relaxation time temperature evolution. Béhmer and
coworkers [61] based on a set of experimental results establish a general but rather broad
empirical linear relation, linking the structural relaxation KWW shape parameter £, tom
for several glass forming systems given by:

m = 250 (+30) — 230 Bxww (8)
From equation 8 one can understand that fragile system with high value of m should be
characterized by broad relaxation peak (smallg,,.,, value) near T, while strong glass former
should present low level of non-exponentiality of the dielectric response (8., value near 1).
As depicted in figure 12 some subgroups of glass forming system deviate from this general
trend among which hydrogen bonded organic liquids (mostly aliphatic monohydric alcohols)
and orientationally disordered crystals. Therefore there are some special circumstances that

rationalize this behavior [61].
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Figure 12: Evolution of the fragility index m as function of the stretching parameter f xww
for several subsystems of glass forming materials at a time scale of 100s. The minimum
fragility value m =16 is indicated by the dashed line while the solid lines are calculated

according to equation 8. From [61]
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b) Molecular mobility in the glassy state: secondary relaxation processes

Upon cooling of an undercooled liquid, the time scale of the structural relaxation process
highly increases and becomes extremely long in such a way that it is considered as “frozen”
below T, at the experimental timescale. However, molecular mobility still persists at this low
temperature range with characteristic times shorter than that of the a process. These
relaxations are mainly called secondary relaxations and known as ,y,6 and so on (in order of
decreasing timescale). Secondary relaxations can also occur in the supercooled liquid state
concomitantly with the main a process but at higher frequency or lower temperature. These
processes can be related to internal degrees of freedom of the molecule such as reorientation
or vibrational motions or side group motions of the constituents [65,66]. The dielectric
intensity Ae of secondary relaxation is generally weaker compared to that of a relaxation.
Moreover, the shape of the dielectric loss is generally broad and the temperature evolution

of the relaxation time follows an Arrhenius law (most clearly below Ty) given by:

T(T) = Texp (li—AT) or T(T) = Texp (%) (9)
where, 7, is the characteristic time at high temperature limit of the order of atomic vibrations
(10''to 10%s), E, is the activation energy of the process representing the potential barrier
resisting the molecular rearrangement, kg is the Boltzmann constant (kz = 1.3806488 X
10723m?%kgs~2K~1) and R is the ideal gas constant (R = 8.3144621 J.mol"*K~1). Johari
and Goldstein (JG) showed that not all secondary relaxations originated from local or internal
molecular modes of motions [67,68]. Even molecules lacking flexible branches can present an

authentic secondary process. These secondary processes named 3 Johari Goldstein (ﬂ]G) are

genuine features in glass former and emanate from the motion of mobile clusters in a frozen
environment [21,67,69]. Considering its intramolecular or intermolecular nature, secondary
relaxation motions are non-cooperative and localized motions. Yet the nature of these
motions and their spatial distribution are still a matter of intense debates from which two
main interpretations can arise: according to Johari [21,70] there are structural heterogeneities
in the glass and secondary relaxations in general would correspond to motions of molecules
situated at local region of low density called “islands of mobility”’. The second interpretation
considers that the main and secondary processes are continuous and represent the evolution

with time of a single process whose long time evolution is assigned to the main process [4,71].
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The last interpretation has some affinity with the coupling model introduced by Ngai, in which
secondary 3 is considered as located near an independent or primitive process (that implies
the motion of the molecule as a whole) precursor of the cooperative main a relaxation
[46,72,73]. The characteristic time of the primitive motion T, is approximatively the same as
that of B;g motion and expresses as follows:

Ty6(T) = 1(T) = [t (D] ™" (10)
where n is the coupling parameter (n =1 — Bxww), tc is the time characterizing the
crossover from independent to cooperative fluctuations found to be closetot. = 2 X 10712 s

for molecular glass formers [70], T, is the relaxation time associated to structural relaxation

t )BKW

TKWW

derived from KWW function (®(t) = exp [—( W] where ®(t) is the dielectric

response in the time domain and Bxww the stretching parameter).
c) Peculiar Debye relaxation in some glass forming liquids

Generally, in the supercooled liquid the main motion localized at the lowest frequency range
is known as the structural relaxation process associated to the dynamic of glass transition and
molecular cooperative motions in an environment of few nanometers [15,74]. However, some
glass formers display a slower dielectric relaxation than a process with a Debye like behavior
but a non-Arrhenius temperature dependency of the relaxation times as illustrated in figure

13 for 2-ethyl-1-hexanol (2E1H) [75].
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1000/ T (K)

Figure 13: Activation traces of the three dielectric loss peaks of 2-ethyl-1-hexanol 2E1H.
Symbols are experimental results; lines are guides only. The inset shows the loss spectrum
at T = 166 K equivalent to the dashed vertical line in the main figure and identifies the
correlation with the activation traces. Process I, Il and Il refers as the Debye, a and 8

processes respectively. From Huth et al [75]

The so-called D process has been observed in many hydrogen bonded liquids such as water
[76,77], monohydroxy alcohols [78-82], N-mono-substituted amides [83-86],
pharmaceuticals [87-90], but also in non-hydrogen-bonded liquids involving rotational
isomerism such as methylcyclohexane or other derivatives of cyclohexane highlighted by
means of mechanical spectroscopy at ultrasonic frequencies [91]. The latter case originates
from interconversion of the cyclohexane ring between two nonequivalent chair

conformations, from equatorial to axial orientation of side groups as depicted in figure 14.

CH,

Axial Equatorial

—_—

H

Figure 14: lllustration of the interconversion between the two non-equivalent chair

configurations. Adapted from Mandanici et al. [91]

33



5. Molecular Mobility in Glass Forming Liquids by Broadband Dielectric Spectroscopy

The relaxation time of D-process in cyclohexane derivatives exhibits Arrhenius temperature
dependence as shown in figure 15. Thus, the transition from the axial to the equatorial
conformation is controlled by an activation enthalpy barrier hindering conformational
changes [91]. D-process observed in H-bonded liquids may emanate from different molecular

origins compared to those mentioned in cyclohexane derivatives.
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Figure 15: Temperature dependence of the relaxation frequency of the structural relaxation and
secondary processes in ethylcyclohexane (ECH) revealed by mechanical and dielectric
spectroscopies. The Debye process revealed by mechanical spectroscopy is indicated by the
arrow. The characteristic temperaturesT,, T,,and T, refer as the boiling point, the melting

point, and the glass transition temperature respectively. More details are reported in ref [92]

The D-process observed in monohydroxy alcohols (or mixtures) and secondary amides (or
mixtures) usually show very high dielectric intensity (almost 90% of the global dielectric
polarization). The case of 2-ethyl-1-hexanol (2E1H) [81] and mixture of N-ethylacetamide
(NMA) and N-methylformamide (NMF) [86] are displayed in figure 16. Common practice
usually attributes the prominent and slowest dielectric process to the structural relaxation.
Regarding the exponential nature of the dielectric loss peak and the non-correlation of the
relaxation time with the dynamic of structural relaxation, the slowest process in 2E1H and

NMAo sNMFo s are assigned as the exponential Debye process (single relaxation time).
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Figure 16: Dielectric loss peak of 2-ethyl-1-hexanol [81] and a mixture of N-methylacetamide

with N-methylformamide as a function of the frequency [86]

More surprisingly, even though the dielectric intensity exceeds by many orders of magnitudes
that of the structural relaxation, it does not contribute in the calorimetric signal [93] as

displayed in figure 17.
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I |
10°F " 2.ethyl-1-hexanol
v=10Hz
100§
=OQ. s
“ 107
10'25- \
140 150 160 170 180 190
T (K)

Figure 17: Loss components €” and Cp” for 2E1H vs temperature, both measured at a
frequency of = 10 Hz. The Cp”’ curve is shifted arbitrarily along the ordinate scale. The dashed
lines separate the dielectric signal into the Debye (I) and non-Debye (lII) contributions. From

Huth et al. [75]

Unlike the absence of a calorimetric signature, the Debye process can exhibit a mechanical
signal. Gainaru and coworkers [94] evidenced by high resolution shear mechanical
spectroscopy the mechanical signature of D process in two monohydroxy alcohols (2E1H and
4M3H) close to the glass transition region as shown in figure 18. The dielectric contribution of
the structural relaxation process to the global polarization in these systems is lower than 5%,
which means that only few molecules contribute to the dynamic of the glass transition (see
figure 16). It is counter intuitive to imagine that the orientational diffusion of this small
population of molecules can control alone the viscosity or structural relaxation of the
supercooled liquid. Nevertheless the origin of D-process and its possible implication in the
dynamic of the glass transition is still matter of intense debates even though numerous models

have been proposed to explain it microscopic origin.
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Figure 18: Master plots for the real part (scale on the right side) and the imaginary part
(scale on the left side) of G*(v) showing normalized shear moduli for (a) 4M3H and (b)
2E1H. From Gainaru et al. [94]

® Microscopic origin of Debye Process: Case of Monohydroxy Alcohols and

Secondary Amides
Monohydroxy alcohols and secondary amides can be generalized as HB forming systems. All
the available theories and models around the Debye process are based on this general feature.
Therefore the above features described for the case of monohydroxy alcohols and secondary
amides do not occur in every liquids that involve hydrogen-bonding [95]. For example, Debye
peak is not reported in most polyalcohols or diols [96,97]. Moreover, it has been observed
that some monohydroxy alcohols can lack this Debye process, e.g., salol, 2-phenyl-1-ethanol
[98], 1-phenyll-propanol [99], and 1-phenyl-2-propanol [100]. The explanation of these
exceptions is based on steric hindrances that prevent the capability of forming an
intermolecular hydrogen-bonded network [95]. Consequently, the occurrence of the Debye
process implies that the hydroxyl (OH) or amide (NH) groups should be sterically available in

order to build intermolecular hydrogen-bonded networks. Additionally associated liquids can
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be considered as a special class of liquids. Due to the strong directional hydrogen bonding,
they tend to be locally more organized than ordinary liquids [101]. It was recognized early
through x-ray diffraction experiments [102], that alcohols have very specific local molecular
arrangements that show up as a pre-peak in the structure factor (see figure 19). The existence
of the inner peak has been mostly associated with a manifestation of H-bonding tendency in

such liquids [93,103]. This viewpoint is also dominantly found in several light scattering

experiments [104,105].
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Figure 19: X-ray diffraction patterns of (a) (4M3H) x (2B10) 1-x and (b) (2E1H) x (2M1B) 1-x recorded
at room temperature for several concentrations x. The compositional evolution of the prepeaks as
well as of the mainpeaks of the two mixture series is different. The arrows highlight how the

prepeak and mainpeak maxima evolve for increasing concentrations x. From [106]

On the other hand, spectroscopic measurements [107] put a clearer accent on clusters as
independent entities, seen both in pure and mixed alcohols. From the theoretical side, most
approaches are made by simulation techniques [105-108], where the accent is put more on
modeling interactions and fitting thermodynamic properties rather than clustering. It is
possible to gather some information on the clustering for these systems from quantum
calculations [109], and corroborate them with spectroscopic data [107]. Such approaches

reveal the rich variety of cluster shapes (see figure 20), usually involving a number of

molecules around five [101].
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Figure 20: Characteristic clusters for methanol showing cyclic and linear configurations. From [101]

Several models based on dielectric spectroscopy measurements try to give a general account
of the microscopic origin of D-process in monohydroxy alcohols and secondary amides
regarding the possible structural correlation among neighboring molecules linked by H-Bonds:
The ““wait and switch”” model [95,110,111] in which the relaxation time is governed by the
period for which a set of hydrogen bond partners (within the hydrogen network) has to wait
for favorable conditions. As the energy minimization condition is fulfilled the reorientation of
a molecular permanent dipole can exist. These conditions are provided by the reorientation
of an additional molecule or group which firstly tends to lower the potential energy barrier for
reorientation and at the same time, offers a site for the formation of a new hydrogen bond
(see figure 21). By forming a branched (bifurcated) hydrogen bond and offering a site for the
formation of a new bond, this neighbor tends to flatten the potential energy barriers [111], as

indicated by the dashed energy curve in figure 21.
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Figure 21: Sketch of a potential energy barrier separating two di-rections (Y; Y*) of the
permanent dipole moment I, and sketch of a bifurcated hydrogen bond (bfhb) in a chain-
like alcohol cluster. The dashed curve shows the reduction in the potential energy AE due

to the additional neighbor near the chain and the bfhb situation. From Kaatze et al [111].
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The ‘““dipole inversion by cooperative rotation of OH groups engaged in the
multimers’’model [112] assuming that liquid alcohol molecules exist in association equilibria,
involving both hydrogen-bonded ring dimers and linear chain n-mers, and each of the n-mers

alters or reverses its dipole moment by successive rotation of the individual hydroxyl groups.

“self-restructuring transient-chain’”” model, where molecules break off from or add to the
ends of the chain promoting slow rotations of the effective dipoles of the chain [113,114]. As
previously reported, several shapes of clusters formation are possible (cyclic and linear
configurations). But regarding the high dielectric intensity of D-process, it is more obvious that
the effective dipole responsible of the main dielectric response is made up of linear HB chains.
The D-process is analogous to the dynamical behavior of the ““normal mode” observed in
some polymers [94]. According to Stockmayer model [115], the normal mode reflects the
reorientation of the total dipole moment of the entire polymer chain (i.e., the sum of the
segmental dipole moments parallel to the polymer chain), which is proportional to the

distance vector r between the ends of the polymer chain (see figure 22).

U,0r T,

Figure 22: Schematic representation of chains with segmental dipole moments parallel to
the polymer chain backbone. Correlation of dipole vector u,with displacement vectorr,,

from [115]

It is important to quote that in polymer the segmental chains are permanently present, while
in the case of alcohols or secondary amides the existing chains are transient (the lifetime of
an HB being of the order of few picoseconds) [116,117]. The “self-restructuring transient-
chain” model proposed by Gainaru et al. [114] takes into consideration this transient

character of the HB attachment or detachment events (see figure 23).
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Figure 23: Schematic illustration of the transient chain model. Mutually bonded OH groups

are shown in color. The sequence of frames is meant to visualize how molecules attach to
the chain and detach from it. The dotted arrows highlight the end-to-end vector of the self-
restructuring, transient chain. Its reorientation, corresponding to the Debye process, is

obviously very slow on the scale set by the elementary steps. From [114]

For polyalcohols or different HB forming liquids, with each molecule carrying several OH or
NH groups, branched structures result. Hence, a well-defined end-to-end vector does not
exist. Merely, a component dipole moment may be associated with each temporarily existing
branch. However, the unsynchronized OH or NH switching occurring in such a multiple-branch
structure will lead to an effective mutual cancellation of the component moments. Thus, with
a vanishing net dipole moment a supramolecular dielectric signature does not arise from such
branched structures, and a Debye process is not expected in harmony with the experimental

situation.

e The D-process in Ibuprofen and Flurbiprofen

The specific case of ibuprofen and flurbiprofen D-relaxation is worth mentioning. The
microscopic origin is typically different from the case of monohydroxy alcohols or secondary
amides. The Debye process in the profen family is of low magnitude and observed as a weak
shoulder at lower frequencies than the structural relaxation as displayed in figure 24. Even
though its relaxation time illustrates a non-Arrhenius temperature dependence, this process
emanates from physical mechanisms different from what has been presented up to now. From
the MD simulations, it was found that the cyclic structures present in ibuprofen or flurbiprofen

are characterized by longer lifetimes, smaller dipole moments and low Kirkwood correlation
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factors. This might imply that the hydrogen bonded cyclic structures are associated with this

Debye peak [87,89,90].
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Figure 24: Ibuprofen real (open circles) and imaginary (filled circles) parts of complex
permittivity at (a) 243 K, and (b) 273 K. The solid lines represent the overall fit and the

dashed lines the individual fit-functions. From [87]

The carboxylic O=C—0O—H group of ibuprofen can take two conformations as illustrated in
figure 25. HB intermolecular associations play an important role on the stabilities and
interconversion kinetics of the Cis and Trans conformations. Indeed, the Debye-like process is

associated to the dynamic of the cis-trans conversion of the carboxyl group influenced by the

intermolecular HB associations [89].
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Figure 25: Schematic representation of the two conformations of the O=C-O-H group. From [90]

e Temperature Dependence of D-Process Relaxation Time

In most cases the temperature dependence of D-process follows the non-Arrhenius behavior.
The model of “fluctuating free volume” developed in the years 60’s successively by Litovitz &
Mc Duffie [118], Anderson & Ullman [119], and Johari & Dannhauser [120] brought a physical
description of the single exponential correlation time for D-process and the distribution of the
relaxation time of the structural relaxation. This model assumes that structural relaxation
must be fast compared to dipolar reorientation. In this way the surroundings of all molecules
are the same on a time average. This situation leads to a single experimental correlation time
which reflects a weighted average of the reorientation probabilities in each of the many
environments. However, because of the hydrodynamic aspects of the motion that affects the
end-to-end distance and orientation, the correlation time of the chains will be governed for
the most part by viscosity and its temperature dependence [121]. As a result, the activation
traces of Debye and structural peaks are approximately parallel.Additional temperature effect
may result from the temperature-dependent partitioning into different chain lengths, rings,
and other structures. Because D process is slow compared with the primary structural
relaxation process, dynamical heterogeneities will have averaged out and only a single time
constant prevails; i.e., the Debye nature of this polarization process originates from the

environmental fluctuation being fast compared with the Debye relaxation time [121].
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1.6 Physical Aging Phenomenon

As previously mentioned, molecular mobility in glass forming systems still persists below Ty
even though the structure of the liquid is considered as frozen at the laboratory time scale.
The glassy state is literally an out of equilibrium state. As a consequence, a variety of intriguing
phenomena such as physical aging, memory effect or rejuvenation are observed [4,122].
When stored below T, the out-of-equilibrium glass will gradually relax towards an equilibrium
state. The relaxation toward equilibrium is a time dependent process that implies a
modification in thermodynamic properties [123,124] such as enthalpy (entropy), specific
volume, refractive index, and mechanical properties such as density [125,126], brittleness or
toughness [127,128], as well as dielectric properties such dielectric strength and dielectric loss
[122]. Figure 26 a) illustrates the enthalpy H time evolution for an initially prepared glass, aged
for t; and t, at a given aging temperature T,. The initially glass formed presents a high
enthalpy value. Therefore when the glass is stored below T, at an aging temperature T, it
slowly evolves towards equilibrium by lowering its enthalpy, this phenomenon is called
physical aging or enthalpy relaxation. For identically prepared glasses, the larger the deviation
from T, the slower the aging kinetic. Theoretically after long aging time, the aged glass can
reach the lowest enthalpy value H,, synonym that the liquid equilibrium (liquid enthalpy line
extrapolated in the glassy state) has been achieved. As the aging temperature is lowered,
longer times are required to reach equilibrium. Calorimetric approaches are usually used
when it comes to investigate the kinetics of physical aging. When an aged glass is heated above
the glass transition temperature, an overshoot peak referring to enthalpy relaxation is
generally observed. As the aging time increases, the overshoot peak is shifted towards higher
temperatures and its magnitude increases up to a limit value at which equilibrium is normally
reached (generally after very long aging time). The continuous shift of the overshoot peak
towards higher temperatures is related to the fact that upon aging some degrees of freedom
are lost, the residual free volume and enthalpy are lowered, and thus, the aged glass possesses
less molecular mobility compared to the unaged glass. Therefore the lost properties are
recovered upon heating at temperature higher than T, where molecular mobility is high
enough to allow it [4]. Figure 26 b) displays the heat flow signals of the unaged (t,) and aged
glasses (for t; and t,) as a function of temperature. From these curves it is possible to

evaluate the recovered enthalpy upon heating which is equivalent to the enthalpy loss during
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the storage time. The calculation procedure consists in integrating the difference between the

specific heat of the aged and unaged scans according to the following equation [51]:

BH(T,,t,) = J*[Co(T) - Ch(m)].T (11)

in which C5(T) and C,(T) are the specific heat of aged and unaged samples respectively, and
T1 and T, are arbitrary temperatures below and above Tg. Under the assumption that
thermodynamic equilibrium is reached for an infinite aging time, the expected enthalpy loss

AHo extrapolated from the equilibrium melt depends on T,, Tg and on the heat capacity step

at Tg, AC, according to the following relation:

AHg = AC,. (T - T,) (12)
The kinetic of enthalpy relaxation can also be investigated in terms of the change in fictive

temperature. This notion was introduced by Tool in 1931 [129]
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Figure 26: a) Enthalpy vs time evolution of an aged glass at Ta for three aging times (t,, tyand t.,) b)

Temperature evolution of the heat flow after aging is accomplished at Ta for t,, t;and t..

The fictive temperature is defined as the actual temperature T; of the same compound in the
equilibrium, metastable supercooled state whose structure is expected to be similar to that

of the glassy state. At Ty, the thermodynamic properties (the enthalpy in the present case) of
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the heated glass intercept with those of the metastable equilibrium. As the aging time
increases, the glass evolves towards equilibrium while Ty decreases to a limit value equal to
that of the aging temperature T, as equilibrium is reached. The calculation of T¢is performed
according to Moynihan’s method (see figure 27) by solving equation 13 also known as the

equal area rule expressed as follows:

T>T T>T
fT: g[Cp,liq - Cp,glass]-dT = fT:ng[Cp - Cp,glass]-dT (13)

Monitoring the time dependency of T¢ can therefore give information on the enthalpy

recovery kinetic.
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Figure 27: Calculation of Ty by application of the “equal area rule” on Cp (T) curve.
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ll- Chirality
II.1 A Brief History of Chirality

The term “chiral” was introduced for the first time in 1884 by Lord Kelvin (also known as Sir
William Thomson) in his Baltimore Lectures on Molecular Dynamics and the Wave Theory of
Light. The term was defined in the following manner: ““I call any geometric figure, or group of
points, chiral, and say it has chirality, if its image in a plane mirror, ideally realized, cannot be
brought to coincide with itself’ [130]. Etymologically the term chiral derived from the Greek
“cheir’ referring to hand. The pair of hand is the most familiar expression of chirality as
depicted in figure 28. Some molecules act like hands and are considered to be chiral. A “chiral”
molecule and its mirror image are enantiomers of each other. When the image objects can be
brought to superimposed they are considered as “achiral”. For a pair of enantiomers, no
difference in the interatomic distances exists. Therefore they possess the same geometrical
parameters. Consequently, enantiomers cannot be differentiated in terms of geometry but in
terms of direction (left, right, clockwise or anticlockwise, etc.), i.e. in terms of vector rather
than scalar quantities. Both enantiomers have the same physical properties (melting point,
melting enthalpy or entropy, glass transition, solubility in achiral media, refractive index, IR,
RMN, Raman, UV spectra, etc) same reactivity in achiral media, but differ in terms of sign and
not in magnitude in some vector properties such as optical rotation, optical rotary dispersion
and circular dichroism [131]. Therefore, chiral molecules have this particular ability to interact
with polarized light: one of the two enantiomers rotates the plan of polarized light to the right
(or clockwise), whereas the other enantiomer rotates the plan of the polarized light to the left

(or counter clockwise) [130-136].
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Figure 28: The left hand and the right hand are image of each other in a mirror but cannot

superimposed [137].
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The highlighting and understanding of chirality result from several experiences and
observations over more than 50 years. In 1808 while looking from his home through a calcite
crystal at the light from the sunset reflected from a window in Luxembourg Palace, Etienne-
Louis Malus discovered that the light that was reflected from the castle windows was
polarized. This discovery three years later permitted to Arago to evidence the optical rotation
of quartz crystals. One year later inspired by Arago’s discovery, Biot showed that they are two
forms of quartz, one dextrorotatory and the other levorotatory. In 1815 Biot extended these
observations to organic substances in solution such as glucose, tartaric acid, camphor etc. It
seemed obvious for him that the optical activity of quartz or other crystals result from the
crystalline packing in the solid state while in solution, it results from specific properties of
individual molecules [131,135,136]. It is only in 1848 that a clear understanding of the optical
activity phenomenon was brought by Louis Pasteur. In 1820 Paul Kestner, a French
manufacturer of tartaric acid, synthesized a compound having exactly the same composition
than the tartaric acid but which did not rotate the polarized light, contrary to the tartaric acid
prepared from wine. Joseph Louis Gay-Lussac gave it the name by which it is now known,
racemic acid (acide racémique, from the Latin racemus, for a bunch of grapes). In 1831 J6ns
Jacob Berzelius cited these acids as examples of compounds having the same chemical
composition but different properties, a phenomenon that he called isomeri (isomerism from
the Greek, isos and meros, composed of equal parts). In 1844 Mitscherlich, one of the most
distinguished crystallographers at that time, made the racemic acid enigma to be more
mysterious. He examined the sodium ammonium salts of tartaric and racemic acids and found
them to be identical in crystalline form except that the former was optically active and the
latter was not. Mitscherlich thought that the “nature, the number, the packing and the
distance between the atoms are the same for both samples”. Therefore, how comes that both
compounds are identical and different at the same time? Pasteur noticed an unusual anomaly
that Mitscherlich had overlooked and put an end on to this mystery in 1848 [135]. A dozen
years after this revolutionary discovery Pasteur recalled it as follows: “/ found...that the
tartrate was hemihedral..., but strange to say the paratartrate was hemihedral also. Only the
hemihedral faces which in the tartrate were all turned the same way were, in the paratartrates
inclined sometimes to the right and sometimes to the left.... | carefully separated the crystals
that were hemihedral to the right from those hemihedral to the left, and examined their

solutions separately in the polarizing apparatus. | then saw with no less surprise than pleasure

48
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that the crystals hemihedral to the right deviated the plane of polarization to the right, and
that those hemihedral to the left deviated it to the left; and when | took an equal weight of
each of the two kinds of crystals, the mixed solution was indifferent towards the light in
consequence of the neutralization of the two equal and opposite individual deviations’ [132-
134]. Pasteur had mechanically separated the two types of sodium ammonium paratartrate
(racemate) crystals from an equimolar mixture of dextrorotatory and previously unknown

levorotatory tartrates (see figure 29)

M oM
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Figure 29: Hemihedral crystals of sodium ammonium tartrates by Pasteur. From [134]

However, there were two elements of sheer luck in his discovery. First, with the possible
exception of the sodium potassium salt, the sodium ammonium salt is the only inactive
tartrate that undergoes crystallization of the two antipodes in different crystal lattice and can
be mechanically resolved in this manner because the two forms of tartaric acid (see figure 30
a)) and the two forms of all its other salts combine to form crystalline racemic acids and
racemates, respectively, which show no hemihedrism or optical activity (see figure 30 b)).
Secondly, Pasteur carried out his experiment in the moderate Parisian climate rather than in
a Mediterranean or tropical hot one. In the latter case he would not have made his
revolutionary discovery, for it was later found that the two sodium ammonium tartrates unite

to form a single inactive, holohedral racemate at temperatures above 26° C [134].
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Figure 30: a) Hemihedral crystals of tartaric acid b) Holohedral crystals of racemic acid

adapted from [134]

Chirality manifests itself in both molecules and crystals, and its origin lies clearly in molecular
architecture. The analogy between crystals and molecules in this context was first caught by
Pasteur, who realized that the nonidentity of the crystal (or molecule) with its mirror image
was due to what he called dissymmetry. Although Pasteur himself conjectured on different
structural arrangements, including tetrahedral, he was unaware of the tetrahedral
asymmetric carbon postulated simultaneously and independently by Jacobus Henricus van’t
Hoff and Joseph Achille Le Bel in 1874. They proposed a structural theory from which chirality
was due to a spatial arrangement around a tetrahedral carbon. If a carbon is linked to four
different substituents, the tetrahedron will be irregular and therefore become a chiral center

[130,135-138].
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1.2 Stereochemical Nomenclature of Chiral Compounds

|II

The use of the term “chiral” remained ignored for nearly one century and was reintroduced
by Cahn Ingold and Prelog (CIP) around the mid-1960s, to define a geometrical model devoid
of certain symmetry elements, with the exception of an axis of rotation [138].The CIP priority
rules named before their authors (Cahn, Ingold and Prelog) established a stereochemical
nomenclature in order to describe the configuration of the asymmetric carbon [139]. After
the substituents of a stereocenter have been assigned their priorities, the molecule is
oriented in space so that the group with the lowest priority is pointed away from the observer.
If the substituents are numbered from 1 (highest priority) to 4 (lowest priority), then the sense
of rotation of a curve passing through 1, 2 and 3 distinguishes the stereoisomers. A center
with a clockwise sense of rotation is an R (rectus) center and a center with a counterclockwise

sense of rotation is an S (sinister) center [140] (see figure 31). The names are derived from

the Latin for 'right' and 'left’, respectively.

Figure 31: Absolute configurations of enantiomers of 2-hydroxypropanoic acid according to

the CIP priority rule [cited in 141].

An enantiomer can be labelled (+) when it rotates the plan of the polarized light to the right,
and (-) when it rotates the plan of the polarized light to the left. The (+) and (-) compounds
have also been termed d- and I, respectively for dextrorotatory and levorotatory.

Amino acids and sugars can be labelled D- or L-, depending on whether the substituent with
the highest priority is to the right or to the left in the Fisher projection of the molecule (see

figure 32).
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Figure 32: Fisher projection of L- and D- Glucose [cited in 141]

Different experimental methods such as Polarimetry, Optical Rotary Dispersion (ORD), and
Circular Dichroism (CD) are used to determine the handedness of a chiral molecule based on
the interaction between a chiral stereogenic center and the incident polarized
electromagnetic radiation. Historically the oldest method used to determine the amount of
each enantiomer for a given sample is polarimetry. Optically active samples deviate the
polarization plane over a specific rotation angle a. The rotation angle can be positive (+) or
negative (-) depending on whether the rotation is clockwise or counterclockwise relative to an
observer place at the exit of the polarized light. The quantification of the specific rotation is

given by Biot law expressed as follows:
(04
la] =1 (14)
where [a] (deg.cm?/g) is the specific rotation depending on the nature of the solvent, the
wavelength of the polarized light and temperature T [a]ﬁ, a measures the rotation expressed
in degrees, | is the path length in decimeters, c the concentration of the solution in g/mL.
When the specific rotation of an optical pure sample [a], is known, it becomes possible to

determine the optical purity of a mixture of both enantiomers expressed as follows:

observed rotation of the mixture

Optical Purity = X 100 (%) (15)

specific ratation of a enantiomer

The optical purity is thus equal to the percentage excess of the major enantiomer over the
minor enantiomer. The term, “enantiomeric excess”, or “ee” for short form, is equivalent to
the optical purity and is actually used far more often for expressing the enantiomeric purity of

a mixture given by:

__|r-s|

ee = ——
r+s

x 100 (%) (16)
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r and s are the respective mass fraction of R and S enantiomers such that r + s =1. Like the
optical purity, the ee is highly dependent of the solvent nature and the temperature of
measurement. When the ee=100% the sample contains only one enantiomer, the latter is
named enantiopure. For ee=0% the sample contain an equal proportion (50/50 ratio) of both
enantiomers and the composition is consider as racemic. If 0% <ee <100% the sample is
reported to be at the scalemic composition. In the next section we will focus on the
thermodynamics of chiral compounds through the study of the main phase equilibria that
could exist in the solid state for a pair of nonracemizable enantiomers (nonracemizable: no
conversion of an enantiomerically pure mixture to a situation where both enantiomers are

presents).

1.3 Thermodynamics of Chiral Compounds

11.3.1 Gibbs Phase Rule and Binary Phase Diagram between two Enantiomers

A system is in equilibrium when thermal, chemical and mechanical equilibria are achieved.
That means that for a system of n components, the intensive parameters, i.e. the temperature
T (thermal equilibrium), the pressure P (mechanical equilibrium) and the chemical potentials
y; (chemical equilibrium for the component i), are the same in all phases. Gibbs Phase rule
states that “If the equilibrium between any number of phases is not influenced by gravity, or
electrical, or magnetic forces, or by surface action, but are influenced only by temperature,
pressure and concentration, then the number of degrees of freedom (V: corresponds to the
number of intensive variables which can be varied independently without changing the
equilibrium between all the phases) of the system is related to the number of components (n)
and number of phases (¢: an homogeneous, physically distinct and mechanically separable
portion of system, which is separated from other such parts of the system by definite
boundary surfaces) by the following phase rule equation:

V=n+2-9¢ (17)
As previously stated, enantiomers present the same physicochemical properties but opposite
vector properties [142]. For this symmetric reason the phase diagram describing equilibria
between both enantiomers is symmetrical with respect to the vertical axis passing through

the racemic composition. The phase rule has to be carefully considered when dealing with
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3. Thermodynamics of Chiral Compounds

enantiomers. The possible racemization has also to be taken into account. For nonracemizable
enantiomers, the perfect symmetry between the two mirror image components leads to
amend the Gibbs phase rule [138]. Scoot proposed a more generalized rule known as the
Gibbs-Scott rule [143] in order to take into account the singularity of chiral compounds by
distinguishing symmetric components or phases (n,, ¢,) from non-symmetric components or
phases (n4, ¢1).

V=%+n1+2—%—<p1 with ¢, > 2 (18)
When the sample does not undergo thermal degradation before the melting point upon
heating, the binary phase diagram between both non racemizable enantiomers can be built
from Differential Scanning Calorimetry (DSC), Temperature Resolved X-Ray Diffraction
(TRXRD), and Temperature Resolved Second-Harmonic Generation (TRSGH) experiments (for

structural change investigations).

11.3.2 Binary Phase Diagram between both Enantiomers
Three fundamental types of enantiomer systems, described in a pioneering work of
Roozeboom can be identified [144]. The three possibilities are a) conglomerates, b) racemic

compounds, and c) solid solutions illustrated in figure 33.

“i W wv 0w 3 v W Wi
b= IRV - - RV, R« I ¥ o W )
[ I R 7 RV BV BV Vi T wv T owv [T, " T wn
L L wviuw v v = w = wn = 7, W - wn A
Temp Temp Temp
lig lig lig
__— 555
<R>+ lig =8> + lig <R> + li <+ i: <S>+ liq ' ]
<R> + <S> <R> + <RS> | <S> + <RS>| 5.5.8
R S R <RS> s R S
Xy (in %) Xg (in %) X (in %0)
_ —_— ——

Figure 33: Schematic representation of the molecular arrangements and binary phase diagrams in
three types of racemic species in absence of partial solid solution and solid/solid transition.

Adapted from [144]
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Other variations can be encountered, as mixed situations between a conglomerate and a
racemic compound, or polymorphic transition for both pure enantiomer and racemic
compound. The binary phase diagram is obtained by plotting the occurrence temperature of
the various thermal events obtained from DSC at variable compositions. The liquidus line is
therefore obtained by reporting on the diagram the melting point of each analyzed
composition. When it is not possible to examine each single composition (e.g. poor quantities),
simple conjectures liking temperature T to the composition x (molar fraction of one of the
enantiomer in the liquid) can be drawn on thermodynamic basis and depending on the nature
of the liquid-solid equilibrium. In a binary system involving a conglomerate, the relation
between the temperature T of the system and the composition of the liquid phase is generally
described by the simplify Schroder van-Laar equation 19 (case of an ideal mixture). The
equation of Prigogine-Defay-Mauser (equation 20) describes the liquidus line of a binary

system involving a racemic compound.

lnx=£(im—i) (19)
R \1* ™

A m
In(4x(1 - x)) = 2208 (;}HS - Tim) (20)

where:

X is the molar fraction of the enantiomer in excess, 0.5 <x <1
AHZ" is the melting enthalpy of the pure enantiomer (J mol?)
TJ" is the melting point of the pure enantiomer (K)

T™ is the end point of the melting (K)

AHZ is the melting enthalpy of the racemic compound (J/mol)
TF% is the melting point of the racemic compound (K)

R is the ideal gaz constant (R=8.31 J mol* K?)

a) Conglomerate: It is an equimolar eutectic physical mixture of crystals between the two
enantiomers. For conglomerate forming systems the two enantiomers crystallize separately;
each crystal contains homochiral molecules which in principle can be separated manually. The
crystalline structure of the mixture is the same as that of the pure enantiomer since it is a
juxtaposition of both enantiomer structures. In fact from a total of 230 available space groups,
only 65 of them devoid of inverse symmetry elements are compatible with a single enantiomer
in the asymmetric unit for the simple reason that the combination of the different symmetry
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operations (of the space group) should respect the chirality of the molecule. Regarding this
restriction and from available statistics, approximately 5-10% of crystalline racemic species
are of this type [145]. From the phase diagram reported in figure 34 a) one can describe the
thermal behavior of a conglomerate at various enantiomeric compositions. For
transformations that occur at constant temperature and pressure, the relative stability of a
system is determined by its Gibbs free energy. The plotted phase diagram of a conglomerate
can be interpreted by the isothermal Gibbs free energy curve as a function of the composition.
The equilibrium of the system is evaluated at three temperatures T1, T, and Ts. In a simple
eutectic system, where the extent of solid solutions is negligibly small, a mixture of almost
pure components always appears. The Gibbs function associated with the solid phases Gsol
(pure enantiomers) are so steep that they are here considered as vertical [146]. The Gibbs
energies of these mixtures are composed of the Gibbs energies of both components according

to the lever rule [147].

At the temperature Ti, both enantiomers participate in the melting equilibrium. Two

equivalent regions of solid-liquid (R+lig, S+liq) equilibria are present (see figure 34b).

At the eutectic temperature T the straight line Gsoi® — Gsor® itself is the tangent. It touches the
Giig (X) curve at a point which corresponds to the composition of the eutectic (x=0.5). The
phases connected by the tangent are in equilibrium: solid R, liquid with the composition x=0.5

and solid S (see figure 34 c)).

Below the eutectic temperature (T3) all points of the straight line Gso® — Gso® lay below the Gjq
(x) curve. No liquid solution can therefore appear. Only a mechanical mixture of R and S

enantiomers is thermodynamically stable in the whole composition range (see figure 34 d)).
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Figure 34: Energetics of phase equilibria in a binary eutectic of a conglomerate a) system at
three temperatures b) Ti, c) T, d) Ts. Gmin represents the minimum Gibbs free energy when

equilibrium is reached. Adapted from [148]

b) Racemic compound: It is a defined compound formed by a stoichiometric mixture of
the two enantiomers. Additionally, it can be seen as a cocrystal containing equimolar
guantities of both enantiomers, usually paired up. A racemic compound is a heterochiral
crystal, because the unit cell of each crystal contains enantiomeric molecules with opposite
chirality. A racemic compound possesses physical properties different from those of the
enantiomers. Racemic compounds are the most common racemic species, representing 90—
95% of them [135,145,149]. Any one of the 230 space groups is compatible with a racemic

compound provided that the number of molecules in the asymmetric unit Z’ is consistent with
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3. Thermodynamics of Chiral Compounds

the crystalline structure. From a crystallographic perspective, the high occurrence must be
associated with the preference of centrosymmetric space groups [146,150]. From the phase
diagram reported in figure 35 it is possible to give the following descriptions of the system:
At T, Te< T < TR, two phases coexist (liquid-solid) in each of the four biphasic symmetrical
regions (in all these regions the system is monovariant). The solid phase is composed of R or
S enantiomers or the defined racemic compound.

At Tethe system is considered as invariant considering the coexisting phases: liquid, solid (<R>,
<S>, <RS>).

At T< Te the system is considered as monovariant and the defined racemic compound coexists

with crystals of both enantiomers.
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Figure 35: phase diagram of opposite enantiomers crystallizing as a stable racemic

compound. Adapted from [148]

The binary phase diagrams of opposite enantiomers are generally complex compared to what
have been presented up to now. They can involve metastable equilibria such as solid-solid
transition or eutectoid, peritectoid invariants and polymorphic transitions. Racemic
compounds can formed or decomposed through reactions involving solid-solid transitions as
depicted in figure 36 a) and b) respectively.

At T=T¢, a racemic compound forms upon heating engaging a eutectoid reaction as the

following equilibrium takes place: R + S < RS (figure 36 a)).
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At T=Tr, a racemic compound decomposes upon heating during a peritectoid reaction as
following equilibrium takes place RS SR + S (figure 36 b)).

These solid-solid transition phenomena involve very slow kinetics due to the poor diffusion
rate in the solid state. Therefore the thermal detection can be problematic as they may appear

as very low magnitude events.
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Figure 36: Binary phase diagram illustrating two solid-solid transitions between a
conglomerate and a racemic compound leading to a) the formation of a racemic compound

b) decomposition of a racemic compound. Adapted from [148]

c¢) Solid solutions: solid solutions are the rarest type of racemic species formed of equal
numbers of molecules of both enantiomers in a more or less random arrangement. Less than
1% of racemic species are solid solutions. As displayed in figure 37, they can form three types
of solid solutions defined by Roozeboom [144], which differ in the phase diagrams: type a)
ideal solid solutions, type b) solid solutions with a maximum of melting point, type c) solid
solutions with a minimum of melting point. In all these cases, both enantiomers form a solid
solution in all the binary composition. Consequently both enantiomers are distributed in the

same crystalline network but at variable compositions.
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Figure 37: Different types of solid solutions between enantiomers a) ideal solid solutions, b) solid solutions

with a maximum, c) solid solutions with a minimum [144]
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lll- Impact of Chirality in Amorphous State: State of Art

Systematic studies on the amorphous state of molecular compounds with a stereogenic chiral
center are largely available in the literature, but when it comes to the influence of chirality in
the amorphous state, the literature database is poorly furnish. Consequently many questions
are still unsolved and are matter of fixed ideas without strong experimental evidence. The
present paragraph summed up the few studies carried out on this subject and raises some
unsolved questions. For reasons of clarity and simplicity, this paragraph is organized around
two main points: the impact of chirality in the recrystallization behavior from amorphous state

and the molecular mobility respectively.
lll.1 Glass Forming Ability and Crystallization from Amorphous State

As it is the case for several molecular systems, the glassy state of chiral compounds can be
reached using conventional technics such as melt quenching. The GFA is generally strongly
impacted by chirality, more precisely by the presence of the counter enantiomer (opposite
chirality). Considering that both enantiomers present identical scalar properties, it is obvious
that they exhibit the same GFA. However mixture of both enantiomers can considerably
modify their initial properties consequently the GFA may be impacted. For example, a pure
enantiomer can illustrate a good GFA while the racemic mixture is a poor glass former
considering the same cooling conditions. This is the case for numerous set of chiral organic
compounds (e.g. alkylamide derived from trans-1,2-bis(amino)cyclohexane, diprophylline
(figure 38 a)), for which racemic mixture has a much higher propensity to crystallize compared
to the enantiomeric counterpart [148]. The same behavior can be mentioned for RS and
enantiopure ketoprofen. Upon pressure P (50 < P <350 MPa) application, the inverse situation
is observed [35] (figure 38 b)). It is important to notice that the racemic mixtures studied in
the mentioned works crystallize as racemic compounds (i.e. both enantiomers crystallize in
the same crystal lattice) like more than 90% of racemic species [148]. No study in the literature
highlights the case of conglomerate forming systems. One may ask if the behavior reported in

racemic compounds is universal for all chiral systems.
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Figure 38: a) Thermal signature of the recrystallization behavior of diprophylline at
different enantiomeric compositions Adapted from [151]. b) Pressure evolution of the
crystallization half time (main), overall crystallization rate (lower inset), and Avrami
parameter (upper inset) for S-ketoprofen and RS-ketoprofen crystallized along the same

isochrones Adapted from [152].
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Crystallization from amorphous glassy state usually leads to the appearance of highly
energetic states or metastable crystalline solids. This tendency is also observed in chiral
systems. In the case of Limonene the phase diagram corresponding to the thermodynamically
stable state involves the formation of racemic compound (figure 39 a)), whereas the diagram
obtained from amorphous state relies on the presence of mixed crystals (including a
metastable solid solution, figure 39 b)). This can be understand in the framework of Ostwald
rule of stages which states that phase transformations will always proceed through stages of
metastable states whenever such metastable states exist. This rule is empirical, yet it is widely

observed in phase transformations [153].

Another interesting feature reported in figure 39 b) is the invariability of Tg with the ee.
Whatever the enantiomeric composition, Tg value remains constant. The symmetry between
both opposite enantiomers induces a degenerate situation which can be detailed in the

framework of Gordon Taylor law (excess of entropy neglected) in any R-S binary system as

follow:

T, (x) = et ar (21)
With K= ii—z’; =
Therefore whatever the composition, the following expression is verified:

Tg(x) = Tgs = Tyg (22)

Consequently, T, should be independent of the enantiomeric composition [148].
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the developed formulae of both enantiomers of limonene; adapted from [154]

1.2 Molecular Mobility in Chiral Amorphous Compounds

Intuitively it is expected that the changes in the enantiomeric composition should not produce
differences in the dynamic behavior of molecular system since both enantiomers possess
identical scalar properties and Tg is composition independent. This intuition seems verified in
various enantiomeric systems such as ibuprofen [155], ketoprofen [156], and diprophylline

[157]. The relaxation processes are similar such as their rates as illustrated in figure 40. Thus,

the molecular mobility of the presented cases is not influenced by chirality.
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Figure 40: relaxation map in both racemic and enantiopure composition of diprophylline

(top figure) [157] and ibuprofen (bottom figure) [155] respectively

These situations may change under pressure application as is shown in figure 41. Intuitively it
is expected that the changes in the enantiomeric composition should not produce differences
in the dynamic behavior of the molecular system. This result suggest that pressure can modify

not only crystallization properties of a chiral molecule but also their glassy dynamics [156].
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for RS and S-ketoprofen weakens (s=0.92). (c) Comparison of the normalized dielectric loss
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temperatures, but with very similar value of v max.From [156]
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1ll- Conclusion

Il - Conclusion

The link between all these enantiomeric systems is the fact that they crystallize as stable
racemic compounds such as 95% of enantiomeric systems. From these studies, the most
spectacular impact of chirality is expressed in the kinetics of crystallization/vitrification (it
seems much easier to crystallize a racemic mixture than a pure enantiomer). As already
reported in the introduction, we are interested in the case of two conglomerate forming
systems: N-acetyl-a-methylbenzylamine (Nac-MBA) and 5-ethyl-5-methylhydantoin (12H). In
this chiral species, one enantiomer acts like a chemical impurity of same chemical nature as
its counterpart. We will evaluate their GFA, recrystallization tendency, molecular mobility and

their behavior upon physical ageing at variable ee.

The following chapter gives some details about the investigated systems (12H and Nac-MBA)

and the set of experimental and modelling techniques used to fulfill the goal of our work.
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MATERIALS AND METHODS






I- Materials

This chapter presents in the first section the investigated materials namely 5-ethyl-5-
methylhydantoin (12H) and N-acetyl-a-methyl-benzylamine (Nac-MBA). Some details on the
synthesis and purification steps of Nac-MBA are provided. The second section is devoted to
the description of the experimental and simulation tools used to probe the thermal, structural

and dynamic behaviors of both 12H and Nac-MBA systems.

I- Materials

A- 5-ethyl-5-methylhydantoin (12H)

5-ethyl-5-methylhydantoin (CsH10N20; see figure 1a) is a chiral derivative of hydantoin and
used for its antibacterial and antifungal activities [1,2]. Additionally, the ring opening of this
5, 5-disubstituted hydantoin leads to isovaline (2-amino-2-methylbutanoic acid) (see figure
1b)) which is an important a, a disubstituted glycine derivative. As it is the case for other
aminoacids, its incorporation into small up to medium size peptides is able to induce specific

conformational constraints and improve their resistance to hydrolases [2].

a) b) NH:>
HN — .

o=

N
H O OH
Figure 1: a) Molecular formulae of 12H (CsH10N20:2) and b) isovaline (CsH1:NO3)

Racemic mixture of 5-ethyl-5-methylhydantoin was supplied by ABCR GmbH, and analyses
were carried out without further chemical treatment. The pure enantiomer was obtained by
an optical resolution procedure, namely Auto-Seeded Programmed Polythermic Preferential
Crystallization method (AS3PC), performed in SMS laboratory by Beilles and co-workers [2].
The obtained white crystals were grinded and mixed with the racemic sample in order to

prepare different enantiomeric compositions.

79



A- 5-ethyl-5-methylhydantoin (12H)

1- Structural and thermal properties of 12H

The structural resolution of enantiopure 12H has been reported previously by S. Beilles and
co-authors [2] and highlighted the presence of infinite H-bond chains along b-axis. These
strong molecular ribbons (two H-bonds per molecule involving N1, 02 and N3, see figure 2)
are held together by means of van der Walls contacts [2], [3]. Both enantiomers and racemic
12H crystallize in P212121 space group, having identical parameters of crystal unit cell. This fact

is consistent with the conglomerate nature of 12H.

[ ..

Y-

5 = "

™S
v

b
¢

Figure 2: Projection of the crystal structure of 12H along a-axis showing molecular ribbons running

along the b-axis. From [3]

The crystallographic parameters of 12H are summed up in table 1:

Table 1: Crystallographic parameters and thermal characteristics of 12H. From [2—4]

Formula CeH10N20:2
Crystal Class Orthorhombic
Space group P212124

a (A) 7.980 (2)

b (A) 7.219 (2)
c(A) 12.818 (3)
Volume (A3) 738.4 (3)

d 1.28

7,z 1,4
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I- Materials

The melting point of the pure enantiomer is reference at Tn=175°C with an enthalpy
AHm (R or S) =21.9 kl/mol (ASm (R or S) =48.9 (J/(mol.K)). Racemic 12H melts at 141°C with an
enthalpy of 21.3 kJ/mol (ASm (RS) =51.4 (J/(mol.K)). Hydantoin derivative 12H, crystallizes as a
stable conglomerate without any detectable metastable racemic compound or solid solution

(see figure 3). So far, neither polymorph nor solvate of 12H has been identified.

10 .
175
<S> + Liq <R> + Liq
141
<S> + <R>
<S> XR(in %) <R>
>

Figure 3: Binary phase diagram between 12H enantiomers

B- N-acetyl-a-methylbenzylamine (Nac-MBA): synthesis and purification

Nac-MBA is a derivative from a-methylbenzylamine, a widely used chiral resolving agent for
optical resolution procedures. At the end of the year fifties Nerdel and Liebig [cited in 5]
realized the acetylation of a-methylbenzylamine by means of acetic anhydride. This
acetylation reaction can also be operated by acetyl chloride as inspired by Brown and
Moudachirou [6].Optically pure and racemic Nac-MBA were synthesized by acetylation of
pure and racemic a-methylbenzylamine purchased from Aldrich (99%) using either acetic
anhydride or acetyl chloride. The last methods consist to dilute the amine in dichloromethane
and mix the diluted solution with an aqueous solution of sodium carbonate initially prepared.
Slight excess of diluted acetyl chloride in dichloromethane is slowly added to the previous
solution. After stirring, the reaction mixture is decanted and the unreacted products are

removed by successive washings with acid and basic agueous solutions. The washed solution
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B- N-acetyl-a-methylbenzylamine (Nac-MBA): synthesis and purification

is dried with MgS0O4 and evaporated (yield almost 90%). The white powder obtained from
synthesis is doubly recrystallized from toluene or purified by column chromatography (the
developed formula is presented in figure 4). Samples of several ee were prepared by physical
mixtures of both enantiomers. For example, an ee = 0% contains the same amount of both
enantiomers (i.e. racemic), when an ee = 100 % is enantiomerically pure. The optical purity
was verified by polarimetry using a Perkin ElImer model 341 polarimeter dotted with a Na and

Hg source lamps. Experiments were carried out at ambient temperature by dissolving 5 mg of

N

«NH

Nac-MBA opposite enantiomers in 1mL of ethanol.

R-enantiomer S-enantiomer

Figure 4: Developed formula of Nac-MBA enantiomers (C10 H13NO)

1- Structural and thermal characterization

According to the phase diagram established by Druot and coworkers (see figure 5) [5], Nac-
MBA is reported as a stable conglomerate below 64°C. At this temperature a eutectoid
invariant takes place; the conglomerate transforms into a racemic compound. Hypothetically,
the metastable eutectic refers as the melting of residual R and S enantiomers that did not
undergo the eutectoid transition. The racemic compound melts at Tm (RS) = 79°C with an
enthalpy AHm (RS) = 19 + 3 kJ/mol (melting entropy ASm (RS) = 54 (J/(molK)) and the pure
enantiomer melts at Tm (R or S) = 100 °C with an enthalpy AHm (R or S) = 25 + 4 kJ/mol (melting
entropy ASm (R)=66 (J/(mol.K)) [7].
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"o | ® Eutectoid
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604 Figure 5: Experimental binary phase diagrams
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40. N-acetyl-a-methylbenzylamine. From [5]
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The pure enantiomer crystallographic structure was firstly resolved by Aubry and coworkers
in 1980 [8]. In 1996 Druot and coworkers [5] resolved the structure of the racemic compound.
The pure enantiomers crystallize in the tetragonal P412:2 space group and the racemic

compound in the P21/c monoclinic system.
a) Description of the pure enantiomer structure

The side chain plane defined by the N-Acetyl group and the chiral center is 86.2° from the
phenyl ring plane; and the Carbon of the CHs group linked to the chiral carbon is 0.54 A from
the side chain plane. The strongest intermolecular link is a hydrogen bond between N —
H -0 atoms in such a way that: d(N — 0) = 2.86A; d(H --- 0) = 2.03Aand (N — H --
0) = 175.0°. As a consequence, the main feature of the structure is infinite and isotactic
Chains of H-Bonded Molecules (CHBMs) alternately parallel to < 110 >and < 110 > in
successive (004) slices. The side chains involved in CHBMs form series of corrugated planes

which are 25.7° apart, with the row (441) as a common edge (see figure 6).
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B- N-acetyl-a-methylbenzylamine (Nac-MBA): synthesis and purification

Figure 6: Projection along Caxis of (004) slice in the (R) enantiomer structure of Nac-MBA

showing the CHBMs along the (110) direction. Adapted from [5]

b) Description of the racemic compound structure

The side chain plane defined by the N-Acetyl group and the chiral center is 88.6° from the
phenyl ring plane; and the Carbon of the methyl group linked to the chiral carbon is 0.62 A
from the side chain plane. The hydrogen bond has almost the same characteristics as in the
structure of the enantiomer: d(N — 0) = 2.87A;d(H - 0) = 2.10Aand (N —H - 0) =
171.8°. Nevertheless, the resulting CHBMs are syndiotactic (figure 7 a)). They have the same
periodicity (¢ = 9.471 A , at 20 °C) than those in the enantiomer structure (2d110= 9.543 A
at 20°C). The side chain planes of successive molecules are rotated around c axis by alternately
+34° or -34° from the (100) plane (figure 7b)). These chains are stacked along b, and the

cohesion is mainly due to weak interactions (the aromatic rings are too far apart)
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Figure 7: a) Projection along b axis of the racemic compound structure; homochiral chains are displayed

with different colors. b) Alternative rotation around ¢ axis of the side chain plane from the (100) plane

The crystallographic parameters are summed up in table 2.

Table 2: Crystallographic characteristics for (R) Nac-MBA and (rac) Nac-MBA [5]

R enantiomer Nac-MBA | Racemic compound Nac-MBA
Formula CioHizsNO CioHizsNO
Crystal Class tetragonal Monoclinic
Space group P4,2,2 P2,/C
a (A) 6.748 (2) 11.209 (4)
b (A) 6.748 (2) 9.519 (2)
c(A) 41.815 (12) 9.519 (2)
Volume (A3) 1904 (2) 668 (2)
d 1.14 1.13
z 8 4
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A- Differential scanning calorimetry (DSC)

ll- Experimental Techniques

In order to characterize and understand the thermal, structural and dynamical behavior of
Nac-MBA, different experimental techniques were used. In the following section, we report

some details about the experimental tools.
A- Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermal technique used to study thermodynamic
phase transformations, such as crystallization, melting or oxidation, as well as time evolution
properties of materials, such as physical aging [9,10]. DSC is used in many industries including
pharmaceuticals, polymers, food, paper, printing, manufacturing, agriculture,
semiconductors, and electronics as most materials exhibit some sort of transitions. For
example for pharmaceutical purposes, DSC is used in order to define processing parameters.
For instance, if it is necessary to deliver a drug in the amorphous form, it is required to process

the drug below the crystallization temperature domain.

DSC measures the energy necessary to establish a nearly zero temperature difference
between a substance and an inert reference material, as the two specimens are subjected to
identical temperature regimes in a controlled environment, heated or cooled at a controlled
rate. Conventionally one distinguishes two main types of DSC systems: a power-compensation
and heat flux DSC. In this work DSC measurements were performed using Q 100 from TA, DSC
Polyma 214 from Netzsch (Heat- Flux DSC) and DSC 8500 of Perkin Elmer (Power-

Compensation DSC).

In power-compensation DSC (see figure 8) the temperatures of the sample (Ts) and reference
(Tr) are controlled independently using separate, identical furnaces. The temperatures of the
sample and reference are made identical (AT = temperature difference between the sample
and the reference) by varying the power input to the two furnaces (AP = power difference
applied by both furnaces); the energy required to do this is a measure of the enthalpy or heat

capacity changes in the sample relative to the reference.
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Figure 8: Power compensation DSC principle. From [9]

In heat—flux DSC (see figure 9), the sample and reference are connected by a low-resistance
heat-flow path (a metal disc). The assembly is enclosed in a single furnace. Enthalpy or heat
capacity changes in the sample causes a difference in its temperature relative to the reference

(AT).

Heat-Flux Furnace

plires (sic) Heating Cloil

@ o
® @
(@] Reference @]
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Inert-Gas T AT ‘L Inert-Gas

Vacuum Thermocouples Vacuum

Figure 9: Heat-flux DSC principle. Ts and Tr are the sample and reference temperatures

respectively. From [9]
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A- Differential scanning calorimetry (DSC)

The temperature ramp applied to the sample and the reference is linear:

T,(t) = Ti + qt (1)
in which T is the temperature at the time t, Ti the initial temperature and g the scanning rate.
The temperature difference is recorded and indirectly related to enthalpy change regarding
Newton law. The heat flow absorbed or emitted by the sample is defined as follows:

dQ/dt = (dQs)/dt — (dQgr)/dt (2)
Where (dQs)/dt and (dQr)/dt are the heat flow provided to the sample and the reference

respectively and expressed as follows:
(dQs)/dt = 1/Rs (Tp —Ts) (3)
(dQr)/dt =1/Rg (Tp —Tr) (4)

Where T}, T and Tg are the temperature of the furnace, the reference and the sample
respectively. Rg and Ry are the thermal resistance associated to the sample and the reference
respectively. In such set up, both resistance values are equals (R¢ = Rz = R). Therefore

considering equations (3) and (4), (2) can be simplified as following:

dQ/dt =K (Tr — Ts) (5)
with K = 1/R.

Some specifications have to be precised in the case of the DSC Q100 based on the Tzero TM
technology. Such technology uses more complex equations of the heat flow. Thermal
resistances Rscpand Rrep, and heat capacities Cscp and Crep of the sample and the reference cell
platforms, respectively, are taken into account in the heat flow expression. Thus, by measuring
the temperatures Ts and Tr as a function of a fixed temperature To, the measured heat flow

can be expressed as:

2 dar dAT
d—f: K(TR - TS) + (TO - TS)(l/RSCP —_ 1/RRCP)+ (CRCP_ CSCP)d_tS_C F

(6)
As a consequence, a specific calibration procedure was used with the Tzero TM technology.
First, a constant heating rate experiment was performed without sample and pan, namely an
empty furnace. A second constant heating rate experiment was performed with sapphire disks
directly placed on the sample and reference platform. These experiments figure out the
resistance and capacitance Rrcp, Rscp, Crep and Cscp of the cell platforms. Then, the calibration

in temperature and energy were carried out using standard of indium, by matching the

melting temperature (Tm = 156.6 °C) and enthalpy (AHm = 28.6 J/g) associated. A second
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standard, benzophenone (Tm = 48.0 °C), was used to calibrate the cell in a temperature range
from -70 °C to 200 °C. The calibrations in temperature and energy have to be repeated if the
scanning rate is changed. To ensure a good signal/noise ratio, masses of samples were ranged
between 5 and 10 mg. Scanning rate was selected to promote the resolution of investigated
thermal events, namely 10 - 20 K/min. All experiments were carried out under nitrogen

atmosphere.
B- Modulated temperature DSC (MT-DSC)

During standard DSC experiments, samples generally undergo phase transformations
(manifested by a change in the heat flow) that change their physical and/or chemical
properties during heating or cooling steps. These transformations include glass transition,
crystallization, melting, oxidation, as well as curing, evaporation and so on [11-13], as listed
in the previous section. Those reactions may occur at the same time or in the same range of
temperature. Thus, the respective heat flows may overlap and become undistinguishable from
each other by standard DSC. In MT-DSC measurements, the usually linear temperature
program is modulated by a small perturbation, in this case a sine wave (see figure 10) and a
mathematical treatment is applied to the resultant data in order to deconvolute the sample
response to the perturbation from its response to the underlying heating protocol. In this way
the reversible (within the time scale of the perturbation) and irreversible natures of a thermal
event can be probed. The advantages include disentangling overlapping phenomena,
improving resolution and enhancing sensitivity [11]. The original idea was conceived
demonstrated and developed by M. Reading [14].
The sinusoidal temperature profile is superimposed on the underlying linear heating ramp so
that the temperature at any time, t, is given by:

Ty(t) = T; + gt + Asin (wt) (7)
T;: initial temperature
g: linear scanning rate (it can vary from 0.01 K/min up to 10 K/min)
A: amplitude of the modulation (it can vary from 0 up to 10 K)
w: the angular frequency of the temperature modulation(the period of oscillation, p = 2r/w
can vary from 10 to 100 seconds). The three last parameters have to be chosen adequately in

order to allow the sample to follow the imposed thermal oscillation and also according to the
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B- Modulated temperature DSC (MT-DSC)

nature of the event that is investigated [12]. As reported in figure 10, three temperature
modulation modes exist: named heat-only, heat-iso and heat-cool. Heat-only is advised to
investigate the coupling of different thermal events such as glass transition and cold
crystallization and melting. Heat-iso is advised to investigate melting while heat-cool is advised
to investigate the glass transition and the molecular mobility in this region. In this work the

heat-only modulation mode was selected.

T:T|}+qt

T =Ty + qt + Asin (wt)

Temperature

Heat-only
Heat-iso

Heat-cool
Linear ramp

Time
Figure 10: lllustration of heating ramps in MT-DSC experiment with corresponding heat-
only (green), heat-iso (cyan), heat-cool (blue) and linear ramp (orange) mode. The

modulation amplitude, the period and the scanning rate are [0.318 K; 90 s; 2 K/min], [0.318
K; 60 s; 2 K/min], [1 K; 60 s; 2 K/min] for the three modes displayed, respectively. From [15]

The thermal perturbation felt by the sample can be expressed in term of the derivative of the
furnace modulated temperature:

d(Tp)/dt = T,(t) = q + T, cos(wt) (8)

With TO = Aw the amplitude of the modulation heating rate. Regarding equation (5) the
modulated heat flow can be expressed as follows:

d(Q(t))/dt = Q(t) = Q(q) + Qo cos(wt — @) (9)
Where ¢ is the phase lag between the heating modulation Tb (t) and the calorimeter response
function Q(t). The temporal average of the modulated heat flow is considered identical to the

heat flow obtained without modulating (Classical DSC) so that it becomes possible to separate
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the mean heat flow Q(q) associated to the average scanning rate and the purely modulation

contribution.

From Reading original approach [11], the purely modulated contribution of the heat flow thus
provides an independent estimation of the specific heat through the expression:
Cp = Qo/To (10)

Let consider the case of a system where the thermodynamic behavior is governed solely by its
heat capacity (defined here as that due to the energy stored in the vibrational, rotational and
translational motions of the sample) and independent of time, one can write:

(dQ (t))/dt = Cp dT/dt (11)
In the case where the system additionally undergoes kinetic evolutions due to chemical
reactions or phase transformations (such as recrystallization or enthalpy relaxation) equation
(11) becomes:

(dQ (t)/dt = Cp dT/dt + f(t,T) (12)
where f(t,T) is a kinetical function of time and temperature that governs the kinetic response
of any physical or chemical transformation. The first term in equation (12) is the reversible
part of the heat flux: it can be measured both in cooling and heating steps. The second term
is the irreversible contribution of the heat flow: it is not measured upon cooling. The
measurement of the specific heat Cp allows the determination of the so-called "reversible"
heat flow by multiplying QO/TO by the average scanning rate g. The "non-reversible" heat flow
is obtained by subtracting the "reversible" heat flow from the average heat flow [16].

The MT-DSC experiments were performed with a heat-flux calorimeter DSC Q100 from
Thermal Analysis Instruments. The MT-DSC calibration procedure is consists of three different
steps. The two first steps are identical to that of classical DSC calibration procedure and was
detailed in section Il. A. The calibration of the reversing heat capacity is then carried out using
sapphire as a heat capacity standard. The sapphire is used as a reference sample for this
calibration because it does not undergo any transition in the temperature range scanned for
all analyses. The heat capacity of sapphire as a function of temperature is very stable and its
value known precisely. Any change to the experimental conditions such as modulation period,
heating rate etc. necessitates re-calibration. A correction factor namely K¢, can then be
calculated (using the experimental and theoretical specific heat capacity values of sapphire)

as a function of temperature according to the giving equation:
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Kcp (T) = CPhsapphire,theoretical (T)/CPsapphireexperimentar (T) (13)
In this way, errors that arise from an imperfect baseline and those derived from inaccuracies
in the calibration can be corrected. The calibration factor can be then used to correct the
apparent heat capacity of the sample.
Measurements were performed only for Nac-MBA at various enantiomeric excess (since 12H
demonstrated a strong crystallization tendency) with a modulation amplitude of 0.318 K, a
period of 60 s and a scanning rate of 2 K/min under nitrogen atmosphere at a flow of 20
mL/min. Cooling was ensure by a refrigerated cooling system RCS90 (TA Instruments)

equipped with a station of information (Thermal Analysis 2100).

C- Fast Scanning calorimetry (FSC)

Fast Scanning Calorimetry or FSC hereafter device is based on a calorimeter chip using a
MultiSTAR UFS 1 sensor provided by METTLER TOLEDO [17]. As illustrated in figure 11 a) the
sensor is a micro-calorimeter based on MEMS technology (MEMS: Micro-Electro-Mechanical
Systems) and made of two separate identical calorimeters (for sample and reference) made
in silicon nitride membranes. FSC operates like a conventional power compensation DSC but
without the need of crucibles [18-21]. The membranes of approximately 1.6 x 1.6 mm? area
and 2 um thickness are suspended in a 300 um thick silicon frame. As shown in figure 11 b)
the sample area with a diameter of 0.5 mm is in the middle of the membrane. In order to
achieve a homogeneous temperature profile the sample area is coated with aluminum. Eight
thermocouples polysilicon thermopile measure the temperature elevation of the sample area
with respect to the silicon frame, which acts as heat sink. Each sample area has two heater
resistances, a main heater for realizing the general temperature scan program and a
compensation heater to allow operation in power compensation mode. FSC measurement
system can accurately provide cooling from 1 to 4000 K/s and heating scans up to 40.000K/s
in a wide range of temperature (from -95°C up to 450°C). These high scanning rates could
therefore permit to model industrial production processes for which cooling rates between 1
and 10.000 K/s are required. For example the materials (polymers, aluminum alloys, metallic
glasses, etc.) resulting from such industrial processing can be in the form of supersaturated

solutions, nanostructures, polymorphic phases, glasses, or other metastable structures. These
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metastable materials can also show diffusion or reorganization effects at the typical low
scanning rates upon heating, which can lead to misinterpretation of conventional DSC
measurements [17]. Furthermore considering the high cooling rate values achieved by this
technique, it could permit to avoid recrystallization of most highly crystallogenic systems, and

probe the vitreous state or amorphous sample or nucleation and growth phenomena in such

compounds.
a)
Sample
Sample area Fiiiaia
Reference Measurement Area
Furnace

Figure 11: a) lllustration of twin-type chip sensor based on MEMS technology. b) Sample placed on the

center of the sample area. From [15,17]

This high scanning rate facilities are made possible thanks to, the less than 1ms time constant
of the sensor signal, the small size of the calorimeter (low heat capacity), the low temperature
of the surrounding gas and the small value of the thermal resistance. Thus, the sample have

to fulfill some requirements [17]:
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C- Fast Scanning Calorimetry (FSC)

e |n order to follow the fast temperature changes, the sample has to have a good thermal
contact to both the calorimeter and the surrounding gas and the heat capacity must be
sufficiently small.

e If the bulk behavior of the sample should be measured, surface-induced effects must be
suppressed. This requires sufficiently large sample volumes.

® A good thermal contact between the calorimeter and the sensor is also necessary

® To measure the sample temperature: small temperature gradients inside the sample
require sufficiently thin samples. In all FSC measurements, the sample thickness was
estimated to be < 10 um.

Since the applied power compensation principle allows direct measurement of the excess heat
flow, and by virtue of the small time constants of the sensor, a calorimetric accuracy of 1-3%
can be achieved. Conditioning and correction of the chip were performed according to the
manufacturer and prior to measurements. The calibration of the Flash DSC 1 consists of
conditioning and correction procedures. The conditioning procedure checks the proper
behavior of the sensor. Potential memory effects from its production are erased by heating
the sensor to the maximum temperature (450 °C). Then, the correction temperature is
performed in order to correct the thermocouple signal with respect to the sensor support
temperature. The correction is done by comparing the signal of the thermocouples with the
temperature behavior of the heating resistances, which was determined during production.

For FSC measurements cooling was ensured down to -70°C by a Huber TC100 intracooler at

variable rates. The powder sample was submitted to a nitrogen purge gas flow at a rate of 20

ml/min and placed on the sample chip area (0.5mm of diameter) by the mean of an optical

microscope and a long fiber for sample positioning.

Preparation of the sample: a first chip was used for the pure enantiomer and a second for the
samples taken from the racemic batch or mixtures of both. Despite a pre-milling (manually) of
the powder to ensure homogenization, the experimental constraints on the sample size
cannot permit to isolate or ensure an equimolar proportion between enantiomers during the
sampling from the racemic batch. Thus, the sampling from the racemic batch may lead to
samples at scalemic compositions (i.e. ee is different from 0% and 100%) and only the thermal
signature of the samples could give an approximation of their enantiomeric compositions (this

will be detailed in the result chapter). Measurements: A first pre-melting step was launched
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to ensure a good thermal contact between the sample and the sensor. The sample mass was
estimated using an equivalence DSC- FSC based on the thermal properties of the liquid or the
glassy state linked to the sample mass. These properties can be either the melting
enthalpy, AH,, or the heat capacity jump at the glass transition region, ACp [17]. In this work,

the sample mass used for FSC analyses was determined using either equation (14) or (15):

AHyy (FSC)

m (FSC) = $203 x m (DSC) (14)
or m (FSC) = iggig x m (DSC) (15)

Where AHm (or ACp) represents the area of the melting pic (or the heat capacity jump at Ty)
normalized by the cooling rate and m (DSC) the sample mass used for DSC analysis. In this
work, the glass forming ability, the kinetical behavior of the glass transition, the structural
enthalpy relaxation and the recrystallization behavior of both 12H and Nac-MBA systems were
analyzed at different enantiomeric compositions. The results are presented and discussed in
chapter Ill, the main point being the impact of chirality in the recrystallization behavior and

the kinetic of enthalpy recovery.
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D- Temperature Resolved X-ray Diffraction

D- Temperature Resolved X-Ray Diffraction (TR-XRD)

This technique is generally used for structural identification of crystallized solid. By comparing
the angular position and the peak intensity, it can be conceived as a “fingerprint” of this
specific crystalline packing. In case of an amorphous material, the powder diagram obtained
does not exhibit any fine and intense peak, but a large maximum of low intensity (see figure
12). Other applications can be explored, like the quantifications of mixtures, or, in favored
cases, the structure determination. The principle of XRD consists in the diffraction of an
incident X-ray beam by the crystallographic planes of the crystal structure. When a
monochromatic beam of X-rays, wavelength A, reaches a crystal, it is diffracted by the atoms
regularly packed in the structure. The direct consequence is the appearance of constructive
or destructive interferences, which results in increasing or decreasing the intensity of the
diffracted beam. The intensity of the diffracted beam is recorded as a function of the
diffraction angle 6. For a given incidence angle of X-rays, some crystallographic planes will
therefore satisfy the Bragg condition. The intensity of this beam will be non-zero only at those
diffraction angles at which the Bragg condition is satisfied: nA = 2dy;sin(6), where dpy; is
the spacing of the crystalline lattice planes with indices hkl and n is an integer.Thus, an analysis
inside a sufficient range of Bragg angle (0) will give a specific pattern, characteristic of a solid

phase (for example, polymorphs of a given molecule can be differentiated by this technique).

Figure 12: XRPD patterns recorded at
room temperature from Biclotymol
samples. Top purple diffractogram

corresponds to crystalline stable Form

I. Bottom blue diffractogram

corresponds to melt-quenched

Crystalline Biclotymol

M Amorphous Biclotymol

5 10 15 20 25 30 35 40 45 50

sample. From [22]

20 scale (degrees)

96



1l- Experimental Techniques

In this work, X-ray diffraction data were recorded on a model D5005 diffractometer (Siemens-
Bruker). The X-Ray tube is equipped with a copper anticathode and a k filter (Ni). The analysis
step was set at 0.08 ° with a counting time of 4s / step in the range 3 to 30 ° (26). These
analyzes were resolved in temperature by means of a heating plate TTK 450 (Anton Paar)
coupled with a Lauda RP890 intracooler for low temperatures. At each temperature, the
analysis lasted 22 minutes and the heating rate between each temperature step was fixed at

2K / min. The set-up of a diffractometer is displayed in figure 13

T
- -

Caption:
R: X- Ray tube; 0,: incidence angle;
AB: incidence beam diaphragm; P: sample;
Or: diffraction angle; SB: diffracted beam diaphragm;
S: Soller slot; Kp: filter;
D: detector; DB: detector diaphragm.

Figure 13: Pathway of the X-Ray beam inside a 6/0 diffractometer. From [23]
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E- Dielectric Relaxation Spectroscopy

1. Principe and basics on dielectrics

In dielectric measurements, the material is submitted to an alternating electric field created

by application of a voltage. Therefore, a symmetric distribution of electric charge results from

the application of the field; this phenomenon is known as electric polarizationﬁ. It originates

from two main microscopic processes: the induced or deformation and orientational

polarizations. The induced polarization P;,; arises from small displacements of electrons
- -

(electronic polarization) P, and nuclei (atomic polarization) P, under the influence of an

external applied electric field, while the orientational polarization P:,r emanates from the
rotational motions of permanent dipoles under the effect of an external applied field. In a
system of freely floating dipoles there are no restoring forces tending to impose a preferred
direction to the dipole vectors, only the randomizing influence of the thermal agitation. In
such conditions the polarization is zero. Conversely, when an electric field is applied to a
system of freely floating dipoles, a preferred direction will be imposed to the dipoles, thus
creating a given amount of orientational and induced polarizations. Figure 14 illustrates the
behavior of the dipoles in a dielectric material in absence and presence of an external electric
field E [25,26].
E=0 E#0

@

Freely floating Polarized dipoles by

dipoles randomly an applied electric
oriented field

Figure 14: Dipole orientations of a dielectric material in absence and presence of an

external perturbation hereby an electric field E
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Consequently, in the presence of a steady electric field, the total polarization is given by
equation (16):
P = Bipg + Por (16)
For moderate electric fields (negligible nonlinear effects) the total created polarization is
directly proportional to the field intensity.
P(w) = & (¢, — 1) E(w) (17)
where g, is the permittivity of vacuum, &, the relative permittivity.
Considering an applied electric field, switched at a moment t = t;, the induced polarization
P4 increases suddenly, while the orientational polarization P,,. increases much more slowly
(due to intermolecular frictions) and reaches a maximum value Ps at t = ¢, in such a way that:
Pinda = € (80 =1 E (18)
and
Ps=¢y(es—1)E (19)
where &, and &g are the dielectric permittivity in the high frequency limit and static
permittivity of the material respectively. Therefore from these two expressions one can obtain
the saturated orientation polarization as:
P, = ¢y (e —€x) E (20)
Let’s switch off the field at t = t,, the induced polarization decreases rapidly while the
orientation polarization requires sufficiently long time to completely decay. The phenomenon
of decrease and increase in the orientational polarization is known as dielectric relaxation
[24,25]. Mathematically we can describe the increase in P,(t) in the time domain by the

following differential equation:

dPor(t
1 228 = P, — P (D) (21)

Tp is a characteristic relaxation time, which is the same for all molecules in the material. This

differential equation is a conventional feature in mathematic physics. A solution is given by:

Por(t) = P[1 — exp(—t/1p)] (22)

The latter situation describing the time evolution of the polarization is illustrated in figure 15.
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E(t) A

|
1
I
|
P, (t) = Py[1—exp (—t/tp)];
:
1
|

ty t, t
Figure 15: Time evolution of the polarization P(t) due to an applied external
rectangular impulse of the electric field E(t)

Now, let’s consider an electric alternating electric field of the complex form Eoei‘*’t (applied

field (t) = Eycos(wt)), the validity of equation 21 is not questionable and can be rewritten

as follows:

% = £,(&s — £00) Ege!®t — PZ.(D) (23)
A solution of this equation is:

Pyr (£) = et elot (24)

From equations 18 and 24 the total polarization is:

P*(t) = g (£0 — DE*(t) + 2Es=2) gy (25)

1+iwTtp
Taking into consideration equations 23 and 25, the response of a dielectric sample submitted
to an external alternating electric field can be described in terms of complex dielectric
permittivity expressed as:

£ (W) = ' (w) —ig" () = g + =2 (26)

1+iwtp
where £ (w) and &’(w) are the real and imaginary parts of the complex permittivity
representing the dielectric dispersion and absorption respectively. This is the simplest model

of dipole relaxation known as the Debye model.
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Considering a dipole molecular motion characterized by a relaxation time 7, and assuming that
the frequency of the alternating field is low enough so that wt « 1, the field is allowed to
fully polarize the orientational part of the polarization, and the real part of the relative
permittivity €' (w) (in-phase with the field) is the static relative permittivity, &;. Additionally,
since the total polarization is in phase with the electric field, the imaginary part of permittivity
e (w) is zero. On the contrary if the frequency of the field is high enough in such a way
that wt > 1, the dipoles do not have sufficient time to polarize and the observed low
dielectric constant denoted &, is only due to induced effects and deformation. As it was in
the previous case, €''(w) is also zero because the induced polarization is in-phase with the
polarizing field. At last when wt = 1 (namely the dispersion region) there is a decrease of
e'(w) from & to &,. At the same time &' (w) will show values different from zero since in

these conditions, part of the polarization is out of phase with the field (See figure 16) [24].

T 1 T T 1
10°¢ 10° 10 107 1072 107 10° 10
Frequency (Hz)

Figure 16: Schematic frequency evolution of both imaginary and real permittivities

for a Debye relaxation, i is the permanent dipole moment vector, ¢ = ling & (w),
w—

£, = lim &' (w) and wy, is the half height width of the dielectric loss peak

w—00

From the Debye model of single dipolar molecular motion [26] it can be shown that:

(W) = g0 + :E;—i‘;z (27)
£'(w) = (& — &) #waz (28)
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As illustrated in figure 16 £” (w) presents a peak, the so called dielectric loss peak, with a half-
height width of 1.14 decades in frequency and a maximum at f,,, ., related to the characteristic
relaxation time of the reorienting dipoles 7 (tp = 1/27f4,)- The location of this peak
provides the easiest way of obtaining the relaxation time from experimental results. The
dielectric strength Ae = &5 — ¢4, defined as the difference between the dielectric constant
measured at low and high frequencies gives the magnitude of the relaxation process. This
parameter is related to the permanent dipole moment ji and the number of relaxing dipoles

per unit of volume, N through the Onsager relation As ~ Nu? [cited in 26].
2. Relaxation models

The Debye model is usually suitable for simple polar liquids but rapidly becomes inappropriate
in more complex systems. For the latter, the dielectric functions are broader and more
asymmetric than a Debye function. Consequently, the molecular motions of all dipoles in the
sample cannot be characterized by the single relaxation time t,. A phenomenological
approach to deal with the broadening is to consider that the enlargement in the response is
due to the heterogeneity of the environment nearest to the reorienting dipoles. From this
heterogeneity concept, molecular motions can be seen as a distribution of single Debye
processes with different relaxation times [24,27-29]. The concept of dynamical
heterogeneities was also investigated by Berthier and defined as special variations in the local
relaxation rate instead as a distribution of single Debye processes [30]. Hoang and coworkers
proposed recent contributions to the understanding of this concept of dynamical
heterogeneities [31,32]. Even though this concept of heterogeneity is largely used to explain
the apparent stretching of the a-relaxation function, Arbe and coworkers [33] showed that
the stretching is mostly due to sublinear diffusion than to heterogeneities itself. Different
empirical functions are proposed to describe experimental dielectric spectra presenting a non-
Debye behavior in the frequency domain. This function helps to extract valuable information
about the relaxation process. The top three most used empirical equations are Cole-Cole,

Cole-Davidson and Havriliak-Negami functions. They can be generalized as follows:

* _ €s—€x0
(W) =g, + oo (29)

Wheny=1and 0<x<1 Cole-Cole (CC) function [34].
When x=1and y=f (0<B < 1) Cole-Davidson (CD) function [35].
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When x = 1-aandy =B (0 £ a <1) and (0 < B £ 1) Havriliak-Negami (HN) function [36]. As
depicted in figure 17, a value (symmetric broadening parameter) is related to the broadness
of the distribution of relaxation times, while B to its asymmetry. The Debye model is obtained
when x = y = 1. The Havriliak-Negami model is a generalization of the Debye, Cole-Cole and
Cole-Davidson models. Since it has two adjustable parameters, it can describe with greater
success isolated relaxation process. Usually many relaxation processes occur at the same
temperature over several decades. In these cases the experimental data can be fitted with a
sum of HN functions, while considering each function associated to each process. The shape

parameter ayy = 1 — a and Byy = B describe the slope of the dielectric loss peak €'’ in the

. _ . al
low and high frequency limits with reference to fax @ Qun = a(;i]z” for f < fiax and
dlog e .. .
aunPun = — Py for f > fmax- The characteristic relaxation rate 7,4 = 1/27fiax,

where f;,4x is the frequency of the outer electric field at which a maximum in &' occurs, can
be easily obtained from the fitted 74y and shape parameters from the HN function through
the equation:

Tmax = THN [Sin (%)]_(m) [Sin (—a;fzﬁﬁl:‘;“)](ﬁ) (30)

—&— Debye
——CC
—=—CD

—=— HN

0.8 4

0.2

0.0 : SSITERCEREE

Figure 17: Simulated master curves of dielectric loss illustrating the symmetric and

asymmetric broadening of the loss peak
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Dielectric spectra can be described not only in the frequency domain but also in the time
domain. The most empirical model used for this purpose is the Kohlrausch-Williams-Watts

function (KWW) known as the stretched exponential law given by:

®(t) = exp [—( : )BKWW] (31)

TKWW

where Ty is the characteristic KWW relaxation time, and the exponent 0 < Sxyw < 1
gives the deviation of the time-dependent relaxation from the Debye exponential function
(Bkww = 1). The stretched exponential function behavior matches with the idea of an
asymmetric response described in the framework of the HN model. A relationship among the
two parameters of both models is suggested by the fact that both models yield an accurate
description of real data. Alegria and co-workers [37] proposed a comparison relation between

the fitting parameters of both models expressed by equations 32 and 33:

Brww ~ (ayn BHN)é (32)

and

In [‘r;%] = 2.6(1 — Brww)**exp(3Brww) (33)

3. Dielectric Measurements and Calibration

a. Low frequency range 0.1 Hz - 1 MHz

Dielectric measurements where performed using high quality interdigitated gold plated
electrodes, IE (BDS1410-20-150) purchased from Novocontrol GmbH. The electrode is a round
shape 20 mm diameter gold plated copper layers with 35 um thickness and a comb structure
for convenient sample attachment. The spacing between the comb fingers and their width are
both 150 um. Prior to sample deposition, the electrode was calibrated by measuring its
respective geometric (empty cell) capacity, Co, and substrate capacity, Cs;,, through
measurement of a standard material with known permittivity (B-oil; Vacuubrand). As the
substrate material of the IE has a low loss factor (tan & = 0.001) and the substrate real part
permittivity being approximately constant over frequency and temperature, the calibration
procedure [38] can be simplified if the permittivity of the electrode substrate &, is
approximated by a real constant &,,. For a selected frequency (e.g. 10 kHz), the capacity of
the empty electrode without sample material attached C.;(w) and the capacity of the

104



1l- Experimental Techniques

electrode with the calibration oil attached C, (permittivitye;) are measured. The total capacity
is determined considering that the upper and lower electrodes constitute two independent
volumes generating two independent capacitors [39,40] with a total capacity of:

Cn = Co(&s(w) + &gy (w)) (34)
with

_ Ce(w)—Ce(w)

gc(w)

Co (35)

The complex frequency-dependent permittivity (¢*(f) = &'(f) — ie" (f), where f = w/2n
is the frequency, €'is the storage permittivity, and &"'is the loss permittivity) was measured
over the range 10! Hz — 2MHz using an Alpha-A analyzer from Novocontrol Technologies
GmbH. Sample preparation and amorphization steps were performed ex situ. Almost 150 mg
of the crystalline powder was deposited on the IE then heated above the liquidus temperature
at 110°C and annealed 5 min to guarantee complete melting. The melt was then promptly
guenched in liquid nitrogen in order to ensure total amorphization. Dielectric spectra were

collected isothermally from -120°C up to 0°C with a suitable consecutive step.

b - High frequency range 1 MHz — 1 GHz

Measurements were performed in the range 1 MHz — 1 GHz by means of a coaxial line
reflectometer based on the impedance analyzer HP 4191 from Novocontrol Technologies
GmbH. Prior to measurements, two successive calibration steps were achieved: Line and
sample cell calibrations. Samples were prepared in parallel plate geometry between two gold-
plated electrodes of 10 mm diameter, separated by silica spacers of 50 um thickness. The
prepared sample was connected to the end of the coaxial line, and then melted in situ and
annealed for 5min at 110°C. Isothermal frequency scans were carried out from 110 °C down
to 20 °C, in steps of 10 °C. A Quatro Cryosystem (Novocontrol Technologies GmbH) was used

to control the temperature with a stability of + 0.2 K for both low and high frequency domains.

105



E- Dielectric Relaxation Spectroscopy

4- Molecular Dynamics Simulations (MDS)

Molecular dynamics (MD) simulations have been performed using the DL_POLY package [41]
and the GAFF force field (General Amber Force Field) [42]. This force field was chosen due to
its capability of reproducing successfully large number of experimental data of low molecular
weight molecules [43]. As recommended for the GAFF force field [42], atomic partial charges
were calculated from ab-initio computations using the Gaussian 03 programme [44] at the
HF/6-31G* level with the restrained electrostatic potential (RESP) fitting approach. For the
electrostatic interactions, a pairwise damped shifted method developed by Wolf [45] was
used. For both van der Waals and electrostatic interactions, the same cutoff radius of 10 A
was employed. Periodic boundary conditions were applied in all directions. The time step to
integrate Newton’s equation of motion was chosen to 0.001 ps. The MD simulations were
performed only for Nac-MBA system. The modelled system possesses a total number of N =
64 molecules composed of (-) Nac-MBA and (+) Nac-MBA molecules in order to obtain an
enantiomeric excess of 0%, 50%, 75% and 100% respectively. Simulations have been
conducted either in the NPT or NVT statistical ensemble where P is the pressure, T the
temperature and V the volume. Pressure and temperature were controlled with a Nose-
Hoover barostat and thermostat respectively. All NPT simulations were realized at
atmospheric pressure. The Nosé Hoover thermostat and barostat relaxation times have been
set at 0.2 and 2.0 ps respectively. The equilibrated volume of the simulation box during the
NPT simulation was considered to compute the averaged density of system and used to
perform the subsequent production simulation in the NVT ensemble. MD simulations were
performed at five temperatures 500K, 450K, 400K, 360K and 340K. The
equilibration/production times range from 10/200 ns to 20/800 ns from the highest to the
lowest investigated temperature.

The following chapter details some calorimetric results on the amorphous state of chiral 12H

at several enantiomeric compositions by means of DSC and FSC.

106



References

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

References

N. Takamura, S. Terashima, K. Achiwa, S. Yamada, Studies on optically active amino acids.
XV. Studies on alpha-alkyl-alpha-amino acids. 8. Absolute configuration of optically active
alpha-methylserine and 2-amino-2-methyl-3-butenoic acid, Chem. Pharm. Bull. (Tokyo).
15 (1967) 1776-1784.

S. Beilles, P. Cardinael, E. Ndzié, S. Petit, G. Coquerel, Preferential crystallisation and
comparative crystal growth study between pure enantiomer and racemic mixture of a
chiral molecule: 5-ethyl-5-methylhydantoin, Chem. Eng. Sci. 56 (2001) 2281-2294.
d0i:10.1016/5S0009-2509(00)00442-5.

C. Gervais, S. Beilles, P. Cardinaél, S. Petit, G. Coquerel, Oscillating Crystallization in
Solution between (+)- and (-)-5-Ethyl-5-methylhydantoin under the Influence of Stirring,
J. Phys. Chem. B. 106 (2002) 646—652. doi:10.1021/jp012622s.

E. Ndzie, Etude de la nucléation et de la croissance cristalline au cours du dédoublement
par cristallisation préférentielle auto-ensemencée de dérivés 5-méthyl-5-alkyl (ou 5-aryl)
hydantoines, thesis, Rouen, 1998. http://www.theses.fr/1998ROUES072 (accessed
January 2, 2019).

S. Druot, M.N. Petit, S. Petit, G. Coquerel, N.B. Chanh, Experimental Data and Modelling
of the Interactions in Solid State and in Solution between (R) and (S) N-Acetyl-a-
Methylbenzylamine. Influence on Resolution by Preferential Crystallization, Mol. Cryst.
Lig. Cryst. Sci. Technol. Sect. Mol. Cryst. Lig. Cryst. 275 (1996) 271-291.
doi:10.1080/10587259608034081.

E. Brown, M. Moudachirou, Agents de dédoublement. 2. Synthése d’aryluréthanes de
I'acide (S)-lactique et leur utilisation dans le dédoublement de bases racémiques,
Tetrahedron. 50 (1994) 10309-10320. doi:10.1016/50040-4020(01)81763-4.

S. Druot Houllemare, Influence des interactions homo- et heterochirales lors du
dedoublement par cristallisation preferentielle de deux derives de ['alpha-
methylbenzylamine : le n-acetamide et le chloroacetate, thesis, Caen, 1999.
http://www.theses.fr/1999CAEN2029 (accessed January 2, 2019).

A. Aubry, J. Protas, M.T. Cung, M. Marraud, Conformation et interactions moléculaires a
I’état solide de la (-)-(S)-N-(phényl-1 éthyl)-acetamide (C10H13NO), Acta Crystallogr.
Sect. B. 36 (1980) 1861-1864. d0i:10.1107/50567740880007376.

K. Kv, A. Sr, Y. Pr, P. Ry, B. Vu, Differential Scanning Calorimetry: A Review., Res. Rev. J.
Of Pharmaceutical Anal. 3 (2014) 11-22.

S.-D. Clas, C.R. Dalton, B.C. Hancock, Differential scanning calorimetry: applications in
drug development, Pharm. Sci. Technol. Today. 2 (1999) 311-320. doi:10.1016/S1461-
5347(99)00181-9.

M. Reading, A. Luget, R. Wilson, Modulated differential scanning calorimetry,
Thermochim. Acta. 238 (1994) 295-307. doi:10.1016/S0040-6031(94)85215-4.

107



References

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

O. Bustin, Relaxation structurale des matériaux vitrifiables par calorimétrie a balayage
modulé, thesis, Lille 1, 1999. http://www.theses.fr/1999LIL10116 (accessed January 2,
2019).

M. Reading, D.J. Hourston, eds., Modulated Temperature Differential Scanning
Calorimetry: Theoretical and Practical Applications in Polymer Characterisation, Springer
Netherlands, 2006. //www.springer.com/de/book/9781402037498 (accessed January 2,
2019).

M. Reading, B.K. Hahn, B.S. Crowe, Method and apparatus for modulated differential
analysis, US5224775A, 1993. https://patents.google.com/patent/US5224775A/en
(accessed January 2, 2019).

X. Monnier, Mobilité moléculaire dans des systemes polymeéres complexes anisotropes
et confinés, thesis, Normandie, 2017. http://www.theses.fr/2017NORMR021 (accessed
January 2, 2019).

B. Wunderlich, Y. lJin, A. Boller, Mathematical description of differential scanning
calorimetry based on periodic temperature modulation, Thermochim. Acta. 238 (1994)
277-293. doi:10.1016/S0040-6031(94)85214-6.

J.E.K. Schawe, S. Pogatscher, Material Characterization by Fast Scanning Calorimetry:
Practice and Applications, in: C. Schick, V. Mathot (Eds.), Fast Scanning Calorim., Springer
International Publishing, Cham, 2016: pp. 3—80. doi:10.1007/978-3-319-31329-0_1.

E. Zhuravlev, C. Schick, Fast scanning power compensated differential scanning nano-
calorimeter: 1. The device, Thermochim. Acta. 505 (2010) 1-13.
do0i:10.1016/j.tca.2010.03.019.

E. Zhuravlev, C. Schick, Fast scanning power compensated differential scanning nano-
calorimeter: 2. Heat capacity analysis, Thermochim. Acta. 505 (2010) 14-21.
doi:10.1016/j.tca.2010.03.020.

S. van Herwaarden, E. lervolino, F. van Herwaarden, T. Wijffels, A. Leenaers, V. Mathot,
Design, performance and analysis of thermal lag of the UFS1 twin-calorimeter chip for
fast scanning calorimetry using the Mettler-Toledo Flash DSC 1, Thermochim. Acta. 522
(2011) 46-52. d0i:10.1016/j.tca.2011.05.025.

V. Mathot, M. Pyda, T. Pijpers, G. Vanden Poel, E. van de Kerkhof, S. van Herwaarden, F.
van Herwaarden, A. Leenaers, The Flash DSC 1, a power compensation twin-type, chip-
based fast scanning calorimeter (FSC): First findings on polymers, Thermochim. Acta. 522
(2011) 36-45. doi:10.1016/j.tca.2011.02.031.

B. Schammé, Mobilité moléculaire, mécanismes de cristallisation et stabilité physique de
composés pharmaceutiques amorphes : impact des méthodes de préparation, thesis,
Rouen, 2016. http://www.theses.fr/2016ROUES049 (accessed January 7, 2019).

N. Couvrat, Four case studies on the impact of the heterogeneous equilibria on
physicochemical behaviour of organic solids, 2011. http://www.theses.fr/s149502
(accessed January 3, 2019).

108



References

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

M.S.C. Dionisio, H.P. Diogo, J.P.S. Farinha, J.J. Moura-Ramos, Rotational Mobility in a
Crystal Studied by Dielectric Relaxation Spectroscopy. An Experiment for the Physical
Chemistry Laboratory, J. Chem. Educ. 82 (2005) 1355. d0i:10.1021/ed082p1355.

K. Grzybowska, K. Adrjanowicz, M. Paluch, Application of Broadband Dielectric
Spectroscopy to Study Molecular Mobility in Pharmaceutical Systems, in: Disord. Pharm.
Mater., Wiley-Blackwell, 2016: pp. 301-360. doi:10.1002/9783527652693.ch11.

C.J.F. Bottcher, CHAPTER V - THE DIELECTRIC CONSTANT IN THE CONTINUUM APPROACH
TO THE ENVIRONMENT OF THE MOLECULE, in: Theory Electr. Polariz. Second Ed.,
Elsevier, Amsterdam, 1973: pp. 159-204. doi:10.1016/B978-0-444-41019-1.50011-0.

K. Grzybowska, K. Adrjanowicz, M. Paluch, Application of Broadband Dielectric
Spectroscopy to Study Molecular Mobility in Pharmaceutical Systems, in: Disord. Pharm.
Mater., Wiley-Blackwell, 2016: pp. 301-360. doi:10.1002/9783527652693.ch11.

F. Kremer, A. Schonhals, The Scaling of the Dynamics of Glasses and Supercooled Liquids,
in: Broadband Dielectr. Spectrosc., Springer, Berlin, Heidelberg, 2003: pp. 99-129.
doi:10.1007/978-3-642-56120-7_A4.

M. Dionisio, J.F. Mano, Chapter 7 - Electric Techniques, in: M.E. Brown, P.K. Gallagher
(Eds.), Handb. Therm. Anal. Calorim., Elsevier Science B.V., 2008: pp. 209-268.
doi:10.1016/S1573-4374(08)80010-6.

L. Berthier, Dynamic heterogeneity in amorphous materials, Physics. 4 (2011).
d0i:10.1103/Physics.4.42.

K. Paeng, H. Park, D.T. Hoang, L.J. Kaufman, Ideal probe single-molecule experiments
reveal the intrinsic dynamic heterogeneity of a supercooled liquid, Proc. Natl. Acad. Sci.
(2015) 201424636. doi:10.1073/pnas.1424636112.

V. Van Hoang, V. Teboul, T. Odagaki, New Scenario of Dynamical Heterogeneity in
Supercooled Liquid and Glassy States of 2D Monatomic System, J. Phys. Chem. B. 119
(2015) 15752-15757. doi:10.1021/acs.jpcb.5b08912.

A. Arbe, J. Colmenero, M. Monkenbusch, D. Richter, Dynamics of Glass-Forming
Polymers: "Homogeneous’ versus “"Heterogeneous’ Scenario, Phys. Rev. Lett. 81 (1998)
590-593. doi:10.1103/PhysRevLett.81.590.

K.S. Cole, R.H. Cole, Dispersion and Absorption in Dielectrics I. Alternating Current
Characteristics, J. Chem. Phys. 9 (1941) 341-351. d0i:10.1063/1.1750906.

D.W. Davidson, R.H. Cole, Dielectric Relaxation in Glycerol, Propylene Glycol, and n-
Propanol, J. Chem. Phys. 19 (1951) 1484-1490. doi:10.1063/1.1748105.

S. Havriliak, S. Negami, A complex plane analysis of a-dispersions in some polymer
systems, J. Polym. Sci. Part C Polym. Symp. 14 (n.d.) 99-117.
doi:10.1002/polc.5070140111.

F. Alvarez, A. Alegra, J. Colmenero, Relationship between the time-domain Kohlrausch-
Williams-Watts and frequency-domain Havriliak-Negami relaxation functions, Phys. Rev.
B. 44 (1991) 7306-7312. d0i:10.1103/PhysRevB.44.7306.

109



References

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Novocontrol Interdigitated Electrodes, (n.d.).
https://www.novocontrol.de/php/sa_cell_interd.php (accessed January 7, 2019).

Z. Chen, A. Sepulveda, M.D. Ediger, R. Richert, Dielectric spectroscopy of thin films by
dual-channel impedance measurements on differential interdigitated electrode arrays,
Eur. Phys. J. B. 85 (2012) 268. doi:10.1140/epjb/e2012-30363-0.

A. Dhotel, Z. Chen, J. Sun, B. Youssef, J.-M. Saiter, A. Schonhals, L. Tan, L. Delbreilh, From
monomers to self-assembled monolayers: the evolution of molecular mobility with
structural confinements, Soft Matter. 11 (2014) 719-731. doi:10.1039/C4SMO01893A.

W. Smith, T.R. Forester, DL_POLY_2.0: A general-purpose parallel molecular dynamics
simulation package, J. Mol. Graph. 14 (1996) 136-141. doi:10.1016/50263-
7855(96)00043-4.

J. Wang, R.M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Junmei Wang, Romain M.
Wolf, James W. Caldwell, Peter A. Kollman, and David A. Case, ‘Development and testing
of a general amber force field’Journal of Computational Chemistry(2004) 25(9) 1157—-
1174, ). Comput. Chem. 26 (2005) 114-114. doi:10.1002/jcc.20145.

C. Caleman, P.J. van Maaren, M. Hong, J.S. Hub, L.T. Costa, D. van der Spoel, Force Field
Benchmark of Organic Liquids: Density, Enthalpy of Vaporization, Heat Capacities,
Surface Tension, Isothermal Compressibility, Volumetric Expansion Coefficient, and
Dielectric Constant, J. Chem. Theory Comput. 8 (2012) 61-74. d0i:10.1021/ct200731v.

M. Frisch, G. Trucks, H. Schlegel, G. Scuseria, M. Robb, J. Cheeseman, J. Montgomery, T.
Vreven, K. Kudin, J. Burant, J. Millam, S. lyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li,
J. Knox, H. Hratchian, J. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.
Stratmann, O. Yazyev, A. Austin, R. Cammi, C. Pomelli, J. Ochterski, P. Ayala, K.
Morokuma, G. Voth, P. Salvador, J. Dannenberg, V. Zakrzewski, S. Dapprich, A. Daniels,
M. Strain, O. Farkas, D. Malick, A. Rabuck, K. Raghavachari, J. Foresman, J. Ortiz, Q. Cui,
A. Baboul, S. Clifford, J. Cioslowski, B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Martin, D. Fox, T. Keith, A. Laham, C. Peng, A. Nanayakkara, M.
Challacombe, P. Gill, B. Johnson, W. Chen, M. Wong, C. Gonzalez, J. Pople, Gaussian 03,
Revision C.02, (n.d.).

D. Wolf, P. Keblinski, S.R. Phillpot, J. Eggebrecht, Exact method for the simulation of
Coulombic systems by spherically truncated, pairwise r-1 summation, J. Chem. Phys. 110
(1999) 8254-8282. doi:10.1063/1.478738.

110



CHAPTER III:

CHIRALITY EFFECTS ON AMORPHOUS 5-ETHYL-5-
METHYLHYDANTOIN






I- Calorimetric Investigations of 12H

The highlights of this chapter have been published in international journal of pharmaceutics:
Impact of chirality on the glass forming ability and the recrystallization from the amorphous

state of 5-ethyl-5-methylhydantoin, a chiral poor glass former [1].

In this work, the investigation of the glassy state of 5-ethyl-5methylhydantoin (i.e. 12H) was
attempted by Differential Scanning Calorimetry (DSC) and Fast Scanning Calorimetry (FSC).
This study aims thus at isolating amorphous states of enantiopure and racemic 12H, in order
to determine their physical differences in terms of glass forming ability and, crystallization
propensity (and by extension to predict chirality implications on the glassy state of

conglomerate forming systems).
I- Calorimetric investigations of 12H

1- Classical DSC Measurements

Figure 1 displays the thermal behavior of both pure enantiomer and racemic mixture upon
heating and cooling (at 10 °C/min and 50 °C/min respectively). Upon heating, only a single
thermal event corresponding to the melting of each compound is mentioned. The melting
point of both pure enantiomer and racemic composition are, Tm(R or S) = 173 + 2°C and Tn,
(RS) = 140 + 2°C respectively. The melting enthalpies are AHm (R or S) = 21 1 kJ.mol (ASm (R
or S) = 47 J.mol't.K!) and AHm (RS) = 18 +1 klmol? (ASm (RS) = 50.8 J.mol1.K?) for the pure
enantiomer and racemic composition respectively (and the corresponding melting entropy).
All these results are in accordance with the literature data [2]. Upon cooling, recrystallization
was not inhibited despite the applied cooling rate. These observations support the highly
crystallogenic character of this molecule. Other attempts to vitrify the liquid by applying
higher cooling rates in the range [100 - 250] °C/min resulted in failure. Another possibility
remained quenching directly (manually) the melt of both samples in liquid nitrogen.
Nevertheless, this possibility was quickly put aside. Actually, during the quenching, an

extremely fast crystal growth occurred leaving no chance for vitrification.
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Figure 1: Heating and cooling curves of a) pure enantiomer and b) racemic mixture in classical DSC

Considering that the glass formation probability increases when fast cooling is provided

[3-5], vitrification and crystallization propensities of 12H were apprehended by FSC.
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2- FSC Measurements

In FSC analyses, the sample is directly deposited on the chip and is heated from the bottom
part in contact with the chip. Hence, there is a thermal gradient dependent from sample
thermal conductivity and size [6]. Dynamic and static temperature gradients linked to the
sample size and the high scanning rate during FSC experiments are reported in literature [7].
The dynamic thermal lag at the glass transition is corrected by averaging Tg values on cooling
and on heating. This dynamic thermal lag can be neglected for small organic compounds if
three conditions are fulfilled: i) a good thermal contact is ensured between the sample and
the sensor, ii) the sample thickness is lower than 10pum and iii) the heating rate is low enough
(circa 1000 °C/s) [6]. The static thermal gradient is essentially due to the temperature
difference between the furnace and its immediate environment. This effect is mostly
impacted by the sample thickness. As reported in the case of polystyrene [7], the static
thermal lag becomes obvious when the thickness of the sample is> 10um. Thickness
calculation was purchased based on simple geometric considerations. We assume that the
samples are 3D cylindrical objects with different geometrical bases. The sample volume can
be determined knowing the density of the crystal lattice (d=1.28) and the sample mass.
Consequently knowing the area occupied by the sample on the chip, one can determine its
thickness. Figure 2 depicts images of four samples of different masses (from 19 to 120 ng)

noted (a), (b), (c), (d) and table 1 summarizes the sample geometrical characteristics.

Table 1: Geometrical characteristics of samples (a), (b), (c) and (d)

Sample mass (ng) Volume 10! (um3) Surface (um?) Thickness (um)
(a) 19 1484 2294 6.5
(b) 35 2734 3853 7.0
(c) 50 3906 8482 4.6
(d) 120 9375 10993 8.5

In this study, all sample thicknesses were estimated below 10um and thermal lag effects were

then considered as negligible.
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3- Pure Enantiomer

Figure 2: Premelted samples with different geometric parameters. Sample (a) 19 ng, (b)

35 ng, (c) 50 ng, (d) 120 ng.

3- Pure Enantiomer

a) Amorphization vs Crystallization: case of enantiopure 12H

Figure 3 illustrates the thermal signature of pure enantiomer upon cooling and the second
heating at the same rates. First, the recorded melting temperature was consistent with the
value obtained by classical DSC (175°C) as shown in figure 3. Thus, cooling rates higher than
500 °C/s were required to inhibit recrystallization and fully amorphize enantiopure 12H. The
thermal signature of the glass transition was well illustrated by an endothermal steep jump of
the heat flow at Tg. The latter was measured on cooling and no obvious cooling rate
dependency was noticed: Tg onsety = 16 + 2°C. Nevertheless, at cooling rates of 300 °C/s and
500 °C/s, partial crystallization was evidenced. Cold crystallization remained unavoidable
when the compound was heated from the amorphous state, even at 3000 °C/s. Cold
crystallization was always followed by an endothermal peak corresponding to the melting of

enantiopure 12H.
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Figure 3: Thermal events of enantiopure 12H upon a) cooling and b) second heating at

variable cooling and heating rates.
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3- Pure Enantiomer

b) Maxima of nucleation and growth rates of pure enantiomer

The thermodynamic understanding of this fast crystallization tendency, passes through the
localization of both nucleation and crystal growth temperature domains. In order to
determine the temperature region were nucleation and growth maxima are located, a cyclic
heat-cool protocol and annealing step at various temperatures well below and above Tg (from
-50°C to 80°C) was applied. This thermal protocol consisted in cooling the melted sample at
1500 °C/s down to an annealing temperature. The sample was kept for 30min at the annealing
temperature and heated at 3000 °C/s up to 210 °C. As depicted in figure 4, no thermal event
occurred upon heating when the annealing step was achieved from 70°C and beyond. For
isotherms performed in the range -10°C to 60°C, crystallization took place during the isotherm
and upon heating, melting occurred at the pure enantiomer melting point. Annealing
performed at -50°C and -30°C led to an overshoot peak at the glass transition region upon
heating. Cold crystallization was evidenced in the range 75°C to 130°C and melting at 173°C
(enantiopure melting point). The nuclei formed at lower temperatures during the annealing
and heating steps inevitably undergoes crystallization in the range 75°C to 130°C. The crystal
growth rate is apparently very high in this temperature domain. But the localization of the
temperature region where nucleation rate is at his maximum is not obvious in this case.
Whatever the annealing temperature (from Tg - 66°C to Tg + 44°C), complete crystallization
occurred during annealing or heating. Consequently the melting enthalpies obtained were
almost similar. Indeed, nucleation takes place well below Tg up to Tg + 44°C. These results and

their implications are discussed in section II.3.
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Figure 4: FSC scans of pure enantiomer recorded upon heating at 3000 °C/s after the melt was
cooled at different isothermal temperatures Ta (from -50 °C to 80°C) and annealed for 30 min.

N(T) and G(T) refers as the nucleation growth temperature region respectively

4- Scalemic Composition (0 < ee < 100%)

a) Amorphization vs Crystallization: case of scalemic 12H

In this section all the analyses were carried out with samples coming from the racemic batch.
As depicted in the previous chapter, the sampling limitations imposed by FSC sampling
method prevented to analyze a real racemic sample but only a scalemic (intermediate)
composition close to the racemic one. Figures 5a and 5b present the thermal signature of such
12H sample upon melt cooling and heating from the amorphous state respectively. Full
vitrification of the melt was achieved upon cooling (even at 300 °C/s). Tg (onset) = 16 + 2°C was
determined from cooling measurements. Upon heating, cold crystallization appears (figure
5b) and the shape of the peak is highly heating rate dependent. The exothermic crystallization
peak was broadened and shifted towards higher temperatures as the heating rate increased.
Furthermore, the crystallization enthalpy decreased as the heating rate increased. For heating

rates lower than 3000 °C/s, the melting event was characterized as complex peak resulting
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4- Scalemic Composition (0 < ee < 100%)

from the overlapping of two successive endotherms. The first peak has an onset temperature
around 130°C, and the onset temperature of the second peak could be extrapolated to 135°C.

At 3000 °C/s, only one endothermal peak was recorded with an onset temperature around

135°C.
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Figure 5: a) Thermal events upon cooling and b) upon heating for the sample at a scalemic composition
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One may think that the presence of successive endothermic peak may be due to a slight
difference in the melting point of both enantiomers. But regarding figure 6 no such difference

of the melting temperature can be mentioned.
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Figure 6: FSC melting curves of both 12H enantiomers

b) Maxima of nucleation and growth rates: scalemic 12H

As in the case of pure enantiomer, the identification of the temperature region where
nucleation and crystal growth maxima are located was launch for the scalemic sample. The
same cyclic melting-quenching to different annealing temperatures was applied for the same
annealing time. This thermal protocol consisted in quenching at 1500 °C/s the melted sample
at various annealing temperatures ranging from -50°C to 90°C. The annealing step was launch
for 30 min and the sample reheated at 3000 °C/s up to 175°C. Figure 7 presents the heating
curves after the annealing process. No thermal event was mentioned when the sample was
held at Ta 270°C, consequently no crystallization occurred during the annealing or the
guenching-heating steps. When the annealing temperature Ta was in between 10°C and 50°C,
the sample fully recrystallized during the annealing period and a single endothermal peak was
evidenced at 128°C. Heating the annealed sample at 0°C, led to a well-defined exothermal

peak from 60°C to 110°C followed by melting at 128°C with the same melting enthalpy as for
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4- Scalemic Composition (0 < ee < 100%)

the previous annealing temperatures. Nucleation occurs from Tg — 16°C up to Tg + 34°C and

crystal growth velocity is specially high from 60°C up to 110°C.

For annealing between -50°C and -10°C, recrystallization was always evidenced in the range
90°C to 125°C during the heating step. The recrystallized samples melt at 133°C and the
enthalpy of crystallization same as the melting enthalpy increase as the annealing
temperature increases. As the isothermal temperature increases from -50°C up to -10°C, the
number of nuclei formed during the annealing step increases. Therefore the maximum of
nucleation rate is approximatively located at Tg — 26°C. At the glass transition region an

overshoot peak is mentioned synonym of an aging effect.
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Figure 7: FSC curves of scalemic 12H recorded upon heating at 3000 °C/s after the melt was cooled at

different isothermal temperatures Ta (from -50 °C to 70°C) and annealed for 30 min. N (T) and G (T) refers

as the nucleation growth temperature region respectively
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c) Thermal lag verification and sampling limitations

Thermal lag effects: As detailed in the introduction of section 1.2, the thermal lag effects have
to be considered regarding the sample size; more precisely its thickness. In order to evaluate
at which extent thermal lag effects may impact the calorimetric signature, analyses were
carried out with different samples of variable masses (from 19 ng up to 120 ng) taken from
the same racemic batch. The samples presented identical thermal signatures at the glass
transition region and the same Tg values at a constant heating rate. As illustrated in figure 8,
only the kinetical character of the glass transition was observed (a shift of 1 to 2°C) when the
heating rate was increased from 500 °C/s to 1000 °C/s or 1500 °C/s. Thus, the thermal lag

effect on Tg can be considered as negligible for these experiments.

Endoup? 0.5 (J/(g.°c))| Scalemic composition
Heating 1500 °C/s
19 ng e
35 ng e
120 ng e

Heating 1000 °C/s

Normalized Heat Flow (J/(g.°C))

19 ng e
35 ng e
120 ng e

-20 -10 0 10 20 30 40 50
T(°C)

Figure 8: Glass transition signature at 1000 °C/s and 1500 °C/s for three samples (scalemic

composition) with increasing masses.
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FSC Sampling limitations: Generally the variation of the enantiomeric composition leads to
different thermal signatures upon heating. In order to illustrate the difficulty of sampling
reproducibility (enantiomeric composition, sample mass or sample thickness), analyses were
carried out for seven samples prepared from the racemic batch. The thermal treatment
consisted in quenching the melt at 1000 °C/s to ensure vitrification and then heating the glassy
materials at 500 °C/s. The sample mass lied between 19 ng to 120 ng and the thermal
behaviors upon heating are summarized in figure 9. The thermal events, at higher
temperature strongly depend on the samples. Independently of the sample mass, three
distinct thermal behaviors can be observed. Samples (1), (3) and (6) exhibited a similar thermal
signature: a crystallization process followed by a triple endothermic peak. The crystallization
process was well separated from the first endothermal peak. The enthalpy of the third
endothermal event (arrow peak) increased as the sample mass increased. Samples (4) and (5)
presented no thermal events apart from the glass transition signature. And finally, samples (2)
and (7) presented a crystallization process followed by a double endothermic peak but the
end of the crystallization peak was immediately followed by the endothermal processes. Due
to steric hindrance effects, the required time for molecules of one enantiomer in the
supercooled liquid to regain their crystalline configurations will be increased as the sample
contains the two opposite enantiomers. Independently from the fact that pure enantiomer
has a poor GFA compared to the scalemic composition, the temperature region where
crystallization takes place, was shifted towards higher temperatures with the counter-
enantiomer for the same scanning rate. Considering that this shift of temperature increases
when the ee decreases, a classification of the samples of figure 9 may be established based
on their behaviors upon re-heating: ee = 0 % < ee samples ((4), (5)) < ee samples ((2), (7)) < ee

samples ((1), (3), and (6)).
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Figure 9: Heating curves from the amorphous state at 500 °C/s for seven samples coming
from the racemic batch.AT represents the temperature between the onset of the
crystallization peak and the onset of the first endothermal event. The arrow peak (third
endothermal event) indicates samples with larger ee.
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5- Physical Aging and Crystallization Propensity

5- Physical Aging and Crystallization Propensity

A systematic study of physical aging phenomenon was launched for pure enantiomer and
scalemic composition. The melted sample was cooled down to -70°C at 1000 °C/s and heated
30°C above Tg in order to record the unaged glass signal. The sample was then cooled at
different aging temperatures Ta (from -40°C to 5°C) and aged for 60 s. Before the final heating
step at 1000 °C/s up to 45°C, the sample is previously cooled down to -70°C. Figure 10 (a) and
b)) present the final heating curves after 60 s of ageing at various temperatures for pure
enantiomer and scalemic 12H respectively. Depending on the annealing temperature, a more
or less intense overshoot peak occurs at the glass transition region. This behavior is due to the
enthalpy recovery phenomenon and is classically observed for different glass formers [8-11]
[12-14].Figure 10 c) depicts the excess enthalpy evolution as function of Ta. Both samples
presented a bell shape enthalpy recovery curve with the same maximum at Tg — 28°C for an
ageing time of 60s. A significant drop of the heat capacity is observed in the case of pure
enantiomer when the ageing is performed for 60 s at temperature higher than Tg —21°C. The
heat capacity drop in the case of the scalemic composition occurred when Ta was higher than
Tg - 11°C for the same ageing time. The drop of heat capacity in the supercooled liquid state

suggests the early stages of crystallization occurrence.
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Figure 10: a, b) FSC heating scans at 1000 °C/s as a function of aging temperature for an aging
time 60s after cooling at 1000 °C/s for pure enantiomer and scalemic 12H respectively. c)

Evolution of the enthalpy excess value as function of the difference (Ta — Tg).

Moreover, for two selected aging temperatures (Tg - 36°C and Tg - 26°C), aging was performed
for various aging time ta, from 1s up to 14440s and 1s up to 900s respectively and according
to the same thermal protocol. Enantiopure 12H crystallizes for the two selected aging
temperatures after short aging time (see figure 11). Figure 11 a) and b) depict the heat flow
evolution of pure enantiomer as a function of temperature for several aging time at Ta= -20°C
and -10°C. For the two aging temperatures, the heat capacity vanishes in the supercooled

liguid state after an aging time of 600s and 120s for Ta= -20°C and -10°C respectively.
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Figure 11: a, b) FSC heating scans of enantiopure 12H at 1000 °C/s as function of aging time

for Ta =Tg - 36=-20°C and Ta = Tg - 26= -10°C respectively after cooling at 1000 °C/s

This behavior is a synonym of the presence of a crystallized fraction in the amorphous sample.
One can envisage that upon the heating step of the aged glass in order to record the aging
thermal signature, the sample entered a temperature region where crystallization is highly
probable. Consequently, enantiopure 12H is not a suitable compound for aging
characterization even at these high scanning rates due to its high crystallization propensity.
Moreover complete crystallization of enantiopure 12H in the glassy state was evidenced at -
20°C. The melted sample was cooled down to -20°C at 1000 °C/s, and aged at this temperature
(36°C below Tg) for 4 hours then cooled down to -70°C. The sample was finally re-heated at
1000 °C/s in order to record the thermal signature of the aged material (figure 12). Upon
heating, only the melting peak was evidenced. Thus, pure enantiomer fully crystallized during
the aging process. Ones more, these results highlight the high crystallization propensity of

enantiopure 12H in a large temperature range well below Tg (Tg — 36°C) and above.
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Figure 12: FSC heating curves of pure enantiomer at 1000 °C/s composition after aging the

amorphous samples for 4h at Tg - 36°C.

On the contrary as illustrated in figure 13 a) in the case of scalemic 12H, the enthalpy
relaxation at the glass transition region increases as the aging time increases up to a constant
signal for longer aging time. The overshoot peak increases and reaches saturation intensity
rapidly for Tg — 26°C than Tg — 36°C. But at Tg — 36°C the overshoot area attained higher

intensities.
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Figure 13 a, b) FSC heating scans of scalemic 12H at 1000 °C/s as function of aging time
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for Ta=-20°C and -10°C respectively after cooling at 1000 °C/s.

The out of equilibrium nature of the glassy state implies a slow evolution of the glass towards
the metastable supercooled liquid state. Therefore, one can ask if the supercooled liquid
equilibrium is reached when the saturation overshoot peak is obtained for the two aging
temperatures. To answer this question, two methods are usually proposed. The first method

consists of comparing the excess enthalpy at the supposed equilibrium and the value needed
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to reach the supercooled liquid state (AH- = ACp (Tg - Ta)). The second method consists of
calculating the fictive temperature Tf as a function of the aging time. Tf is defined as the actual
temperature for the same compound in the equilibrium, metastable, supercooled state whose
structure is expected to be similar to that of the non-equilibrium compound [15]. At the
supercooled liquid equilibrium the Tf value is equal to the aging temperature. The calculation
of ACp only by FSC is problematic because of the uncertainty linked to the rough determination
of the sample mass. Consequently in this analysis we chose to evaluate equilibrium by
determining the Tf evolution as function of the aging time. The Tf is calculated from the
heating curves using the “equal area rule’”” [16]. In Figure 14 the difference (Tf — Ta) is plotted
as function of the aging time for the two aging temperatures. The fictive temperature value
reaches the aging temperature after 120 s and 10800 s for Ta= Tg — 26°C and Ta= Tg — 36°C

respectively. Consequently the supercooled liquid state is reached for the two aging

temperatures.
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Figure 14: Evolution of the difference (Tf — Ta) as function of aging time.
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II- Discussion

1- High Crystallization Propensity of 12H

As illustrated by DSC and FSC results, 12H exhibits a high crystallization propensity. This is a
common feature shared by numerous small organic compounds. Due to their small size and
relatively planar shape, the packing of such molecules in the crystalline configuration is mostly
favored. It is well established that compounds with high molecular weight are difficult to
crystallize compared to systems with low molecular weight [17]. Moreover, the propensity to
form aglass can be affected by the number of aromatic rings, number of electronegative
atoms, presence of flexible and rotating branches, intermolecular and intramolecular
connections [18-20]. Furthermore, it was observed that liquids composed of symmetric
molecules crystallize more easily than liquids made of asymmetric molecules. The case of
meta and para xylene is commonly presented as an obvious example [3]. The meta-xylene
liquid can undergo cooling and vitrifies, whereas for para-xylene isomer crystallization takes
place in the same cooling conditions [21]. The tendency to crystallize (or to vitrify reversibly)
can be related to numerous parameters: dynamics (viscosity or molecular mobility),
thermodynamics (the driven force of crystallization) [22,23], kinetics and structural (the
complexity to rebuild the bond networks between molecules after melting) [22]. None of
these different parameters can be neglected when it comes to fully understand the GFA (Glass

Forming Ability) of a compound or its crystallization propensity.

Based on the presence or absence of crystallization upon a cyclic heat-cool-heat protocol,
Baird and coworkers proposed a classification system established on a set of 51 molecular
compounds [17]. The set of molecules is classified into class | (class | (A), class | (B)), class I,
and class Il as a function of their GFA. From this classification, 12H (whatever the ee) could
be considered as a class | (A) molecular compound, which means it would inevitably undergo
crystallization upon moderate cooling (around 20 °C/min) or melt quenching in liquid Na. As
12H system, class | molecules are usually of low molecular weight and present simple
molecular structures with few flexible and rotating bonds [17]. The structural resolution of
enantiopure 12H has been reported previously by S. Beilles and co-authors [24] and
highlighted the presence of infinite H-bond chains along b-axis. These strong molecular

ribbons (two H-bonds per molecule involving N1, 02 and N3, see figure 15) are held together
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by means of van der Walls contacts [24], [25]. Moreover, the most probable flexible group (5-
ethyl) is not implicated in the H-bond chain building. The crystallographic features of 12H

match correctly with the previous ideas proposed by Baird et al [45].
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Figure 15: Projection of the crystal structure of 12H along a-axis showing molecular

ribbons running along the b-axis from C. Gervais et al.[25]

2- Thermal Lag and Glass Transition Temperature vs ee

As presented far above, the sample thickness was always < 10 um in all experiments.
Furthermore, in the same experimental conditions, Tg value remained constant when
increasing the sample mass from 19 ng to 120 ng. For these reasons, the thermal lag effects
on Tg were neglected. Independently of the enantiomeric composition, Tg(onset) = 16+2 °C.
Indeed, both enantiomers present the same scaler properties such as Tm, AHm, Tg and ACp.
As discussed in chapter 1 in the Framework of Gordon Taylor law, Tg is independent from the
enantiomeric composition [26]. Many experimental confirmations have been reported in
literature: limonene [27], diprophylline [28] or ibuprofen [29]. Independently from the chiral
specie (a conglomerate system in the present case), Tg value is not impacted by the

asymmetric property of chirality.
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3- Impact of Enantiomeric Composition on GFA and Crystallization Propensity

in the Glassy State

FSC results suggested that 500 °C/s was not fast enough to completely skip the crystallization
process in the case of enantiopure 12H. From DSC data upon cooling, one can assess that the
degree of supercooling of pure enantiomer was higher than that of racemic mixture but still,
this parameter cannot explain why upon cooling the pure enantiomer presented a poor GFA
compared to racemic mixture. Considering that crystallization conjugates nucleation and
crystal growth stages (that are temperature dependent processes), there is a temperature
range at which the rate of crystallization is maximum. Consequently, nucleation and crystal
growth temperature dependency curves overlap in that region. The Nucleation rate N (m=3s?)
and crystal growth G (m s!) were high enough to produce supercritical nuclei and aggregation
of the molecules (growth) respectively in such way that 500 °C/s was not fast enough to
completely inhibit the crystallization of enantiopure 12H. By contrast, for the
intermediate/scalemic compositions, crystallization was not evidenced upon cooling neither
at 500 °C/s nor 300 °C/s. This fact highlights the role played by the counter enantiomer in the
GFA of this conglomerate forming system. For numerous set of organic compounds (e.g.
alkylamide derived from trans-1, 2-bis (amino) cyclohexane, diprophylline), racemic mixture
has a much higher propensity to crystallize compared to the enantiomeric counterpart
[28,30]. It is important to notice that the racemic mixtures studied in the mentioned works
crystallize as racemic compounds (i.e. both enantiomers crystallize in the same crystal lattice)
like more than 90% of racemic species [30]. By contrast, racemic 12H is a conglomerate
forming system (around 5% of racemic mixtures). In our case the counter enantiomer acts like
an impurity (of the same chemical nature) which delays or inhibits the crystallization process.
Consequently, at intermediate enantiomeric compositions, 12H will have a higher GFA when
compared to that of the pure enantiomer. If this counter-enantiomer effect is assumed in the
whole composition domain of the binary system, GFA should then increase as the composition
approaches the racemic mixture (ee decreases). From a structural point of view both systems
are identical, the implication of the counter enantiomer could then be analyzed from a
thermodynamic angle. The presence of the counter enantiomer modifies the molecular
environment of the melt, which results in a modification of the thermodynamic and kinetics

properties related to crystallization.
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Similar observations may be considered when heating the amorphous glasses. Indeed, due to
steric hindrance effects, the required time for molecules of one enantiomer in the
supercooled liquid to regain their crystalline configurations will be increased as the sample
contains the two opposite enantiomers. Independently from the fact that pure enantiomer
has a poor GFA compared to the scalemic composition, the temperature region where
crystallization takes place was shifted towards higher temperatures with the counter-
enantiomer for the same scanning rate. Furthermore, nucleation and crystal growth domains
of pure enantiomer overlap in a large temperature interval of about 70°C (from -10°C to 60°C),
while at the scalemic composition, the two processes can either be well separated or overlap
in a temperature region of about 40°C (from 10°C to 50°C) accordingly to the equilibrium
reached after recrystallization. This is consistent with the higher GFA of the scalemic sample

compared to that of the pure enantiomer.

Pure enantiomer was proven to crystallize after short aging time at Tg — 36°C or Tg — 26°C.
Even at this temperature range, where the structural bulk relaxation process is considered as
frozen and only localized movements are expressed, enantiopure 12H had enough molecular
mobility to regain the crystalline state. Moreover, the fact that nucleation and growth
processes merge at low temperatures (Tg — 26°C) strongly increases the probability for

crystallization to occur well below Tg.

Nevertheless fast crystallization in the glassy state has been reported in literature for many
molecular systems such as indomethacin [31], nifedipine [32], griseofulvin [33], and ortho-
terphenyl [34,35]. This rapid crystallization process below Tg is usually attributed to the flimsy
nature of the generated glassy material, which can easily promote crack formation [35,36].
Cracks can originate from deep quenching of the liquid for glass formation purposes [34,37].
Fractures induce free surface that favored heterogeneous nucleation, consequently the
activation barrier of nucleation, the interfacial energy and driving force of crystallization are
lowered and rapid crystallization can therefore be facilitated at lower temperature (below Tg),
[36—-38]. One important phenomenon that has also to be taken into account is the surface
mobility that can help to amplify the process. It is well established that for many glassy
molecular compounds the diffusion mechanism at the surface are higher than in the bulk for
about 6 decades in magnitudes [33-35,39]. Such cracks formation effects generating

heterogeneous nucleation can be envisaged in enantiopure 12H.
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4- Impact of chirality upon physical aging

By contrast to pure enantiomer behavior, the sample close to the racemic composition
(scalemic sample) did not crystallize during the aging process at the two aging temperatures.
During the aging process, scalemic sample evolves irreversibly towards the metastable

equilibrium state.

The equilibrium state (crystalline state) reached by enantiopure 12H after the annealing
process is therefore physically different from the expected state (supercooled liquid state)
reached by the scalemic sample. This evidenced the potential role played by chirality during
the evolution from an out of equilibrium state towards equilibrium (stable or metastable) in
such binary eutectic systems without detectable partial solid solution. The Scalemic sample
aged at Tg — 26°C and Tg — 36°C reaches the metastable liquid state after 120s and 10800s.
Furthermore the enthalpy excess values are very intense almost 1.3 kJ/mol for Ta= -10°C and
1.8 kJ/mol for Ta=-20°C. This behavior is quite surprising considering that at this temperature
range molecular mobility is very low. Recent studies on amorphous polymeric systems have
reported accelerated return towards equilibrium and high magnitude values of the overshoot
peak during the aging process [40-43]. These effects are mostly due to the high cooling rate
facilities provided by FSC and sample size. The initial glass formed upon high cooling rate
possesses high enthalpy value and greater free volume compared to an amorphous glass
formed by conventional DSC cooling rate facilities. High free volume is here required for an
accelerated return towards the metastable equilibrium, and high cooling rate provides this

free volume during the early stages of glass formation.
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5- Possible Metastable Equilibria

The access to 12H amorphous states (only feasible by FSC) offered also new routes to isolate
unknown crystalline phases. Indeed, annealing from Tg - 66°C to Tg - 26°Cand Tg - 16°Cto Tg
+ 44°C promoted the nucleation of two different crystalline forms with a melting point at
133°C+ 1°C and 128°C £ 1°C respectively. These equilibria obtained were not reported in the
binary phase diagram between both enantiomers. Consequently, crystallization from the
amorphous and supercooled liquid states may have revealed the existence of possible
polymorphism, metastable racemic compound or metastable equilibria between the two
enantiomers and this highlights the benefits of accessing to fleeting amorphous states by
novel techniques such as FSC. The following schematic diagram suggesting a metastable

racemic compound can be proposed.
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Figure 16: Binary phase diagram of 12H enantiomers, suggesting a possible metastable

racemic compound.
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Il - Conclusions

The investigation of the glassy state of 5-ethyl-5-methyl hydantoin (or 12H, a chiral APl which
is a poor glass former) was successfully performed by FSC analyses. For the first time, the
glassy state of 12H was reached, and its Tg value was determined: Tg (onset) = 16 * 2 °C (cooling

1000 °C/s) regardless its enantiomeric composition.

Besides, this study revealed drastic limitations in the sampling procedure of FSC device.
Indeed, when dealing with physical mixtures, the overall composition could not be
reproducibly maintained on the chip sensor. Other preparations or sampling routes (such as
multiple dilutions of saturated solutions and evaporation of a droplet directly on the chip)

should be envisaged to ensure defined compositions.

In the case of 12H, GFA was proven to be independent from the cooling rate (degree of
undercooling, AT = T,,, — T). The poor GFA of 12H is related to the poor separation of the
nucleation and crystal growth events in both pure enantiomer and scalemic composition. Both
phenomena overlap in more than 80°C (-20 £ T < 60°C) in the case of pure enantiomer and
40°C (10°C £ T £ 50°C) for the scalemic composition. Nevertheless, FSC analyses highlighted
that chirality clearly impacts GFA. Inversely from the behavior usually observed for racemic
compounds, upon cooling, the pure enantiomer presented a higher crystallization propensity
compared to the intermediate / scalemic composition. Therefore, samples containing both
enantiomers could be easily vitrified compared to pure enantiomers. Upon heating, the
counter-enantiomer acted like an impurity that delayed or inhibited recrystallization from the
glassy state. In addition, the stability of the glasses was investigated by an aging process. For
the same annealing conditions the initial glasses formed evolves toward different equilibria.
Annealing promotes a strong nucleation behavior in both samples and either crystallization or
highly intense overshoot peak. When glassy pure enantiomer crystallizes during the annealing
step, amorphous scalemic 12H evolves towards the metastable liquid equilibrium. In order to
explain this fast crystallization behavior, a possible explanation involving cracks formation in
the trigger of heterogeneous nucleation and fast surface crystallization was proposed. Thus,
this fast crystallization behavior makes the investigation of the molecular mobility of the

amorphous state of 12H by BDS ambiguous and simply impossible.
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llI- _Conclusions

Furthermore, different putative metastable equilibria at 130°C and 135°C previously unknown
from the binary phase diagram between both enantiomers have been highlighted. In
particular, a metastable racemic compound may have recrystallized from the amorphous state
but accurate tools such Second Harmonic Generation microscopy (to assess or not the

centrosymmetry) would be required to confirm this hypothesis.

In the next chapter we will focus on the case of Nac-MBA, another conglomerate forming
system by evaluating its GFA, the recrystallization behavior from the amorphous state, the
kinetic of return towards equilibrium upon physical aging and the molecular mobility as a

function of the ee.
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|- Heterogeneous Equilibria and Vitrification

The present chapter focuses on the thermal characterization of amorphous Nac-MBA at
various enantiomeric excess. As already developed in the case of the 12H, the GFA or the
crystallization propensity and the kinetic of enthalpy relaxation as a function of the
enantiomeric excess are investigated in the case of Nac-MBA. A particular interest is attached
to the establishment of the binary phase diagram obtained from recrystallization of
amorphous Nac-MBA and the physical aging process at variable temperature (down to 21°C
below Tg) as a function of the ee at variable aging times. In order to achieve this purpose, the

study combines different experimental techniques such as DSC, MT-DSC, and FSC.

Part of this chapter has been published in materials, letters (Vol 228 (2018) page 141-144)
and entitled “Chirality Impact on Physical Aging: a New and Original case of a Small Organic

Molecule” [1].
I- Heterogeneous equilibria and vitrification

1- Thermal and structural characterizations of both pure enantiomer and

racemic Nac-MBA upon heating

The calorimetric characterization of Nac-MBA was performed by DSC, MT-DSC and FSC. Here
we detail some DSC results obtained at different ee. When heated at 10 °C/min, both pure
enantiomer and racemic mixture illustrated different thermal signatures. In the case of pure
enantiomer, the endothermal event is associated to the melting process at Tm (R or S) = 100°C,
with a melting enthalpy, AHm= (20.1 + 0.3) kl.mol? and ASm= 0.054 kJ.moltl.K?! the
corresponding melting entropy. For the racemic mixture, three endothermal phenomena
appear. The first endothermal peak at 67 + 1 °C does not appear on the heating scan of the
enantiomer, showing that this phenomenon is different from a polymorphic transition of
enantiomers. Druot et al. [2] associated this process to the reversible and stable three-phase
equilibrium (eutectoid type) conglomerate-racemate: <R> + <S>&-><RS>. In this work, the
eutectoid invariant appears circa 3°C above the eutectoid temperature mentioned by Druot
and coworkers [2]. Additionally, the small endothermal peak is directly followed by a low
magnitude exothermal event suggesting a crystallization process. The last phenomenon that
occurs at 75°C + 2°C is associated to the melting of the racemic compound with a melting

enthalpy AHm=(16.3 + 0.8) kJ.mol™? (ASm= 0.047 kJ.mol*.K1). These results suggest that there
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1- Thermal and Structural Characterization of both Pure Enantiomer and Racemic
Nac-MBA upon Heating

is a transformation of the stable conglomerate towards the racemic compound, engaging at
least two intermediate processes (melting of the residual conglomerate and recrystallization
towards the racemic compound). This hypothesis is consistent with the fact that, due to the
poor diffusion rate in solids, the eutectoid transition is not complete and the remaining
proportion of R and S enantiomers melts as soon as the metastable melting temperature of
the conglomerate is reached (See figure 1). Since no additional phase transformation such as
polymorphism occurs in the case of pure enantiomer, all hypotheses engaging a polymorphic

transformation between both enantiomers will not be discussed.
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Figure 1: DSC Heating scans of pure enantiomer and racemic mixture at 10 K/min

Thus, upon heating of the stable conglomerate, there is a progressive transformation of the
conglomerate towards the racemic compound (but not complete). As soon as the melting
temperature of the conglomerate is reached, all the residual R and S enantiomers that have
not undergo the eutectoid transition melt and recrystallize as a racemic compound. TR-XRD
experiments were performed in order to follow the temperature evolution of the
conglomerate (see figure 2). As temperature increases (T > 20°C), there is a progressive
appearance of characteristic peaks associated to the racemic compound and conversely some

characteristic peaks related to the conglomerate disappear. Consequently the conglomerate

148



|- _Heterogeneous Equilibria and Vitrification

evolves gradually towards the racemic compound as temperature increases. These results are

in adequacy with those obtained by Druot and coworkers [2].

Return at 25° C

PR
——

B z000 {k Calculated Racemic CI)mpound

1 calculated Conglomerate

2-Theta - Scale

Figure 2: TR-XRD of the stable conglomerate showing a progressive evolution of the conglomerate
towards the racemic compound upon heating. The black arrows point out the characteristic peaks

of the racemic compound.

2- Vitrification and GFA of Nac-MBA versus ee: A kinetic competition

Both pure enantiomer and racemic mixture can undergo vitrification upon melt cooling.
Therefore they possess typically different GFA. While vitrification of racemic Nac-MBA occurs
at cooling rate higher or equal to 5 K/min (With a Tg = -32°C), crystallization occurs in the case
of the pure enantiomer even at 200 K/min. Such difference in the GFA between the pure
enantiomer and the racemic composition has already been mentioned in the case of 12H.
From our knowledge this is the second system that behaves similarly. The common feature
between both systems is that they crystalize as stable conglomerate. The main explanation of
this behavior remains kinetic. In fact, crystallization occurs only when the molecules of the

liquid phase (disorder) reorganize in a certain way that they can build the long range order of
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2- Vitrification and GFA of Nac-MBA versus ee: A kinetic competition

the crystal. This reorganization seems disturbed and delayed by the presence of the counter

enantiomer.
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Figure 3: Thermal behavior upon cooling of both pure enantiomer and racemic mixture

In order, to build a crystalline phase that respect either the conglomerate or the racemic
compound structure, each enantiomer must be surrounded by the right neighbors.
Crystallization appears if this condition is fulfilled, and may be time consuming depending on
the ee. In the case of a pure enantiomer, all neighbor molecules are of the same chirality,
therefore, crystallization may occurred more rapidly than in a mixture of opposite

enantiomers.

Figure 4 illustrates the behavior upon cooling at 10 K/min of different samples at various ee.
While in the case of the racemic mixture, no crystallization occurs, samples at higher ee
undergo partial or complete crystallization. Additionally, the crystallization peak increases as
the eeincreases, and is shifted towards lower temperatures as the ee decreases. These results
suggest that, higher cooling rate than 10 K/min are required to vitrify the samples with an ee
> 0%, and the cooling rate needed to inhibit crystallization increases as the ee increases.

Therefore one can consider that the GFA is function of the enantiomeric composition and
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increases with decreasing ee. In this case racemic Nac-MBA can be considered as a good glass

former compared to the pure enantiomer.
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Figure 4: Thermal behavior upon cooling at 10 K/min for several ee

3- Thermal behavior upon heating from the amorphous state

In order to vitrify the system, appropriate cooling rate was provided regarding the
enantiomeric composition. For ee < 80% a cooling rate of 100 K/min was applied, and for ee >
80% cooling rate higher than 250 K/min have to be considered to inhibit crystallization. After
the cooling step, the amorphous sample was then heated at 10 K/min. Figure 5 presents the
thermal signal upon heating at 10 K/min of the amorphous sample at different ee. Upon
heating, at least three thermal events were evidenced. The glass transition appears at Tg™d =
-33°C = 1 °C independently of the enantiomeric composition. At higher temperature cold
crystallization occurs depending on the enantiomeric composition; the crystallization
temperature is shifted towards higher temperature with the decrease of the ee. The
crystallization exothermal peak is followed by an endothermal event associated to the

metastable eutectic invariant Te=74°C + 2°C (the onset temperature is independent of the ee)
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3- Thermal Behavior upon Heating from the Amorphous State

of the racemic compound. The last endothermic peak is associated to the liquidus

phenomenon (The peak temperature is considered as the liquidus temperature).

Endo upiS (J/(g.K))
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Normalized Heat Flow

-60 -40 -20 0 20 40 60 80 100

Figure 5: Heating at 10 K/min from amorphous state of samples at several ee

Upon recrystallization from the amorphous state, no eutectoid invariant was observed, only
the metastable eutectic invariant associated to the melting of the racemic compound was
evidenced. Thus, the recrystallization from the amorphous state leaded to the appearance of

the metastable racemic compound. All the thermal events are rationalized in the metastable

phase diagram illustrated in figure 6.
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Figure 6: Metastable binary phase diagram between the two chiral antipodes, established
from heating the glassy states. Tg and Tcr are the glass transition temperature and the onset of

crystallization

These hypotheses are consistent with the TR-XRD diffractogram measurement performed
upon heating of the glassy material. Racemic Nac-MBA was melted and quenched in liquid
nitrogen. The diffractogram was registered from -20 °C up to 80°C by step of 10 °C. Figure 7
depicts the thermal behavior of the amorphous sample upon heating. At -20°C and -10°C, only
the amorphous halo was evidenced, suggesting that vitrification was successfully achieved
upon quenching. The initial amorphous sample recrystallizes between 0°C and 10°C towards
the racemic compound. No appearances of characteristic peaks corresponding to the
conglomerate were evidenced. Consequently, amorphous Nac-MBA recrystallizes as a racemic

compound.
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Figure 7: TR-XRD of the amorphous sample recrystallizing as a racemic compound upon heating.

4- High Cooling Rate and Size Effects from FSC Measurements
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Independently of the cooling rate, the melted sample always recrystallized as a racemic
compound. This observation is in line with Oswald’s steps rule, but may nevertheless seems
contradictory regarding the weakly crystallogenic tendency of the racemic mixture. Even
though the counter enantiomer acts as a configurational impurity during the cooling of the
liquid, the possibility of forming centrosymmetric pairs (racemic compound) is nevertheless
favored when the system is in conditions allowing crystallization. Nevertheless, this behavior
seems accurate with the high occurrence of racemic compounds (95%) compared to

conglomerate systems (5%).

4- High cooling rate and size effects from FSC measurements

In order to evaluate the high cooling rate and size effects on the eutectoid invariant, succinct
FSC measurements were performed from crystals of the conglomerate and the racemic
compound. Figure 8 illustrates the heating scan of conglomerate and racemic compound at
1000 K/s. The sample masses were estimated to be lower than 20 ng. Upon heating, the
conglomerate presented a broad endothermal peak with an onset at Tm= 68°C associated to

the melting of the conglomerate. The racemic compound presented a single endothermal
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peak at Tm=77°C related to the melting phenomenon. Consequently, no obvious transition
from the conglomerate towards the racemic occurred. The thermal fluctuation imposed to the
conglomerate is fast enough in such a way that the kinetic of the solid —solid transition cannot
follow and only the melting of the conglomerate was evidenced. For the case of the racemic

compound, only the expected melting peak was observed.

Endo up11.5 (3/(g.K))
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Figure 8: Heating scans at 1000 K/s of both conglomerate and racemic compound crystals

Both samples vitrified upon cooling at 1000 K/s. Therefore upon heating at 1000 K/s or 500
K/s the samples did not recrystallize. An isothermal step (for 2h) was then performed in the
range -15°C up to 5°C by step of 5°C, and followed by heating at 1000 K/s. The thermal
behaviors are independent from the fact that the sample was cold directly from the melt to
the annealing temperatures or heated from the glassy state to the isothermal temperature.
Upon heating, both samples presented the same thermal signature depending on the
annealing temperature. For clarity and simplicity reasons we present results obtained only for
the conglomerate (figure 9). When the annealing was performed at -10 °C and -15 °C, a single

well defined endothermal peak appears at circa 67°C (the probable melting temperature of
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the conglomerate). When the annealing was performed from -5 °C to 0 °C a double
endothermal peak occurred. The onset of the first peak is identical to that of the

conglomerate.
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Figure 9: Thermal signature upon heating at 1000 K/s after an annealing step at several

temperatures ranging from -15°C up to 5°C by step of 5°C

Several attempts to isolate these two thermal events by isothermal steps at higher
temperatures turn out into failure, since the sample always skipped from the chip during the
isothermal step and crystallizes out of the heating area. Nevertheless, it seems that between
-5 °C to 0 °C additionally to the conglomerate, at least one solid phase crystallizes
concomitantly with the conglomerate. Such behavior was not evidenced for the pure
enantiomer. Moreover from DSC experiments, racemic compound was always preponderant
upon crystallization from the melt or from the glassy state. This result suggests that the sample
size and the kinetic of thermal fluctuation can highly impact the stability of enantiomeric
systems. The hypothesis proposed by Druot and coworkers [2,3] on the existence of a
metastable eutectic associated to the melting of the conglomerate is here reinforced.
However a complete characterization of this metastable equilibrium requires XRD

measurement.
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- Amorphous Nac-MBA and physical Aging

In this section we present some results of physical aging on amorphous Nac-MBA, for different

aging temperatures, at several ee.
1- Thermal and kinetic properties of amorphous Nac-MBA

Amorphous Nac-MBA was obtained at various ee by melt cooling at 70 K/min. This cooling
permitted to amorphize all the analyzed samples (0< ee < 75%). The samples were then
submitted to a heat only temperature modulation protocol with a heating rate of 2K/min,
modulation amplitude of + 0.318 °C and a period of 60 s. Figure 10 depicts the glass transition
signature upon heating at several ee. The glass transition temperature measured at the onset
is Tg°" =-32.5°C and independent of ee. The heat capacity jump at Tg, ACp=0.45+ 0.01 (J/(g.K))
for ee < 60% and decreases slightly to ACp=0.42% 0.01 (J/ (g.K)) for ee= 75%.
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Figure 10: Reversing specific heat capacity as a function of temperature at a heating rate

of 2 K/m