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INTRODUCTION

The chemical purification of solid materials is a procedure of major importance that intervenes during various processes:

• the development of medicinal drugs: biological activities of Active Pharmaceutical Ingredients (APIs) and all their impurities have to be assessed separately [1,2], which requires their prior separation and purification.

• the elaboration of materials dedicated to electronics, which requires impurity levels to be extremely low, to minimize the formation of defects and maximize electron mobility.

• the manufacturing of analytical standards.

• etc.

During drug development, crystallization procedures are often employed to design solids (particle size, crystal shape, crystalline phase, etc). The nature of the solid phase (i. e., the polymorph) obtained during this process has to be controlled, as it directly impacts the physical properties of the product (solubility, bioavailability, rate of dissolution, physical stability, etc). Up to now, many studies revealed that the presence of impurities in the product can influence the crystallization process, and several cases were reported in the literature.

During crystallization of 4-aminoquinaldine from solution, Braun et al. showed that traces of Chloro-4-aminoquinaldine and Carboxaldehyde-4-aminoquinaldine enhanced the formation of a new form, previously unknown, of compound monohydrate [3]. This phase was found to be more stable than the other monohydrate discovered previously by Tai et al. using a purer starting material [4]. Similar case was encountered by Martins et al. during crystallization of API BN83495 (from IPSEN company) in Dimethylsulfoxide: presence or absence of impurity Letovicite led to crystallization of different polymorphs of compound solvate [5]. In addition, Viel et al. highlighted that the levels of impurity Theophylline in API Diprophylline influenced the nature of the polymorph obtained during crystallization of the compound from the amorphous state [6]. Another similar case was reported by Prasad et al. during crystallization from solution of a TADDOL analogue in presence or absence of a chiral impurity [7].

Consequently, during the development of solid products, a rigorous attention must be paid to chemical purity. Indeed, the properties of the final product depend on it. However, we will see that definitions and specifications on purity and purity grades are not that obvious. These two points require clarification, which is attempted thereafter.

Let us try to define chemical purity. Basically, this notion is related to the number and proportions of chemical species in a system -in other words, to the composition of this system. Consequently, the purity of a substance corresponds to the fraction of the most abundant species. However, a particular attention must be paid to the units in which are expressed chemical purities, as species fractions can be expressed in mass or mole %.

To illustrate the importance of that point, let us consider a binary system made of a component of interest and its impurity. Mass and molar proportions of these two components can drastically deviate when the difference in molecular weights of the two species increases (see fig. 1). For example, a 99 mole % purity compound is pure at 49.7 % in mass is the impurity molecular weight is 100 times higher than that of the interest component. Consequently, this highlights that expressing purities with solely percentage values is not sufficient, and that the nature of the percentage (mass or mole) must be indicated.

FIG. 1: Conversion of interest component mass and molar purities in binary systems

Along with the definition of chemical purity, another point has to be clarified: that of purity grades. Indeed, chemicals available for purchasing are generally marked with grades by the manufacturers. However, there is no international standardization of them, even if some normalization organizations (US pharmacopoeia, European pharmacopoeia, American Chemical Society, etc) attempted to established some specifications associated with different grades (USP grade [18], EP grade [19], ACS reagent [20], …). However, USP and EP grade specifications are not applicable to every substance, and are generally established for specific chemicals (APIs, excipients, solvents, …).

Besides, several suppliers proposed similar grade denominations, with commonly agreed specifications (see tab. 1). However, in many cases, no indication on the unity of purity (mass Normandie Université or mole %) is given (see asterisks in tab. 1). This consequently shows that purity grades have no sense when the corresponding purity criteria are not correctly expressed. As revealed by fig. 2, industrial practices do not comply with this requirement, which justifies a systematic re-evaluation of chemical purity of purchased materials before their use for critical applications. The major problem that arises from these considerations is the feasibility of ultrapure, solar and semiconductor grades purity assessment. Indeed, appropriate analytical methods must be developed and combined, if appropriate, to measure such purities.

TAB. 1: Purity grades commonly agreed

Purity grade

Chemical purity Applications Technical > 90 %* [21] Non critical tasks (vessel rinsing, starting materials for industrial production processes…). Not appropriate for laboratory use.

Reagent (or synthesis) > 95 %* [21] Synthesis Ultrapure > 99.9 mole % [22] Analysis, calibration, … Solar (or 5N) > 99.999 %* [23] Photovoltaics

Semiconductor (or 9N) > 99.9999999 %* [23] Advanced electronics FIG. 2: Screenshot of a part of Sigma-Aldrich online catalog, highlighting that chemical purity values are not correctly expressed -from [24].

For all the reasons developed in this introduction, the purity of commercial materials has sometimes to be increased before further use. In this view, many methods can be employed and combined if appropriate. Among them, crystallization [25], that serves for solid state design, can also be used for purification purposes. During this process, molecules of the recrystallized substance self assembly from the mother phase thanks to some kind of self recognition system. Thanks to this mechanism, discrimination in the solid state between the interest component and its impurities can occur. In case of sufficient discrimination, the impurities do not assembly with the molecules of the target compound and remain in the mother phase. Eventually, a phase separation procedure permits the recovery of the purified product.

Of course, such discrimination is governed by phase equilibria between all the species involved in the considered system. Indeed, several studies performed on chiral systems highlighted the relation between the structural similarity of several components and their

Antoine BUREL PhD thesis ability at assembling together during crystallization [26][27][28]. During recrystallization in solution, the molecule of interest generally does not include impurities when their respective molecular structures are different enough (fig. 3a). Conversely, when the target compound and its impurity exhibit structural similarities, impurities are generally included in the crystals (fig. 3b). The thesis developed in this manuscript is that the purifying effect of a crystallization method is closely related to this mechanism of discrimination in the solid state between the compound of interest and its impurities. In particular, the following points are demonstrated: in case of poor discrimination, limited purifying effects are observed during crystallization, and several pathways can be envisaged to bypass such unfavorable phenomena: (i) increasing the order of the system by adding a third component leading to the crystallization of another solid phase.

In favorable cases, the new phase is more selective and offers larger purifying effects, (ii) and/or modifying the chemical identity of the system by selective chemical modification of undesirable impurities to make them unable at assembling with the target molecule during crystallization.

To demonstrate that, Phenanthrene molecule was chosen as model compound. Indeed, for structural study purposes, ultrapurification of this product (e. g., an increase of its molar purity above 99.9 mole %) was required. The pathways mentioned above were investigated on this molecule in order to answer two intrinsically related questions that arose from this challenge: (i) is it possible to measure ultrapurity on Phenanthrene samples? (ii) is it possible to access to ultrapure grade by means of crystallization?

To answer these questions, the manuscript is divided into 4 different chapters:

• In chapter I, an introduction to thermodynamics and phase equilibria is made to present the different basic concepts associated with crystallization procedures and solid state chemistry. Moreover, a few elements on material purification and characterization are provided.

• In chapter II, the Phenanthrene system is introduced. A presentation of the problematics related to the solid state of this molecule is made. State of the art on the characterization and purification of this product are also provided, in order to highlight the need for a critical re-investigation of this system. In particular, the two following points are evidenced: the need for an analytical method able at measuring Phenanthrene purity
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[Pa] Pressure Q [J•mol -1 ] Amount of molar heat r [-] Number of chemical relationships S [J•mol -1 •K -1 ] Molar entropy T [K] Temperature Tfus [K] Melting point U [J•mol -1 ] Molar internal energy V [m 3 •mol -1 ] Molar volume v [-] Variance X [-]
System or sub-system composition Δmix G [J•mol -1 ] Free energy of mixing Δmix H [J•mol -1 ] Heat/enthalpy of mixing Δfus H [J•mol -1 ] Latent heat of fusion ΔT H [J•mol -1 ] Latent heat of solid-solid phase transition Δmix S [J•mol -1 •K - 

I. INTRODUCTION

In the field of material purification, phase separation processes are the most employed methods to separate target species from their impurities. These methods simply consist in taking advantage of phase equilibria between the chemical species involved in the corresponding process. Consequently, in the first part, this chapter aims at introducing some basic notions related to phase equilibria and phase diagrams, from unary to ternary systems.

As the assessment of phase equilibria requires specific devices and procedures, a second part presents the main material characterization tools employed to establish phase diagrams.

Then, a third part introduces the main purification process based on phase separation, with the support of phase diagrams to help at understanding the relationships between phase equilibria and chemical species separation. As developing purification methods requires to monitor their purifying effect, a few elements on analytical chemistry are presented to close this chapter.

II. BASIC NOTIONS ON PHASE EQUILIBRIA 1) Thermodynamic phase, free energy, state of equilibrium, variance a) Concept of thermodynamic phase

In the field of thermodynamics, a phase is a part of a system whose properties (e. g., density, chemical composition, …) are uniform in space. In other terms, a phase is a part of space which is homogeneous in the macroscopic scale. Three main types of phases exist: solid phases, in which the components exhibit a long-range order; liquid phases, which are associated with a short-range order, and gases which are disordered.

b) Thermodynamic quantities

To describe the energetic state of a system, Gibbs molar free energy (G, in J•mol -1 ) is a state function commonly employed in case of transformations induced by pressure (p, in Pa) and temperature (T, in K). Its expression is given by the following relationship [1]:

G=U + pV -TS (1) 
U being the molar internal energy of the system (in J•mol -1 ), V the molar volume (in m 3 •mol -1 ), and S the molar entropy (in J•mol -1 •K -1 ). These three quantities are state functions, too. Internal energy corresponds to the sum of kinetic and potential energies of the atoms/molecules that constitute the system. Entropy is a state function introduced by Clausius [2], which was associated with the disorder of the system (e. g., the number of configurations that the system can take in given conditions, which is a positive quantity) by Boltzmann [3].

Note that, when a system is made of several phases, its molar free energy is the weight mean of every phase energy, as indicated by eq. 2, in which fphase is the molar fraction of the considered phase in the system: Normandie Université I. Phase equilibria, material purification and characterization G= ∑ phase f phase G phase (2) Since it is a function of p and T, G varies with respect to both quantities according to its partial derivatives that can be deduced from Maxwell's identities [4]. For chemically pure systems:

dG= ( ∂ G ∂ p ) T dp+ ( ∂G ∂T ) p dT =Vdp-SdT (3) 
When pressure is maintained constant (which is the case for all the transformations carried out under atmospheric pressure, for example), the molar free energy of a system becomes:

G=H -TS (4) 
H being the enthalpy of the system, often defined as its total amount of heat (in J•mol -1 ).

A system can also be described using its heat capacity (Cp, in J•mol -1 •K -1 , eq. 5), which corresponds to the amount of heat required to elevate by an infinitesimal value its temperature, at constant pressure -thus, it is a positive quantity. Cp is not a state function, but a macroscopic property of matter.

C p = ( ∂ H ∂T ) p (5)
Additionally, Cp is also related to the variation of entropy with respect to temperature:

( ∂ S ∂ T ) p = C p T (6) 
It can be deduced that H and S are both increased when temperature raises. Nevertheless, at constant pressure, dG = -SdT (eq. 3). Therefore, as S is a positive quantity, G decreases as temperature increases.

Two important properties associated with free energy should be reminded [1,5,6]:

• A single transformation of a system is made spontaneous when the free energy of the final state (Gf) is lower than that of the initial one (Gi), which yields:

Δ G=G f -G i ( Theorem 1) 
• The most stable state of a thermodynamic system is attained when its molar free energy is at its lowest possible value (Theorem 2).

c) State of equilibrium

A system is in the state of equilibrium when no motion of any kind (e. g., matter or energy) occurs inside it, which yields [1]:

dG dt =0 (7) 
t being time.

Nevertheless, one has to distinguish two types of equilibrium states: stable and metastable equilibria (fig. 1). A stable equilibrium is always associated with the lowest possible value of Antoine BUREL PhD thesis G (here, G2). Metastable equilibria correspond to local minimum values of G (here, G1). The transformation of the system from a metastable state to a stable one is always possible as Δ G=G f -G i < 0. Nevertheless, such transformation can occur only when the sufficient activation energy is provided, so that the system could "jump" the energy barrier ( Δ G a ).

FIG. 1: Relationship between stability, metastability and Gibbs free energy

Generally, a metastable material undergoing transformations transits between intermediate metastable states before reaching the most stable one [7,8]. This empirical observation has been formalized by Ostwald rule of stages [9][10][11]. However, a few exceptions are known [12][13][14].

d) Variance

In the state of equilibrium, the variance of a system, v, is given by the following relationship (Gibbs' phase rule [15]):

v=c-r -k+ N -φ (8) 
c being the number of chemical species in the system, r the number of chemical reactions between the different species, k the number of external constraints (for example, when pressure is maintained constant, k = 1), N the number of equilibrium factors (e. g., p and T, so N = 2), and φ the number of phases.

Physically, the variance corresponds to the largest number of thermodynamic variables that can be changed simultaneously without altering the equilibrium (e. g., without changing the number and the nature of the phases in the system).

Equilibria complying with 0 v  are called "invariant".
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2) Unary systems

The study of phase equilibria in unary systems deals with chemically pure components, which means that:

• Compounds containing impurities fall outside of this framework,

• Chemically pure compounds which undergo irreversible chemical transformations during heating or during an increase of pressure cannot behave as unary systems in the range of physical conditions in which the transformations occur.

a) Factors of equilibrium

In unary systems, the stability of every phase depends on pressure and temperature, that are the two thermodynamic parameters that impact phase equilibria.

b) Variance

In unary systems, c = 1. Assuming that:

• no external constraint is applied to the system (k = 0),

• no chemical transformation occurs inside the system (r = 0);

• phase equilibria are only governed by two intensive variables: p and T (N = 2).

Then, v = 3 -φ

Consequently, the variance of the system in one-phase (p, T) domains equals 2, which means that pressure and temperature can be changed without altering the nature of the phase. For two-phase equilibria, v = 1. Therefore, a modification of one of the parameters (p or T) without changing the nature of phases in equilibrium implies that the other parameter is imposed by the equilibrium. Eventually, in three-phase equilibria, v = 0, which means that the conditions of occurrence of such equilibria are unique -there is no degree of freedom.

c) Phase free energy and representation of phase stability domains i. Topological representation of phase equilibria

The most convenient way to represent the stable states of a unary system is a 2-axis plot, in which pressure and temperature are used as variables. Such plot completed with legends denoting the domains of stability of the different phases is the topological phase diagram of the system.

According to Gibbs' phase rule, the different phase domains can be represented according to tab. 1 entries [5].

TAB. 1: Representation of phase equilibria on topological phase diagrams

Type of equilibrium Variance Representation on a (p, T) chart one-phase 2 surface two-phase 1 line three-phase 0 point

Antoine BUREL PhD thesis
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ii.

Free energy surfaces, one-and two-phase equilibria

In unary systems, the stability of the different phases is governed by their Gibbs free energy (eq. 1). In given p, T conditions, the most stable phase is the one that has the lowest G(p, T) value (theorem 2). Stability domains of one-phase equilibria are represented by surfaces. When two phases have the same G(p, T) values, the corresponding p, T coordinates denote the coexistence of these phases. These coordinates correspond to two-phase equilibrium lines.

Illustrations of these notions are provided in tab. 2, in which several cases involving one-and two-phase equilibria are represented. iii.

Three-phase equilibria

In unary systems, it is possible to observe that G(p, T) surfaces of three different phases intercept each other at one discrete (p, T) point. In this case, the three phases are coexisting at these coordinates, which denotes the existence of a triple point, the latter being invariant.

According to the rules applicable to phase relative stability (G(p, T) surfaces relative values), it is possible to show that the triple point corresponds to the intersection of three different two-phase equilibrium lines, as shown in fig. 2. Nevertheless, the latter should obey to Schreinemaker's rule [16] which states that the prolongation of a given two-phase equilibrium line beyond the triple point should lie in the one-phase domain of the third phase involved in the invariant equilibrium (see fig. 2b).

Normandie Université The most simple unary systems generally present three different phases: solid (S), liquid (L) and gas (G). This implies the existence of a triple point T at which they coexist. In addition, increasing pressure and temperature leads to the decrease of the difference between liquid and gas phase properties (refraction index, density…) up to a single critical point (C) beyond which there is no difference anymore. In that region, the system behaves as a supercritical fluid (SCF). An example of ordinary unary phase diagram exhibiting triple and critical points is shown in fig. 3.

Two-phase equilibrium lines denote the possible occurrence of phase transformations inside the system when changing p and T. These transformations are named according to tab. 3 entries. 

d) Polymorphism

Many chemical species can present different solid phases (e. g., crystalline phases in which the packing of atoms or molecules are different). This phenomenon is known as "allotropism" (for simple bodies) or "polymorphism" (for chemical compounds). To illustrate this notion, 8 allotropes of Carbon are shown in fig. 4, as well as the phase diagram of this system (stable equilibria only).

Antoine BUREL PhD thesis Every phase has its own molar free energy that changes with pressure and temperature.

According to the rules governing phase stability, two-and three-phase equilibria between the different solid phases and another one (liquid or gas, for example) are possible. Nevertheless, two distinct cases can be envisaged. Indeed, the two solid phases can exhibit enantiotropic relationships or monotropic behaviors.

i. Enantiotropy

Two solid phases are enantiotropically related when, by changing pressure and temperature, reversible reversal of their stability occurs [19,20]. In such case, the unary phase diagram of the corresponding system lets appear two concomitant stability domains of these two solids (fig. 5a). By considering the existence of the two liquid and gas phases, such case implies the existence of at least three different stable triple points. However, the prolongation of twophase equilibrium lines in their domain of metastability evidences the existence of a fourth triple point that is metastable (fig. 5b).

Beside that of Carbon [18], many species present enantiotropically related solid phases. Among them, benfluorex hydrochloride [21] or flurbiprofen [22] can be mentioned (nonexhaustive list).

1. Amorphous Carbon is not, in fact, a crystalline species -so it is not an allotrope, and no metastable equilibria involving an amorphous phase can occur. Amorphous phases are rather defined as being liquids exhibiting viscosity of solids. They are out of equilibrium and can turn into crystalline phase(s) if the required activation energy is provided.

Normandie Université ii.

Monotropy -monotropic behavior

Two phases are said monotropically related if one of them is more stable than the other, whatever p and T [19,20]. In fact, it is not possible to compare the stability of two solid phases complying with this behavior in conditions in which another phase (liquid or gas) is stable. This is why "monotropic behavior" is preferred to describe such cases, instead of "monotropy".

Such case implies the existence of one stable triple point and another metastable one (fig. 6). Biclotymol [23], Rimonabant [24] and Cimetidine [25] are a few examples (among many others) of molecules whose solid phases show monotropic behaviors.

iii.

Polymorphism at constant pressure At constant pressure, the free energy (G = H -TS) associated with one considered phase is only a function of temperature. Representation of phase H and G functions in energy vs. temperature charts were introduced by Burger and Ramberger [19,20] in order to assess the stability of different crystalline forms associated with one pure compound. Many rules were stated by these two researchers to deduce, of two crystalline phases, which one has the highest stability.

Here, these rules will not be enunciated, but energy vs. temperature plots will be discussed in order to explain the occurrence of phase transitions in chemically pure systems.

Antoine BUREL PhD thesis

Enthalpy and entropy are two state functions that exhibit a strong temperature dependence. Moreover, both increase when temperature raises (the reciprocal statement is true, too), due to their properties:

H (T )=H (T 0 )+ ∫ T 0 T C p dT S (T )=S (T 0 )+ ∫ T 0 T C p dT T ( 10 
)
For every phase, the -TS contribution to G is more important than that of H, which means that G decreases as temperature is increased (eq. 3: dG = -SdT). Nevertheless, according to the properties associated with every phase (H(T0), S(T0), Cp(T), …), the G(T) functions of the solid phases can describe enantiotropic or monotropic behaviors.

One way to describe enantiotropic and monotropic systems is the representation of Burger plots (fig. 7). In these plots, the H(T) and G(T) functions of solid and liquid phases are represented (here, the case of a dimorphic system is approached). In the case of enantiotropy (fig. 7a), the stability of SI and SII solid phases is reversed at TT,I-II, the temperature of reversible transition between the two crystalline forms. Here, SI is stable below TT,I-II, SII is stable between TT,I-II and Tfus,II, and the liquid phase is stable above Tfus,II. Such case also implies the existence of a metastable melting point of SI at Tfus,I. Note that the reversible transitions go hand in hand with a change of enthalpy that can be deduced from H(T) curves. Therefore, these transitions are associated with certain latent heat values (ΔH).

In the case of monotropic behavior (fig. 7b), SI is always stable below its melting point (Tfus,I), whereas SII is metastable. This case implies the existence of a metastable melting point of SII at Tfus,II. It is worth noting that the metastable solid can always turn into the stable one if the sufficient activation energy is provided. Such phenomenon goes hand in hand with the release of the corresponding latent heat. However, such transformation is irreversible because GII > GI.

Normandie Université
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iv.

Metastable systems

Due to many reasons, metastable forms can be obtained during the crystallization of a pure compound (whatever the technique employed to reach the solid state). Many factors can influence such processes: the undercooling [6] (in case of crystallization from the melt), the presence of surfaces enhancing the heterogeneous nucleation of one specific form [26][27][28][29][30][31], the presence of impurities [32,33], the nature of the solvent (in case of crystallization from solution) [34,35], …

These factors explain why a pure compound can be obtained as a metastable phase instead of the stable one. Consequently, these factors engender experimental difficulties to detect and master polymorphism in molecules, which can be matter of troubles in several applications such as active pharmaceutical ingredient development [36][37][38].

v.

Phase transitions in unary systems

Pure components can undergo reversible phase transitions. The latter can be classified into several categories, but several classifications were previously proposed. Among them, Ehrenfest's one is widely agreed by the scientific community. A few elements on phase transitions and their classification are provided in appendix 1 (p. 71).

Antoine BUREL PhD thesis

3) Binary systems at constant pressure

The study of binary systems is related to thermodynamic systems that contain two independent components (c = 2).

a) Variables of the system and representation

In addition to the pressure and temperature values they are submitted to, binary systems should be described using a third variable related to their composition. In a system containing two A and B independent components, the molar fractions (X) of the two components are:

X A = n A n A + n B ( 11 
)
X B = n B n A + n B ( 12 
)
n being the number of moles. Moreover, one has:

X A + X B =1 (13) 
which means that the molar fractions of the two components are intrinsically related, and, therefore, only one of them is independent. Hereafter, the composition of A/B binary systems will be designated by X = XB.

Note that the compositions can also be expressed as mass fractions.

Generally, binary equilibria are studied by maintaining pressure constant. Therefore, only temperature influences equilibria. Consequently, at constant pressure, phase equilibria in binary systems are governed by two variables: the temperature of the system (T) and its composition (X). Binary phase diagrams are thus represented on temperature vs. composition charts.

b) Variance

In a binary system of given composition, when:

• no chemical transformation occurs inside the system (r = 0);

• pressure is maintained constant (k = 1); then the variance of the system is:

v = 3 -φ ( 14 
)
Then it follows that the different types of possible equilibria are represented on T(X) charts according to tab. 4 entries. In binary systems in two-phase equilibrium at a certain temperature (Teq), the respective proportions of the two phases can be calculated from the global composition of the system and those of the two phases.

An ordinary case of binary system in a two-phase equilibrium is represented in fig. 8, on which the coordinates of the system and its two phases in equilibrium are shown. The two phases (e. g., phases I and II) in equilibrium are represented by points N and O, respectively, and the system by point M. X0, XI and XII are the compositions of the system and its two phases (XI < X0 < XII). The respective proportions of phases I and II can be calculated from a matter balance. A balance applied to the system leads to the following system of equations:

n=n I +n II n X 0 =n I X I + n II X II (15) n being the number of moles in the system, and nI and nII the number of moles in the two phases in the state of equilibrium. Therefore, the respective molar fractions of the two phases (f) are: (16) (17) These fractions can also be calculated using the algebraic distances between points M, N and O shown in fig. 8:

f I = n I n = X 0 -X II X I -X II
f II = n II n = X I -X 0 X I -X II
f I = MO NO (18) 
f II = NM NO (19) Note that, as two phases coexist, f I + f II =1 .

Antoine BUREL PhD thesis d) Phase Gibbs free energy

Binary phase energy depends on X and T, the two variables that govern phase stability in binary systems. In this part, basic energetic models are presented in order to help at understanding phase formation and separation in such systems. The solubility of one component in a considered solid solution (e. g., the ability of the two components at coexisting in the same single phase) depends on the interactions between atoms or molecules in the solid state and on the mechanical constraints engendered by the mixing (Hume-Rothery rules [39]). For example, Nickel and Copper have the same crystal structure and exhibit similar atomic radius values, and they are miscible in the solid state whatever their proportions. Oppositely, Lead and Tin have different crystal structures and atomic radii, their respective solubility values in the phase of the other are low.

In some papers related to organic molecules, the "mixed crystals" expression is used to designate solid solutions.

To approach the notion of miscibility of two components in the solid and liquid states, basic models of mixture free energy are helpful.

ii.

Free energy of binary solutions

Let us consider a A/B binary system of composition X at constant temperature. Two states of this system are distinguished: the physical mixture (state #1) and the solution between the two components (state #2, see fig. 10 for the schematic representation).

Normandie Université In state #1, the free energy of the system is given by the following relationship:

G 1 =(1-X )G A + X G B ( 20 
)
GA and GB being the molar free energies of pure A and B in the considered (liquid or solid) phase.

In state #2, the free energy is:

G 2 =G 1 +Δ mix G ( 21 
)
Δ mix G being the change of free energy associated with the mixing of both components.

Starting from the first principle of thermodynamics, one has:

Δ mix G=Δ mix H -T Δ mix S , with Δ mix H =H 2 -H 1 and Δ mix S =S 2 -S 1 (22) 
On the one hand, in ideals systems, statistical physics permits to express Δ mix S as follows [6]:

Δ mix S =-R [(1-X )ln X + X ln X ] (23) 
which means that the increase of entropy engendered by the formation of the solution is positive.

On the other hand, Δ mix H depends on the interactions between the A and B species, and their respective proportions in the system.

In the case of interactions between A and B, Δ mix H < 0 and, consequently, Δ mix G<0 . In other words, the formation of the solution is possible and favored from an energetic point of view, as G 2 <G 1 . In case of repulsion between A and B, Δ mix H >0 . Therefore, if T Δ mix S < Δ mix H , then Δ mix G>0 , which means that the formation of the solution is not possible as G 2 >G 1 . These two cases are represented in fig. 11. When, at a certain temperature:

• the G(X) curve of a phase present two inflection points (d²G/dX² = 0) (case 1)

• or the G(X) curves associated with two distinct phases intercept each other (case 2)

then there exist two composition values X1 and X2 that verify eq. 24 (equality of chemical potentials in the two phases).

∂G phase1 ( X = X 1 ) ∂ X = ∂G phase 2 ( X = X 2 ) ∂ X ( 24 
)
In other terms, a straight line, simultaneously tangent to the two phase G(X) curves at compositions X1 and X2, can be drawn. In case 1, the two phases are described by the same G(X) function (see part II.3)d)iv on miscibility gaps).

For compositions outside [X1 ; X2], the system stable phases are those of lowest G(X) values. When X1 < X < X2, the stable state of the system is a mixture of the two phases of respective compositions X1 and X2. Their proportions can be assessed using the lever rule.

iv. A first illustration of the tangent rule: case of miscibility gaps

In many binary systems, the stable state can be a mixture of two phases that are yet described by the same G(X) function. Such case is called a miscibility gap, or spinodal decomposition. The domain of existence of the gap can be assessed by means of application of the tangent rule on system G(X) function.

Let us illustrate that with a binary A/B system placed at constant temperature (Teq). In case of existence of a miscibility gap, the G(X) curve of the binary solution presents two inflexion points, which makes the tangent rule applicable (see fig. 12a). The tangent line (PQ) shows the compositions of the two phases in equilibrium (X P and X Q ) when X P < X < X Q .

In a physical mixture of composition ranging between X P and X Q (represented by point M), the formation of a single solution (point N) is favored, as G N < G M . However, the formation of two phases (represented by point P and Q) lowers the energy of the system (point O) which explains why the system stable state is not a single phase.

Consequently, below X P , the stable state of the system is a A-rich single solution. Above X Q , the system forms a B-rich single phase. Between X P and X Q , the system forms a mixture of these two phases (fig. 12b).

Solving eq. 24 at different temperature values permits the deduction of the compositions of the two phases in equilibrium in the miscibility gap. Joining up the corresponding T(X) dots leads to the corresponding equilibrium curve (fig. 12c). It is worth noting that, as the two phases in equilibrium are described by the same G(X) function, if these phase are solid, then the two solids have the same crystal structure.

Normandie Université At a certain temperature, it is possible to observe binary equilibria between two phases described by separate G(X) functions. Such equilibria can be rationalized by using the tangent rule applied to these functions.

Let us illustrate this concept on an ordinary A/B binary system (fig. 13). The two species consist in two different phases ("phase I" and "phase II"). At the equilibrium temperature (Teq), phase I and II G(X) functions present a common tangent straight line at points O and P.

Consequently, in binary mixtures of composition X O < X < X P , the formation of two phases I and II of respective compositions X O and X P is favored, as the corresponding Gibbs energy (point N) is lower than that of the physical mixture (point M). Below X O and above X P , the stable states of the mixture are the single phases I and II, respectively.

Antoine BUREL PhD thesis

vi.

Invariant equilibria

In case of simultaneous stability of three different phases at a discrete temperature, there is a composition point at which a the three phases coexist. This point is called "invariant" (v = 0), and exists at one single temperature (Tinv) and system composition value.

Let us consider a binary A/B equilibrium between three phases: I, II and III. The possible transformations of these three phases with respect to temperature can be classified into to categories: invariant reactions of type I and II.

In type-I invariant transformations, the two phases stable below Tinv associate with each other on heating to form a single phase above Tinv. In the case illustrated in fig. 14a, the corresponding reaction during heating is I + II → III.

Conversely, in type-II invariant transformations, a single phase stable below Tinv discomposes into two phases above Tinv. In fig. 14b, the corresponding reaction is I → II + III.

According to the nature of the phases involved in the invariant transformation, specific names are given to these transformations (see tab. 5). Many other transformations can be envisaged, but they are not often (or never) encountered. A recent paper attempted to give names to these transformations [40]. 

(a) (b)
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e) Examples of binary phase diagrams

In this section, a selection of basic cases of solid-liquid binary equilibria are presented, in order to introduce new notions relevant for phase equilibria characterization and/or purification process development.

i. Complete miscibility in the solid and liquid states

The most simple binary systems are those in which the two components exhibit complete miscibility in the solid and liquid states. In other words, solid-liquid phase diagrams of such systems let appear only two one-phase domains: that of the solid (S) and that of the liquid (L). This implies the existence of one or more two-phase domains (S+L). These cases are illustrated in fig. 15. The curve associated with the melting of the solid phase is called "solidus". That associated with the solidification of the liquid phase is the liquidus.

In some systems, it is possible to observe congruent points (e. g., points at which the equilibrium curves coincide -see fig. 15b). At the congruent point, the two phases in equilibrium have the same composition. However, the equilibrium lines should share the same horizontal tangent straight line at the congruent point, as shown in fig. 16 (Gibbs-Konovalov rule [41]). Segments E 1 E and P 1 P are called hypo-eutectic, -eutectoid, -peritectic or -peritectoid parts, according to the selected case. EE 2 and PP 2 correspond to hyper-eutetic, -eutectoid, -peritectic and -peritectoid parts.

Note that, in the solid phases involved in peritectic and peritectoid transformations, the two components necessarily exhibit partial miscibilities. The corresponding solid phase domains are surfaces, which is also called "partial solid solutions". While not represented in fig. 17, partial solid solutions of more or less extent can be involved in eutectic and eutectoid transformations (fig. 18).

Antoine BUREL PhD thesis The equilibrium lines near the invariant transformation temperature are submitted to strict rules, according to Schreinemaker [42]. Indeed, the tangents of these lines at the invariant temperature should lie in a two-phase domain (see fig. 19).

FIG. 19: Illustration of Schreinemaker's rule in binary systems

iii.

Intermediate phases

In many systems, stable phases (other than liquid and that of the pure components) are susceptible to appear. They are called "intermediate phases". If their stability stands on a very limited composition domain, they are generally called "defined compounds", or "co-crystals" in the case of organic molecules.

Intermediate phases that exhibit a discrete composition are called "stoichiometric compounds". Conversely, those exhibiting a stability over a certain composition range (e. g., formation of partial solid solutions) are said "non-stoichiometric".

Moreover, on heating, two types of behaviors are possible: congruent or non-congruent melting. A congruent-melting phase melts at one discrete temperature value and the composition of the liquid phase is the same as that of the solid. Conversely, on heating, noncongruent-melting phases discompose into two phases in a type-II invariant transformation (for example, a peritectic transformation).

Examples of phase diagrams involving intermediate compounds are shown in fig. 20. 
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iv. Calorimetry of invariant transformations

On heating, invariant phase transformations are endothermic. The amount of heat absorbed by the system, Q, follows linear relationships with respect to its composition, as shown in fig. 21 for the case of type-I transformation. Q is maximal at the composition of the invariant point, null at the compositions of the boundary phases involved, and takes intermediate values otherwise. Q(X) plots are called "Tammann graphs", and allow the experimenter to determine the compositions of the three phases. This procedure can be applied to every type invariant reaction.

A demonstration of Q(X) linearity is provided in appendix 2 (p. 76, case of the eutectic transformation).

Note that Q(X) is generally measured in J g -1 , which requires to express compositions in mass fractions.

FIG. 21: Tammann plot applied to an ordinary type-I invariant transformation
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4) Ternary systems at constant pressure and temperature

Ternary phase diagrams at constant pressure are prolongations of the constituting binary equilibria in a ternary composition/temperature space, as represented in fig. 22. In this section, the case of ternary equilibria at constant pressure and temperature is approached. Consequently, a focus on isothermal sections is attempted to introduce useful notions on crystallization processes. In ternary systems (c = 3) in which equilibria are influenced by pressure and temperature (N = 2), the variance is given by v = 5φ. Nevertheless, when both intensive variables are maintained constant, k = 2 and v = 3φ . Therefore, variance equals 2 in one-phase domains, 1 in two-phase domains and 0 in three-phase domains. Here, the degree of freedom is related to the variables of composition of the system.

b) Variables of composition

In ternary systems, the composition is described by three variables: the (weight or molar) fractions of the three species. Let us consider a system made of three independent chemical species: A, B and C. Their molar fractions are:

X A = n A n A + n B + n C ( 25 
)
X B = n B n A + n B + n C ( 26 
)
X C = n C n A +n B + n C (27)
Moreover, one has:

X A + X B + X C =1 (28) 
Normandie Université which means that only two composition variables are independent, because the third one is fixed by the others.

When variance equals 2 (e. g., the system forms a single phase), the two composition variables can be changed without breaking the equilibrium. In a two-phase equilibrium (v = 1), the composition of one of the phases in equilibrium can be chosen, but that of the other phase will be fixed by the equilibrium. In three-phase invariant equilibria (v = 0), the compositions of the three phases are fixed by the equilibria; therefore, there is no degree of freedom.

c) Topological representation

The most conventional way to represent an isothermal and isobaric section of any ternary phase diagram is to use Gibbs' composition triangle [5,6,15], an equilateral triangle whose corners each represent a pure component of the system. The sides of the triangle are the corresponding binary composition axes. Nevertheless, a rotation direction must be fixed to obtain consistent reading of composition axis values. In this thesis, all the composition triangle axes will be described using a clockwise rotation direction.

Any ternary mixture of composition given by {XA(M), XB(M), XC(M)} can be represented by a point M that is placed on the triangle according to the following rules, derived from homothety relationships: The notions of phase free energy and components mixing by formation of solutions developed in the part related to binary systems can be extended to ternary ones. However, at constant temperature and pressure, G becomes a function of two independent variables -namely, XA and XB -XC being the complement. Therefore, G(XA, XB) is a surface, and G functions can be represented in a three-sided prism whose base is the composition triangle, and height the G axis. The stable state of the system is the one that minimizes its free energy, and the tangent rule is still operative.

X A (M)= MO AO ; X B (M)= MP BP ; X C (M)= MN CN (29) 

FIG. 24: Example of phase free energy surfaces: case of one phase stable whatever the composition

The most simple case is a system in which only one phase is stable, whatever the composition. This means that the G function associated with the stable phase is lower in value than that of all the other phases, as represented in fig. 24 -in which the ternary system appears as phase I, in the state of equilibrium.

In such cases, the composition of the phase in the state of equilibrium is the same as that of the system.

ii.

Two-phase domains

At a given composition, in case of existence of a straight line of a plane: (i) that is simultaneously tangent to two different phase G functions, (ii) that minimizes the energy of the system (tangent rule); then the system stable state is a mixture of the two phases whose compositions are given by the tangent points coordinates (see example given in fig. 25).

The projection of the segment made by these two points on the base triangle is called "tie line" or "conodal line". Any mixture whose composition lies on this line (represented here by point M) forms, in the state of equilibrium, two phases whose compositions are given by segment extremities (points M 1 and M 2 ). Moreover, their respective proportions can be calculated using the lever rule:

f I = MM 2 M 1 M 2 ; f II = M 1 M M 1 M 2 ; f I + f II =1 (30) 
In a given two-phase equilibrium, there are an infinity of tangent lines that form a certain hull.

The projection of this hull on the base triangle gives the range of stability of two-phase
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mixtures. For the sake of clarity, only a few tie lines are generally represented on the composition triangle [5].

FIG. 25: Example of phase free energy surfaces: case of existence of a two-phase domain

iii. Three-phase domains

When a G(XA, XB) plane:

• (i) is simultaneously tangent to three phase G functions,

• (ii) has a G value that minimizes the energy of the system; then there exists a composition range in which the ternary system forms -in the state of equilibrium -the three corresponding phases whose compositions are given by the tangent points coordinates. Consequently, the three-phase domain is a triangle (see fig. 26a).

In addition, the following points can be deduced from rules applicable to G functions and phase stability (Palatnik-Landau rules [43], illustrated in fig. 26b):

• (i) on the composition triangle, the sides of the triangle domains that denotes the existence of three phases are concomitant to two-phase domains. • (ii) the corners of the three-phase domains are concomitant to one-and two-phase domains. • (iii) therefore, the two-phase domains are concomitant to three-phase (if applicable) and one-phase domains.

In the example shown in fig. 26a, when a ternary mixture presents a composition that lies in the three-phase domain (point M), the proportions of the three phases in equilibrium (points N, O and P, that correspond to phases I, II and III, respectively) can be calculated using the barycenter rule:
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Eventually, according to Schreinemaker [44], the two-phase equilibrium curves are submitted to strict rules. Indeed, at every corner of a considered three-phase domain, the two-phase equilibrium line tangents must both lie in-or outside the three-phase domain triangle (see illustration in fig. 27). 

e) From binary to ternary phase diagrams

In any A/B/C ternary system, knowledge on A/B, B/C and A/C phase equilibria is crucial to partially predict ternary equilibria at one considered equilibrium temperature (Teq) [5]. Indeed, phase domain boundaries in binary phase diagrams can be projected on the corresponding sides of the composition triangle, which gives relevant data on phase domain boundaries in the ternary system. Then, provided that no additional ternary phase appears, the ternary phase diagram is generally an extrapolation of binary equilibrium lines. Let us illustrate that with a few examples.

The most simple case is a ternary system in which the three compounds exhibit complete miscibility in the solid and liquid states (see fig. 28). The projection of binary phase domain boundaries on the sides of the composition triangle, followed by the extrapolation of the solidliquid equilibrium lines, gives a ternary phase diagram compatible with the three related binary ones. In case of partial miscibility (or absence of miscibility) between the three components, binary phase diagrams at the equilibrium temperature let appear two-phase domains. Thus, the extrapolation of binary equilibria generally leads to the existence of three-phase domains in the ternary system, as represented in fig. 29.
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It is worth noting that, at the equilibrium temperature, if partial solid or liquid solutions exist in at least one of the three binary phase diagrams, they will still have a domain of existence in the ternary system. In the example shown in fig. 29, the partial solid solution S1 of the A/B diagram leads to S1+L two-phase equilibria in the A/B/C ternary diagram.

This procedure can also be extended to systems in which a binary intermediate phase exists (see fig. 30). In this case, such phase still has a certain stability domain on the ternary phase diagram, but the extent of the latter cannot be predicted from binary equilibria.

In two-phase equilibria involving an intermediate binary solid phase and a liquid, two cases must be distinguished. Indeed, the intermediate phase can exhibit congruent or non-congruent solubility. In the first case, the addition of solvent does not change the nature of the solid phase until the solid is completely dissolved. Conversely, in the second one, the addition of solvent leads to a modification of the nature of the binary solid phase before all the solids are completely dissolved (see fig. 31). From binary phase diagrams, there is no way to predict if the solubility of a binary intermediate phase is congruent or not. However, if the two components of which the intermediate phase is made exhibit very different solubility values in the solvent, then the probability of existence of a non-congruent solubility is high.

III.EXPERIMENTAL TECHNIQUES FOR MATERIAL AND PHASE EQUILIBRIA CHARACTERIZATION

In order to assess the behavior of materials containing one component or more, many tools can be employed. In this part, some experimental techniques that permit to characterize phase equilibria and phase transformations are presented.

1) Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a comparative method that serves to assess the thermal behavior of a sample with respect to a reference [45][46][47]. Practically, two types of DSC analyses can be made: heat flux (HF) and power compensation DSC [48,49]. In this thesis, only HF-DSC is approached.

a) Principle of HF-DSC

HF-DSC consists in submitting two different systems (e. g., a sample to analyze and a reference, generally made of air) sampled in separate pans to a controlled temperature program. The two pans are let in a small oven which is continuously supplied with a certain flow of gas (helium, nitrogen, argon…), heated (or cooled) by means of a specific thermal module. During the analysis, the temperature of the two pans is recorded, which serves to measure a difference of temperature (ΔT) between the sample and the reference. Then, the recorded signal is converted to specific heat flux absorbed by the sample (ϕ, eq. 32) using laws related to heat transfer -however, this step requires to perform a calibration of the system before starting analyses. The basic principle of the technique is represented in fig. 32.

ϕ= constant ×Δ T m sample ( 32 
)
FIG. 32: Representation of a HF-DSC calorimeter -(1) oven, (2) carrier gas inlet, (3) carrier gas outlet, (4) sample pan, (5) reference pan, (6) heating/cooling module, (7) temperature sensors. In some devices, the heater/cooler can be placed up the oven.

The ϕ(t or T) plots obtained after data recording are called "thermograms" or "DSC figures" (see fig. 33). Deviations from baseline occur when the sample undergoes a certain transformation (melting, glass transition, crystallization, etc). In this case, thermal peaks are obtained. In order to distinguish endothermic and exothermic transformations, it is necessary
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to indicate the relative direction of the ϕ axis (with "endo up" or "exo up" annotations, for example).

Thermograms provide capital information such as: the temperature of occurrence of a certain thermal phenomenon associated with a transformation of the sample; the heat exchanged by the sample to perform such transformation -the latter can be assessed by integrating the specific heat flux vs. time signal. During the occurrence of a sample transformation that should occur at one discrete temperature (e. g., a first order transition such as melting), ideal DSC figures should lead to discrete thermal peaks. In practice, this is not experimentally observed. Indeed, due to the thermal resistivity of the pans, the sample and the carrier gas, thermal diffusion engenders a certain delay [50]. Consequently, 1 st order-related thermal events generally appear as peaks exhibiting a certain width (fig. 34).

FIG. 34: Main characteristics of a DSC peak

The onset temperature (e. g., the temperature at which the signal deviates from baseline) corresponds to the discrete temperature at which the 1 st order transition occurs in the sample. Peak and endset temperatures (see fig. 34) are not representative of the occurrence of such transformation. They result from heat absorption or release delay associated with thermal diffusion in the system, which is influenced by many parameters: carrier gas, mass of sample, heating rate, pan material, etc.

Normandie Université c) Characterization of binary phase equilibria

DSC is an important technique in the field of phase equilibria study [51]. Indeed, it permits to evidence phase transformations in a sample with respect to temperature, which serves to deduce capital information related to solid-solid transitions, melting phenomena, invariant transformations, etc. In this paragraph, a brief presentation of the relationships between binary phase diagrams and sample thermograms is made.

i. Binary systems with complete miscibility in the solid and liquid states

During the analysis of binary mixtures of mixed crystals up to the melt, the obtained thermograms exhibit one single peak whose width depends on the extent of the two-phase L+S domain.

For one considered mixture, peak onset temperature (Tonset) corresponds to the solidus point. Generally, the temperature at which the peak has the largest intensity (Tpeak) -rather than the endset temperature (Tendset) -is chosen as liquidus point. Indeed, due to thermal delays, choosing Tendset would lead to an overestimation of liquidus points [51].

ii.

Binary system involving invariant transformations

During the analysis of binary mixtures that undergo invariant transformations, the thermograms obtained exhibit typical aspects, similar to that presented in fig. 35 (example of a binary system with existence of a eutectic transformation). As shown on this figure, superposition of thermograms of mixtures of different compositions is particularly convenient for the detection of invariant transformations.

Nevertheless, it is worth noting that low-enthalpy transformations (such as that associated with solvus points, or invariant transformations involving only solid phases) are generally hard to detect due to the lack of sensitivity of HT-DSC for such transformations.

FIG. 35: Typical thermograms of binary mixtures showing eutectic transformations

To characterize invariant transformations from thermograms, the integration of peaks associated with the invariant reaction serves to plot Tammann graphs (see part II.3)e)iv). However, performing such plots requires these peak to be well resolved [52]. Generally, it is hard to find good experimental conditions to separate the peaks associated with the invariant transformation and the liquidus points, especially for peritectic reactions [51]. In this case, Antoine BUREL PhD thesis several approaches can be chosen to tackle the problem: (i) is to analyze more samples exhibiting different compositions, in order to estimate with a sufficient accuracy the compositions of the three phases involved in the transformation, (ii) to perform peak deconvolution, (iii) to change the mass of analyzed sample, (iv) or to reduce the heating rate.

2) X-Ray Powder Diffraction

X-Ray Powder Diffraction (XRPD) is a powerful tool to perform structural analyses of crystallized samples [53,54]: it offers the possibility to identify and discriminate solid phases, which provides relevant information for phase diagrams assessment.

a) Solid phase crystal structure

In the solid state2 , chemical objects are periodically distributed in space by successive translations, in the three dimensions of space, of a unit cell. The latter is described by: (i) its lattice (e. g., the axis system), (ii) the pattern, which corresponds to the lowest object that constitutes the crystal after application of lattice-associated translation operations.

The lattice presents six different parameters:

• the lengths of its unit vectors (a, b, c),

• the angles between them:

α=( ⃗ b ; ⃗ c ) ,β=(⃗ a ; ⃗ c ) , γ=(⃗ a ; ⃗ b) .
Every atom that constitutes the pattern has its own coordinates in the lattice system: xi, yi and zi. It is characterized by a single vector, ⃗ r i =x i ⋅⃗ a+ y i ⋅ ⃗ b+ z i ⃗ c .

An example of unit cell is represented in fig. 36. It contains only one object -here, an atom represented by a white sphere. During XRPD measurements, an X-Ray source produces a focused monochromatic beam that irradiates a powder sample with a certain incidence angle, ω. Besides, a detector measures the intensity of the beam diffracted by the sample at the 2θ angle, that is twice as larger as the ω one. The θ and 2θ angles are continuously varied during the measurement thanks to a goniometer circle. The sample diffracts the incident beam when Bragg's condition is satisfied [54]:

2 d hkl sin θ=n λ (33) dhkl is the distance between the hkl diffracting planes, n the order of diffraction (positive integer) and λ the incident beam wavelength.

At the end of the measurement, the recorded data are represented in diffracted beam intensity vs. 2θ angle values plots which are called "diffraction patterns".

The basic principle or XRPD is represented in fig. 37. 

c) Application to phase identification

As a given crystalline phase is characterized by a certain unit cell (including the properties of the lattice and the pattern), and has its own diffraction pattern -with specific diffraction peaks. The diffraction pattern of a powder sample containing a mixture of phases corresponds to a superposition of the patterns associated with every phase. Therefore, XRPD is a helpful tool to characterize solid phases whatever the order of the system. An example of use of XRPD for phase identification purposes in a binary system is presented in fig. 38. Consequently, XRPD provides data complementary to that obtained using DSC: for a considered sample, it ensures the identification of the solid phases that are involved in the transformations observed in DSC. However, XRPD is not the only method that can give structural information about the phases that constitute a sample. Other methods, such as Second Harmonic Generation [55], Infrared Spectroscopy or Nuclear Magnetic Resonance are particularly convenient to discriminate certain types of solid phases.
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3) Analysis of chemical composition

In case of equilibria involving at least two phases that can be separated, the chemical analysis of each phase provides relevant data to characterize the equilibrium. In particular, such analyses are generally performed to study isothermal sections of ternary phase diagrams: they are helpful to determine phase compositions in solid-liquid equilibria, and, subsequently, the corresponding tie lines in two-phase domains. Of course, chemical analyses should be crosschecked with data obtained using complementary phase characterization tools (XRPD, …).

However, studying solid-liquid ternary equilibria can be complicated. Indeed, analyzing phase compositions requires to separate the solid(s) from the liquid. Nevertheless, there is no way to determine the exact composition of the solid(s), as it is impossible to completely remove the adhering saturated liquid from crystal surface, and the traces of that liquid (e. g., the wet residues) can bring their own contribution to solid composition measurement -in this case, the measured composition of solid(s) slightly deviates from the true composition value. To bypass that, Schreinemaker proposed a method -Schreinemaker's method of wet residues [56] -to determine the composition of the solid(s) in equilibrium with the saturated liquid, provided that the global composition of the starting mixture is known. Assuming that there is no miscibility between the solvent and the two other species in the solid state, the composition of the solid(s) can be calculated according to eq. 34:

X B ,S = X B , L X C ,0 -X B , 0 X C , L X C ,0 -X C , L (34) 
XC,0 and XB,0 being the fractions of solvent and B species in the starting mixture; and XC,L and XB,L the fractions of solvent and B species in the liquid phase in equilibrium with the solid(s).

An graphical representation of this equation is provided in fig. 39.

FIG. 39: Illustration of Schreinemaker's method of wet residues

4) The problem of sample preparation

The study of stable phase equilibria by means of any appropriate characterization method requires the elaboration of starting samples that must be in the state of equilibrium.

Otherwise, the interpretation of data recorded during sample characterization can be particularly tedious and difficult, which does not facilitate the construction of the phase diagram.

The preparation of stable binary mixtures can be complicated. Indeed, the preparation method should permit the formation of the stable phase(s) starting from physical mixtures of the two species. In this view, many preparation methods can be envisaged: (i) the complete dissolution of binary physical mixtures in an appropriate solvent, followed by the recrystallization of the solid phases by solvent slow evaporation; (ii) the solidification of binary physical mixtures from the molten state; (iii) the grinding of physical mixtures; (iv) the recrystallization of physical mixtures in any solvent, followed by a separation of the solid phase(s) from the saturated liquid, (v) application of annealing treatments to physical mixtures, etc. These procedures can also be applied to form stable mixtures of higher order (ternary, quaternary, …). Of course, there is no specific procedure to obtain stable mixtures. It is a matter of trialand-errors.
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IV. TECHNIQUES FOR MATERIAL CHEMICAL PURIFICATION AND PURITY ASSESSMENT

Most of purification procedures are based on phase-separation processes that take advantage of phase equilibria between the species to purify and its impurities. In this section, a short review of the most common purification techniques is presented. As monitoring the purifying effect of a specific method requires the use of analytical techniques, a brief presentation of analytical tools is also provided.

1) Methods for chemical purification

Many methods can be employed to separate the different species of a mixtures. The main ones can be classified into two categories: chromatographic techniques [57][58][59], and phaseseparation based processes. Among the latter, distillation [60][61][62], liquid-liquid extraction [62][63][64][65], crystallization from gas phase (sublimation-condensation) [66], melt crystallization [67,68] and solvent-assisted crystallization [69,70] are the most used at the laboratory and industrial scales. However, their respective efficiencies depend on phase equilibria between the different species involved in the processes, and these methods present different advantages and drawbacks that are summarized in tab. 6. 

2) Methods for chemical composition assessment

To determine the composition of a sample, it is necessary to employ analytical methods. However, there a large panel of techniques that can be combined if appropriate, according to the nature of the targeted solutes. Generally, analytical methods can be divided into two categories: (i) those that permit global molar purity assessment (Differential Scanning Calorimetry [71], Titrimetric and gravimetric analysis [72], Electrical resistivity measurement [73], Refractive index measurement [74][75][76], …), (ii) those providing extended details on sample composition, with data on the levels of every component (chromatography [77,78], spectroscopy [79], …). A brief summary of method advantages and drawbacks is proposed in tab. 7. 

V. CONCLUSION

In this chapter, theoretical and practical basic notions on phase equilibria were developed in order to introduce the phenomena at the origin of chemical species separation. As seen in the different parts, many phase-separation based processes can be set up in order to concentrate and/or isolate different chemical species from mixtures of components. However, the large possibilities offered by phase equilibria to reach such goals make purification method development complicated:

(i) the appropriate phase-separation process(es) must be selected, applied and, if appropriate, combined in the right order, in order to reach the purity requirements.

(ii) the purity of samples -and the purifying effect of the process(es) applied to separate chemical species -must be monitored by means of one or more appropriate analytical methods.

These two focus points can be more or less difficult to deal with, according to the complexity (e. g., the number of chemical species, and their behavior during application of phaseseparation processes) of the starting sample.

The major topic of this thesis is the purification of Phenanthrene, a model compound, solid in normal conditions, and that contains many impurities exhibiting different thermodynamic behaviors. In the next chapter, a review of Phenanthrene system is attempted in order to introduce and summarize the problematics and the state of the art related to its purification.
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VI. APPENDICES 1) Phase transitions in unary systems

As seen in part II.2, pure compounds can undergo phase transitions [80]. In this section, a few elements on this phenomenon are given in order to help at understanding the related concepts and the associated mechanisms [81][82][83][84][85]. Here, only phase transitions involving two solid phases are approached (melting, vaporisation and sublimation phenomena are not described).

a) Displacive and reconstructive phase transitions

According to crystal structure changes occurring during phase transitions, the latter can be classified into several categories. However, several criteria can be established to perform such classification. Consequently, there are many ways to sort phase transitions, and some of them are controversial. In this section, two kinds of transitions are described: displacive and reconstructive phase transitions. These notions are widely agreed in the field of material science.

During displacive phase transitions [86], the structural changes in the solid state are generally of minor magnitude: the chemical interactions between the different molecules are not broken, but the lengths of interactive bounds and/or the orientation of the molecules is/are slightly changed (below 0.1 Å for the lengths). Generally, these transitions are associated with small latent heats (a few J•g -1 ), and small discontinuities of material physical quantities at the transition point. Moreover, the crystal structures of the two phases involved in the transformation generally exhibit group-subgroup relationships.

Conversely, reconstructive transitions [START_REF] Tolédano | Reconstructive Phase Transitions In Crystals and Quasicrystals[END_REF] involve a breaking of intermolecular interactions in the solid state, which yields large structural changes. Thus, there is generally no clear relationship between the two phases crystal structures. During the occurrence of such transformations, the changes associated with material physical properties at the transition point are important. Consequently, reconstructive transitions go hand in hand with large latent heats (more than 10 J•g -1 ). Empirical observations shown that these transitions are submitted to systematic thermal hysteresis -in contrast with displacive transitions.

b) Order-disorder transitions

In many cases, solid-solid phase transitions can be approached in terms of crystal structure order. Indeed, many species present phase transitions from an ordered low-temperature phase to a disordered high-temperature phase -these transitions are called "order-disorder transitions" [START_REF] De Oliveira | Order-Disorder Transition[END_REF].

Disorders have been classified into many categories. However, two main types of disorder exist: (i) static disorder, in which the molecules in the crystal structure are slightly vibrating due to thermal energy. Nevertheless, no change -with respect to time -of molecule configuration, orientation or position in the crystal lattice occur in static-disordered phases.

(ii) dynamic disorder, that denotes the existence of continuous thermal motions inside the Normandie Université molecules in the solid state. Part of molecules, as well as the whole molecules, can be affected by such motions. Dynamic disorder is generally induced by motion of alkyl chains, changes of molecule configuration, rotation of the molecule along a certain axis, etc.

Generally, the ordered and disordered phase crystal structures exhibit group-subgroup relationship. In this case, the ordered phase exhibits low symmetry, and the number of symmetry elements is increased in the disordered phase. Such transitions can be considered as being displacive transitions. Nevertheless, other cases of order-disorder transitions between two phases that do not exhibit such relationship are known. These transitions are reconstructive 3 .

Many series, such as that of ammonium halides [START_REF] Vaks | On the theory of phase transitions in the ammonium halides[END_REF][START_REF] Stevenson | Phase Transitions in the Ammonium Halides[END_REF], are known to undergo order-disorder transitions. This series has been previously intensely studied. Among it, ammonium chloride (NH4Cl) and deuterated ammonium chloride (ND4Cl) were found to exhibit order-disorder transitions [START_REF] Seeck | Order-disorder transition of ND 4 Cl and NH 4 Cl[END_REF] involving similar solid phases (see fig. 40a,b). As shown in fig. 40b, NH4 + or ND4 + ions exhibit dynamic disorder in the disordered phase, whereas they do not undergo any motion in the ordered phases. As revealed by structural studies on NH4Cl and ND4Cl during transition from the ferro-ordered (F) phase to the disordered (D) phase (fig. 40c), the two compounds exhibit distinct transition behaviors. Indeed, NH4Cl lattice parameter undergoes a discontinuity at the transition temperature. Moreover, a thermal hysteresis was clearly evidenced, which means that the material went through a reconstructive-like order-disorder transition. Conversely, ND4Cl lattice parameter was continuous during the transition, without existence of thermal hysteresis. Thus, ND4Cl underwent a displacive-like transition.

On the base of many experimental observations, another classification of phase transitions was proposed by Ehrenfest. This was made in order to separate these transitions according to the evolution of material physical quantities around transition point. 

c) Ehrenfest classification of phase transitions

In 1933, Paul Ehrenfest proposed to classify phase transition according to the behavior of system free energy (G) at the transition point [START_REF] Jaeger | The Ehrenfest Classification of Phase Transitions: Introduction and Evolution[END_REF]. He introduced the notion of transition order, which was defined as being the lowest order of system G derivative -with respect to pressure or temperature -that exhibits a discontinuity. From there, phase transitions were classified into two categories: first and second order transitions. In this part, only temperatureinduced transitions -at constant pressure -are approached.

In the case of 1 st order transitions, ∂G/∂T function exhibits a discontinuity at TT,I-II, the temperature at which the transition between SI and SII solid phases occurs. However, in 2 nd order transitions, ∂G/∂T function is continuous. During 2 nd order transitions, ∂²G/∂T² function is discontinuous at TT,I-II. In 1 st order transitions, this function exhibits asymptotic behavior. The two cases are illustrated in fig. 41.

Starting from that, monitoring system physical quantities that are proportional to G 1 st and/or 2 nd order derivative(s) around TT,I-II can help at determining the order of a transition. The two main quantities that are proportional to G 1 st derivative with respect to temperature are entropy and enthalpy:

S =-( ∂ G ∂T ) p ; H = ∂(G /T ) ∂(1/T ) (35) 
The main one proportional to G 2 nd derivative with respect to T is the ratio of heat capacity and temperature:
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C p T =-( ∂ 2 G ∂T 2 ) p = ( ∂ S ∂ T ) p = 1 T ( ∂ H ∂ T ) p (36)
Therefore, H(T), S(T) and Cp(T) functions follow different behaviors according to the transition order. Examples of H(T) and Cp(T) curves associated with 1 st and 2 nd order transitions are presented in fig. 42. The most remarkable difference between 1 st and 2 nd order transitions is that 1 st order ones are always associated to a latent heat (ΔHT,I-II), whereas 2 nd order ones do not present such property. Order of phase transitions has been the topic of a large debate for many years. Indeed, some researchers questioned the existence of 2 nd order transitions [START_REF] Jaeger | The Ehrenfest Classification of Phase Transitions: Introduction and Evolution[END_REF][START_REF] Sauer | A Look Back at the Ehrenfest Classification[END_REF], and the physical meaning associated with such concept. Experimentally, the measurement of H or Cp is generally biased by some device-related perturbations. Consequently, the criteria for classification of transitions has been limited to the existence of a latent heat and a thermal hysteresis (1 st order) and the existence of a single Cp jump without existence of a latent heat nor hysteresis (2 nd order).
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2) Calorimetry of the eutectic transformation

Let us consider the following type-I invariant transformation: phase I + phase II → phase III. At the invariant temperature, phases I, II and III respective compositions are XI, XII and XIII.

If the composition of the system ranges between XI and XIII, the enthalpies of a binary mixture just below and above the invariant transformation are given by:

H ( X ) T inv +ε = f I H I + f III H III H ( X ) T inv -ε = f I H I + f II H II ( 37 
)
HI, HII and HIII being the respective enthalpies of the three phases, and fI, fII and fIII their fractions. ε is a positive infinitesimal amount of temperature. Applying the lever rule to express fI, fII and fIII yields:

H ( X ) T inv +ε = ( X III -X X III -X I ) H I + ( X -X I X III -X I ) H III H ( X ) T inv -ε = ( X II -X X II -X I ) H I + ( X -X I X II -X I ) H II (38)
Thus, the amount of molar heat (Q) absorbed by the mixture during the invariant transformation is:

Q( X )=H ( X ) T inv + ε -H ( X ) T inv -ε = X ( H III -H I X III -X I + H I -H II X II -X I ) + X III H I -X I H III X III -X I + X I H II -X II H I X II -X I ( 39 
)
If XIII < X < XII, then one has:

H ( X ) T inv +ε = f III H III + f II H II H ( X ) T inv -ε = f I H I + f II H II ( 40 
)
Applying the lever rule gives:

H ( X ) T inv +ε = ( X II -X X II -X III ) H III + ( X -X III X II -X III ) H II H ( X ) T inv -ε = ( X II -X X II -X I ) H I + ( X -X I X II -X I ) H II (41)
Then, the molar heat absorbed by the mixture during the invariant transformation becomes:

Q( X )= X ( H II -H III X II -X III + H I -H II X II -X I ) + X II H III -X III H II X II -X III + X I H II -X II H I X II -X i ( 42 
)
Consequently:

(i) Q = 0 if X = XI. (ii) Q = 0 when X = XII.
Antoine BUREL PhD thesis (iii) if X = XIII, the amount of heat is maximal and equals:

Q max =H III -H I ( X II -X III X II -X I ) -H II ( X III -X I X II -X I ) (43) 
Calorimetric measurements generally give Q(X) values expressed in J g -1 . In this case, these relationships can be used to determine the compositions of the three phases provided that the composition values are expressed in mass fractions. 

I. INTRODUCTION

Phenanthrene molecule (C14H10, of molar mass 178.23 g•mol -1 , and represented in fig. 1) belongs to polycyclic aromatic hydrocarbons (PAH) class 1 . This compound is naturally present in oil and is industrially produced by extraction from coal tar residues. Besides that, Phenanthrene is also a persistent organic pollutant (POP) that is generated by incomplete combustion or organic matter during various processes: fuel/wood combustion in cars, plants and chimneys, food cooking, cigarette smoking, etc. Even if its biological activity has not been fully characterized up to now, the compound is suspected to have a certain toxicity, including potential carcinogenic effects. However, due to lack of data, it has not been classified by official health agencies as carcinogen, but GHS2 data on Phenanthrene (tab. 1) clearly associate the molecule with many hazards. Phenanthrene molecule presents many industrial applications:

(i) it is produced and used as standard in order to obtain reference samples for the detection and quantification of the compound in different matrices: foods, environmental samples, etc.

(ii) it is used as base for the synthesis of many drugs, including colorants, explosive materials, active pharmaceutical ingredients (APIs) [1], electrical conductors [2,3], photo-luminescent materials [4], etc.

For these reasons, Phenanthrene is easily accessible from many suppliers that provide different grades: technical, for synthesis, standard, etc.

Besides the extraction from tar coals, Phenanthrene can be prepared by synthesis from different chemicals, and several preparation procedures have been reported in the literature for many years [5][6][7][8][9][10]. However, due to its environmental toxicity, many researches were previously conducted in order to study chemical reactions to eliminate Phenanthrene from contaminated soils. In this framework, the reactivity of the molecule offered many possibilities to reach that goal.

In the solid state, Phenanthrene exhibits a certain electrical conductivity that is due to electron mobility inside the crystals. Consequently, the compound also belongs to organic semiconductor class. However, the electronic properties of solid Phenanthrene were found to exhibit a strong dependence with respect to temperature [11]. Complementary investigations showed that this observation was due to the existence of a solid-solid phase transition occurring at ~ 65-70 °C [12]. However, this transition was found to present unusual phenomena. Moreover, the impurities of Phenanthrene were highlighted to have a significant influence on this phase transition.

In this chapter, a brief presentation of knowledge on Phenanthrene solid state is made. In a first part, the known solid phases of the compound are described. Then, a summary of the studies made on the solid-solid transition, in view of assessing its mechanism at the molecular scale, is exposed. In a third part, the known issues related to the purity of the compound and its influence on the transition are presented. Eventually, the state of the art on Phenanthrene purification and analysis is summarized, in order to introduce the problematics related to the access to ultrapure grade.
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II. PHENANTHRENE SOLID STATE 1) An overview of Phenanthrene solid state landscape

Many -more or less recent -studies on Phenanthrene solid phases have been previously performed and published in the literature. A short review permits to highlight the existence of three known polymorphs. Two of them were obtained and characterized at atmospheric pressure: the low and high temperature (LT, HT) crystalline forms of this compound, whose respective structures were determined by Petrícek et al. [13]. The third one was obtained at room temperature under high pressure (HP, 700 MPa) by Fabbiani et al. [14]. The crystallographic characteristics of these phases are summarized in tab. 

2) The order-disorder solid-solid transition in Phenanthrene

According to their crystal structures, Phenanthrene LT and HT phases exhibit group-subgroup relationship. Indeed, in the LT form, the molecules are almost static and do not undergo detectable dynamic disorder. Conversely, in the HT one, Phenanthrene molecules occupy the same positions as in the LT phase, but they are subject to rotational/orientational dynamic disorder, as showed by fig. 2b. This disorder induces a slight increase of the unit-cell parameters (with respect to those of the LT form), leading to a low decrease of solid density (see tab. 2). Moreover, it generates new symmetry elements. Among them, the existence of inversion centers is the most remarkable difference with the LT phase.
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In 1966, Matsumoto shown, by means of calorimetric and structural studies, that a reversible transition between the LT and HT phases of Phenanthrene occurred at 65-70 °C (1 atm) [12]. Thus, at atmospheric pressure, the two phases are enantiotropically related. In addition, the HT phase was found to melt at ~ 98-100 °C.

Due to the high similarity of the LT and HT phases, both of them present close XRPD patterns, as shown in fig. 3. However, due to the gain of symmetry, LT phase characteristic peaks at ~ 15 and 20.5 ° vanish after the transition to the HT form.

Besides, the monitoring of Phenanthrene solid-solid transition by means of DSC highlighted that the latter could be associated by a small -but significant -latent heat of a few J•g -1 (fig. 4). According to the different theories on phase transitions developed in chapter I appendices, this indicates the existence of a 1 st order contribution to this phase transformation. Nevertheless, other studies performed using complementary techniques showed the unusual character of this transition. As the HT and LT phases are centro-and non-centrosymmetric, they can be distinguished by means of Second Harmonic Generation (SHG 3 ) experiments. In 
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The order-disorder solid-solid transition in Phenanthrene 91 1976, Dougherty and Kurz monitored the transition using this technique [16]. Their results, shown in fig. 5a, highlighted the progressive decrease of SHG signal intensity on heating from room temperature to ~ 70 °C -temperature at which the SHG positive character of Phenanthrene completely vanished, thus indicating the complete conversion of the LT phase to the HT one. These observations corroborated those previously made by Matsumoto and Fukuda in 1967 [17] (fig. 5b). Indeed, their monitoring of the height of Phenanthrene LT phase (102) plane XRPD peak (2θ = 20.5 °) with respect to temperature led to similar conclusions.

From these results, some doubts on the order of the transition raised, as well as the question of the possible existence of a 2 nd order contribution to the transition. This question was also justified by the continuous aspect of Phenanthrene crystal lattice parameters around the transition temperature, as evidenced by Matsumoto and Fukuda (fig. 6). However, no data on potential thermal hysteresis were presented by the authors of the study. FIG. 6: Evolution of Phenanthrene crystal lattice parameters with respect to temperature on heating, adapted from Matsumoto and Fukuda paper [17].

In another study, Matsumoto monitored the evolution of Phenanthrene crystal resistance with respect to temperature by applying several gradual heating and cooling steps on the sample. The results, shown in fig. 7, highlighted two unusual phenomena:

(i) on the one hand, on heating, a change of slope of log(resistance) vs T function could be observed at ~ 56 °C, but it remained continuous around the point of slope change. The phenomenon was reversible on cooling, and no thermal hysteresis was observed.

(ii) on the other hand, a discontinuity of log(resistance) vs T function was evidenced at 65-70 °C. The phenomenon was reversible on cooling, but a certain thermal hysteresis was observed. Nevertheless, on cooling, it occurred at higher temperature values than on heating, which is unusual.

These observations might indicate the potential occurrence of two successive and reversible phase transitions in a narrow temperature range. Nevertheless, both of them seem to exhibit different orders.

FIG. 7: Evolution of Phenanthrene crystal resistance with respect to temperature, from Matsumoto [11].

Complementary structural studies made by Petrícek et al. [13] showed that, on heating, phenanthrene molecules in the LT phase undergo a progressive increase of orientational disorder until reaching the complete conversion of the phase to the HT one. This study suggested the formation of disordered clusters in the LT phase, and the increase of the number of clusters on heating.

All these solid-solid transition mechanism characterization studies performed on Phenanthrene samples highlighted unusual behaviors. Up to now, the mechanism of the transition, at the molecular scale, has not been fully characterized. Moreover, in other studies, the chemical purity of the compound was found to severely impact the transition.
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3) Impact of Phenanthrene purity on its solid-solid transition

Besides the unusual character of Phenanthrene solid-solid transition, another point was found to exhibit a critical influence on the behavior of the molecule in the solid state. Indeed, the chemical purity of the solid has a strong impact on the transition, as well as the melting point of the compound. This paragraph aims at summarizing the main studies related to the influence of Phenanthrene purity on its transition.

In a recent study, Couvrat et al. showed the significant influence of Phenanthrene chemical purity on its solid-solid transition [18]. Indeed, DSC experiments made on samples provided by different suppliers highlighted significant changes in transition temperature and latent heat, according to the purity (see fig. 8). In another study, Gloistein et al. tried to assess the influence of several impurities of Phenanthrene on its transition [19]. Among them, Anthracene and Carbazole were found to stabilize the HT phase at room temperature with moderate impurity levels (e. g., 3.7 mol. % for Anthracene and 6.0 mol. % for Carbazole). These two studies highlighted that Phenanthrene chemical purity was a critical parameter to which a particular attention should be paid before studying the solid-solid transition. Indeed,
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one question of major importance raises from these observations: is the unusual character of the transition related to the pure compound itself or due to the presence of impurities in the material? As this interrogation remains unanswered for now, it calls for supplementary solidsolid transition studies on ultrapure Phenanthrene. Therefore, purification methods have to be developed and applied to the compound in order to reach that goal. Nevertheless, this implies two major tasks: (i) the development and optimization of these purification procedures to reach 99.9 mole % purity; (ii) the elaboration of analytical methods to assess the purifying effect of these procedures. In the next paragraphs, a brief presentation of the state of the art on Phenanthrene purification and analysis is made to expose the know-how on these two points.
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III. STATE OF THE ART ON PHENANTHRENE PURIFICATION AND ANALYSIS

Up to now, many purification procedures to remove different impurities from Phenanthrene samples were described in the literature. The purifying effect of these procedures was assessed by means of several analytical methods that were more or less precisely depicted.

The different procedures exhibited various selectivity, according to the impurities. In this part, a review of the literature is presented to summarize the know-how in Phenanthrene purification and analysis.

1) State of the art on Phenanthrene purification

As a product from coal tar, Phenanthrene generally contains impurities that also belong to PAHs. Among them, 9 different chemical species were previously identified, as indicated by tab. 3 entries. However, the presence (or not) and levels of these different impurities change according to the supplier and the purity grade. As revealed by their molecular structures, the different impurities can be classified into several categories:

• (i) those that contain only carbon and hydrogen, and exhibit full aromaticity: Anthracene, Biphenyl, Fluoranthene, Naphthalene and Pyrene.

• (ii) those that contain heteroatoms: Carbazole and Dibenzothiophene.
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• (iii) those that are made of carbon and hydrogen, but that do not exhibit full aromaticity: Dihydrophenanthrene and Fluorene.

According to the cited literature, many purification methods were described to separate Phenanthrene from these impurities. In this section, a short review of published results is attempted and discussed.

a) Purification using phase-separation based methods

Many phase-separation based methods were previously applied to Phenanthrene in order to separate this compound from its impurities. Among them, distillation, melt crystallization, sublimation and solvent-assisted crystallization were the most employed ones.

i. Purification by distillation

In 1951, Feldman et al. reported the purification of Phenanthrene by means of azeotropic distillation [22]. Raw impure Phenanthrene was first treated by means of chemical reactions to remove some major impurities. At the end of this first step, treated Phenanthrene was found to contain Fluorene and Carbazole. An azeotropic distillation of the product using Ethylene Glycol as solvent gave different distillate fractions containing Phenanthrene with low amounts of Fluorene. Conversely, the residue was found to be mainly made of Carbazole. This impurity was completely removed from Phenanthrene by this procedure that was patented the next year [23].

In 1974, McArdle and Sherwood attempted the removal of Phenanthrene impurities by means of vacuum distillation [21]. The product -initially solid -was distilled at low pressure using basic laboratory equipment. The first and last 10 % distillate fractions were discarded. The product recovered from the distillate was analyzed. The results showed that this method was particularly efficient at removing Fluorene. Similar results were reported by Runsheng et al.

in 2010 [25].

ii.

Purification by solvent-assisted recrystallization

In many studies dealing with the purification of Phenanthrene, solvent-assisted crystallization procedures were applied and combined to other methods to remove the impurities. While many papers describe recrystallization steps -involving classical laboratory solvents and equipments -they do not give any quantitative data about their purifying effect [29,30]. However, a few other publications give more detailed information on that [24,26]. In these studies, the recrystallization solvent was supercritical CO2.

In their study, Sako et al. showed that, using this procedure, it was possible to separate Phenanthrene from Naphthalene in a binary starting mixture in which the two components had the same mass fractions [24].

Besides, Esmaeilzadeh et al. showed that the recrystallization of a ternary mixture made of 40 % Anthracene, 40 % Phenanthrene and 20 % Carbazole (in mass fractions) in supercritical CO2 led to the precipitation of a solid enriched in Phenanthrene (~ 82 %) and impoverished in Anthracene (~ 12 %) and Carbazole (~ 6 %) [26].
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iii.

Purification by vacuum sublimation

In several studies, vacuum sublimation was employed to purify Phenanthrene [29,31,32]. However, no quantitative data on the purifying effect of this method was provided by the authors of the corresponding papers.

iv. Purification by melt crystallization (Zone Melting)

The "reference" method used to purify Phenanthrene (e. g., the purification method that was almost systematically used across the different studies) was Zone Melting 4 , a variant of melt crystallization. In this method, an ingot made of the solid to purify is submitted to a local heating, which leads to the generation of a small molten zone. The latter is then displaced from one end of the sample to the other. According to the difference between their solubilities in the molten zone and in the solid slice that recrystallizes at every slight displacement of the zone, the impurities can be displaced towards the different ends of the sample -more details on this technique are provided in chapter IV. The molten zone pass can be repeated as many times as desired, in order to amplify impurity concentration at ingots ends.

Due to Phenanthrene stability upon melting, this technique has been widely used to purify the molecule [20,21,27,28]. Moreover, it is worth noting that, to date, many suppliers (TCI Chemicals, Sigma-Aldrich, etc) provide commercial zone refined Phenanthrene, which shows that this technique is still a reference method for the preparation of high-purity samples of this molecule.

Quantitative data on the purifying effect of this method showed that Zone Melting is particularly efficient at displacing Naphthalene, Biphenyl, Dihydrophenanthrene, Dibenzothiophene [21]. Similar observations were made for impurity Anthracene [21,27]. While efficient at removing these impurities from Phenanthrene, the technique exhibited more moderate efficiency with respect to Fluorene, whose solubility values in the liquid and solid phases were found to be similar [21].

After application of several number zone passes, the authors of the different studies could demonstrate that the technique dropped the levels of several impurities below the detection thresholds of their analytical methods (generally, below 1 ppm impurity in Phenanthrene). This was the only method that permitted to reach such results. However, its major drawback is its productivity: performing large numbers of zone passes requires much time, which is probably the main limitation of Zone Melting.

b) Purification by impurity chemical transformation

Thanks to the difference in chemical reactivity between Phenanthrene impurities, the latter can be specifically modified in order to change their properties and their ability at being removed from the target compound.

The most typical example is that of Anthracene, that exhibits the reactivity of dienes. Consequently, it is possible to convert this impurity to its Diels-Alder products using any appropriate dienophile reactant -Phenanthrene, that has almost no Diels-Alder reactivity [33], should not undergo any similar transformation. One of the related chemical transformations is 4. Also called "Zone Refining".
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the reaction with Maleic Anhydride, that is known to form with Anthracene the corresponding Diels-Alder adduct [34] (see scheme 1). The latter can react with water in alkaline-pH medium, leading to the formation of a salt extractable by liquid-liquid extraction. Anhydride. The Anthracene/Maleic Anhydride Diels-Alder adduct was removed by successive reactive extractions with 3M aqueous NaOH solutions [21]. According to the authors of the study, this procedure was able to reduce Anthracene level in Phenanthrene below the limit of detection of their analytical method (< 1 ppm). Note that this procedure was also employed by Feldman et al. [22], leading to similar purifying effects.

In their study, McArdle and Sherwood showed that other chemical treatments were also able to remove other impurities from Phenanthrene:

• (i) the exposure of Phenanthrene samples to molten Sodium was found to convert Dibenzothiophene to Biphenyl. The latter was removed from the target compound by means of Zone Melting which was found to remove Biphenyl more easily than Dibenzothiophene. However, another paper showed the reactivity of Phenanthrene with alkali metals [35], which can cause the formation of undesirable impurities.

• (ii) treatment of Phenanthrene with Raney Nickel led to the partial elimination of Dibenzothiophene. Nevertheless, a new unidentified impurity was generated by this procedure.

• (iii) treatment of Phenanthrene with molten Potassium Hydroxide led to the reduction of Fluorene level below the limit of detection of the analytical method (1 ppm).

c) Purification by preparative liquid chromatography

Besides the techniques previously mentioned, preparative liquid chromatography was also used in several studies to purify Phenanthrene. However, only one recent study, conducted by Couvrat, gave quantitative figures on its purifying effect [18]. After application of the technique, Phenanthrene main impurity levels (Fluorene, Dibenzothiophene, Anthracene and Carbazole) were reduced below the detection thresholds of the analytical method employed (~0.01 wt. % impurity in Phenanthrene). However, this procedure was applied to a starting Phenanthrene sample that exhibited low impurity contents. The purifying effect of the method was not assessed on Phenanthrene samples containing more impurities. Moreover, the main drawback of this method is its productivity, as several days were required to obtain only 10 mg of purified Phenanthrene.
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As shown in this part, many purification procedures were described to remove impurities from Phenanthrene samples, which offers a certain freedom of choice. In several studies, two (or more) different methods were combined in order to increase the purity of the molecule. However, only two methods (solvent assisted recrystallization and zone melting) based on discrimination in the solid state were reported and supported by quantitative data on their purifying effects. Moreover, most of these studies were conducted many years ago, which calls for a critical re-evaluation of their efficiency.

2) State of the art on Phenanthrene purity assessment

In order to assess the purifying effects of the different methods described above, several analytical methods were reported by the researchers who led the corresponding studies. The aim of this paragraph is to present them and to discuss their efficiency.

a) Analytical Gas Chromatography

Due to their favorable vapor pressures, Phenanthrene and its organic impurities can be analyzed by means of Gas Chromatography (GC). This method was widely used to determine impurity levels in Phenanthrene samples. However, in their study, McArdle et al. used a packed column in order to separate the interest chemical species [21]. In these conditions, Anthracene could not be separated from Phenanthrene, which prevented from its quantification using GC. Moreover, typical chromatograms obtained by the authors (fig. 10) showed broad solute peaks, which is generally not suitable for trace analysis. In their case, several peaks (E, F) were not sufficiently resolved to perform specific impurity quantification.

The impurity detection thresholds were 0.0001 wt. % for almost all the impurities, except Dibenzothiophene (0.01 wt. %). Note that no detailed information was provided by the authors about the chromatographic conditions (carrier gas, temperature program, sample preparation…). In Matsumoto study [27], Anthracene levels were determined by Infrared (IR) absorption spectroscopy. Indeed, this impurity presents a strong absorption band at 882 cm -1 whereas Phenanthrene does not absorb at this wavenumber. Consequently, a specific quantification of this impurity was possible, and the detection threshold was ~ 10 -5 mol/mol.

In their study, McArdle et al. quantified this impurity by means of ultraviolet (UV) absorption spectroscopy. A similar limit of detection was obtained using this method [21].

c) Summary

Two major outcomes were highlighted during the previous studies on Phenanthrene analysis:

(i) First, thanks to their high capacity, packed GC columns permitted the detection of impurities at very low levels -that were sufficient to measure ultrapurity values. However, this method was not efficient enough to quantify all the impurities by one shot: Anthracene and Dibenzothiophene peaks were not sufficiently resolved to perform specific quantification by GC, and this method had to be combined with spectroscopic analyses to determine the levels of all the detectable impurities.

(ii) Secondly, thanks to their high efficiency, capillary GC columns offered a better resolution of Phenanthrene impurity peaks, which made possible their quantification by one single analysis. Nevertheless, these columns exhibit lower capacities that those of packed ones, which means that the analyzable mass of sample was lower. Consequently, the detection thresholds were higher. Even if the chromatographic conditions described by Couvrat et al. are sufficient to measure ultrapurity, they do not permit the measurement of purity values higher than 99.9(9) %. Therefore, this chromatographic method should be refined and optimized to reach that goal.
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IV. IMPLICATIONS OF PHENANTHRENE SYSTEM REINVESTIGATION

As mentioned in this chapter:

(i) at atmospheric pressure, Phenanthrene presents two different phases whose stability is reversed at ~ 65-70 °C. The LT phase is ordered, and the HT one exhibits dynamic disorder.

(ii) studies on the transition between the two phases mentioned previously highlighted its unusual character: SHG monitoring shown the progressive conversion of the LT form to the HT on heating, and electrical resistance measurements suggested the potential occurrence of two separate transitions of different orders in a narrow temperature range. They raised the question of the mechanism of the transition, which was, up to now, not resolved.

(iii) studies on Phenanthrene chemical purity shown that this parameters had a large influence on the solid-solid transition temperature. They raised the question of the origin of the unusual character of the transition: Phenanthrene molecule itself, or its impurities?

These two questions have to be answered by studies on ultrapure Phenanthrene samples, which implies:

(i) the development and optimization of purification processes to obtain 99.9 mole % purity product, (ii) the measurement of impurity contents in Phenanthrene, at levels sufficiently low to assess the purity of ultrapure samples.

Consequently, the next chapter aims at presenting works dedicated to the development of an analytical method for Phenanthrene impurity levels quantification in one single shot (with a particular attention paid to the detection thresholds, in order to measure ultrapurity).

Then, chapter IV will present works on Phenanthrene ultrapurification by means of crystallization.

Chapter III Development of an analytical method to assess Phenanthrene purity

Chapter III DEVELOPMENT OF AN ANALYTICAL METHOD

TO ASSESS PHENANTHRENE PURITY Symbols (expressed in international system units)

Cp,i [J•mol -1 •K -1 ] Solute heat capacity Di [m 2 •s -1 ] Solute diffusion coefficient d [m] Column internal diameter dp [m] Particle diameter e [m] Stationary phase film thickness F [m 3 •s -1 ] Column volumetric outlet flow Gi [J•mol -1 ] Solute Gibbs molar free energy Hi [J•mol -1 ] Solute molar enthalpy h [m] Column local plate height h [m] Column average plate height Ki [-] Solute partition equilibrium constant ki [-] Solute retention factor kiapp [-] Solute apparent retention factor L [m] Column length LDi [kg•m -3 ] Limit of detection of a solute LQi [kg•m -3 ] Limit of quantification of a solute Mi [kg•mol -1 ] Molar mass N [-] Number of Carbon atoms Ni [-] Column efficiency P [-] Column pressure ratio p [Pa] Pressure R [J•mol -1 •K -1 ] Gas constant Rs [-] Peak resolution RF [signal unit•kg -1 ] Response factor Si [J•mol -1 •K -1 ] Solute molar entropy Normandie Université SSD [s 2 ] Sum of squares of deviations T [K] Temperature t [s] Time t0 [s] Column holdup time Ui [J•mol -1 ] Solute molar internal energy Vi [m 3 •mol -1 ] Solute molar volume v [m 3 ] Phase volume
Greek symbols (expressed in international system units)

αapp [-] Column apparent selectivity αi [m 3 •mol -1 •K -1 ] Solute molar coefficient of expansion β [-] Column phase ratio Δ [-]
Difference between the stationary and mobile phases δi

[s] Peak width at half height η [Pa•s] Viscosity κ [m 2 ] Flow permeability σi [s] Peak standard deviation χi [m 3 •mol -1 •Pa -1 ]

Solute molar compressibility

Note: in this chapter, all the quantities are expressed in the international system units, unless specified.
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I. INTRODUCTION

As stated in the previous chapter, many analytical methods can be envisaged to analyze Phenanthrene samples. Due to the large number of impurities to quantify, separative methods (e. g., gas chromatography, GC) were judiciously selected during previous works on Phenanthrene purification. However, due to their low efficiency, packed GC columns that were used [1] made the employment of other complementary methods (IR and/or UV spectroscopy) compulsory, in order to quantify non-resolved impurities such as Anthracene. In this case, the preparation of samples for purity determination is tedious, which is not suitable when many analyses must be performed.

Thanks to technical progresses, many chromatographic variants can be envisaged to tackle the problem of Phenanthrene purity assessment. Among them, classical GC, using capillary columns, can be raised. Such columns generally exhibit sufficient efficiencies to obtain thin and high chromatographic peaks, which offers, with respect to packed-column GC: (i) an improvement of the separation of the species to quantify; (ii) a decrease of the detection thresholds.

However, appropriate detectors must be chosen to quantify the solutes after elution. Among them, Flame Ionization (FIDs) and Mass Spectrometer (MSDs) detectors are widely employed due to their sensitivity with respect to almost all the organic molecules. Moreover, MSDs offer an access to solute molecular formula, or even chemical structure, which permits their identification.

In this thesis, quantification of impurities in Phenanthrene is targeted. As the final aim of this work is to produce ultrapure samples of this molecule (e. g., samples exhibiting purities larger than 99.9 mole %), an analytical method, able at measuring such high purities, must be developed. Consequently, capillary-column GC-FID was selected to quantify impurity levels in Phenanthrene. The present chapter aims at explaining the different steps of the development of a method using this technique. All the measurements were cross-checked with capillarycolumn GC-MSD experiments in view of increasing the degree of certainty on impurity identities.

In this work, the development of the analytical method was performed in separate steps:

• the elaboration of a retention thermodynamic model, in order to predict solute retention times in given chromatographic conditions.

• some internal validation of the analytical method, once the separation is optimized using the predictive model previously developed. Solute response factors, peak resolutions and detection thresholds were assessed in order to estimate the maximum purity that can be measured in case of absence of impurity detection.

• eventually, various commercial Phenanthrene samples, provided by different suppliers and exhibiting different purity grades, were analyzed using the method developed in this work, to test its reliability.

Normandie Université

Before introducing the results, some basic notions on Gas Chromatography are presented, in order to help the reader at understanding the theoretical and experimental developments introduced in this chapter.
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II. BASIC NOTIONS ON GAS CHROMATOGRAPHY 1) Basic principle of the technique

Classical Gas Chromatography (GC) devices can be described according to fig. 1. They are made of several modules: a pressurized carrier gas bottle, a pneumatic control module, an injector, a column (and its oven), a detector and a recorder.

During a chromatographic process, a certain pressure of carrier gas (Helium, Nitrogen or Hydrogen) is set at the head of a tubular column, which permits the generation of a gas flow through the column. Conventionally, the carrier gas is called "mobile phase" (MP).

If capillary, the column contains a certain amount of stationary phase (SP) which is generally a liquid polymer coated on its internal wall.

Any liquid or gaseous sample can be analyzed by introduction of a certain amount in the injector by means of a glass syringe. During the injection, the sample is vaporized and transported by the carrier gas. The different solutes undergo successive partition equilibria between the MP and the SP. According to these partition equilibria, the solutes travel at different rates in the column (elution process), which permits their separation. To optimize the separation with a given column, the operator can change: (i) the MP velocity, (ii) the column oven temperature program.

After elution, solutes reach the detector that generates a signal whose intensity is generally proportional to the amount of solute detected. Consequently, after detector calibration, the species of interest can be quantified. The record intensity vs. analysis time is called "chromatogram". Basically, the process of solute elution can be approached using the plate theory [2]. In the latter, is it assumed that the column behaves as a cascade of biphasic reactors (the MP and SP being the two phases) between which solute partition occurs. At every displacement of solute induced by the MP, new partition equilibria take place. Due to this phenomenon and to diffusion of solutes, a certain broadening of solute bands is engendered. At the end of the process, the different solutes generally elute as Gaussian peaks whose parameters are their retention times (tR,i) and their standard deviation (σi) (see eq. 1). The efficiency of a column with respect to a solute, Ni, is defined by eq. 2:

y i (t )= y 0 + C i ×RF i σ i √ 2π exp ( -1 2 × [ t -t R ,i σ i ] 2 ) (1 
N i = ( t R ,i σ i ) 2 =5.54× ( t R ,i δ i ) 2 ( 2 
)
δi being peak width at half intensity.

Generally, column efficiency is also called "number of plates". Ni quantifies the ability of a column at generating plates during solute elution. From Ni, the column average plate height, h i, can be calculated using the following relationship, in which L designates column length:

Antoine BUREL PhD thesis h i = L N i (3)
In practice, large Ni (or low hi) values can be associated with thin peaks, which is suitable for two reasons: (i) fine peaks offer more space for other peaks on the chromatogram (concept of peak capacity); (ii) due to the properties of Gaussian function, fine peaks are more intense, which make them easier to integrate after detection (suitable for trace analysis).

c) Apparent retention factor

The apparent retention (or capacity) factor of a column with respect to a solute, kapp,i, is defined by eq. 4:

k app ,i = t R , i -t 0 t 0 (4)
t0 being the hold-up time of the column (e. g., the retention time of a non-retained compound).

Physically, it corresponds to the ratio of the times spent by the solute in the SP and in the MP. Solute apparent retention factors are necessarily higher than 0.

d) Column apparent selectivity

The apparent selectivity of a column with reference to two solutes (αapp,j/i, j being the more retained solute) can be estimated using eq. 5:

α app , j /i = k app , j k app ,i = t R , j -t 0 t R ,i -t 0 ( 5 
)
This quantity is related to the ability of a column to separate two solutes. Nevertheless, selectivity higher than unity does not necessarily mean that the considered solutes are separated. Indeed, this criteria only takes solute retention times into account, but not widths of their peaks. This is why the concept of resolution is more relevant to describe the separation between two solutes.

e) Peak resolution

The resolution (Rs,j/i, j being the more retained solute) between two solute Gaussian peaks can be calculated using eq. 6:

R s , j /i =1.18× ( t R , j -t R ,i δ i +δ j ) (6) 
When non-selective detectors are used, the resolution between two peaks should be higher than 1.5 in order to quantify the related solutes. Indeed, this value corresponds to a recovering percentage of 2% -generally considered as acceptable for specific quantification in analytical chemistry. Obtaining good resolutions requires to adapt chromatographic conditions to compromise column efficiency and selectivity, as shown by fig. 3. Indeed, for a given selectivity, sufficient column efficiency leads to thin and well-resolved peaks (a). Conversely, low efficiency leads to broad and non-resolved peaks (b), which requires the use of a selective detector to integrate solute peaks and perform quantification.
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3) Characteristics of a column

Capillary columns can be described using several characteristics that are listed in this paragraph.

a) Technology

Capillary columns used in this work are known as "wall coated open tubular" (WCOT). A schematic representation of a transversal cut of this kind of column is made in fig. 4. 

c) Phase ratio

The phase ratio (β) of a column corresponds to the ratio of the volume of SP (vSP) and that occupied by the MP (vMP) [4,5].
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Basic notions on Gas Chromatography 117 β= v SP v MP (7) In the case of capillary columns, phase ratio can be estimated using eq. 8:

β≈ d 4×e when e≪d (8) d)

Hold-up time

The hold-up time of a column corresponds to the retention time of an unretained solute. It is generally noted t0. Its mathematical expression is given by the following relationship [6], where x is the position in the column and u carrier gas velocity.

t 0 = ∫ 0 L dx u ( x) (9)

4) Characteristics of a column flow a) Carrier gas local velocity

The local velocity of the MP through a tubular pipe can be estimated using Darcy's law [5]:

u( x)=-κ η × dp dx (10) 
κ being column permeability, η MP viscosity and p pressure.

Conservation of carrier gas mass flow through the column leads to: p( x)×u( x)= p outlet ×u outlet (11) poutlet and uoutlet being carrier gas pressure and velocity at column outlet, respectively.

Combining eqs. 10 and 11 yields:

-κ η × p( x)×dp= p outlet ×u outlet ×dx (12) 
Integrating this equation and applying x = L leads to:

u outlet = κ× p outlet 2×η× L ×(P ²-1) ( 13 
)
where P is the column pressure ratio: P = pinlet / poutlet, pinlet being column head pressure.

In capillary columns, κ can be expressed using eq. 14 [5]:

κ= d 2 32 (14) 
Besides, combining eqs. 10, 11 and 13 permits an expression of the pressure profile along the column (eq. 15). A graphical representation of this function is made in fig. 5.

p ( x)= p outlet × √ P 2 -x L ×( P 2 -1) (15) 
Consequently, eqs. 11 and 15 permit to express the theoretical profile of carrier gas velocity along a column (eq. 16). The graphical representation of this equation is provided in fig. 6.

u( x)= u outlet √ P 2 -x L ×( P 2 -1) (16) 
FIG. 5: Theoretical pressure profiles in a tubular GC column -calculated using eq. 15 for several pressure ratio values FIG. 6: Theoretical carrier gas velocity profiles in a tubular GC column -calculated using eq. 16 for several pressure ratio values

Starting from eqs. 13-14, the gas outlet velocity can be expressed according to eq. 17 for capillary ones.

u outlet = d 2 × p outlet 64×η× L ×( P ²-1) (17) 
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Consequently, the detailed expression of carrier gas velocity profile becomes eq. 18:

u( x)= d 2 64 η L p outlet ( P 2 -1) √ P 2 -x L ( P 2 -1) (18) 
b)

Carrier gas average velocity

The average velocity of the carrier gas in a column can be estimated using eq. 19 [3][4][5]7]:

u= L t 0 (19) 
In practice, this quantity can be calculated by measuring the hold-up time of the column. However, a theoretical expression taking the extremity pressures into account permits an indirect estimation of u, as shown by eq. 20 (capillary ones) [5].

u= 3d 2 128 η L ( p inlet 2 -p outlet 2 ) 2 ( p inlet 3 -p outlet 3 ) (20) 
A simpler -but equivalent -expression can be employed to estimate the average carrier gas velocity in a capillary column [4]:

u= d 2 32 η L ( p inlet -p outlet ) (21) 

c) Column flow

For capillary columns, the carrier gas outlet volumetric flow, F, can be calculated using Poiseuille's equation [4]:

F = π d 4 256 η L ( p inlet 2 -p outlet 2 p outlet ) (22) 
Basically, chromatographic analyses performed in constant flow and variable temperature mode require the injector pneumatic control module to regulate column inlet pressure to counterbalance viscosity changes induced by modifications of temperature.

d) Carrier gas viscosity

As previously mentioned, carrier gas viscosity has a significant impact on its flow. Indeed, large viscosity values induce high flow resistance. Moreover, gas viscosity is increased as temperature increases. To illustrate that, viscosity values of different gases are represented in fig. 7. Generally, the viscosity of a gas can be expressed according to eq. 23 [8]:

η(T )=a 0 T a 1 ( 23 
)
Normandie Université This figure shows that hydrogen is the gas that exhibits the lowest flow resistance. Conversely, helium is the most viscous one.

Note that more extended models serve to carrier gas viscosity values. Among them, the most used was that developed by Hawkes [9].

5) Solute elution thermodynamics a) Introduction

As mentioned previously, the process of elution yields from successive displacements of solute partition equilibria between the MP and the SP -this process occurs in the different plates of the column. Let us consider the equilibrium associated with solute partition:

i(MP) ↔ i(SP)
This partition transformation can be described using several thermodynamic quantities listed below.

Antoine BUREL PhD thesis

Basic notions on Gas Chromatography

121 i. Equilibrium constant
The equilibrium constant associated with solute partition transformation is given by the following equation [4,5]:

K i = [i ] SP [ i] MP (24) 
[i]SP and [i]MP being solute concentrations in the SP and MP, respectively. In the case of infinite dilution hypothesis (e. g., the amount of solute introduced in the column does not exceed column capacity), Ki does not depend on solute amount. When this hypothesis is not true, concave or convex partition isotherms can govern solute partitioning. In this case, elution peaks are not Gaussian, but exhibit significant peak fronting or tailing, respectively.

ii.

Solute retention factor

This quantity is derived from the equilibrium constant expression. It is defined as the ratio of the mass of solute contained by the SP and that contained by the MP in the state of equilibrium [4,5]:

k i = m i , SP m i , MP (25) 
Using column phase ratio (eq. 7) and partition constant (eq. 24) definitions, this relationship can be rewritten as follows:

k i = K i β (26) 

b) Impact of temperature on solute partitioning

The equilibrium constant temperature dependency is governed by the following relationship:

K i =exp ( -Δ G i RT ) ( 27 
)
where ΔGi is the difference of solute molar Gibbs free energy in the SP and the MP in the state of equilibrium (ΔGi = Gi,MP -Gi,SP). R is the gas constant.

Using thermodynamic relationships, one can introduce ΔHi and ΔSi, the enthalpy and entropy associated with solute partitioning (ΔHi = Hi,MP -Hi,SP and ΔSi = Si,MP -Si,SP). As:

Δ G i =Δ H i -T Δ S i ( 28 
)
then the equilibrium constant becomes:

K i =exp ( -Δ H i RT + Δ S i R ) (29) 
Combining eqs. 29 and 26 yields:

k i =exp ( -Δ G i RT -ln β ) =exp ( -Δ H i RT + Δ S i R -ln β ) (30) 
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This model equation, known as linear Van't Hoff relationship, assumes that ΔHi and ΔSi are constant with respect to temperature [6]. These two quantities are both negative. In addition, eq. 30 shows that temperature has a major impact on retention factor values. At low temperatures, these values are generally high, which means that solutes are preferentially dissolved in the SP, and are, consequently, more retained by the column. Conversely, increasing temperature decreases retention factors, and solutes are less retained. The selectivity of a column with respect to two solutes depends on their ΔHi and ΔSi values, and temperature has to be optimized to (i) make solute retention factors different enough to obtain a good separation, (ii) make solutes eluting in the minimum analysis time.

c) Solute retention time

Thanks to a mathematical analysis of the elution process, the retention time of a solute can be defined using the following integral [10]:

t R ,i = ∫ 0 L ( 1+k i u( x i ) ) dx i (31)
This integral confirms that solute retention time depends on the successive values taken by the retention factor during the analysis, as well as on local carrier gas velocity at its successive positions in the column.

6) Kinetic phenomena during solute elution

During elution, solute band in the column undergoes broadening phenomena. These phenomena occur due to multiple sources: axial molecular diffusion of solutes, mass transfer by diffusion, etc. Thus, they limit the number of apparent equilibria occurring inside the column during elution, which means that they impact local plate height.

a) Solute diffusion in the gas phase

The coefficient of diffusion of solute in the MP (in cm 2 •s -1 ) can be estimated from Fuller et al. model equation [11]:

D i ,MP = 0.00125×T 1.75 × √ 1 M i + 1 M j p (( ∑ l v l ,i ) 1 3 + ( ∑ m v m , j ) 1 3 ) (32) 
where: Hence, using these data, diffusion coefficients of solutes in MP can be predicted using their structure and the related diffusion volume increment values.

T temperature (K) Mi solute

b) Solute diffusion in the stationary phase

The coefficient of diffusion of a solute in the stationary phase can be estimated using Wilke and Chang relationship [12] which gives approximate values for solutes in solution in a solvent (here, the SP):

D i ,SP =7.4×10 -10 √ ψ SP M SP T η SP V i 0.6 in m 2 •s -1 (33) 
where: Applying this equation to solutes in a stationary phase is not easy, as it requires knowledge on SP properties. An approximation made by Snijders et al. permits a simpler estimation of Di,SP, according to the following relationship [10]:

ΨSP
D i ,SP = D i ,MP 50000 (34) 
Di,MP being easily accessible from eq. 32.

c) Local plate height

The mathematical analysis of plate theory, combined to many studies dealing with solute band broadening, permitted to estimate local plate height in capillary columns as a function of local carrier gas velocity and solute retention factor, using Golay equation [5]:

h i = 2 D i ,MP u + (1+6k i +11 k i 2 )
96 This equation indicates that a minimum plate height value can be obtained at an optimal MP velocity, uopt. This quantity can be analytically expressed by solving dHi / du = 0. It is suitable to set gas velocity at its optimum value to obtain the thinnest possible peaks.

(1+k i ) 2 d 2 D i , MP u+ 6 k i (1+ k i ) 2 e 2 D i
For capillary columns, the minimal attainable plate height is:

h i , min = d 2×(1+k i ) √ 1+6 k i +11k i 2 3 ( 36 
)
and the corresponding optimal carrier gas velocity is:

u i , opt = 8 D i , MP (1+k i ) d √ 3 1+6 k i +11 k i 2 ( 37 
)
In capillary columns, the variation of plate height with carrier gas velocity as constant temperature generally follows the behavior shown in fig. 8. As revealed by the graph, the optimal gas velocity is maximal using Hydrogen, which makes its use suitable as it permits "rapid" analyses. 

7) Gas Chromatograph modules: injectors and detectors

In this section, a brief description of the different GC device modules used in this thesis is presented.

a) Split/splitless injector

Split/splitless injectors are specifically dedicated to capillary columns, and are the most used for classical GC applications. Due to capillary column low capacity, it is necessary to avoid overloading in order to obtain thin and high peaks. In this case, this injector is generally used in "split" mode.

During the injection of a liquid sample by means of a glass syringe, vaporization occurs in a heated glass liner. The injector is supplied by a certain flow of carrier gas that is divided into two parts: the column and split flows. Consequently, the gas generated by sample vaporization is split into two parts: one of them is introduced in the column whereas the other exits the injector towards the split vent, thanks to the split flow. This serves: (i) to introduce a reduced fraction of the sample injected instead of overloading the column with the entire injected sample amount (fig. 9), (ii) to reduce the time spent by the solutes in the injector, to minimize band broadening during the injection. Of course, the split flow can be set as 0, which means that the entire injected sample is introduced in the column. In this case, the injector is in "splitless" mode.
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III. Development of an analytical method to assess Phenanthrene purity b) Detectors

According to the targeted solutes, appropriate detection modules should be chosen. Indeed, some types of detectors are dedicated to the detection of specific classes of compounds, such as molecules containing sulfur, phosphorus and halide elements.

However, some detectors are said "universal" as they are able to generate signals for every molecule. Among them, FIDs permit the detection of almost every organic species (almost universal detector). In addition, MSDs are sensitive to all the organic species that can be ionized and allow the solutes to be identified. These two detectors are presented below.

i. Flame Ionization Detector

FIDs equip most of the conventional GCs, due to their ability at detecting all the organic species (except volatile little molecules such as CO2, Formaldehyde, etc). They simply consist in burning the eluting solutes in a continuous flame supplied with Hydrogen and air, which generates ions that are collected by electrodes. Consequently, an electric signal is generated. Its intensity is proportional to the mass flow of eluting solute. The principle scheme of this detector is presented in fig. 10. The main advantage of FIDs is that their response factor with respect to organic solute remain constant over several magnitudes of order of concentration.

ii.

Mass Spectrometer Detectors

MSD can be declined under many variants. They consist in ionizing the eluting solute using any appropriate means. The ions generated are then introduced in an analyzer that permits their discrimination in terms of mass over charge ratio (m/z). The detection of the analyzed ions gives mass spectra, that consist in plotting the abundance of ions as a function of m/z.

During GC-MSD analyses, the MSD determines the mass spectra of the eluting MP every τ seconds, τ being the acquisition frequency that depends on the targeted m/z range set by the operator. At a given retention time value, the chromatographic signal corresponds to the sum of the abundances of the different collected ions (Total Ion Current, TIC).
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In classical MSD coupled with GC, ions are produced by exposure of eluting solutes to an electron beam (electron impact). This engenders the fragmentation of the molecules into several ions. When the electron beam energy is set at 70 eV, the fragmentation is reproducible if Helium is used as carrier gas. Consequently, the mass spectra obtained after ion analysis in the MSD are reproducible too. This has a major interest for solute identification: the user can obtain the mass spectrum associated with a chromatographic peak to make a comparison with database entries.

8) Comprehensive two-dimensional techniques

Classical GC is based on solute separation by means of a single chromatographic column. However, in some cases, the analysis of complex samples containing large number of solutes becomes difficult. Indeed, one column can be insufficient to separate all the components, which prevent from their quantification.

In order to bypass this issue, comprehensive two-dimensional GC techniques (GC×GC) were developed. These techniques have known a wide spread during the past years. They consist in taking advantage of combination of two separate capillary columns that exhibit appropriate selectivity values. The solutes eluting from the first column are trapped in a modulation device, that re-injects the solutes into the second column every tmod seconds, tmod being the modulation period whose duration is generally a few seconds. Conventionally, the first column (also called "primary column" or "1 st dimension column") is long (10-30 m) and the second one ("secondary column", "2 nd dimension column") is short (1-5 m). Note that the two columns can be placed in the same oven, or in two separate independent ovens.

FIG. 11: Schematic principle of GC×GC

Up to now, several types of modulators were developed. Among them, thermal modulators (TM) are basically simple: the two columns are connected in series thanks to a connect-union and share the same carrier gas flow. Solutes eluting from the primary column are trapped by means of cold jets of cooling liquid and are re-injected into the secondary one by stopping the jet. As the efficiency of the modulation strongly depends on the vapor pressures of the solutes, more robust modulators based on valve switching were then developed. These modulators are called "flow modulators" (FM).

The principle of FMs is different. The primary and secondary column flows are independently regulated by means of two separate pneumatic control modules -one at the injector that sets pressure pinj at primary column head, and one at the modulator that sets pressure pmod at the Normandie Université modulator. The primary column flow is generally low (0.1-1 mL min -1 ), conversely to the secondary column one (15-50 mL min -1 , according to column dimensions). The two columns are linked by the modulator that is made of a sampling loop and whose extremities are connected to a switching valve (fig. 12). The modulation period is divided into two parts: Note that pinj and pmod are set according to column flows using Poiseuille's equation:

p inj = √ 256 η 1 L 1 π d 1 4 T 1 T 0 p 0 F 1 + 256 η 2 L 2 π d 2 4 T 2 T 0 p 0 F 2 + p det 2 ( 39 
)
p mod = √ 256 η 2 L 2 π d 2 4 T 2 T 0 p 0 F 2 + p det 2 ( 40 
)
where p0 and T0 are reference pressure and temperature (1 atm, 298.15 K) T1 and T2 are primary and secondary column temperatures, respectively
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Basic notions on Gas Chromatography 129 η1 and η2 are MP viscosity in the primary and secondary columns, respectively L1 and L2 are primary and secondary column lengths, respectively d1 and d2 are primary and secondary column internal diameters, respectively F1 and F2 are primary and secondary column outlet volumetric flows, respectively and pdet the detector pressure 1 The one-dimensional resulting chromatograms are complex. The signal is split every tmod seconds in order to construct corresponding two-dimension chromatograms [13] (fig. 13), which is generally represented as contour plot. Note that, in order to obtain good separation of solutes during analysis of complex mixtures, appropriate chromatographic conditions should be found in order to maximize method peak capacity (concept of column orthogonality [14][15][16][17]). This can be attempted by combining several approaches: (i) the choice of two columns exhibiting different selectivity, (ii) the optimization of column flows, (iii) the elaboration of an appropriate temperature program [14].

1. When a FID is used as detector, pdet = 1 atm.
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III. RETENTION TIME PREDICTION IN CAPILLARY GAS CHROMATOGRAPHY 1) Introduction

Development of chromatographic methods dedicated to complex matrices analysis implies many issues: sample preparation (extraction, sampling, etc. [18]), separation [19] and detection. In GC, obtaining good separations (e. g., sufficient resolutions permitting the specific detection of every solute) requires to optimize experimental conditions. First, an appropriate column must be chosen. Then, a compromise between injection, temperature program and carrier gas velocity (or flow) must be found to meet analytical requirements: (i) good resolutions between the peaks of solutes of interest must be obtained -in case of nonresolved peaks, using selective detectors can help at obtaining specific signals; (ii) sufficient column efficiency (e. g., number of plates) should be reached to contribute to the improvement of resolution and to maximize peak heights, which helps at decreasing detection thresholds.

In this context, developing optimal separation for samples containing many solutes is not easy, and trial-and-errors approaches do not always lead to the targeted results. In past years, many authors have developed computer-assisted retention time prediction procedures in order to help at developing separations [6,10,[20][21][22][23]. The principle of these procedures is simple. First, retention thermodynamic parameters of solutes associated with a given column are estimated. This part can be achieved using retention indices [10], for example, or by estimating retention parameters from experimental retention time measurements in given conditions [20,22]. Once known, these parameters can be used in calculation programs that predict retention times of solutes according to input experimental conditions (temperature program, carrier gas flow or inlet pressure, column dimensions) using retention models and their parameters.

Most of the retention time prediction studies published in the literature describe procedures applied to one-dimensional GC [10,[20][21][22]. However, a recent paper from Barcaru et al. presents a successful extension of the existing prediction procedure to TM-GC×GC [23]. In this paper, the authors pointed out that some corrections would be required to apply their procedure to FM-GC×GC. Indeed, the flows of the two columns are independently regulated using two separate pneumatic control modules (see part II.8, p. 127). In addition, column flows are generally very different: up to 1 mL min -1 in the 1 st dimension, and up to 30 mL min - 1 in the 2 nd one. According to eqs. 39 and 40 (p. 128), column head pressures necessary to generate such flows can be substantial according to column dimensions, carrier gas and temperature (up to ~ 1000 kPa gauge pressure).

These considerations indicate that during their elution, solutes undergo significant pressure decreases (see fig. 5, p 118). It is well known that pressure is a physical factor that can impact thermodynamic equilibria, especially those involving simultaneously two condensed and gas
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Retention time prediction in capillary Gas Chromatography 131 phases. As a consequence, it should impact solute partitioning between the two phases of a column, and this factor should be taken into account in retention models for accurate predictions. During preliminary experiments, solute apparent retention factors (defined by eq. 4, p 115) in isothermal mode were found to change with respect to column head pressure (see fig. 14). Such observation is not compatible with the classical retention model, according to eq. 30 (p. 121), which justifies the development of a new model taking pressure into account. Up to now only a few papers have described the impact of pressure on solute retention [24,25]. Nevertheless, no application of these studies to retention time prediction was made. All the retention models used for prediction considered temperature as the only variable impacting solute retention.

Therefore, this work aims at providing some contribution on prediction of retention times by taking both effects of temperature and pressure on solute retention.

In a first part, the retention model was developed. Then, the parameters of this model were estimated from experimental measurements to determine: (i) column phase ratio values, (ii) solute partition thermodynamic parameters. Two different columns were tested: Agilent DB-35MS and Sigma-Aldrich SLB-IL60. 11 model compounds (e. g., Phenanthrene and some of its impurities) were used for the study. The same procedure was applied using the classical retention model (eq. 30, p 121). Eventually, the two models were used for retention time prediction purposes. The accuracy of predicted retention time values was assessed by experimental measurements in GC and FM-GC×GC and the results were discussed. Considering that pressure impacts solute free energy, the first principle of thermodynamics gives the following relationship:
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G i =U i + pV i -T S i ( 41 
)
Ui and Vi being solute molar internal energy and volume, respectively.

Therefore, in every local equilibrium 2 , the difference of solute free energy between the two phases can be rewritten as follows:

Δ G i =Δ U i + p Δ V i -T Δ S i in J•mol -1 (42) with Δ U i =U i ,SP -U i ,MP (J•mol -1 ) Δ V i =V i ,SP -V i ,MP (m 3 •mol -1 )
Consequently, the retention factor of a solute becomes:

k i =exp ( -Δ U i RT -p Δ V i RT + Δ S i R -lnβ ) (43) 
Nevertheless, using this model equation to predict solute retention times implies that the three parameters (ΔUi, ΔVi, and ΔSi) do not vary with respect to the two variables (e. g., p and T). This assumption could be not true, especially for the ΔVi term. Indeed, it partially depends on solute molar volume in the gas phase, and this quantity is theoretically largely impacted by pressure and temperature, according to ideal gas law. Therefore, it is suitable to estimate the variation of ΔUi, ΔVi, and ΔSi as a function of p and T in order to obtain a expression of ΔGi that would describe accurately solute partitioning in extended temperature-pressure ranges.

The three parameters involved in eq. 43 correspond to the differences of solute state functions (e. g., Ui, Vi and Si) between the SP and the MP. The variation of any state function with respect to p and T is governed by the following relationship:

f ( p , T )= f ( p 0, T 0 )+ ∫ p 0, T 0 p , T df ( 44 
)
f(p0, T0) being the value taken by f in arbitrary reference conditions (p0, T0), and df the differential of f(p, T):

df = ( ∂ f ∂ p ) T dp + ( ∂ f ∂T ) p dT (45) 
2. In a given plate, pressure and temperature are considered as being homogeneous in space.
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Integrating eg. 44 yields:

f ( p , T )= f ( p 0, T 0 )+ ∫ p 0 p (df ) T 0 + ∫ T 0 T (df ) p = ∫ p 0 p ( ∂ f ∂ p ) T 0 dp+ ∫ p 0 p ( ∂ f ∂ T ) p dT (46)
Then it can be applied to the three state functions previously mentioned:

U i ( p ,T )=U i ( p 0, T 0 )+ ∫ p 0 p ( ∂ U i ∂ p ) T 0 dp+ ∫ T 0 T ( ∂ U i ∂T ) p dT ( 47 
) V i ( p ,T )=V i ( p 0, T 0 )+ ∫ p 0 p ( ∂ V i ∂ p ) T 0 dp + ∫ T 0 T ( ∂ V i ∂T ) p dT ( 48 
)
S i ( p ,T )=S i ( p 0, T 0 )+ ∫ p 0 p ( ∂ S i ∂ p ) T 0 dp+ ∫ T 0 T ( ∂ S i ∂ T ) p dT ( 49 
)
The partial derivatives involved in eqs. 47-49 can be re-expressed using the following thermodynamic identities [26]:

∂ U i ∂ T =C p ,i -α i p (50) ∂ U i ∂ p =-α i T +χ i p (51) 
∂ V i ∂ T =α i ( 52 
)
∂ V i ∂ p =-χ i ( 53 
)
∂ S i ∂ T = C p ,i T (54) 
∂ S i ∂ p =-α i (55)
αi, χi and Cp,i being new thermodynamic parameters:

αi: solute molar coefficient of thermal expansion (

∂V i / ∂ T , m 3 •mol -1 •K -1 ) χi: solute molar compressibility ( ∂V i / ∂ p , m 3 •mol -1 •Pa -1 ) Cp,i: solute molar heat capacity ( ∂ H i /∂ T , J•mol -1 •K -1 )
In more comprehensive terms, αi is the increase of solute molar volume engendered by an infinitesimal increase of temperature at constant pressure. χi is the increase of solute molar volume engendered by an infinitesimal increase of pressure at constant temperature. Cp,i is the increase of solute molar enthalpy which occurs when temperature is slightly increased at constant pressure. αi and χi values of gases are generally higher than those of liquids and solids [27]. Conversely, Cp,i values associated with liquids are higher than those of gases. By analogy, solutes should behave like gases in the mobile phase and like liquids in the stationary one.

Assuming that the differences of solute Ui(p0, T0), Vi(p0, T0), Si(p0, T0), αi, χi and Cp,i values between the SP and MP remain constant with respect to p and T, a combination of eqs. 47-55 leads to the three following relationships:

Δ U i ( p ,T )=Δ U i ( p 0, T 0 )-Δ α i T 0∫ p 0 p dp+Δ χ i∫ p 0 p p dp+Δ C p ,i∫ T 0 T dt-Δ α i p ∫ T 0 T dT ( 56 
)
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Δ V i ( p , T )=Δ V i ( p 0, T 0 )-Δ χ i∫ p 0 p dp+Δ α i∫ T 0 T dT (57) Δ S i ( p , T )=Δ S i ( p 0, T 0 )-Δ α i∫ p 0 p dp+Δ C p ,i∫ T 0 T dT T ( 58 
)
where

Δ U i ( p ,T )=U i , SP ( p ,T )-U i , MP ( p ,T ) (J•mol -1 ) Δ V i ( p , T )=V i , SP ( p ,T )-V i , MP ( p ,T ) (m 3 •mol -1 ) Δ S i ( p , T )=S i , SP ( p ,T )-S i ,MP ( p , T ) (J•mol -1 •K -1 ) Δ α i =α i , SP -α i ,MP (m 3 •mol -1 •K -1 ) Δ χ i =χ i , SP -χ i ,MP (m 3 •mol -1 •Pa -1 ) Δ C p ,i =C p ,i ,SP -C p ,i , MP (J•mol -1 •K -1 )
For the reasons mentioned above, solute Δαi and Δχi values should be negative. Conversely, ΔCp,i values should be positive. Due to the large velocity of molecules in gases and to their large degree of freedom, their molar internal energy and entropy should be higher in the MP than in the SP. Thus, ΔUi(p0, T0) and ΔSi(p0, T0) values are expected to be negative. Nevertheless, ΔVi(p0, T0) signs should be largely impacted by the arbitrarily set reference values p0 and T0.

Integration of equations 56-58 gives:

Δ U i ( p ,T )=Δ U i ( p 0, T 0 )+Δ α i p 0 T 0 - 1 2 Δ χ i p 0 2 -Δ C p ,i T 0 +Δ C p ,i T -Δ α i p T + 1 2 Δ χ i p 2 (59) Δ V i ( p , T )=Δ V i ( p 0, T 0 )+ Δ χ i p 0 -Δ α i T 0 +Δ α i T -Δ χ i p ( 60 
)
Δ S i ( p , T )=-Δ S i ( p 0, T 0 ) T -Δ α i p 0 T +Δ C p , i T ln T 0 -Δ C p ,i T ln T +Δ α i pT (61)
Consequently, the expression of ΔGi (given by eq. 42) becomes:

Δ G i ( p ,T )=Δ U i ( p 0, T 0 )+Δ α i p 0 T 0 - 1 2 Δ χ i p 0 2 -Δ C p , i T 0 + ( Δ C p ,i -Δ S i ( p 0, T 0 )-Δ α i p 0 +Δ C p ,i ln T 0 ) T -Δ C p ,i T ln T +Δ α i p T +( Δ V i ( p 0, T 0 )+Δ χ i p 0 -Δ α i T 0 ) p-1 2 Δ χ i p 2 (62) 
Then, by combining eqs. 43, 59, 60 and 61

( k i =exp(-Δ G i / RT -ln β) )
, a new expression of solute retention factor can be established:

k i =exp ( A i T +B i +C i p T +D i p+ E i ln T +F i p 2 T -ln β ) (63) 
where:

A i = -Δ U i ( p 0, T 0 )-Δ α i p 0 T 0 + 1 2 Δ χ i p 0 2 +Δ C p ,i T 0 R in K Antoine BUREL PhD thesis
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B i = Δ S i ( p 0, T 0 )-Δ C p ,i +Δ α i p 0 -Δ C p , i ln T 0 R C i = -Δ V i ( p 0, T 0 )-Δ χ i p 0 +Δ α i T 0 R in K•Pa -1 D i =- Δ α i R in Pa -1 E i =- Δ C p , i R F i = 1 2 Δ χ i R in K•Pa -2
In eq. 63, p can be calculated using eq. 15 (p. 117).

The model equation described above contains 7 parameters. 6 of them (e. g., ΔUi(p0, T0), ΔVi(p0, T0), ΔSi(p0, T0), Δαi, Δχi and Δcp,i) are only related to solute partitioning, and the other (e. g., β) only depends on column dimensions (eq. 8, p. 117). Of course, to simplify the problem, it is possible to assume that

  0 0 , / ln i S p T R  
 is a constant. In this case, only 6 parameters (instead of 7) govern this model. The operator is free to choose to make this simplification or not.

Applying this new model to retention time prediction requires knowledge on its parameters. In the next paragraph, a brief description of a procedure to estimate these parameters is made.

b) Estimation of model parameters

The general procedure to estimate the parameters of a model is to measure the quantity expressed by the model (here: solute retention time) in known conditions (here: column dimensions, carrier gas, column temperature and inlet pressure). Then, the parameters must be optimized by successive iterations in order to minimize the sum of squares of deviations (SSD) between the values calculated using the model equation and those experimentally measured. For every solute, the SSD can be calculated using the following relationship:

SSD i = ∑ (t R ,i , calc -t R ,i ,exp ) 2 (64)
tR,i,calc values can be numerically estimated from eq. 31 (p. 122), in which the chosen ki expression depends on the considered model (e. g., eq. 30 (p. 121) for the classical one, and eq. 63 for the extended one developed in this study). Various methods and procedures can be used to perform the optimizations. Among them, the Nelder-Mead algorithm [28] is probably the most known and used.

In this study, it was chosen to consider ΔSi(p0, T0) and β as two separate constants. In other terms, two separate optimizations were performed: a first one to estimate column phase ratio (made only once per column), and a second one to determine solute partition parameters (repeated for every solute).

i. Determination of column phase ratio

One way to estimate a column phase ratio (β) is to study the retention of an homologous series of solutes. Indeed, according to group contribution theory [29], the free energy Normandie Université associated with one molecule can be segmented into as many contributions as there are chemical groups on this molecule -each group having its own contribution. In the case of nalkanes, their free energy can be considered as being proportional to their number of carbon atoms. Therefore, we have:

Δ G N = N ×Δ G C ( 65 
)
ΔGN being the difference of free energy between the SP and the MP related to a n-alkane containing N carbon atoms, and ΔGC the contribution of one -CH2 or -CH3 group. Note that, in this model, contributions of methyl and methylene groups are supposed to be equivalent.

From eq. 65 implicitly follow the same relationships for all ΔGN sub-parameters:

ΔUN (p0, T0) = N × ΔUC (p0, T0) ΔVN (p0, T0) = N × ΔVC (p0, T0) ΔSN (p0, T0) = N × ΔSC (p0, T0) ΔαN = N × ΔαC ΔχN = N × ΔχC ΔCp,N = N × ΔCp,C
From these considerations, n-alkane free energy associated with solute dissolution in the SP becomes:

k N =exp ( -N × Δ G C RT -ln β ) (66) 
Therefore, the calculated retention time associated with an n-alkane can be estimated using eq. 67 (classical model) or 68 (extended one).

t R ,calc ( N , T )= ∫ 0 L 1+exp ( N × [ -Δ H C RT + Δ S C R ] -lnβ ) u( x N ) dx N (67) t R ,calc ( N , T )= ∫ 0 L 1+exp ( N × [ A C T + B C +C C p T + D C p+ E C ln T + F C p 2 T ] -ln β ) u( x N ) dx N (68)
Consequently, retention times of different n-alkanes can be measured at several temperature and inlet pressure values. Then, n-alkane partition parameters, as well as column phase ratio can be determined by minimizing the SSD between calculated (eq. 67 or 68) and the experimental retention times, using N and T (classical model) or N, p and T (extended one) as variables.

ii.

Determination of solute partition parameters

Once β is known, its optimized value can be set as known constant for upcoming solute partition parameters optimization. Then, the latter can be estimated solute-by-solute by minimizing the SSD between calculated and experimental retention time values. Only two parameters need for optimization using the classical model, and six for the extended one.

3) Validation of the new retention model a) Introduction

In the previous part, a new retention model, taking into account the combined impacts of temperature and pressure on solute partitioning, was developed. It is necessary to test its accuracy at predicting solute retention times in various operating conditions.

In this part, an experimental assessment of the new model is developed. In a first time, the phase ratio values of two different columns was estimated from experimental measurements on n-alkanes, according to the procedure described in part III.2)b)i, p. 135. Then, the partition parameters of 11 different solutes on these two columns were determined. These solutes 3 were chosen as model compounds in order to help at developing a separation of Phenanthrene and its impurities. Eventually, all the determined parameters were used for retention time prediction purposes in temperature-programmed analyses in GC and FM-GC×GC. The accuracy of the predicted retention times was assessed by comparison with experimental values obtained in the considered conditions. This procedure was also attempted using the classical retention model, in order to compare the results obtained and to select the best one in terms of performance.

b) Materials and methods

i. Chemicals

The following products were used for the determination of column phase ratios:

A solution containing 100 ppm of every of the following n-alkanes was prepared in Dichloromethane (VWR Chemicals): n-nonadecane (C19, 99 %), n-eicosane (C20, 99 %), n-heneicosane (C21, 99 %), n-docosane (C22, 99 %), n-tricosane (C23, 99 %) and ntetracosane (C24, 99 %). All were purchased from Alfa Aesar.

For the determination of solute partition parameters, a solution containing 50 ppm of every of these 11 solutes was prepared in Acetone (HPLC grade, purchased from VWR Chemicals): Fluorene (98+ %), 1-methylfluorene (99 %), Dibenzothiophene (98 %), Phenanthrene (98 %) were obtained from Alfa Aesar. 9,10-dihydrophenanthrene (94 %), Anthracene (99 %), Carbazole (> 95 %), 2-methylanthracene (97 %), 9-methylanthracene (98 %), and 9,10dimethylanthracene (99 %) were purchased from Sigma-Aldrich. 9,10-dihydroanthracene (98 %) was obtained from TCI Chemicals.

ii.

Chromatographic conditions

GC and FM-GC×GC experiments were performed on an Agilent 7890B Series Gas Chromatograph, equipped with: a split/splitless injector whose temperature was set at 300 °C; a FID (300 °C) and an Agilent G4513A autosampler (0.5 µL injection volume). Hydrogen was used as carrier gas. Two columns were selected for the separations: SLB- Note that the short columns were cuts of the long ones.

FM-GC×GC analyses were performed using a one plate Agilent Forward Fill Flush flow modulator. The modulation period and inject time were set at 5 and 0.2 s, respectively.

iii.

Optimization and prediction procedures

Numerical calculations were performed on Scilab 5.5.2 software. Optimization procedures were carried out using the fminsearch function (Nelder-Mead algorithm). Hydrogen viscosity values were calculated using Hawkes model equations [9].

For retention time prediction, a simple procedure to calculate eq. 31 (p. 122) is to divide the analysis into short dt steps. During every step, solute displacement can be estimated according to the following equivalent equation [6]:

dx i dt = u ( x i ) 1 +k i ( 69 
)
Before starting the first integration step, the position of the solute, the time of analysis, the temperature and (if appropriate) the local pressure should be initialized according to the input data (column dimensions, temperature program, integration step duration, etc). Then, the retention factor of the solute during the first integration step should be calculated using the appropriate model equation. From there, solute displacement can be estimated according to the following relationship:

dx i = u ( x i ) 1+k i dt ( 70 
)
At the end of the step, solute position, analysis time, column temperature, local velocity and pressure must be updated. If the new position of the solute is lower than column length, then a new integration step should be started. Otherwise, the actual analysis time corresponds to the predicted retention time (see fig. 15). 
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To predict retention times in FM-GC×GC, a similar procedure can be applied (fig. 16).

FIG. 16: Algorithm for retention time prediction in FM-GC×GC -* required only when the extended retention model is chosen to express k. Subscripts 1 and 2 designate primary and secondary columns.

In this algorithm, the two columns are placed in the same oven, so, at a given time, carrier gas viscosity is the same in both dimensions.

c) Results and discussion

i. Column phase ratio determination

Two column phase ratios were determined by studying the retention of a series of 6 n-alkanes According to the R² values obtained after optimization of model parameters, the experimental data fit well with both models. Nevertheless, a slightly better fit is observed using the extended one, as the R² values are closer to unity.

(
(J•mol -1 ) -4461 -4642 ΔVC (p0, T0) (m 3 •mol -1 ) 1.96×10 -4 2.65×10 -4 ΔSC (p0, T0) (J•mol -1 •K -1 ) -7.938 -7.274 ΔαC (m 3 •mol -1 •K -1 ) -1.68×10 -6 -1.60×10 -6 ΔχC (m 3 •mol -1 •Pa -1 ) -4.32×10 -11 -1.07×10 -11 ΔCp,C (J•mol -1 •K -1 )
No significant difference can be observed on phase ratio values whatever the model used to optimize them. Using eq. 8 (p. 117), it is possible to deduce SP film thickness for both columns: 0.11 (SLB-IL60) and 0.12 µm (DB-35ms). Surprisingly, these values are much lower than those indicated by the manufacturers, which might be explained by two hypotheses:

• the two columns underwent SP film thickness decreases during their anterior uses, which might be due to phase bleeding phenomena at high temperatures.

• some parts of the SP films are not permeable to carrier gas (which can be attributed, for example, to their high reticulation). In other words, solute partitioning cannot occur in these parts. Consequently, the optimized phase ratio values are only apparent values which are only related to SP film available to solute partition.

Further studies are required to validate one of these hypotheses. Direct measurement of film thicknesses should help at dealing with that point.

The optimized phase ratio values were set as known constant for the upcoming optimization of solute retention parameters.

ii.

Solute partition parameters determination

The partition parameters of the 11 solutes were determined by minimizing the SSD between calculated and experimental retention time values observed using the SLB-IL60 and DB-35ms

Antoine BUREL PhD thesis columns. The calculated values were obtained using eq. 31 (p. 122), in which the retention factor was calculated using eq. 30 The good R² values indicate that the experimental data fit well with both models. Nevertheless, significantly better adjusted correlation coefficients were obtained using the extended model. In tab. 4, the signs of the adjusted parameter values conform to those observed in the literature [10,20,22]. Moreover, the signs associated with parameter values indicated in tab. 5 also conform to expectations.
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• Indeed, solute molar internal energy, entropy and thermal expansivity were expected to be higher in the MP than in the SP. Therefore, negative values of optimized ΔUi(p0, T0), ΔSi(p0, T0) and Δαi parameters are logical.

• In addition, in the chosen reference conditions (25 °C, 1 atm), the studied solutes were strongly retained by the column, which means that they were preferentially dissolved in the SP in the state of equilibrium. Consequently, their molar volumes were probably higher in the SP than in the MP. It is therefore logical to observe positive values for the ΔVi(p0, T0) parameter. It is worth noting that setting other reference conditions would have changed the values -for example, at high temperature and low pressure reference values, ΔVi(p0, T0) values would have been negative, probably.

• The values of solute Δχi were systematically negative on the DB-35ms column, and randomly distributed around 0 on the SLB-IL60 one. It is hard to predict qualitatively the values of solute compressibility in each phase, as it should depend on solute and SP molecular structures.

• The optimized ΔCp,i were all positive, which means that solute Cp,i values were higher in the SP than in the MP, as expected.

Using the data provided in tabs. 4-5, it is possible to calculate the absolute values of ΔUi (eq. 59, p. 134), ΔVi (eq. 60) and ΔSi (eq. 61) as a function of pressure and temperature. A plot of these 3 functions applied to Phenanthrene on the DB-35ms column is represented in fig. 17.

As revealed by fig. 17, pressure has a slight impact on Phenanthrene ΔUi and ΔSi values. Indeed, these two quantities exhibit strong variations with respect to temperature, but their change (at constant temperature) with respect to pressure is moderate. Conversely, Phenanthrene ΔVi exhibits strong pressure and temperature dependencies. Note that these observations can also be made on the other solutes, using both tested columns.
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Retention time prediction in capillary Gas Chromatography 143 TAB. 5: Optimized solute partition parameter values (extended model) To conclude, this part of the study showed that the extended model developed in this work offers a better description of solute partitioning, as revealed by a comparison of adjusted R² values obtained using the two models. In addition, it introduces pressure effects on solute retention, which could serve at explaining the evolution of isothermal solute apparent retention factors with respect to column head pressure (fig. 14,p. 131). Nevertheless, even if developing models by increasing the number of parameters can increase the correlation with experimental data, one has to make sure that the adjusted parameter values are physically meaningful. In this part, we have qualitatively demonstrated that the values obtained were logical, but further confirmation is required to validate the new model. To perform that, a study of its ability at predicting solute retention times would be suitable. Based on that, a comparison of the results obtained with both models would help at highlighting the best oneand subsequently at validating (or not) the extended one. This is the aim of the two next paragraphs.

Solute ΔU(p0, T0) (J•mol -1 ) ΔV(p0, T0) (m 3 •mol -1 ) ΔS(p0, T0) (J•mol -1 •K -1 ) Δα (m 3 •mol -1 •K -1 ) Δχ (m 3 •mol -1 •Pa -1 ) ΔCp (J•mol -1 •K -
iii.

Retention time prediction in one-dimensional GC

The retention times of the 11 tested solutes were predicted on the two columns, using the two models and the associated adjusted parameter values (tabs. [4][5]. Four different sets of conditions were tested. For all of them, the same column temperature program was applied. First, a 10 °C•min -1 heating ramp was programmed from 100 to 150 °C. Then, a 5 min isothermal step was set, and a second 10 °C•min -1 heating ramp was applied up to 250 °C. 4 According to the values given in tabs. 6-7 and figs. 18-19, the classical model permitted the prediction of retention times with an honest accuracy on both columns. Indeed, the errors ranged from 1 to 29 s, which is a honorable result. However, large deviations were generally observed for the most (Fluorene, 9,10-dihydroanthracene and 9,10-dihydrophenanthrene) and least (9,10-dimethylanthracene) volatile solutes. Besides, the use of the extended model led to a significant decrease of errors on predicted retention times (maximum error of 15 s, and most of errors ranged from 0 to 3 s). In addition, the deviations on volatile or heavy solutes retention times were significantly decreased. It is worth noting that the classical model systematically led to the underestimation of solute retention times, whereas the extended one gave values more or less distributed around the experimental ones.

Consequently, these results show the relevance of using the extended model developed in this work to describe solute retention and predict retention times. Indeed, a good fit with experimental data was observed, and additionally, it provides an excellent accuracy on prediction. However, one supplementary way to compare the two models is to test their accuracy on prediction in FM-GC×GC, which was attempted in the next part. The retention times of the 11 tested solutes were predicted in constant pressure mode, using the DB-35ms (28.35 m) and SLB-IL60 (4.97 m) columns as primary and secondary columns.

The gauge pressures at the injector and the modulator were set at 228 and 217 kPa, respectively. Four different temperature programs were tested:

• Program 1: 5 °C•min -1 heating ramp from 100 to 250 °C, then isothermal step,

• Program 2: 10 °C•min -1 heating ramp from 100 to 250 °C, then isothermal step,

• Program 3: 15 °C•min -1 heating ramp from 100 to 250 °C, then isothermal step,

• Program 4: 20 °C•min -1 heating ramp from 100 to 250 °C, then isothermal step.

The values of retention times acquired in these conditions are entered in tabs. 8 (1 st dimension) and 9 (2 nd dimension). Additionally, the errors on predicted primary and secondary retention times are graphically represented in figs. 20 and 21, respectively.

Note that Carbazole calculated 2 nd dimension retention times were systematically larger that the modulation period (e. g., 5 s), which was caused by wraparound phenomenon [30]. Therefore, the calculated values were corrected by removing 5 s to each of them. As shown by the data provided in tabs. 8-9 and figs. 20-21, retention times predicted using the classical model were systematically lower than the experimental values in both dimensions. Moreover, very large deviations (up to 257 s) on primary retention time values were observed for the least volatile solutes. Deviations were also high in the 2 nd dimension (up to 0.5 s). Conversely, values predicted using the extended model were closer than the experimental ones. Indeed, the maximal errors were 25 s in the 1 st dimension and 0.17 s in the 2 nd one.
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Note that even if they underwent a small pressure drop in the primary column (11 kPa), solute were exposed to high pressure values, which means that their partition did not occur by the same way as if they would have been exposed to the same column pressure ratio with an outlet pressure of 1 atm.

In this part, it was shown that retention times in FM-GCxGC can be predicted with an excellent accuracy using the extended model, whereas the classical one led to larger errors. This brings a supplementary proof of the relevance of taking pressure into account to describe solute partitioning, and validates the model developed in this chapter. In this work, the impact of pressure on solute partitioning in capillary GC was sucessfully demonstrated. A new model equation was developed to describe solute retention factor as a function of pressure and temperature, and deviations from ideal behaviors with respect to these two variables were taken into account.
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This model was applied to solute retention time prediction in GC and FM-GCxGC and gave very good accuracies on predicted values. The comparison with the classical model shown that the extended one was clearly more efficient, especially for retention time prediction in FM-GCxGC. Therefore, it can serve as a supplementary tool to optimize solute separation using this technique in order to obtain satisfying peak capacities.

It is worth noting that applying this retention time prediction method to every solute of a complex mixture would be time-costing. Therefore, choosing one or two model compounds per family of solute should be sufficient to develop the required separation.

The two models presented in this study were also applied to SP film thickness estimation, and systematically led to values lower than those indicated by the manufacturers -whatever the
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Additionally, it is well known that solute elution order changes can be observed by column temperature modification, especially when polar or chiral columns are used [31,32]. This new model opens up a theoretical justification for a potential other kind of elution order reversion associated with carrier gas velocity -at a given temperature, the elution order of two solutes could be inverted by changing the inlet pressure. Obviously, this requires the pressure-related partition parameters of these solutes to be favorable to such behavior. As far as we know, such observations have not been reported in the literature up to now. But any future evidence of this kind of reversion could be justified using this model.

IV. IMPURITY QUANTIFICATION IN PHENANTHRENE 1) Introduction

Thanks to the model developed in the previous part, appripriate chromatographic conditions were selected in order to separate Phenanthrene and its impurities. During preliminary tests, the most critical couple (e. g., Phenanthrene-Anthracene) was found to be more resolved using a DB-35ms column. Consequently, a simple one-dimensional GC-FID method was developed using this column.

In this part, the validation of the method is presented. In a first time, FID calibration was performed. In order to choose the calibration method (e. g., external or internal standard calibration), the repeatability of injection volume was assessed before determining FID response factors. Then, a particular attention was paid to the detection thresholds of the method, in order to estimate the minimal detectable levels of impurity in Phenanthrene samples. The method was then tested on commercial samples purchased from different suppliers and that were used for purification experiments in this thesis. Eventually, some tests were performed using a packed column, in order to compare the performance with respect to the capillary one and to justify the use of a capillary column.

2) Analytical method a) Capillary GC-FID conditions

The analytical method was developed on an Agilent 7890B Series Gas Chromatograph equiped with a split/splitless injector and a Flame Ionization Detector. The injector and detector temperatures were set at 300 °C. The inlet split flow was set at 20 mL•min -1 . An Agilent DB-35ms (30 m × 0.25 mm × 0.25 µm) column was used for the separations. Hydrogen was chosen as carrier gas (2.0 mL•min -1 column flow, which corresponded to an average velocity of ~ 60 cm•s -1 at the beginning of the analysis). The FID was supplied with 30 and 300 mL•min -1 hydrogen and air, respectively. The acquisition frequency was 200 Hz. The injections were performed using an Agilent G4513A autosampler. The injection volume was set at 1 µL (amount of sample analyzed: ~ 0.8 µg). Before and after every injection, the syringe was washed 5 times with acetone, and was washed 3 times with the sample solution.

The temperature program was set as follows: isothermal step at 100 °C for 10 min, then heating ramp at 5 °C•min -1 up to 270 °C, then isothermal step for 20 min.

The injector was set in split mode in order to avoid column overloading and to prevent from low resolution of Anthracene peak.
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b) Impurity level determination

Impurity level determination requires: (i) prior identification of the impurities, which was attempted by GC-MSD, and which permitted the determination of FID response factors with respect to the different solutes, (ii) analysis of Phenanthrene samples.

i. FID calibration

Determination of FID response factors:

After checking the repeatability of the injection volume, FID was calibrated according to the external standard calibration method.

Standard solutions were prepared in HPLC grade Acetone (VWR Chemicals). The following solutes were put together in the solutions: Naphthalene, Biphenyl (98 %, Acros Organics) Fluorene, 9,10-dihydroanthracene, 9,10-dihydrophenanthrene, Dibenzothiophene, Anthracene and Carbazole 4 . Solute concentrations were ranging from 10 to 180 ppm. Every solution was analyzed twice. For every chromatogram obtained after the analyses, impurity peaks were integrated to determine their area. The response factors were determined by modeling the results by the following equation:

A i =RF i ×C i (71) 
where:

Ai impurity peak area (pA•s) RFi FID response factor (pA•s•ppm -1 ) Ci impurity concentration in the standard solution (ppm)

Determination of FID detection thresholds:

Solute detection and quantification thresholds were determined from a study of baseline noise.

Blank runs permitted to measure baseline standard deviation (σbaseline = 0,02934 pA). Heigths of detectable (hLD) and quantifiable (hLQ) solute peak were estimated by multiplying σbaseline by 3 and 10, respectively, which led to 0,0880 and 0,2934 pA values. Starting from eq. 1 (p. 114), these values could be converted to concentrations to determine the limits of detection (LD) and quantification (LQ) using the following relationships:

LD i = h LD ×σ i ×√ 2π RF i in ppm ( 72 
)
LQ i = h LQ ×σ i ×√2 π RF i in ppm ( 73 
)
σi being solute peak standard deviation, which was supposed independent from solute concentration. This quantity was determined using the data obtained during injection of standard solutions.

4. Except Biphenyl, the provenances of solutes are the sames as described in part III.3)b)i (p. 137).
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III. Development of an analytical method to assess Phenanthrene purity

ii.

Impurity quantification

Samples were prepared by dissolution of ~ 10 mg of Phenanthrene in ~ 1 g of HPLC grade Acetone (VWR Chemicals) in order to obtain ~ 10 000 ppm solutions. Every sample was prepared twice. The prepared solutions were analyzed once.

For every chromatogram, impurity peaks were integrated to determine their area. Impurity concentration in the sample was determined using eq. 71. Impurity level in the sample was then determined using the following relationship:

X i = C i C sample ( 74 
)
As two replicates were made for every sample, impurity level in Phenanthrene was calculated using eq. 75:

X i = X i ,1 + X i ,2 2 (75) 
The interval confidence on impurity level was determined with a degree of certainty of 95 % according to the following equation (Student law):

IC ( X i )= a 2 ×s √ 2 (76) 
a2 being the corresponding Student coefficient and s the standard deviation on X i .

3) Validation of the method a) Assessment of injection volume repeatability

In order to choose the method of FID calibration (external or internal standard calibration), the repeatability of injection volume was assessed.

A solution containing ~ 30 ppm of 6 different solutes was injected 5 times in the conditions described in part IV.2)a (p. 152). The chromatograms were treated to obtain impurity peak areas (their values are entered in tab. 10). For every solute, the mean peak areas, the corresponding standard deviations and coefficients of variation were also calculated. The ratios between solute and Naphthalene peak areas are entered in tab. 11. 
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The coefficients of variation on solute areas observed in tab. 10 are very low (below 1 %), which indicates that the injection volume was clearly repeatable. Those observed on area ratios (tab. 11) are slightly lower, but the order of magnitude remains similar.

Thus, there is no particular interest at introducing an internal standard in every solution: this would induce a supplementary task during solution preparation without significant improvement of result accuracy. Consequently, in this work, impurity quantification was performed using the external standard calibration method.

TAB. 11: Ratios of solute peak areas obtained after 5 successive injections -Naphthalene peak was used as reference (internal standard) 

Solute

Rank of injection Mean area ratio

Standard deviation

Coefficient of variation

b) FID response factors

The calibration data associated with the selected compounds are entered in tab. 12. For every one of them, similar response factors (around 0.9 pA•s•ppm -1 ) were observed, except for compounds containing heteroatoms (e. g., Dibenzothiophene and Carbazole, whose response factors were lower than those of the other solutes). As high numbers of plates were obtained for all solutes, the resulting thin peaks led to calculated limits of detection and of quantification around 0.25 and 0.80 ppm, respectively, which corresponds to 0.003 and 0.008 wt. % in Phenanthrene samples (10 000 ppm sample solutions). As they permit the detection of traces below 0.1 % 5 , these values comply with the requested criteria and therefore validate the use of this method to determine Phenanthrene purity. 
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Injection of solutions containing these impurities in levels distributed from 0.001 to 1 ppm shown that they could be actually detected starting from ~ 0.01 ppm, which corresponds to 0.0001 wt. % level in Phenanthrene samples. Consequently, during upcoming quantification procedures, the detection and quantification thresholds were considered as being 0.01 and 10 × 0.01 / 3 = 0.033 ppm.

c)

Testing the method on Phenanthrene samples

The selected chromatographic conditions were applied during the analysis of several Phenanthrene samples, in order to test its reliability. Samples of different purity grades and purchased from different suppliers were analyzed: (i) in the conditions described in part IV.2)a (p. 152), (ii) in GC-MSD according to the conditions described in appendix 2 (p. 167), in order to identify the impurities. Peak resolutions were measured to determine the ability of impurities at being quantified. Impurities were then quantified using the external standard method described in the previous paragraphs.

i. Analysis of technical-grade Phenanthrene

First, technical grade Phenanthrene (Alfa Aesar, 90 % indicative purity) was analyzed. The different peaks detected and the identity of the corresponding impurities are listed in tab. 13, as well as peak width at half height and peak resolution. The chromatogram is shown in fig. 22.

FIG. * Unidentified isomer, ** in the case of Anthracene, the resolution could not be calculated as Phenanthrene peak was not Gaussian. However, a qualitative assessment of the separation highlighted that a specific integration of Anthracene peak was possible in these conditions. Further proof is available in fig. 23 (p. 159).

As revealed by tab. 13 entries, technical grade Phenanthrene contains many impurities (29). Thanks to GC-MSD experiments, most of them could be identified. However, many impurities were found to be isomers, and no complete identification of these isomers could be performed by injection of standards. Indeed, the identity of some isomers of Dihydrophenanthrene, Dihydroanthracene, Tetrahydrophenanthrene, Tetrahydroanthracene, Naphthothiophene and methylated derivatives of Carbazole, Phenanthrene and Anthracene could not be strictly determined. In addition, one impurity (retention time: 29.29 min) could not be identified by means of its mass spectrum.

As many of these impurities were not available as standards, the FID could not be calibrated for them. Consequently, the corresponding FID response factors were estimated thanks to Saint Laumer et al. relationship [33]: One can note that some impurities were not completely separated, as shown by their peak resolution (< 1.5). First, the couple Dibenzothiophene/Napthothiophene (1 st isomer) was not sufficiently resolved to permit the complete return to baseline. Similar observations can be made for the couples Phenanthrene/Anthracene (qualitative assessment of Anthracene peak resolution) and Benzoquinoline/Naphthothiophene (2 nd isomer). However, these impurities could be quantified after signal integration by peak splitting.

RF i = -0.071+ 8 
In addition, the FID response factor for the unidentified impurity (29.29 min) could not be predicted. In this work, the lowest encountered RF value was chosen for this impurity (e. g., 0.6778 pA s ppm -1 ).

Eventually, the retention time of Anthracene on the sample chromatogram (e. g., 29.03 min) was a bit higher than that observed during FID calibration (28.93 min). Consequently, to confirm the identity of the impurity associated with this peak, analyses of the same sample without and with addition of a low amount of Anthracene was performed. The chromatograms confirmed that the peak eluting at 29.03 min was Anthracene (see fig. 23). Eventually, the chemical purity of this batch was measured at 90.8 wt. %, which is close to the indicative value given by Alfa Aesar. As shown by tab. 15 entries, synthesis grade Phenanthrene contains less impurities than technical grade one. Indeed, only 14 impurities were detected. 4 of them could not be strictly identified by means of injection of standards. Consequently, the identity of some isomers (highlighted in tab. 15 by asterisks) was not determined.
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This sample contains 3 major impurities: 9,10-dihydroanthracene, Dibenzothiophene and Anthracene. All the other impurities were detected at low levels.

Two couples were not fully resolved (9,10-dihydroanthracene/1-methylfluorene and Dibenzothiophene/Naphthothiophene 1), but the corresponding impurities could be easily quantified by splitting peaks.

The chemical purity of this lot was assessed as being 98.36 wt. %, which conforms to indicative value provided by the manufacturer.

iii.

Analysis of synthesis grade Phenanthrene (Sigma-Aldrich, lot 1)

Synthesis grade Phenanthrene provided by Sigma-Aldrich (98 % indicative purity) was analyzed according to the same procedure as described previously. GC-FID chromatographic data on this sample are entered in tab. 15. The chromatogram is shown in fig. 24.

Antoine BUREL PhD thesis In this sample, 13 impurities were detected. GC-MSD experiments served to determine the nature of these impurities, but not their exact identity (in case of isomers that could not be identified by injection of standards, see asterisks in tab. 16).

Except the Dibenzothiophene/Napthothiophene 1 couple, all the peaks were sufficiently resolved for permitting the quantification of the corresponding impurities. For the nonresolved couple, peak splitting was applied to determine the levels.

The chemical purity was assessed as being 98.11 wt. %, which is close to the indicative purity value given by the manufacturer.
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III. Development of an analytical method to assess Phenanthrene purity iv. Analysis of synthesis grade Phenanthrene (Sigma-Aldrich, lot 2)

Another synthesis grade Phenanthrene lot provided by Sigma-Aldrich was submitted to the same procedure of impurity identification and quantification. The GC-FID chromatogram is shown in fig. 26. Chromatographic data and impurity identities are entered in tab. 17.

TAB. 17: Chromatographic data for synthesis grade Phenanthrene analysis -Sigma-Aldrich, lot 2, 98 % indicative purity. For this Phenanthrene lot, most of the impurity peaks were well-resolved. Only two couples were not fully separated: 9,10-dihydrophenanthrene/1-methylfluorene and Dibenzothiophene/Naphthothiophene. These 4 impurities could were quantified by peak splitting.
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This lot present 3 major impurities: 9,10-dihydroanthracene, Dibenzothiophene and Anthracene.

The purity of this sample was 98.25 wt. %, which complies with the indicative purity value given by the manufacturer.

d) Conclusion

In this part of the work, chromatographic conditions for the separation of Phenanthrene and its impurities were successfully established.

Various impurities were detected. Most of them were fused aromatic rings derivatives. Many isomers were detected, but their exact identity could not be determined by injection of standards, due to commercial unavailability or expansiveness. Consequently, their FID response factors were predicted using Saint Laumer et al. equation [33].

A few couples of impurity peaks were not sufficiently resolved to permit their specific quantification. However, integration by peak splitting was used to obtain reasonable estimations of their levels during quantification.

The detection thresholds were low enough to permit the measurement of ultrapurity in Phenanthrene.
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4) General conclusion

In this chapter, a GC-FID method was developed in order to determine impurity levels in Phenanthrene samples. The chromatographic conditions were established thanks to a retention time prediction procedure, using a new retention model developed in the frame of this thesis.

The new retention model was presented during the 13 th ISCC and GC×GC symposium in Riva del Garda (Italy, 2016, oral communication). The results were published in Journal of Chromatography A, in the dedicated special issue, after classical peer-review procedure [34].

The method developed in this chapter was tested on various Phenanthrene samples provided by different suppliers and exhibiting different purity grades. The results highlighted the robustness of the method and its ability at quantifying Phenanthrene impurities with honorable accuracies, even is some impurity levels were quantified after peak splitting due to insufficient resolutions. Moreover, thanks to low detection thresholds (< 0.0001 wt. %), Phenanthrene can be announced as being ultrapure when no impurity is detected.

As the validation of this method was successful, it was used for impurity level monitoring in upcoming purification experiments presented in the next chapter. 
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2) Analysis of Phenanthrene by GC-MSD

During GC-MSD experiments, the following chromatographic conditions were applied:

Analyses were run on a Thermo Trace Gas Chromatograph equipped with a split/splitless injector (300 °C), a Thermo AS3000 autosampler (10 µL syringe, 1 µL injection volume), an Agilent DB-35ms column (30 m × 0.25 mm × 0.25 µm) and a Thermo ITQ-900 Mass Spectrometer Detector.

Helium was used as carrier gas (1.0 mL•min -1 ). The temperature program was: isothermal step at 100 °C for 10 min, then heating ramp at 5 °C•min -1 up to 270 °C, then isothermal step for 20 min.

Before and after every injection, the syringe was washed 5 times with HPLC grade Acetone.

The syringe was also washed 5 times with the sample solution.

The MSD transfer line and ion source temperatures were set at 300 and 200 °C, respectively. Solute were ionized by electronic impact (70 eV). Positive charge ions were scanned every 0.15 s from 50 to 300 m/z range.

Note that, in these conditions, solute elution order was assumed to be the same as that observed in GC-FID in the conditions described in part IV.2)a (p. 152).

Solute mass spectra were compared to NIST database entries (2007) to identify the impurities. 
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NOMENCLATURE

I. INTRODUCTION

Due to unusual observations made on Phenanthrene solid-solid transition at atmospheric pressure (see chapter II), many questions raised about the related mechanism at the molecular scale. In particular, the origin (e. g., Phenanthrene itself, or its impurities) of such an unusual transition is, up to now, unknown. Consequently, this point remains to be investigated, which requires the ultrapurification of the product (e. g., the increase of molar purity above 99.9 %). The aim of this chapter is to propose crystallization procedures to reach this goal. In this view, chromatographic measurements were performed using the analytical method developed in chapter III, in order to monitor crystallization method purifying effects.

During the purification of an impure substance by crystallization from a liquid phase, two cases can be encountered:

(i) The molecules of the species to purify self assembly to crystallize without impurities. The latter remain in the liquid phase.

(ii) The molecules of the component of interest self assembly to form crystals, with random substitution of insertion of impurities in the available crystallographic sites. In this case, they form a solid solution. To observe that, the impurities should be structurally similar to the major component to ensure the stability of intermolecular bond network (substitution), or small enough to insert in crystallographic sites.

As previously stated in chapter I, the existence of a partial solid solution between the compound to purify and its impurities can be assessed by means of a simple solvent assisted recrystallization. If an impurity still remains in the recrystallized substance, then there exists a solid solution. In this case, they cannot be completely eliminated by this procedure.

In the case of Phenanthrene, a preliminary recrystallization test applied to technical-grade material 1 shown that most of its impurities were still present in the purified material. The chromatograms of Phenanthrene samples before and after recrystallization are shown in fig. 1, and the variation of impurity levels in tab. 1. The molecular structures of all the impurities mentioned in this chapter are shown in fig. 2.

Except Methylnapththalene, Butenedioic acid dibutyl ester, Xanthene and one Tetrahydroanthracene or -phenanthrene, all the impurities were still detected in the recrystallized product, which indicates the existence of a solid solution of Phenanthrene. Consequently, other crystallization procedures should be developed and adapted in order to attempt their removal.

1. 2 g of Phenanthrene (Alfa Aesar, 90 % indicative purity, technical grade) was recrystallized at room temperature under magnetic stirring for 24 h in 2 g of HPLC grade Acetone (VWR Chemicals). The suspension was recovered by filtration over a 2-porosity glass filter. The crystals were washed with 10 mL of cold (0 °C) HPLC grade Methanol (VWR Chemicals) and were dried overnight at 50 °C. The impurity levels in Phenanthrene before and after recrystallization were determined by GC-FID. Impurity identities were determined using complementary GC-MSD experiments.
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FIG. 2: Molecular structures of Phenanthrene starting impurities mentioned in this chapter

In this thesis, several pathways were investigated in view to reach ultrapure Phenanthrene. First, Zone Melting was applied to Phenanthrene, in order to benefit from multi-stage recrystallization from the melt and amplify impurity partial elimination as well as the number of zone passes is increased. In part II, this technique is presented into more details. A new prototype, designed in our laboratory, is also introduced. Validation and purification experiments are reported, and results are discussed with particular attention paid to phase equilibria between Phenanthrene and its impurities.
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Thereafter, Phenanthrene purification was attempted by means of vacuum sublimation, using a gradient sublimer designed in our laboratory. Prototype and process developments are reported in part III, as well as the results on purification experiments.

Then, co-crystallization was tested on Phenanthrene and was found to exhibit an efficiency different to that of Zone Melting and simple recrystallization with respect to the different impurities. The different works related to the development of this technique, and its application to Phenanthrene, are reported in part IV.

Eventually, thanks to the key learnings highlighted during the previous parts, combinatorial approaches were attempted to access to ultrapure Phenanthrene. Two pathways were investigated: (i) purification by co-crystallization, followed by Zone Melting; (ii) purification by impurity chemical modification, followed by their elimination using co-crystallization. These works are reported in part V.

A discussion of the purifying effects of these procedures was attempted in a last part. A particular attention was paid to the relationship between impurity molecular structure and discrimination in the solid state during crystallization.

II. PURIFICATION BY ZONE MELTING 1) Introduction

Zone Melting is a well-known technique that serves to grow crystals from the melt. This method was invented and patented in the early 50's by William Gardner Pfann (1917Pfann ( -1982)), an American engineer from Bell Labs company [1,2]. Many variants and applications were previously reported: purification of chemical species (in this case, Zone Melting is generally called "zone refining"); growth of ultrapure single crystals; design of semiconductors, etc [3].

In this thesis, the method was used to attempt Phenanthrene ultrapurification using a device developed by our team.

In this chapter, basic theoretical and applied notions on Zone Melting are provided in part 2.

Then, a description of the prototype designed in our laboratory is made in part 3. Binary phase equilibria between Phenanthrene and its major impurities were (re-)investigated in part 4, in which the applicability of the method to Phenanthrene is also discussed. Eventually, purification experiments were performed in order to: (i) validate our device, (ii) attempt Phenanthrene ultrapurification. Results and discussion on these points are provided in part 5, before concluding on this method (part 6).

2) Basic notions on Zone Melting

At the time of its invention, Zone Melting (pictures shown in fig. 3) was some kind of revolution in the field of material science. Indeed, this method allowed to reach extremely high purity values for semi-conductive inorganic materials (Germanium, Silicone…) widely used to design transistors dedicated to telephones [4]. Indeed, the level of impurities in the treated substances could be decreased to 1 part per 10 billion (only 10 -8 % impurity!). Such performance was clearly more interesting than those of the techniques that were used to attempt Silicone purification (pyro-and hydrometallurgy) before the introduction of Zone Melting. It also played a significant role in the rise of new efficient electronics-based technologies (microprocessors, etc) [5].

The principle of the technique can be summarized as follows: the substance to purify is molten and resolidified in a glass tube to form an ingot. Then, a molten zone is generated at one end of the ingot using a heating device. Subsequently, the zone is slowly displaced from one extremity to the other. According to the difference of impurity solubilities in the zone and the solid slice that recrystallizes at every displacement of the heater, impurities can be displaced towards the different ends of the ingot. Generally, one single zone pass is not sufficient to obtain high purity sample at a given part of the ingot. Therefore, several passes are generally performed to amplify impurity concentration at ingot ends until reaching purity specification.
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a) Zone Melting modeling

The modeling of Zone Melting process is well documented [3]. Previous works detailed the prediction of impurity distribution profiles in the treated products after application of the technique.

The basic principle of Zone Melting is represented in fig. 4, in which are considered an ingot of length l, treated by means of a molten zone of thickness e. In the frame of reference of molten zone traveling, the solidification and melting interfaces are located at positions x and x + e, respectively.

FIG. 4: Schematic representation of a Zone Melting device

Zone Melting process can be divided into two steps: when the solidification interface is located between 0 ≤ x ≤ le, the molten zone remains constant in thickness and is continuously supplied with the fraction to melt at the melting interface. This step corresponds to "pure Zone Melting". Conversely, when the melting interface reaches the end of the ingot (le < x < l), the zone length progressively decreases (e = lx), as no matter income occurs. This solidification pathway is called "normal freezing". Consequently, these two steps can be described using different matter balance equations.
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Application of balance equations on molten zone served at establishing differential equations that relate impurity level as a function of the position in the treated ingot. Eqs. 1 and 2 should be applied in the 0 ≤ x ≤ le and le < x < l regions, respectively.

dX j ( x) dx = k e [ X j-1 ( x+e)-X j ( x)] with X j ( x=0)= k e ∫ x=0 x=e X j -1 ⋅dx (1 
)

dX j ( x) dx = (1-k)⋅X j ( x) l -x (2) 
with:

Xj: impurity fraction in the resolidified fraction after molten zone pass of rank j Xj-1: impurity fraction in the resolidified fraction after molten zone pass of rank j-1 k: impurity segregation coefficient k, the impurity segregation coefficient, is the ratio of impurity fractions in the deposited solid and the molten zone:

k = X j X L (3)
In case of single-pass Zone Melting experiment, eqs. 1 and 2 can be re-expressed according to eqs. 4 and 5, assuming that:

• impurity segregation coefficient (k) does not change with the composition of the molten zone • the starting ingot is homogeneous in composition and presents impurity fraction X0.

X 1 ( x)= X 0 ⋅ [ 1-(1-k )exp ( -k⋅x e )
] with 0⩽ x⩽l-e (4)

X 1 ( x)= X 1 (l -e )⋅ ( l-x e ) (k-1)
with l -e < x <l

Note that eq. 4 should be used to calculate X1 ( le ), as required to apply eq. 5.

Applying these equations, impurity distribution profiles can be predicted for different parameter values (k, l, e). Examples of profiles are shown in fig. 5, in which different impurity segregation coefficient (k) values are taken, as well as several molten zone relative thickness (e / l) values. Note that eq. 5 is not defined at x = l, and exhibits a vertical asymptotic behavior.

Antoine BUREL PhD thesis Fig. 5 qualitatively shows that impurities whose segregation coefficients are lower than unity are expected to be displaced towards the same direction as that of the molten zone during its traveling. Conversely, impurities whose k values are higher than 1 should be displaced
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towards the opposite direction. Eventually, the molten zone does not have any influence on impurities exhibiting k values of 1, which means that the use of this method is irrelevant to remove such impurities.

It is worth noting that the farthest from unity the segregation coefficient is, the more efficient Zone Melting becomes. Moreover, by maintaining the other parameters constant, an increase of molten zone relative thickness (e / l) value allows to displace a larger amount of impurity by one single zone pass.

Performing more than one single zone pass serves at amplifying impurity displacements, as shown by impurity distribution profiles calculated from eqs. 1 and 2 and shown in fig. 6. In the example shown in the right part, 20 passes are expected to divide impurity level by almost three orders of magnitude in the x = 0 region (with reference to the starting sample).

Several studies have been previously performed in order to optimize Zone Melting process on various samples by computer-assisted procedures [7][8][9][10][11][12]. In most of them, impurity segregation coefficients were estimated from experimental measurements of distribution profiles in known conditions. Their values were then used for distribution prediction purposes. The experimental results were generally close to the predicted ones, which indicates that this model gives accurate results. However, more sophisticated models, taking various effects into account (thermal diffusion, transitional regime...), were also developed [13][14][15].

b) Influence of phase equilibria and molten zone displacement rate

As mentioned previously, k values have a large influence on the efficiency of Zone Melting at displacing the impurities towards ingot ends. However, they largely depend on the translation rate v of the zone. Indeed, at very low rates, the ratio between impurity levels in the deposited solid and in the zone is close to the equilibrium segregation coefficient -the most favorable case. At larger rates, the recrystallized solid slice rejects the impurity more rapidly than it can diffuse in the zone. Consequently, the zone is not homogeneous anymore (see fig. 7 for illustration), which modifies k. This problem was widely studied by Burton, Prim and Slichter [16], who proposed eq. 6 to express k dependency with respect to v.

FIG. 7: Illustration of biased segregation occurring at large zone displacement rates
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185 k = k 0 k 0 +(1-k 0 ) exp ( -v δ D ) (6)
k0 being the impurity segregation coefficient when v → 0 (e. g., the equilibrium segregation coefficient), δ the impurity diffusion layer length in the molten zone at the solidification interface, and D the impurity diffusion coefficient in the molten zone. The vδ / D term can be seen as the "normalized growth velocity" at the solidification interface [17]. As δ and D are independent from v, a plot of k (vδ / D) function (fig. 8) for different k0 values shows that increasing the zone translation rate engenders a modification of the effective impurity segregation coefficient. The latter tends towards unity as well as v is increased, which means that Zone Melting has no effect on impurity displacement when the zone translation rate is too large.

FIG. 8: Theoretical evolution of impurity segregation coefficient with respect to the normalized growth velocity

Of course, the lower v is, the larger the segregation becomes. Consequently, Zone Melting efficiency should be maximal when v → 0. As it costs much time, imposing such translation rates is, of course, not suitable. Therefore, a compromise between v and the effective segregation coefficient k should be found to obtain desirable purifying effects by Zone Melting. However, several ways to improve molten zone homogeneity were proposed to avoid process efficiency decrease at large displacement rates. Among them, the rotation of the ingot along the cylindrical axis exhibited interesting results for the purification of Germanium by this technique (see appendix 1, p. 268).

Besides, every impurity k0 value can be estimated from the binary phase diagram between the compound to purify and the considered impurity (fig. 9). However, two separate cases should be envisaged:

• If the impurity decreases the melting point of the compound to purify, then k0 < 1 and the zone is richer in impurity that the solid phase. Consequently, the impurity concentration in the deposited solid is lower than in zone, which corresponds to a displacement towards the same direction as that of the zone.

• Conversely, if the impurity increases the melting point of the compound to purify (k0 > 1), then the deposited solid is always richer in impurity than the zone is, which means that the impurity is displaced towards the opposite direction. Consequently, if the compound to purify presents several impurities exhibiting opposite behaviors during the solidification of the molten zone, the purifying effect of the method is limited. More zone passes should be performed in order to amplify impurity concentration at the different ends of the ingot, and, therefore, to obtain a purer intermediate part.

c) Summary

Zone Melting is a melt-crystallization technique that provides many applications: crystal growth, semiconductor doping, purification, etc. The process is driven by thermodynamics (e. g., phase equilibria between the species involved in the treated sample → impurity k0 values) and kinetics (impurity diffusion in the zone).

In this thesis, the technique was applied to Phenanthrene purification. As no device was commercially available, a prototype dedicated to the purification of organic solids was built in our laboratory. A brief presentation of the prototype is made in the next part.
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3) Presentation of a new prototype dedicated to organic solids

For many years, purification of organic species has been one of the main research topics of the SMS laboratory. Consequently, the laboratory bought and/or developed new devices dedicated to this task. Among them, a new Zone Melting prototype was developed according to our specifications, and was built by Normalab (Lintot, France) with the support of CRCT of the CNRS through the CRISTECH network (Pascal Lejay coordinator).

A global view of the prototype is proposed in fig. 10. The apparatus is made of two main parts: (i) the Zone Melting device itself, (ii) the control box, that allows the experimenter to adjust the different operating parameters.

FIG. 10: Global view of the Zone Melting device developed in the SMS laboratory

This prototype allows to deal with ingots disposed as glass tubes whose length and internal diameter are 25 cm and 11 mm, respectively. The molten zone is generated by means of an annular heater made of an electrical resistance (error on zone temperature: ± 0.1 °C). The position of the zone is constant, and the ingot is displaced on a bench by means of a step-bystep motor. Besides, another motor allows the ingot to be rotated along its cylindrical axis with a rate of 0.21 rad•s -1 and an auto-reversal of the rotation direction every 180 °. The aim of that motor is to facilitate molten zone homogenization to improve impurity segregation during zone solidification.

The power supplied by the annular heater can be regulated by means of the control box. By the same way, the ingot translation rate can be adapted.

The different parts of the apparatus are shown and labeled into more details in fig. 11.

Before use for purification purposes, the efficiency of this new prototype had to be assessed. Thanks to its chemical stability upon melting, Phenanthrene was a good candidate for such experiment. Consequently, this molecule was chosen as model compound to test and validate the prototype.
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In order to perform qualitative prediction on Zone Melting efficiency at displacing impurities in Phenanthrene ingots (extraction of impurity k0 values), phase equilibria between the molecule and some of its major impurities were first investigated. 

4) Phase equilibria between Phenanthrene and some of its impurities a) Introduction

As mentioned in part II.2)b, phase equilibria between the molecule to purify and its impurities are of major importance during optimization of Zone Melting experiments: they can be used to assess the potential efficiency of the method by extraction of impurity segregation coefficients (k0 values).

In the case of Phenanthrene, various impurities can be encountered with different abundances, according to the supplier, the batch and the purity grade (see chapter II). In most of the commercial Phenanthrene samples supplied with a ≥ 98 % indicative purity, Fluorene, 9,10dihydroanthracene, Dibenzothiophene, Anthracene and Carbazole are generally the main impurities. Up to now, binary solid-liquid phase equilibria between Phenanthrene and every of these impurities were already investigated [18][19][20][21][22][23][24], except for the Phenanthrene/9,10dihydroanthracene system. However, it is worth noting that the proposals cited above show incomplete and/or contradictory data, according to the studies. Moreover, some of them did not comply with thermodynamic rules applicable to binary phase diagrams.

• 5 contradictory proposals were made for the Phenanthrene/Fluorene system (fig. 12) by analysis of samples obtained by melt crystallization [18] or from solvent evaporation [24], which justifies its re-investigation using another sample preparation procedure.

• The authors of the study related to the Phenanthrene/Dibenzothiophene [19] system noted that metastable equilibria were observed during their experimental work on binary Normandie Université mixtures prepared from solvent evaporation, and that further investigations would be suitable to validate their proposal shown in fig. 13.

• 2 incomplete and contradictory proposals, shown in fig. 14, were made for the Phenanthrene/Anthracene system [20,25]. Moreover, a recent study conducted by Rice et al., proposed another phase diagram without description of the phases in equilibrium in the solid and liquid states [26]. Besides, another study made by Ding et al. and related to the study of ternary equilibria between these two species and various solvents highlighted the existence intermediate phase that was previously unknown [27]. However, polythermic phase equilibria between solids obtained from these ternary mixtures were not investigated. Consequently, they have to be assessed after preparation of samples according to their procedure.

• Phenanthrene/Carbazole system was described only once [21], but incomplete data observed on the related proposal justify a re-investigation. Consequently, a systematic re-investigation of all these systems was performed by combining calorimetric and structural studies. Moreover, an assessment of Phenanthrene/9,10-
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Purification by Zone Melting 191 dihydroanthracene binary equilibria was attempted. Sample preparation was adapted according to the issues observed in the different systems:

• Phenanthrene/9,10-dihydroanthracene and Phenanthrene/Carbazole binary mixtures were prepared by solvent evaporation, after pre-purification of the starting products.

• Phenanthrene/Fluorene and Phenanthrene/Dibenzothiophene binary equilibria were assessed by study of the related ternary systems with Acetone at room temperature. Binary mixtures were obtained after crystallization in this solvent and isolation of solids in equilibrium with saturated liquids.

• Phenanthrene/Anthracene phase equilibria were investigated by study of the ternary phase diagram with Toluene at room temperature. The solids obtained thanks to these procedures were then characterized by: (i) Differential Scanning Calorimetry (DSC), to evidence phase transformations on heating, (ii) and X-Ray Powder Diffraction (XRPD), to identify the solid phases in the prepared samples. Binary phase diagrams were then established after interpretation of experimental data. The proposals were discussed with reference to the following points:

• the presence of solid solutions of Phenanthrene with its impurities,

• the effect of the different impurities on Phenanthrene melting point (e. g., extraction of impurity k0 value) and on its solid-solid transition temperature.

b) Experimental procedures

For the study of Phenanthrene/9,10-dihydroanthracene and Phenanthrene/Carbazole binary systems, starting commercial products were first pre-purified by means of recrystallization in Acetone, according to the procedure described in appendix 3 (p. 270). As shown in the appendix, this method led to the decrease of impurity levels in the three products. Various physical mixtures made of the pre-purified products were prepared, dissolved in HPLC grade Acetone (VWR Chemicals) before recrystallization by solvent full evaporation to air. The powders were ground and analyzed by XRPD (apparatus and method are described in appendix 2a (p. 268)) and DSC (appendix 2b, p. 268). During DSC experiments, the following temperature program was set: 5 K min -1 heating ramp from 20 °C to the melt, then 2-minutes isothermal step, then 5 K min -1 cooling ramp to 20 °C, then 2-minutes isothermal step, then 5 K min -1 heating ramp from 20 °C to the melt. The aim of the 2 nd heating step was to check the reversibility of thermal events observed during the 1 st one.

Phenanthrene/Fluorene/Acetone, Phenanthrene/Dibenzothiophene/Acetone and Phenanthrene/Anthracene/Toluene ternary systems were investigated by preparation of physical ternary mixtures made of commercial products (Phenanthrene: Alfa Aesar, 98 %; Fluorene: Alfa Aesar, 98 + %; Dibenzothiophene: Alfa Aesar, 98 %; Acetone: VWR Chemicals, HPLC grade; Toluene: VWR Chemicals, HPLC grade). The mixtures were equilibrated at room temperature under magnetic stirring for 24 h. After equilibration, ~ 0.3 mL of every mixture was filtered over 0.2 µm PTFE syringe filter. One drop of saturated liquid was dissolved in ~2 mL of Toluene (for the 2 1 st systems) or Acetone (for the 3 rd one). The resulting solutions were analyzed by Gas Chromatography (GC) to determine the compositions of the liquid phases (the analytical methods are described in appendix 2c, p. 268). The compositions of the solids was determined using Schreinemaker's method of wet residues. For every mixture, the solids were recovered by vacuum filtration over 1-porosity glass filters. The wet powders were dried overnight at 20 °C and 200 mbar absolute pressure. Dried solids were analyzed by XRPD (appendix 2a, p. 268) and DSC (appendix 2b, p. 268). During DSC, one single 5 K min -1 heating ramp was applied from 20 °C to the melt. The treatment of the data extracted from DSC and XRPD measurements led to the proposal of the binary phase diagram presented in fig. 18. For the sake of clarity, data on the two invariant transformations observed in this system are summarized in tab. 2. Note that, due to the poor resolution between the thermal events associated with the two invariant transformations, their
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Antoine BUREL PhD thesis calorimetry could not be studied. Consequently, no quantitative data on their enthalpies could be extracted from recorded data. The proposed phase diagram reveals that:

(i) both components make partial solid solutions with each other. However, the extent of these solid solutions on the temperature vs. composition chart is very limited.

(ii) as impurity, 9,10-dihydroanthracene significantly decreases Phenanthrene melting point (see fig. 18 in the Phenanthrene-rich region). Moreover, its segregation coefficient between the <ss PHEN HT> and L phases seems to be far from unity due to the large extent of the corresponding two-phase domain.

(iii) 9,10-dihydroanthracene slightly decreases Phenanthrene solid-solid transition temperature. However, this effect is moderate.

d) Re-investigation of the Phenanthrene-Carbazole binary system

As reported in appendix 3 (p. 270), Carbazole and Phenanthrene were impurities of each other in the commercial products. Purification of both products by recrystallization allowed for the partial elimination of the impurities, which indicates that Phenanthrene Low Temperature and Carbazole phases both form partial solid solutions (<ss PHEN LT> and <ss CARB>).

During preliminary analyses on the mixtures prepared according to the procedure described in part b (p. 192), some DSC thermal events observed during the first and second heating steps were not consistent. Consequently, the preparation method was adapted as follows:

Normandie Université (i) every binary mixture prepared from Acetone evaporation was put into a closed Al DSC pan (~ 15 mg sample) and was heated up to the melt before applying a 5 K/min cooling ramp to 20 °C.

(ii) the samples recrystallized from the melt during this "preparative DSC" step were then recovered, ground and analyzed by XRPD to identify the phases in equilibrium.

(iii) the powders were then re-analyzed by DSC by applying a single 5 K/min heating ramp up to the melt to evidence phase transformations between the starting phase(s) observed by XRPD.

XRPD patterns of Phenanthrene/Carbazole binary mixtures recrystallized from the melt during preparative DSC are presented in fig. 19. For every mixture, a low-enthalpy endothermic thermal event was observed at ~ 55-60 °C (see the right part of fig. 20), which indicates the probable occurrence of a eutectoid transformation (<ss PHEN LT> + <ss CARB> ⇄ <ss PHEN HT>). However, due to their low intensity, the corresponding signals could not be integrated to characterize the calorimetry of this invariant.

At higher temperatures, solidus-related thermal events could be observed. The solidus temperature was increased from 98 to 120 °C by increasing XCARB from 0.000 to 0.401. Every mixture of XCARB ranging from 0.201 to 0.895 was found to undergo endothermic transformations at 120 °C, which was attributed to the peritectic reaction <ss PHEN HT> + <ss CARB> ⇄ L. On heating, these transformations were followed by the melting of the remaining <ss CARB> solid phases, which allowed for the assessment of liquidus points.

For mixtures exhibiting XCARB < 0.502, the different thermal events associated with transformations involving simultaneously solid and liquid phases were not sufficiently resolved. Consequently, the peaks associated with the peritectic transformation at 120 °C could not be integrated, which prevented from estimating the invariant point location by plotting the corresponding Tammann graph. Nevertheless, the solidus temperature reaches the peritectic temperature when XCARB = 0.501, which gives a good indication of the invariant point composition. The corresponding enthalpy was 33.4 J•g -1 (2.7 kJ•mol -1 ).

Besides, these invariant peaks were integrable when 0.502 ≤ XCARB ≤ 0.895, which allowed to plot a partial Tamman graph and to deduce the composition of the <ss CARB> phase involved in the transformation. The latter was estimated at 0.93 ± 0.05 (95 % confidence interval).

Normandie Université

Extended data on the different invariant transformations observed in this system are provided in tab. 3. These data are compared with those extracted from the already published phase diagram [21]. (ii) Carbazole increases the melting point of Phenanthrene, which means that it behaves as a k0 > 1 impurity. This conforms to the previous proposal [21].

Antoine BUREL PhD thesis (iii) Carbazole slightly decreases the temperature of solid-solid transition of Phenanthrene, but the <ss PHEN HT> phase is not stable at room temperature, which contradicts Gloistein data [30].

e) Re-investigation of the Phenanthrene/Fluorene binary system

The compositions of Phenanthrene/Fluorene/Acetone ternary mixtures, and those of its different phases after equilibration, are summarized in tab. S1 (appendix 4, p. 271).

FIG. 22: XRPD patterns of Phenanthrene/Fluorene binary mixtures at 20 °C and 1 atm -PHENAN08 [28] and FLUREN [31] are the patterns predicted from Phenanthrene (low temperature) and Fluorene crystal structures.

XRPD patterns of solid phases isolated by filtration are presented in fig. 22 However, the boundaries of one-and two-phase domains in this system at room temperature was not easy to determine by solely use of XRPD patterns, due to their similarity. Consequently, they were determined using the compositions of the solid and liquid phases and the rules applicable to ternary systems. A proposal of phase domain boundaries, compatible with the experimental data, is presented in fig. 23. However, the <ss FLU> + <ss IP> + Liquid Normandie Université (L) three-phase domain was not evidenced with the recorded data, and some complementary experimental points should be tested to confirm the hypothesis presented in this figure. This proposal brings new elements with reference to the previous ones. Among them, the existence of an intermediate phase, previously unknown, was evidenced. In addition, the following important data can be extracted from this diagram:

(i) A large domain of <PHEN LT> solid solution was evidenced.

(ii) as impurity, Fluorene decreases the melting point of Phenanthrene (k0 < 1). Nevertheless, this effect is not very pronounced. However, in the Phenanthrene-rich region, the solidus and liquidus lines are very close, which indicates that the segregation coefficient of Fluorene is close to unity. This observation is consistent with the existing data on that point [32].

(iii) Fluorene also decreases the temperature of Phenanthrene solid-solid transition below room temperature when Fluorene mass fraction is increased up to 0.3.

f) Re-investigation of the Phenanthrene/Dibenzothiophene binary system

Compositions of the starting ternary mixtures, the liquids and the solids are summarized in tab. S2 (appendix 4, p. 271).

These data permitted to plot the isothermal section at 20 °C of the Phenanthrene/Dibenzothiophene/Acetone ternary diagram (see fig. 26). As revealed by this figure, liquidus points are not very clear and the tested compositions did not generate Phenanthrene/Dibenzothiophene solid binary mixtures exhibiting Dibenzothiophene mass fractions ranging from 0.3 to 0.7.

Antoine BUREL PhD thesis

The 

IV. Ultrapurification of Phenanthrene by Crystallization

This hypothesis was then confirmed during DSC analysis of these mixtures (fig. 28), on which exothermic thermal events could be observed at ~ 75 °C, indicating that the corresponding samples were metastable, and that the increase of temperature enhanced the crystallization of a more stable phase that did not appear during the equilibration procedure.

As it, the recorded data did not allow to assess the Phenanthrene/Dibenzothiophene binary phase diagram. In order to attempt to equilibrate Phenanthrene/Dibenzothiophene mixtures, several tests were carried out:

(i) A few Phenanthrene/Dibenzothiophene/Acetone ternary mixtures were prepared by full dissolution of the solids on heating, and recrystallization by cooling down to room temperature. After 24 h equilibration under magnetic stirring, the solids generated by this procedure were metastable and exhibited the same behavior as observed in fig. 28 during DSC experiments.

(ii) The starting procedure was applied by replacing Acetone by Toluene (VWR Chemicals, HPLC grade). The solids recovered were still metastable.

During the study of this system, no procedure could be developed in order to equilibrate Phenanthrene/Dibenzothiophene mixtures. Consequently, no re-investigation of the binary phase diagram was made. In future works, other preparation methods such as melt crystallization should be tested in order to obtain binary samples in the state of equilibrium, in order to assess stable phase equilibria by DSC and XRPD.

g) Re-investigation of the Phenanthrene-Anthracene binary system

The compositions of the starting mixtures, the saturated liquids and the solid phases are summarized in tab. S3 (appendix 4, p. 271).

XRPD patterns (presented in fig. 29 The pattern of the mixture of XANT = 0.156 corresponds to that of the <ss PHEN HT> phase, which indicates the existence of a <ss PHEN LT> + <ss PHEN HT> two-phase domain for mixtures exhibiting lower Anthracene contents. Due to the similarity of these two phase patterns, the extent of their domains could not be assessed by solely use of data provided in fig. 29.

The pattern of the XANT = 0.348 mixture highlights the disappearance of the characteristic peak of <ss PHEN HT> phase at 17.9 °, which indicates that this mixture mas made of pure <ss IP> phase. The XANT = 0.375 mixture exhibited a peak characteristic of the <ss ANT> phase at 19.4 °. The characteristic peaks of <ss IP> phase were not observed for mixtures of XANT > 0.976. This indicates that the <ss IP> + <ss ANT> two-phase domain stability range was 0.375 ≤ XANT ≤ 0.976; and that of the <ss PHEN HT> + <ss IP> was 0.249 ≤ XANT ≤ 0.315. Using these data and those of tab. S3, the stability of the different phase domains at room could be refined. A graphical representation of tab. S3 data on a ternary plot led to propose the ternary phase diagram presented in fig. 30. It is worth noting that liquidus points (e. g., the solubility values) indicated that the stability domain of the <ss IP> was more extended than previously assessed using XRPD patterns. The same observation can be made for that of the <ss ANT> one. This was maybe caused by limitations related to the characterization methods and sample preparation. DSC thermograms of the solid phases recovered by filtration are presented in fig. 31. They show that mixtures presenting the <ss IP> phase underwent endothermic invariant phenomena at ~85-90 °C, which was attributed to the decomposition of the <ss IP> phase in a peritectoid transformation (<ss IP> → <ss PHEN HT> + <ss ANT> on heating). A Tammann plot applied to this transformation allowed for assessing the invariant composition at XANT ≈ 0.33 (see fig. 32). For 0.249 ≤ XANT ≤ 0.396 mixtures, another endothermic invariant phenomenon at ~ 110 °C was observed. The latter was attributed to the decomposition of the <ss PHEN HT> phase in a peritectic transformation (<ss PHEN HT> → L + <ss ANT> on heating). Note that a the occurrence of two successive invariant transformations in a narrow temperature range was suspected due to the shape of the related DSC peaks. However, analyses at lower heating rate did not allow for a clarification on that point. At higher temperatures, typical liquidus-related thermal events were observed. 
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IV. Ultrapurification of Phenanthrene by Crystallization

To conclude, a new proposal for this binary system was made. The following remarks can be addressed:

(i) Both components form partial solid solutions with each other.

(ii) As impurity, Anthracene increases Phenanthrene melting point (k0 > 1 impurity).

(iii) Anthracene has a strong impact on Phenanthrene solid-solid transition, as an increase of its contents to less than 10 % led to a complete reversal of Phenanthrene LT and HT phase stabilities.

(iv) At least two invariant transformations were evidenced, which contradicts Bradley and Marsh proposal [22]. However, the potential occurrence of several invariant reactions near 110 °C will have to be clarified in order to validate this proposal.

(v) The existence of an intermediate solid solution, suggested by Ding et al. [27], was confirmed. In this study, 4 phase diagrams between Phenanthrene and some of its impurities were established. Unfortunately, phase equilibria between Phenanthrene and Dibenzothiophene could not be assessed. The proposals made in this work allowed to complete and/or correct the existing ones. Data on impurity segregation coefficients could be extracted from our proposals (see fig. 34), as summarized in tab. 6. < 1 [24] > 1 [22,25] This study < 1, but close to unity < 1 > 1 -> 1

h) Summary
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These data indicate that, during Zone Melting:

• Phase equilibria are not favorable for Fluorene removal, due to its segregation coefficient that is close to unity.

• 9,10-dihydroanthracene decreases Phenanthrene melting point, which means that this impurity should travel towards the same direction as that of the zone. The same remark can be made for Dibenzothiophene, according to [24].

• Conversely to the two previously mentioned impurities, Carbazole and Anthracene increase Phenanthrene melting point and should be displaced towards the opposite direction with reference to that of the zone.

All the phase diagrams established in this chapter highlighted that Phenanthrene and its impurities form partial solid solutions with each other. This indicates that, due to their similar chemical structures, discrimination between them in the solid state is limited. Consequently, this is consistent with the detection of these impurities in Phenanthrene purified by recrystallization (fig. 1 and tab. 1, p. 177).

Zone Melting could be an interesting alternative to amplify impurity removal in Phenanthrene samples, with reference to solvent-assisted recrystallization. However, the phase diagrams proposed in this chapter confirm that Phenanthrene impurities exhibit antagonist behaviors, which might limit the purifying effect of the method. Consequently, the technique should be tested in order to: (i) check the consistency of impurity displacements with the corresponding phase diagrams, (ii) assess the ability of the method at generating ultrapure Phenanthrene samples.

The next part of this chapter presents the procedure applied to validate our Zone Melting prototype using Phenanthrene as candidate molecule, before attempting its ultrapurification.

Two phase diagrams established in this work (Phenanthrene/9,10-dihydroanthracene and Phenanthrene/Carbazole) were published in the European Physical Journal: Special Topics [34].
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5) Zone Refinement of Phenanthrene samples

According to the phase diagrams previously determined, and to the thermodynamic data available in the literature, Phenanthrene impurities exhibit various behaviors during solidification of impure samples. Hence, some impurities are expected to travel in the same direction as that of the molten zone, whereas the others should behave oppositely.

In this part of the study, the purification of Phenanthrene samples by means of the Zone Melting device developed in our lab was attempted.

In a first time, the proper functioning of the prototype was checked by treating two identical samples in different operating conditions. The aim of this part was to check the consistency of impurity distributions in zone-refined Phenanthrene samples with: (i) impurity segregation coefficient values extracted from their binary phase diagrams with Phenanthrene; (ii) Burton, Prim and Slichter relationship (eq. 6, p. 185), that relates zone displacement rate with effective values of impurity segregation coefficients.

In a second time, a Phenanthrene purification experiment by zone refining was attempted using operating conditions chosen according to the observations made in the first part of the work.

During these experiments, impurity levels were monitored by means of GC-FID, using the method developed in chapter III.

The ability of Zone Melting at purifying Phenanthrene samples was discussed using impurity level measurements in treated ingots.

a) Validation of the SMS laboratory Zone Melting device efficiency

To assess the efficiency of our Zone Melting prototype, commercial Phenanthrene (98 % indicative purity, supplied by Aldrich) was zone refined after application of a pre-purification procedure. This pre-treatment aimed at removing inorganic impurities from the starting material and is described below:

For both validation experiments, 10 g of Phenanthrene was dissolved in 50 mL of Dichloromethane (VWR Chemicals, HPLC grade). Three successive liquid-liquid extractions were performed using 3×50 mL of a 1 mol•L -1 HCl aqueous solution. The same procedure was then applied with the same amounts of: (i) a 1 mol•L -1 NaOH aqueous solution; (ii) milli-Q ® Then, the organic phase was recovered; the solvent was evaporated and the recrystallized powder was dried overnight at 50 °C. Eventually, it was molten in glass tubes dedicated to our prototype to form ~ 9-cm length ingots. The effect of this pre-treatment was qualitatively evidenced by the color of the Phenanthrene ingots before refinement: a clear brightening of the material was observed after the washing procedure (fig. 35).

FIG. 35: Pictures of Phenanthrene ingots without and with application of the pre-purification procedure

The two ingots were separately treated in the following operating conditions:
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• the first sample was zone refined 15 times using a 5 mm•h -1 zone displacement rate (270 h effective duration experiment),

• the second one was zone refined 5 times using a 1 mm•h -1 displacement rate (450 h).

After zone refinement, both ingots were segmented into 1-1.5 cm parts, which were manually ground to obtain powders homogeneous in composition. The latter were then analyzed by GC-FID to determine impurity levels. The impurity distribution profiles were then assessed using the recorded analytical data.

The impurities identified by means of GC-MSD in the pre-purified product are listed in tabs. 7 and 8, as well as impurity levels in the different parts of the two treated ingots. In these tables, 0 and 9 cm correspond to the starting and final positions of the zone during refinement, respectively.

As revealed by their entries, all the impurities were displaced during the two experiments, which means that our prototype works correctly. The main information that can be extracted from these data are:

(i) an impurity (phenanthrenequinone), absent from the starting samples, was detected in the upper parts of the treated ingots. This indicates that Phenanthrene was probably slightly oxidized when the molten zone reached the end of the sample, as the molecule was exposed to air's oxygen at a high temperature. However, the generated amount of this new impurity was low, as the quantification data revealed that the maximum corresponding levels were 0.12 wt. % in the upper parts.

(ii) Most of the impurities (e. g., Fluorene, Methylbiphenyl, Dihydroanthracenes, Dihydrophenanthrenes, Tetrahydro-anthracene or -phenanthrene, Dibenzothiophene, Naphthothiophene 1, Anthracene, Methyl-dibenzothiophene or -naphthothiophene and Methylcarbazole) were displaced towards the same direction as that of the zone, which means that they exhibited a k0 < 1 behavior. This observation is in accordance with the binary phase diagrams between Phenanthrene and the following impurities: Fluorene, 9,10-dihydroanthracene and Dibenzothiophene.

(iii) Conversely, Naphthothiophene 2 and Carbazole were displaced towards the opposite direction with reference to that of the zone, which means that they behaved as k0 > 1 impurities. This is consistent with the binary phase diagram between Phenanthrene and Carbazole (fig. 21).

Besides, the following remarks can be made:

(i) The efficiency of the prototype at displacing Fluorene was moderate, as the levels of this impurity were of the same order of magnitude in the lower and upper parts of both treated ingots. This is consistent with the binary phase diagram between Phenanthrene and Fluorene, in which the liquidus and solidus lines in the Phenanthrene-rich region were close and denoted that Fluorene k0 value is close to unity. Unfortunately, this limitation is due to unfavorable phase equilibria -and not to the method itself -and Zone Melting appears as being irrelevant for Fluorene removal. Antoine BUREL PhD thesis (ii) Anthracene was displaced towards the same direction as that of the molten zone, which is not consistent with its phase diagram with Phenanthrene established in part II.4)g (p. 204). Two hypotheses could justify such results: (i) the existence of a congruent point in the Phenanthrene/Anthracene binary phase diagram, in the Phenanthrene-rich region (see fig. 36). Such point can reverse the segregation coefficient of Anthracene during solidification, according to the composition of the zone. If this hypothesis is true, Anthracene should behave as a k0 < 1 impurity when its level is low in the Phenanthrene sample to treat, and as a k0 > 1 impurity if the sample to treat contains large traces of this solute. (ii) The presence of other impurities in Phenanthrene changes the apparent order of the system. Hence, during solidification, binary phase diagrams are irrelevant to predict the segregation coefficient of this impurity. During the DSC analysis of the bottom and top parts of the treated ingots at 5 K•min -1 , the thermograms shown in fig. 37 were obtained. They revealed that Phenanthrene melting point was slightly decreased by the Zone Melting treatment in the top parts -with reference to the starting sample (see tab. 9) -which is consistent with the fact that the k0 < 1 impurities were concentrated at this end of the ingot. Conversely, the melting point was slightly increased in the bottom parts that richer in k0 > 1 impurities. According to the experiments, the effect of Zone Melting on Phenanthrene solid-solid transition was more or less moderate. In addition, a comparison of impurity distribution profiles in the two treated ingots (fig. 38) highlights that similar impurity displacements were obtained while the operating conditions were different. It is also worth noting that the displacement of k0 < 1 impurities (in fig. 38: Fluorene, 9,10-dihydroanthracene, Dibenzothiophene and Anthracene) was a little bit more efficient by applying the conditions of the second experiment. This indicates that, even if the number of passes was divided by three, the lower zone displacement rate used for this experiment led to impurity effective segregation coefficient values more favorable to their displacement. Consequently, these observations are in accordance with Burton, Prim and Slichter relationship (eq. 6, p. 185). However, this observation was less pronounced for k0 > 1 impurities (here: the Naphthothiophene 2 and Carbazole).
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A graphical representation of the sum of impurity levels in the different parts of the two treated ingots highlights that the best purity values measured were similar for the two experiments. However, during the 2 nd experiment, a purer material was obtained in a more extended range of the sample.

To conclude, this part allowed to validate the efficiency of the new prototype designed in our laboratory. Measured distribution profiles indicated major information:

(i) Phenanthrene impurities exhibited various and antagonist k0 values, which can limit the purifying effect of the method according to the composition of the feed product.

(ii) Zone Melting is not efficient at displacing some impurities of Phenanthreneespecially Fluorene -due to unfavorable phase equilibria. Conversely, it exhibited a high efficiency at displacing 9,10-dihydroanthracene.

(iii) The use of lower zone displacement rates allowed for an improvement of the efficiency of the method at displacing impurities, especially those decreasing the melting point of Phenanthrene.

(iv) In the tested conditions, Phenanthrene ultrapurity was far from being reached. Indeed, the impurity levels were decreased from 1.50 to, at best, 1.00 wt. %. For upcoming purification experiments, the operating conditions should be modified in order to improve the purifying effect of the method.

b) Attempt of Phenanthrene ultrapurification by Zone Melting

In the second part of this work, Phenanthrene ultrapurification has been attempted by means of Zone Melting. As no matter of the Phenanthrene batch used for the previous validation experiments was available anymore, another batch from the same supplier was used for this part. This product was found to contain almost the same impurities as that previously used, except Methylbiphenyl and Methylcarbazole. However, two impurities that were not found in the previous starting batch were detected: Phenanthrenequinone and Anthracene-Maleic Anhydride Diels Alder adduct.

Before refining this product by Zone Melting, it was first pre-purified by solvent-assisted recrystallization in order to facilitate the removal of impurity traces during Zone Melting. The two following successive steps were applied:

(i) 20 g of Phenanthrene was recrystallized in 50 mL of absolute Ethanol (> 99 %, VWR Chemicals). The mixture was heated to reflux, was cooled to room temperature under magnetic stirring and was then let equilibrating for 2 hours. The suspension was recovered by filtration under vacuum over a 2-porosity glass filter. The crystals were washed with 10 mL of 0 °C absolute Ethanol and were dried overnight at 50 °C. 16 g of dried product was recovered.

(ii) The 16 g of recrystallized product were dissolved in 100 mL of HPLC grade Acetone (VWR Chemicals). The solution was filtered over 0.2 µm PTFE syringe filters to remove the insoluble inorganic impurities. The filtrate was recovered and Acetone was evaporated. The recrystallized powder was dried overnight at 50 °C.

The impurity levels before and after application of this two-step treatment was monitored by means of GC. The quantification results are given in tab. 10. They indicate that the procedure allowed the decrease of the levels of every impurity, except Fluorene and Naphthothiophene 2. Moreover, Phenanthrenequinone and the Anthracene/Maleic Anhydride Diels Alder adduct were completely eliminated by this treatment. Fortunately, the level of Fluorene in this product is very low (~0.005 wt. %), which is suitable because this impurity is not efficiently displaced and removed from Phenanthrene by zone refining.
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After pre-purification, a 7-cm length ingot was made to refine the sample by Zone Melting.

As shown in the part dedicated to the validation of the SMS laboratory Zone Melting device efficiency, the ability of the method at displacing the different impurity depends on many parameters (number of zone passes, zone displacement rate, etc). The latter should be compromised in order to optimize the efficiency of the process. Consequently, it was chosen to perform a large number of zone passes (here, 50) at moderate zone displacement rate (3 mm h -1 ) to obtain a desirable efficiency without loosing too much time. As shown by tab. 11 entries, the main information that can be extracted from these quantification results are the following ones: Antoine BUREL PhD thesis (i) ultrapurity was not reached in the tested conditions, as the purest fraction of the treated ingot contained 0.40 wt. % of impurities.

(ii) the main contributions to the impurity levels in the different parts of the treated ingots are due to Dibenzothiophene and Anthracene, the major impurities of the starting product. Even after 50 molten zone passes, their levels could not be decreased below 0.1 mole %.

Consequently, this ultrapurification experiment was not successful. Many options can be envisaged to reach ultrapure Phenanthrene by Zone melting: (i) increasing the number of zone passes, in order to amplify impurity concentration at ingot ends; (ii) decreasing the zone displacement rate to improve impurity segregation during zone solidification; (iii) changing the dimensions of the sample and/or the zone to adapt the conditions. However, optimizing these conditions by a trial-and-error approach would be time consuming. Moreover, it does not guaranty the reaching of results.

6) Conclusions

In this study, a new Zone Melting prototype was developed, tested and validated using Phenanthrene as model molecule.

The results highlighted that our device was operative. Moreover, the influence of two experimental parameters (e. g., the number of zone passes, the zone displacement rate) was assessed and the results were consistent with the different theoretical elements on Zone Melting previously introduced (II.2, p. 180): using low displacement rates was found to significantly improve the efficiency of the method at displacing the different impurities at sample ends.

Applying this method to Phenanthrene did not lead to ultrapure material. This was mainly due to the presence, with a somewhat "large" abundance, of two impurities in the starting material (e. g., Dibenzothiophene and Anthracene). Repeating the number of passes did not allow to amplify these two impurity concentrations at ingot ends in the tested conditions. Consequently, other purification methods should be envisaged to remove the maximal amount of impurities before applying Zone Melting to remove the last traces. In this view, vacuum sublimation could be an interesting alternative, and was applied to Phenanthrene samples, as reported in the next part.

III. PURIFICATION BY VACUUM SUBLIMATION 1) Introduction

Vacuum sublimation is a crystal growth technique particularly appropriate for chemicals that exhibit moderate or high vapor pressures. Many experimental devices were previously developed for different applications. A few papers reported examples of purification experiments applied to organic chemicals using gradient sublimation apparatuses [35,36].

Gradient sublimers are made of a glass tube containing a sample holder, into which the substance to purify is placed. The tube is connected to a vacuum pump in order to reduce the pressure inside the system. Moreover, it is exposed to a controlled temperature gradient, that leads to sublimation of the sample and recondensation of its species at different parts of the tube corresponding to their condensation temperature (Tcond).

FIG. 40: Schematic representation of an ordinary gradient sublimer

This technique has been mainly applied to the purification of chemicals dedicated to electronics [35,36]: organic semiconductors, organic light emitting devices, etc. However, its optimization requires to adapt many parameters: (i) the temperature profile, (ii) the tube length, (iii) the operating pressure. Such a task is not that obvious and generally requires trialand-error approaches. Nevertheless, when the species to separate are known, the use of thermodynamic data related to their vapor pressures can help at predicting their condensation temperature. Consequently, the operator can adapt more easily the temperature profile along the glass tube.

In the case of Phenanthrene, the molecule and its impurities present vapor pressures that permit their sublimation in experimental conditions that are easy to impose. Moreover, these vapor pressures (fig. 41) are different enough to make impurity recondensate at temperatures whose values are significantly different at low operating pressures (tab. 12), which theoretically paves the way to their separation by gradient sublimation.
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FIG. 41: Vapor pressures of Phenanthrene and two of its impurities -calculated from [37,38].

TAB. 12: Calculated condensation temperatures (in °C) of Phenanthrene and two of its impurities Pressure (Pa) Fluorene [37] Phenanthrene [38] Consequently, this technique was tested on the molecule, in order to assess its ability at separating Phenanthrene from its impurities -especially those that could not be removed by Zone Melting or co-crystallization (e. g., Fluorene, Dibenzothiophene, Anthracene and Carbazole).

As shown in upcoming paragraph 2, two gradient sublimers was designed and built in our laboratory. The devices were tested on synthesis-grade Phenanthrene. Impurity levels in the different condensate fractions were monitored by GC to assess the purifying effect of the method (paragraph 3).
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2) Development of a new gradient sublimer

In order to purify Phenanthrene by vacuum sublimation, a new gradient sublimer was designed in our laboratory. This part of the work has been made with the thorough support of James COOPER, a student who made its internship of master (2 nd year, material science, Université de Rouen-Normandie) in our laboratory.

Two gradient sublimers were developed in this work. The first prototype, presented in part a, exhibited critical inconveniences and was modified to bypass them, which gave a second prototype (presented in part b).

a) Presentation of the first gradient sublimation prototype

The first gradient sublimer developed in our laboratory consisted in a glass tube connected to a vacuum turbomolecular pump (10 -10 bar regulated pressure). The end of the tube was connected to a cylindrical oven of adjustable power (see fig. 42).

FIG. 42: Presentation of the first gradient sublimer developed in the laboratory

This prototype did not allow a complete control of the temperature gradient along the tube. Only the adjustable oven power could be adapted. Preliminary sublimation tests using this configuration led to immediate recondensation of Phenanthrene crystals in the first part of the tube that was not in contact with the oven (see fig. 43a). In order to smooth the temperature gradient, the tube was lined with conductive Al sheets (fig. 43a), in which the sample was put. However, no significant improvement was observed -the crystals immediately recondensated at the end of the oven. The major drawbacks of this device were:
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• (i) the impossibility to adjust the temperature gradient along the glass tube, which prevented from optimizing the separation of the different species of the feed sample; • (ii) the embarrassment caused by the difficulty at recovering the recondensated crystals.

Consequently, the device was modified in order to bypass these two drawbacks.

b) Presentation of the new gradient sublimer designed in our laboratory

The new gradient sublimer developed in our laboratory is shown in fig. 44a. The previous oven was replaced by a cascade of ovens of adjustable powers. Besides, a system of cascade of glass blocks fitted with each others (fig. 44b) was inserted inside the glass tube (fig. 44c) in order to facilitate the recovery of recondensated crystals.

During every experiment, the sample to sublimate is placed in a glass sample holder that is screwed with several open glass blocks of ~ 5 cm length. This permits the formation of a collapsible glass tube. The latter is then is placed in the sublimation glass tube that is submitted to the temperature gradient. At the end of the sublimation experiment, the different blocks of the internal tube can be disassembled to recover the recondensated crystals at different positions, without breaking the external tube. Every fraction can then be analyzed to determine its purity. The oven cascade contains 6 different ovens: Z1, Z2, …, Z6. The sample holder is placed in Z6 that is programmed to allow for sample sublimation. The other ovens are dedicated to the adjustment of the temperature gradient.

In the next parts of this paragraph, the different fractions collected after sublimation experiments are numbered according to their distance from Z6. The feed (sample holder), placed in Z6, corresponds to fraction 0. The fractions collected starting from the first glass block are numbered 1, 2, …, 14.
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3) Phenanthrene purification experiments

Phenanthrene (Alfa Aesar, 98 %) was purified by vacuum sublimation using the second device described previously. The starting composition of the product is provided in tab. 13 4 , in which the impurities are sorted by GC elution order -in other words, by descending order of vapor pressures. The temperature gradient set during sublimation experiments is given in tab. 14.

Note that, in these conditions, the feed sample was liquid. Consequently, the term "sublimation" is not really appropriate, as the sample was vaporized. However, this does not change the fact that the different species should recondensate at different parts of the tube.

For the purification experiment, approximately 2 g of Phenanthrene was let sublimating for 2 hours. At the end of the procedure, several condensate fractions could be collected from block 6 to block 10 (30-55 cm away from the sample holder). There was no distinct condensate bands, but only one whose extend was large. The sample holder contained a brown powder mainly made of inorganic impurities (fig. 45). The impurity levels in the different fractions were determined by GC. The quantification results are given in tab. 15. Antoine BUREL PhD thesis As revealed by tab. 15 data, all the collected fractions mainly contained Phenanthrene. However, the impurity levels depended on the block. Indeed, the impurities more volatile than Phenanthrene (e. g., Fluorene, 9,10-dihydroanthracene, 9,10-dihydrophenanthrene, 1methylfluorene and Dibenzothiophene) were more concentrated in the blocks farthest away from the sample holder, which means that they preferentially recondensated in the coldest parts of the tube. Conversely, Anthracene and Carbazole -the heaviest impurities -were more concentrated in the blocks closest to the sample holder; they recondensated at the hottest parts of the tube. These results are qualitatively consistent with the relative vapor pressures of these impurities, but not with the predicted condensation temperatures indicated in tab. 12.

The purest fraction was fraction 7, that contained 1.292 wt. % of impurity. This corresponds to a limited gain of purity with reference to the starting product.

However, it is worth noting that all the impurities were distributed over a large range in the tube. For example, Fluorene preferentially recondensated in fraction 10, but the impurity is present in all the other fractions at lower levels. This indicates that the temperature gradient was probably too rough to generate thin impurity condensate bands, which might explain the absence of impurity separation.

According to the temperature gradient applied along the sublimation tube, the different condensate fractions corresponded to the 46-55 °C region. Consequently, in order to amplify the separation, fraction 7 (the purest one) was put in the sample holder and was sublimated for 2 hours after smoothing the gradient linearly: Z1 oven was set at 55 °C and Z5 at 46 °C. The impurity levels in the different condensate fractions are given in tab. 16.

Regarding tab. 16 entries, the impurity distribution profiles along the sublimation tube were similar to that observed during the previous experiment. However, the impurity levels were lower. The purity of Phenanthrene could be increased from 98.7 to 99.2 wt. % in the purest fraction (# 7, again). Nevertheless, no remarkable improvement of impurity separation was obtained. 

4) Discussion, conclusion and outlooks

As revealed by the experiments performed in this work, vacuum sublimation was unable at separating Phenanthrene and its organic impurities in the tested conditions. Moderate purifying effects were observed. However, the main advantage observed was the separation of Phenanthrene from its inorganic impurities that did not sublimate/vaporize. Moreover, another benefit of this method is that it does not requires the addition of third species (solvent, …) to perform purification, which prevent from potential further impurity addition in the product to purify.

To achieve a separation of Phenanthrene and its impurities, the effect of the temperature gradient was investigated. However, no improvement was obtained, which indicates that the disappointing results came from other issues. In particular, the effect of operating pressure could not be assessed, as the vacuum pump used in these experiments only operates at 10 -10 bar.

In future works, the device should be improved by using another vacuum pump, of adjustable regulated pressure. In addition, other technical aspects, such as block filling using small particles to enhance crystallization from gas phase, should be investigated.
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IV. PURIFICATION BY CO-CRYSTALLIZATION 1) Introduction

As revealed by previous experiments, no complete elimination of Phenanthrene impurities could be achieved using the methods tested on native product (e. g., solvent-assisted recrystallization, Zone Melting and vacuum sublimation). Indeed, due to unfavorable phase equilibria or technical limitations, these techniques only led to partial decreases of impurity levels. Consequently, other approaches can be chosen to attempt their removal:

(i) performing successive crystallization steps to amplify the purifying effect until the purity requirements are reached. While this approach seems to be the most simple one, it implies a large loss of matter due to the limited crystallization yield associated with every step. Consequently, this pathway is not the most suitable one.

(ii) changing the nature of the phase that crystallizes during the purification procedure.

Many procedures can be envisaged to perform the second approach: salt formation, crystallization of a new polymorph, etc. However, due to Phenanthrene characteristics, such pathways cannot be envisaged: the molecule does not present any acidic or basic group, which prevents from salt formation; and no method was reported to stabilize a polymorph other than the LT one in normal conditions.

However, another method to deal with that is co-crystallization. During the process, the molecule to purify is placed in a vessel with another species (e. g., the co-former) able at making a defined compound (e. g., the co-crystal, fig. 46) with it, and a solvent to allow for co-crystal formation 6 . After equilibration, the co-crystal can be isolated by filtration, and treated to remove the co-former and recover the target species. Recently, a few examples of applications of co-crystallization to the separation of chemical species have been reported. Among them, several studies conducted by Springuel and Leyssens focused on the separation of different couples of enantiomers [39,40]. Their works highlighted that the use of co-crystallization was a promising alternative to enantiomer separation by diastereomeric salt formation, especially when the target molecules are not able to form salts [39].

During crystallization and co-crystallization, phase equilibria drive the purifying effect of the methods. Indeed, the crystallized species (e. g., the compound to purify in case of crystallization, or the co-crystal during co-crystallization) can or cannot incorporate impurities of the starting product in their lattice, which influences the purifying effect of the corresponding method. When impurity incorporation is not permitted by the crystal structure of the species crystallized, they remain in solution and the crystals are impurity-free. Thus, co-crystallization appeared as a potential interesting alternative to remove impurities from Phenanthrene. Consequently, this method was investigated in order to assess its purifying effect. Of course, the latter should depend on the tested co-crystal, and they are as many possibilities as there exists co-crystals.

During preliminary researches, many co-formers were identified, which paved the way to Phenanthrene purification tests using this method. The co-crystals and some of their characteristics (including stoichiometry and chemical properties of the co-formers) are presented in part 2 of this paragraph.

To offer more possibilities in terms of purifying effects, a search for new Phenanthrene coformers was also attempted. This screening led to the discovery of new co-crystals, which is reported in part 3.

Then, purification experiments by means of co-crystallization with selected known or discovered co-crystals were performed on technical-grade Phenanthrene. After co-former removal, impurity levels were monitored by GC-FID to assess the purifying effect of every co-crystallization procedure. This work is reported in part 4.

Eventually, the purifying effects of this method were compared with that of solvent assisted recrystallization. A discussion is attempted in part 5, with a particular attention paid to phase equilibria and discrimination in the solid state, before concluding this sub-chapter.
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2) Phenanthrene known co-crystals

Thanks to a research in the Cambridge Structural Database (CSD, 2016), many Phenanthrene co-crystals could be found. The latter are described in tab. 17 entries, in which the names, formulas and stoichiometry of the different co-formers are given.

As revealed by the different entries, all the known Phenanthrene co-formers are made of at least one aromatic ring, substituted by several polar groups (nitro, chloro, etc). Many of them appear as being interesting due to the presence of carboxylic acids or other groups than can be converted to acids (cyano, anhydride...). As Phenanthrene is insoluble in water, the presence of such groups on the different co-formers paves the way to their removal from co-crystals by simple extraction treatment with basic water.

However, some other co-formers are not suitable for co-crystallization due to the absence of such aqueous-phase-soluble groups. Among them, OFN, HFB, TFDIB, DCDCBQ, DBTFB and TNT can be cited. Besides, some of them also present hazardous character (NBDCA, PCA, TNT…) so they were not used in this study.

Due to their affordable price and favorable properties, the following co-formers were selected to test their ability at eliminating impurities from Phenanthrene during co-crystallization: TCPA, PMDA and TCTN. Purification experiments are reported in part 4.

As revealed by tab. 17, Phenanthrene co-formers present aromatic cycles substituted by polar groups. Consequently, a search for new co-formers exhibiting similar properties was attempted using the products available at the laboratory. The aim of this procedure was to complete the list of co-formers used for Phenanthrene purification experiments. In this part, search for new Phenanthrene co-crystals was attempted in two steps: (i) the identification of new co-formers by testing compounds exhibiting the criteria previously enounced, (ii) the determination of their stoichiometry.
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This work was achieved with the great help of Sander BRUGMAN (2 nd year Msc trainee from Radboud University (Nijmegen, The Netherlands), present at the laboratory during the first 6 months of 2015). May he be thanked for it.

a) Discovery of new Phenanthrene co-formers

The existence of co-crystals between Phenanthrene and the tested compounds was checked by two ways:

• Mechanosynthesis [55][56][57]: Physical binary mixtures (200 mg Phenanthrene, Alfa Aesar, 98 % + 200 mg of tested compound) were prepared and ground using a Retsch MM 400 ball miller. 11 mm diameter ZrO2 balls were used for the grinding. The frequency was adjusted to 30 Hz. The grinding duration was 30 minutes.

• Crystallization from solvent evaporation: Equimolar binary mixtures were prepared and dissolved in Ethanol or Acetone (both HPLC grade, purchased from VWR Chemicals). The solvent was let evaporating to air to let the components recrystallize. The crystals obtained were manually ground.

For every test, the mixtures prepared by grinding or solvent evaporation were analyzed by XRPD to evidence potential formation of new phases (co-crystals). The XRPD patterns were compared to those of the starting products, and to those calculated from the different compound polymorph and solvate known crystal structures.

The results are summarized in tab. It is particularly worth noting that almost all the discovered co-formers are Nitrobenzoic acid derivatives, which indicates that this class of compounds shows a significant tendency to make co-crystals with Phenanthrene. Moreover, due to their large solubilities in basic water, they can be easily removed from co-crystals by liquid-liquid extraction.

Due to their unavailability in the laboratory and in commercial supplier stores, some coformers were excluded from the upcoming parts of the study (e. g., the determination of the discovered co-crystal stoichiometry values; and their use for Phenanthrene purification by cocrystallization). Only the following co-formers were selected: 35DNBA, 3NBA, 2M35DNBA, 4M35DNBA, 4Cl2NBA, 4F3NBA and 4H3NBA.
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Before using them for purification experiments, knowledge on their stoichiometry is required. This work was attempted by XRPD measurements and is reported thereafter.

b) Determination of the stoichiometry of new Phenanthrene co-crystals

The stoichiometry of the different co-crystals discovered and selected during the previous part was determined according to the following procedure: binary physical mixtures made of Phenanthrene (Alfa Aesar, 98 %) and the tested co-former were prepared and dissolved in Acetone (HPLC grade, VWR Chemicals). The solvent was evaporated to air for 24 h. Recrystallized powders were manually ground and were analyzed by means of XRPD. 

c) Summary

In this study, 15 co-formers of Phenanthrene were discovered. 7 of them were selected thanks to their sufficient availability at the laboratory, and to the a priori ease of their removal from Phenanthrene co-crystals. Their stoichiometry was determined by XRPD.

Up to now, the characterization of the co-crystals discovered in this work is incomplete: their crystal structures should be determined in future works. In this view, co-sublimation could be a general method to obtain single crystals of these new solid phases.
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4) Phenanthrene purification experiments

To assess the selectivity of Phenanthrene co-crystals with respect to the different impurities of the target compound, technical grade Phenanthrene (Alfa Aesar, 90 %) was purified by cocrystallization using the following co-formers: PMDA, TCPA, 35DNBA, 2M35DNBA, 4Cl2NBA, 4H3NBA, 4M35DNBA and 4F3NBA 7 .

For every co-crystal, the following procedure was applied:

Co-crystal formation 8 : 3 g of a physical mixture made of technical grade Phenanthrene and the selected co-former, in the proportions of co-crystal stoichiometry, was prepared. A certain amount of HPLC grade Acetone (VWR Chemicals) was added to the mixture (the amount was adjusted to recover ~ 1.5 g of cocrystal at the end of the co-crystal formation procedure). The system was placed under magnetic stirring for 24 h to let it equilibrate. The amounts of materials engaged in the different purification experiments are provided in tab. 20.

Co-crystal recovery:

Then, the co-crystal was recovered by filtration over 3-porosity glass filter. The crystals were washed with a few mL of cold (0 °C) Acetone (HPLC grade, VWR Chemicals).

Phenanthrene recovery: ~ 500-600 mg of wet co-crystal was placed in a vial containing 6 mL of Dichloromethane (reagent grade, VWR Chemicals) and 9 mL of a 10 wt. % NaOH aqueous solution. The mixture was rigorously stirred to form the co-former sodium salt that was extracted towards the aqueous phase. The latter was removed and renewed 2 times. The same procedure was then repeated with 2×6 mL of milliQ ® water. Then, the organic layer was recovered, dried over anhydrous MgSO4 (Fisher) and filtered over 0.2 µm PTFE syringe filter. The solvent was let evaporating to air for 24 h to let purified Phenanthrene recrystallize.

At the end of the purification procedure, purified Phenanthrene was analyzed by GC-FID to determine impurity levels in the material. The measured values were then compared: (i) with those of the commercial product, (ii) with those of the commercial product purified by solvent assisted recrystallization (see tab. 1). The impurity levels in Phenanthrene samples (commercial, recrystallized and co-crystallization purified) are provided in tab. 21. Investigations on this co-crystals were consequently aborted. 8. During this step, the solubility of the co-crystal was assumed to be congruent, which means that the solid in equilibrium with the liquid was the co-crystal, only.

TAB. 20: Amounts of chemicals used for Phenanthrene purification by co-crystallization
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As indicated by tab. 21 entries, Phenanthrene purification by means of co-crystallization led to various impurity removal rates, according to the selected co-former and to the nature of the impurity.

Two impurities (e. g., Biphenyl and the Anthracene/Maleic Anhydride Diels Alder adduct) were completely eliminated whatever the co-former selected, whereas a simple recrystallization did not lead to such results for the second impurity.

Besides, the levels of several impurities could be reduced below the detection threshold of the analytical method (e. g., 0.0001 wt. %) by purification with almost all the tested co-crystals. This is the case of Butenedioic acid, dibutyl ester, Xanthene and Tetrahydro-anthracene or -phenanthrene.

However, many impurities were still detected in the purified samples. This mainly concerns the most abundant in the starting product: Fluorene, Dibenzothiophene, Anthracene and Carbazole, for which no co-crystal was able at completely eliminating them from Phenanthrene.

The most interesting co-former was probably 35DNBA, as indicated by the quantification results. Indeed, the purification procedure allowed for a decrease of the total impurity level from 9.2 to 1.51 wt. %, which corresponds to the best purifying effect observed amongst the tested co-formers. Moreover, the formation of this co-crystal led to the complete elimination of many impurities -especially, the hydrogenated derivatives of Phenanthrene and Anthracene, and the Anthracene/Maleic Anhydride Diels Alder adduct, whereas the recrystallization did not (see fig. 47).

In addition, many other impurity levels were significantly decreased using this co-former. The two main advantages of this co-crystal are: (i) 35DNBA is a low-cost chemical, which makes the purification procedure affordable; (ii) the co-crystal stoichiometry is 1:1, which guarantees an interesting rate of recovering of Phenanthrene with respect to other co-crystals in which the proportion of co-former is larger. To optimize upcoming purification experiments on Phenanthrene samples by means of cocrystallization with 35DNBA, the ternary phase diagram between these two compounds and Acetone (e. g., the co-crystallization solvent) was investigated. The following procedure was applied:
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Physical ternary mixtures of various compositions made of synthesis-grade Phenanthrene (Alfa Aesar, 98 %), 35DNBA (Alfa Aesar, 98 + %) and Acetone (HPLC grade, VWR Chemicals) were prepared and were equilibrated under magnetic stirring for 24 hours. For every mixture, one drop of saturated liquid was diluted in ~ 2 mL of Toluene (HPLC grade, VWR Chemicals) after filtration over 0.2 µm PTFE syringe filter. The solution was analyzed by GC-FID to determine the composition of the liquid (see appendix 2c, p. 268). That of the solid was assessed using Schreinemaker's method of wet residues. The solid was recovered by filtration over 1-porosity glass filter, and was analyzed by XRPD to determine the phases present.

Experimental data on composition values are summarized in tab. (ii) the solubility of the <CC> phase is congruent. This proposal was used to optimize system composition during purification procedures by co-crystallization with 35DNBA. 
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5) Discussion

As shown in this work, solvent assisted recrystallization and co-crystallization applied to Phenanthrene samples exhibit various selectivity with respect to the different impurities of the product:

(i) During solvent-assisted recrystallization of raw Phenanthrene, a few impurities (e. g., Biphenyl, Butenedioic acid dibutyl ester and Tetrahydro-phenanthrene or -anthracene) were completely eliminated from the product, whereas the others were still present in the purified sample. This indicates that these three compounds exhibit chemical structures sufficiently different from that of Phenanthrene to avoid their inclusion in the crystal lattice of the interest product during the process. However, the other impurities are structurally too similar to Phenanthrene, which prevented from sufficient discrimination in the solid state to allow for their complete elimination. This hypothesis is validated by the phase diagrams between Phenanthrene and its major impurities established in this work, in which solid solutions of Phenanthrene were evidenced.

(ii) During co-crystallization with 35DNBA, more impurities, especially those whose molecular volume is significantly larger than that of Phenanthrene (e. g., hydrogenated impurities, Anthracene/Maleic Anhydride Diels Alder adduct…) were completely eliminated from the product. This suggests that the co-crystal was too dense to accept impurities without high energetical penalty. Consequently, the discrimination in the solid state was larger during co-crystallization that during recrystallization.

These observations can be explained by rational use of phase diagrams between the species involved in both purification processes (fig. 50): Phenanthrene, a considered impurity and the recrystallization solvent (in case of solvent-assisted recrystallization), or the co-crystal, the impurity and the solvent (in case of purification by co-crystallization).

Indeed, during these procedures, the starting mixtures (e. g., raw impure Phenanthrene in case of solvent-assisted recrystallization, or raw impure Phenanthrene + co-former in case of cocrystallization) can be represented by points M0 on the corresponding ternary phase diagrams. Addition of solvent leads to a change in system composition that is now represented by points M1. After equilibration, the saturated liquids (M2) are in equilibrium with the solid phase recrystallized (M3). From there, two cases should be distinguished: (i) the solid phase recrystallized makes a partial solid solution with the impurity (cases a and c). Consequently, a certain amount of the latter is still present in the solid, while a partial elimination occurs with reference to the starting mixture. (ii) or it does not form any solid solution (cases b and d), and the solid phase recrystallized is impurity free.

According to tab. 21 entries, during solvent-assisted recrystallization, all the impurities of Phenanthrene (except Biphenyl, Butenedioic acid, dibutyl ester and Tetrahydro-phenanthrene or -anthracene) behaved according to the first case. Consequently, this method was not appropriate to eliminate them from Phenanthrene. However, during co-crystallization with 35DNBA, more impurities -especially the hydro-anthracenes and -phenanthrenes, as well as the Anthracene/Maleic Anhydride adduct) behaved according to the second case, which was more favorable to Phenanthrene purification. It is worth noting that impurities that were completely eliminated during co-crystallization with 35DNBA are those whose molecular volumes are significantly higher than that of Phenanthrene. This indicates that they were too big to substitute Phenanthrene molecules during co-crystal formation. Conversely, during simple recrystallization of the product, the levels of these impurities were decreased but not below the detection thresholds of the analytical method. This means that they were able at substituting Phenanthrene molecules during the process. Consequently, this work highlight that during co-crystallization with 35DNBA, discrimination between Phenanthrene and its impurities was larger than during recrystallization. Even if a better discrimination between Phenanthrene and its impurities was observed during co-crystallization than during recrystallization, this method was unable at eliminating the 4 major impurities of the starting product: Fluorene, Dibenzothiophene, Anthracene and Carbazole. Indeed, due to their structural similarity with Phenanthrene, discrimination was insufficient to avoid their inclusion in co-crystals during their formation.
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In order to develop the discussion attempted on the relationship between chemical structures of Phenanthrene, its impurities and discrimination in the solid state during co-crystallization, further investigation is required to perform structural characterization of the co-crystals discovered. Their structures will have to be determined in future work.

To summarize, co-crystallization allowed for the complete removal of some impurities of Phenanthrene. The grade of the material could be increased from "technical" to "synthesis". However, the presence of remaining traces of Fluorene, Dibenzothiophene, Anthracene and Carbazole in the purified material justifies the search for other purification methods. In the next part of this chapter, combinatorial approaches are introduced. [58].

Works on Phenanthrene purification by Zone Melting and co-crystallization served for the publication of a paper in Chemical Engineering & Technology
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V. COMBINATORIAL APPROACHES 1) Introduction

The studies reported in the previous parts shown that solvent assisted recrystallization, Zone Melting, co-crystallization and vacuum sublimation were not appropriate to remove all the impurities from Phenanthrene samples in one single step. Consequently, this paves the way to the combination of several purification methods in order to benefit from their selectivity and efficiency with respect to the different impurities. Of course, a combination in the right order is required to reach ultrapurity.

Previous experiments shown that, due to unfavorable phase equilibria, the major impurities of Phenanthrene (e. g., Fluorene, Dibenzothiophene, Anthracene and Carbazole) could not be eliminated from the target compound using the techniques previously employed. Consequently, other approaches should be attempted to achieve their removal.

In this part, the following approaches were investigated to access to ultrapure Phenanthrene:

(i) the combination of co-crystallization and Zone Melting. Indeed, previous work highlighted that co-crystallization of Phenanthrene with 35DNBA had a purifying effect larger than that of recrystallization. Consequently, this method can be a promising prepurification technique before the removal of last impurity traces by zone refining. Investigations using this approach were attempted and are reported in paragraph 2.

(ii) impurity modification by chemical treatments, followed by their removal using appropriate procedures: liquid-liquid extraction or co-crystallization. This second approach aims at modifying the identity of Phenanthrene impurities in order to benefit from potentially more favorable phase equilibria during their removal. Paragraph 3 presents the different procedures applied to investigate that point, as well as their results. Introduction

As revealed by Phenanthrene purification experiments by co-crystallization with 35DNBA, this method was able at completely eliminating impurities exhibiting large molecular volumes. Nevertheless, major impurities structurally similar to Phenanthrene (e. g., Fluorene, Dibenzothiophene, Anthracene and Carbazole) could not be fully removed from the product. Hence, a combinatorial approach was envisaged to reach ultrapurity:

(i) the removal of hydrogenated impurities by means of co-crystallization with 35DNBA, in order to increase the purity of the compound and to reduce the levels of Fluorene, Dibenzothiophene, Anthracene and Carbazole.

(ii) the removal of remaining impurity traces by means of Zone Melting.

Of course, applying this procedure to technical-grade Phenanthrene would be irrelevant due to the large number of impurities and to their high levels. Consequently, the procedure was applied to synthesis-grade (~98 % purity) Phenanthrene exhibiting more favorable composition. During preliminary tests, a batch provided by Sigma-Aldrich was found to exhibit low Fluorene and Carbazole levels, which could simplify its purification by this pathway. Consequently, it was chosen as starting material to assess the relevance of this combinatorial approach.

b) Experimental part i. Phenanthrene pre-purification by co-crystallization

In the first part of this work, commercial Phenanthrene (Sigma Aldrich, 98 %) was purified by means of co-crystallization with 35DNBA (Alfa Aesar, 98 + %) according to the following procedure:

30 g of an equimolar binary mixture (13.7 g of Phenanthrene, 16.3 g of 35DNBA) was placed in a roundbottom flask in which 100 mL of HPLC grade Acetone (VWR Chemicals) was added. The system was placed under magnetic stirring for 24 h to form the co-crystal. The suspension was filtered and washed with 10 mL of HPLC grade cold methanol (VWR Chemicals, 0 °C). The co-crystal was dried overnight at 50 °C. The co-former was removed by placing the co-crystal in 150 mL of Dichloromethane (HPLC grade, VWR Chemicals) and 150 mL of a 10 wt. % aqueous NaOH solution. The extraction was performed 3 times with the same volume of extracting phase. It was then repeated 3 times with milli-Q® water. The organic layer was recovered and dried over 5 g of anhydrous MgSO4 Scientific). The suspension was filtered over 0.2 µm PTFE syringe filters. The solvent was then evaporated under vacuum. The recrystallized powder was eventually dried overnight at 50 °C. ~ 9 g of purified Phenanthrene were recovered at the end of the procedure.

ii. Purification by Zone Melting

The pre-purified Phenanthrene was molten to form a 9-cm length ingot. The ingot was zone refined by applying 10 zone passes at 1 mm•h -1 displacement rate, in order to obtain the best possible efficiency. At the end of the experiment, the tube was segmented into 1-cm length Normandie Université equivalent parts which were manually ground and analyzed by GC-FID to determine their purity.

c) Results and discussion

The impurity levels in Phenanthrene, before/after pre-purification and purification by cocrystallization and Zone Melting are given in tab. 23. As shown in tab. 23, the starting product was found to contain 13 impurities, among which 9,10-dihydroanthracene, Dibenzothiophene, and Anthracene were the most abundant -they represented ~ 91 wt. % of the total impurity amount. The other impurities were detected at significantly lower levels.
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Comparison of impurity levels before and after purification by co-crystallization highlight that traces of 8 impurities (e. g., all the Hydro-phenanthrenes and -anthracenes, the traces of Fluorene, Methyldibenzothiophene/napthothiophene, 9,10-phenanthrenequinone and Anthracene/Maleic Anhydride Diels Alder adduct) were reduced below the detection thresholds of the analytical method (e. g., 0.0001 wt. %). Such results led to the increase of Phenanthrene chemical purity from 98.30 to 99.49 mole %. Consequently, before Zone Melting experiment, only 5 impurities (Dibenzothiophene, the two Naphthothiophenes, Anthracene and Carbazole) were present in the sample to purify.

During zone refinement of the pre-purified product, Carbazole and Naphthothiophene 2 were displaced towards the opposite direction with respect to that of the zone. All the other impurities followed the opposite behavior, which conforms to observations made during the validation of our apparatus (see part II.5)a, p. 210). The impurity Phenanthrenequinone, which was removed by co-crystallization, has been re-generated during Zone Melting by Phenanthrene oxidation when the zone reached the end of the ingot. This impurity was detected only in the two upper parts of the ingot.

The purest parts of the ingot were the two closest to the starting position of the zone. They contained only 0.13 wt. % of impurities (Dibenzothiophene, Anthracene, the 2 nd isomer of Naphthothiophene and Carbazole), which corresponds to 99.87 mole % purity. These values are very close to ultrapurity while they remain lower than 99.9 %. Even if ultrapurity was not reached, the purest fraction of the treated ingot (e. g., 0-1 cm) was analyzed by DSC at 5 K min -1 . The thermogram was compared with those of the commercial Phenanthrene and co-crystallization pre-purified samples (fig. 51). Quantitative data on solidsolid transition and melting peak onset temperatures and enthalpies are provided in tab. 24 The DSC curves indicate that the purification of Phenanthrene by co-crystallization led to the increase of solid-solid transition and melting onset temperatures. The further purification by Zone Melting did not significantly change the transition signal. However, the melting peak was well defined for the purest sample (sharp drop from baseline at onset temperature, which is consistent with an increase of chemical molar purity).

d) Conclusion

During this first attempt of Phenanthrene purification by combinatorial approach, ultrapurity was almost reached (~ 2 g of 99.87 mole % Phenanthrene were obtained). Unfortunately, only one or two supplementary zone passes would have probably led to a > 99.9 mole % purity.

The results shown the relevance of this approach in view of reaching ultrapurity. However, the Zone Melting experiment was time-consuming (~ 38 days), which makes the combination of co-crystallization and zone refining not that productive.

In this context, new approaches were attempted in order to change phase equilibria between Phenanthrene and its impurities and to benefit from new -potentially more favorablepurifying effects. Their relevance and productivity was then compared with that of the present one. Introduction

Besides the combination of crystallization techniques (co-crystallization and Zone Melting) previously attempted, another approach was explored: the modification of Phenanthrene impurities by chemical treatments on the raw material, followed by their removal using liquid-liquid extraction or co-crystallization.

Before introducing experimental procedures and results, an overview of the chemical reactivities of Phenanthrene impurities is first provided.

b) Chemical reactivity of Phenanthrene impurities

Phenanthrene and its impurities present various chemical reactivities that opens up many pathways for their modification.

In this section, a brief review of the literature is made in order to summarize possible reactions of these impurities.

i. Fluorene and its derivatives

Due to favorable pKa values (around ~ 22 [59]), Fluorenes can be converted to their conjugated bases in basic medium. As fluorenyl anions exhibit strong nucleophilic character, they easily react with alkyl halides to form the corresponding 9H-alkylfluorene derivatives [60,61] (see sch. 1).

SCH. 1: 9H alkylation of Fluorenes

Besides, Fluorenes can also undergo many other reactions, such as catalytic hydrogenation [62], oxidation [61], etc. The corresponding products are Hydrofluorenes and 9-fluorenones, respectively.

ii.

Dihydroanthracenes and dihydrophenanthrenes

Dihydroanthracenes and Dihydrophenanthrenes present various chemical reactivities. Indeed, these compounds can be oxidized in order to form Anthracenes and Phenanthrenes in a first time, and Anthraquinones and Phenanthrenequinones, in a second time [63].

However, these compounds also exhibit acidic characters. Like Fluorene, they can be converted to their conjugated bases in order to perform alkylations of the products [64] (see sch. 2). 
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iii. Dibenzothiophene and its derivatives

The reactivity of Dibenzothiophene and its derivatives and isomers has been widely studied for crude oil desulfurization purposes. Many reductions with hydrogen, using various catalysts, were previously reported in the literature. The hydrogenation and desulfurization of Dibenzothiophenes and Naphthothiophenes was found to lead to Biphenyls or Dimethylnaphthalenes [65] (sch. 3).

Dibenzothiophenes can also undergo various oxidation processes but can also be converted to their conjugated bases. However, due to their high pKa value, this operation requires extremely strong bases such as tert-butyl lithium (tBuLi) [66]. The conjugated bases of Dibenzothiophenes can react as nucleophiles for alkylation purposes, for example (sch. 4). 

iv. Anthracene and its derivatives

Anthracene and its derivatives can react with hydrogen under catalytic conditions to form many hydrogenated products, whose nature and proportions depend on the selected operating Antoine BUREL PhD thesis conditions [67] (sch. 5). Note that Phenanthrene can also react in such conditions, but Anthracene is more reactive due to its lower aromaticity [68].

SCH. 5: Hydrogenation of Anthracene

Moreover, Anthracene is well known to form dimers under UV radiations [69,70] (sch. 6).

The dimer can be converted to its monomers by heating the product. However, this reversible reaction is impossible with Phenanthrene [71].

SCH. 6: Dimerization of Anthracene

Anthracene can also react with dienophiles in Diels Alder reactions. The most known example is that of Maleic Anhydride that is used for the separation of Phenanthrene from Anthracene [32] during their manufacturing. This product can be easily extracted using an aqueous phase due to the reactivity of anhydrides with water.

v. Carbazole and its derivatives

Thanks to favorable pKa values, Carbazole conjugated bases can be easily formed in basic medium. This reaction permits N-alkylation of the products by means of alkyl halides [72] (sch. 7).

SCH. 7: N-alkylation of Carbazole derivatives

In addition, Carbazole can be hydrogenated using catalysts such as Raney Nickel. However, the hydrogenation process requires to operate at high temperature to convert the reactant [73]. 
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Conclusion

In the tested conditions, treatment of Phenanthrene with Maleic Anhydride was unable at converting Anthracene to its adduct. Consequently, no removal of this impurity was obtained, and other chemical treatments should be envisaged.

In future works, high pressure conditions (200-300 bars) should be tested. For now, this could not be achieved in our laboratory due to lack of dedicated equipment.

ii.

Purification of Phenanthrene by impurity alkylation and co-crystallization of treated product

As shown by literature review (part V.3)b, p. 249), many Phenanthrene impurities can be alkylated in strongly basic medium in presence of alkyde halides. In this part, alkylation treatments using Iodomethane and n-bromopentane were attempted in order to modify the impurities. Treated products were analyzed by GC-MSD to identify the impurities generated. Then, their removal was attempted by co-crystallization of the treated products with 35DNBA. Impurity level variations were qualitatively monitored by GC-FID.

Experimental part

The following procedures were successively applied: Alkylation treatments: 2 g (11.2 mmol) of technical-grade Phenanthrene (Alfa Aesar, 90 %) was placed in a 50 mL round bottom flask. 12 mL of anhydrous Tetrahydrofuran (Acros Organics, 99.9 + %, stabilized with BHT) was added, as well as a magnet olive. The flask was sealed by septum, flushed with Argon and into Acetone/solid CO2 bath to let temperature decrease to -78 °C. 6 mL of n-butyllithium (Sigma-Aldrich, 2 M in hexanes, 12 mmol) was added dropwise to the flask under magnetic stirring. The mixture was let stirring for 1 h at -78 °C. Then, 22 mmol of Iodomethane (Acros Organics, 99 %, stabilized with Cu, ~ 3.2 g) or (Acros Organics, 98 %, ~ 3.4 g) was added dropwise. The mixture was let Antoine BUREL PhD thesis stirring for 18 h by letting the Acetone/solid CO2 bath warm up to room temperature. Eventually, the potential excess of n-butyllithium was neutralized by slow addition of 5 mL of Isopropanol (HPLC grade, VWR Chemicals).

Recovery of treated Phenanthrene: First, the solvents were evaporated under vacuum. Then, the recrystallized powder was dissolved in 100 mL of Dichloromethane (reagent grade, VWR Chemicals). Lithium salts were extracted with 3 × 50 mL of milli-Q® water. The organic layer was recovered, dried over MgSO4, and filtered over 0.2 µM PTFE syringe filter. Dichloromethane was evaporated under vacuum and recrystallized Phenanthrene was dried overnight at 50 °C.

Purification of treated Phenanthrene: For every treated product, 2 g of an equimolar binary mixture of treated Phenanthrene and 35DNBA (Alfa Aesar, 98 + %) was co-crystallized for 24 h in 6.5 g of Acetone (HPLC grade, VWR Chemicals), under magnetic stirring and at room temperature. The suspension was filtered over 3-porosity glass filter. Wet crystals were washed with 1 mL of 0 °C Acetone. They wet then put in 6 mL of Dichloromethane (reagent grade, VWR Chemicals). 35DNBA was extracted with 3 × 6 mL of 10 wt. % aqueous NaOH solution and 3 × 6 mL of milli-Q® water. The organic layer was recovered, dried over MgSO4 and filtered over 0.2 µM PTFE syringe filters. The solvent was evaporated to air for 24 h. ~ 0.6 g of purified Phenanthrene was obtained.

To identify impurities generated by the treatments, Phenanthrene samples were analyzed by GC-MSD. Comparison of commercial and treated product chromatograms highlights that, during the treatment, Fluorene (a) hydroanthracenes/phenanthrenes (b), Naphtothiophene (the 2 nd isomer, e), Carbazole (f) and the Anthracene/Maleic Anhydride adduct (g) were completely converted. Anthracene (d) was partially converted. However, no evidence of Dibenzothiophene (c) conversion was observed.

Results

Alkylation using Iodomethane

New peaks on treated product chromatogram show that many daughter impurities were generated. However, their identity was hard to determine by GC-MSD. Mass spectra of labeled peaks allowed for the following attributions: (a') Dimethylfluorene, (b') Hydrophenanthrene and Hydroanthracene (poly)methyl derivatives, (c') Butylmethylfluorene, (d') another Dimethylfluorene, (e') Methylcarbazole, (f') Dibutylfluorene, (g', h') Methylnaphthothiophenes.

The identity of the impurities generated by the treatment are consistent with alkylation of the converted impurities. It also reveals that exchanges between iodide and lithium occurred during the transformation (CH3I + n-BuLi → n-BuI + CH3Li), as butyl groups were detected on Fluorene derivatives. Note that, during the treatment, Fluorene was alkylated twice, and 4 daughter impurities were generated (a', c', d', f').

Comparison of treated and co-crystallization purified product chromatograms indicates that the purification procedure led to the complete elimination of Fluorene (a', c', d', f') and Hydrophenanthrene/Hydroanthracene (b') daughter impurities. Anthracene (d) remaining traces in the treated product were reduced below the detection thresholds. Dibenzothiophene, that was not converted during the treatment, was partially eliminated during co-crystallization. The daughter impurity of Carbazole (e') was only partially removed, as well as Methylnaphthothiophenes (g', h').

Consequently, this method was able at completely eliminating Fluorene, Hydrophenanthrenes and Hydroanthracenes from Phenanthrene by modification of the impurities and elimination of their daughter ones by co-crystallization. Similarly, a complete elimination of Anthracene could be achieved. However, even if the chemical treatment allowed for a complete conversion of the major impurity Carbazole, its daughter impurity was not eliminable cocrystallization.

Hence, the interest of this method was evidenced, while further optimization is required to obtain the complete conversion of all the impurities and the removal of their daughter products.

Alkylation using n-bromopentane

The chromatograms of the commercial, treated and co-crystallization purified products are shown in fig. 54.

Comparison of commercial and treated product chromatograms highlights that many impurities were completely converted during the treatment: Butenedioic acid, dibutyl ester (b), Fluorene (c), Hydro-anthracenes and -phenanthrenes (d), Phenanthrenequinone (i) and the Anthracene/Maleic Anhydride adduct (p). A large number of new impurities was generated by the treatment. GC-MSD measurements allowed for the identification of some of them: Dimethylnaphthalene (a), Pentylfluorene (h), Dipentyldihydro-anthracene(s) and/or Antoine BUREL PhD thesis Combinatorial approaches 257 -phenanthrene(s) (k, l), Pentylcarbazole (m), Butylpentyldihydro-anthracene or -phenanthrene (n) and Dipentyldihydro-anthracene or -phenanthrene (o).

Detection of dimethylnaphthalene (a) in the treated product indicates that one of the Naphthothiophenes present in the starting products was maybe (and surprisingly) desulfurized during the treatment. The other generated impurity identities are consistent with mono-or poly-alkylation of Fluorene (c), Hydro-anthracenes and -phenanthrenes (d). Detection of Butylpentyldihydro-anthracene or -phenanthrene (n) suggests the occurrence of lithium-halide exchange during the treatment (n-butyllithium + n-bromopentane ↔ n-bromobutane + n-pentyllithium). Simultaneous detection of Carbazole (g) and Pentylcarbazole (m) indicates that Carbazole conjugated base was not reactive enough with n-bromopentane to allow for its complete conversion.

The chromatogram of the treated product purified by co-crystallization highlights that the impurities generated during the treatment were not completely eliminated from the product, as they were still detected. During application of alkylation treatments on Phenanthrene, many impurities of the starting product could be chemically modified. However, for each impurity converted during both experiments (except Carbazole), several daughter impurities were generated. This was due to two reasons: (i) the fact that Fluorene and Hydro-anthracenes or -phenanthrenes can undergo several successive alkylation transformations, (ii) the occurrence of lithium-halide exchanges between n-butyllithium and alkyl halides during the treatment.

In the tested conditions, Iodomethane was the most reactive alkyl halide, which allowed for the complete conversion of two major impurities of Phenanthrene (Fluorene and Carbazole), and the partial one of Anthracene. However, during both experiments, no conversion of Dibenzothiophene was observed.

Purification of the product treated with Iodomethane permitted the complete elimination of all the Fluorene daughter impurities. As the latter exhibited large molecular volumes, their removal during co-crystallization can be explained by the fact that they were too big to substitute Phenanthrene molecules in the co-crystal. However, the other daughter impurities of Carbazole and Naphthothiophene generated by the treatment were only partially removed, which indicates that they could be included in partial solid solution of the co-crystal.

Consequently, this approach is promising for impurity elimination purposes, even if all of them could not be completely eliminated. The results introduced in this study should serve as a base for future optimization works on the following points:

(i) a stronger base, such as tert-butyllithium, should be employed in order to generate the conjugated base of Dibenzothiophene, which would allow for its reaction with alkyl halides, and, thus, for its conversion.

(ii) other alkyl halides should be tested to tune the chemical group grafted on the impurities. Among them, iso-propyl iodide and sec-butyl iodide could have an interesting reactivity and would generate daughter impurities with large molecular volumes. This would maybe increase the probability of their removal from Phenanthrene during cocrystallization.

Besides alkylation, Phenanthrene impurity reactivities permits to test other treatments, amongst which hydrogenation under catalytic conditions. This pathway was experimentally investigated and is reported in the next paragraph.
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iii.

Purification of Phenanthrene by hydrogenation treatment and co-crystallization

As revealed by purification attempts on technical-grade Phenanthrene (part IV, p. 227), cocrystallization with 35DNBA permitted the complete elimination of hydrogenated impurities due to their molecular volumes larger than that of Phenanthrene -and, probably, to their lack of planeity. Consequently, in this part, a study of hydrogenation treatments on Phenanthrene impurities was performed before attempted their removal by co-crystallization.

In a first time, technical-grade Phenanthrene was treated in order to identify the different impurities sensitive to the treatment. Then, the procedure was applied to a purer synthesisgrade Phenanthrene to achieve a complete conversion of its starting major impurities. The treated product was purified first, by co-crystallization with 35DNBA, and then, by Zone Melting.

Chromatographic measurements were performed to:

(i) identify the impurities generated by the treatment (GC-MSD),

(ii) assess their levels in the treated and purified products (GC-FID).

Experimental procedure Hydrogenation treatments were attempted using the set-up described in fig. 55. The set-up was made of two separate cells connected by an open tubular pipe -pressure was thus homogeneous inside both cells. The hydrogen generation cell was loaded with a certain amount of Magnesium (Acros Organics, 99 + %) in suspension in water. The reactor was loaded with a solution containing 8 g of Phenanthrene in 50 mL of Tetrahydrofuran (THF, Acros Organics, 99.9 + %, stabilized with BHT), and 12 mL of Raney Nickel suspension (50 % slurry in water, Acros Organics). Both cells were also loaded with bar magnets to ensure a good stirring. Once loaded, the system was put under reduced pressure by means of a basic laboratory vacuum pump. The reduced pressure was maintained by switching off the vacuum tap. At this time, an excess of 25 % H2SO4 aqueous solution was added dropwise in the hydrogen generation cell through a septum in order to produce H2 in the system (Mg + H2SO4 → MgSO4 + H2). The latter was let under magnetic stirring for 48 hours.
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At the end of the procedure, pressure was restored to 1 atm by switching the vacuum tap. The liquid of the reactor was recovered and filtered over 0.2 µm PTFE syringe filter. Water was removed by drying the liquid over MgSO4. A second filtration was performed and the solvent was evaporated under vacuum. Recrystallized Phenanthrene was then dried overnight at 50 °C.

The following amounts of reactants were engaged during the treatments:

(i) technical-grade Phenanthrene (Alfa Aesar, 90 %) was treated with ~ 40 mmol of H 2 generated by oxidation of ~ 950 mg of Mg.

(ii) synthesis-grade Phenanthrene (Alfa Aesar, 98 %) was treated with ~ 10 mmol of H2 generated from 240 mg of Mg.

After treatment, synthesis-grade Phenanthrene was purified by co-crystallization with 35DNBA according to the following procedure: 3.7 g of treated Phenanthrene and 4.3 g of 35DNBA (Alfa Aesar, 98 +%) was placed in 25 mL of HPLC grade Acetone (VWR Chemicals). The mixture was equilibrated under magnetic stirring for 24 hours. The suspension was recovered by filtration over 4-porosity glass filter. The wet co-crystal was placed in 50 mL of Dichloromethane (HPLC grade, Alfa Aesar) and 35DNBA was extracted with 3 × 50 mL of a 10 wt. % aqueous NaOH solution and 3 × 50 mL of milli-Q® water. The organic layer was recovered, dried over MgSO4, and filtered over 0.2 µm PTFE syringe filter. The solvent was evaporated to air for 24 h to let purified Phenanthrene recrystallize. ~ 2.3 g of purified Phenanthrene was obtained.

The purified product was eventually treated by Zone Melting:

A 2-cm length ingot was made in a glass tube sealed under Argon (to avoid Phenanthrene oxidation and generation of Phenanthrenequinone). 10 zone passes were applied at 1 mm h -1 displacement rate. After refining, the ingot was segmented into 2 parts that were analyzed by GC to determine their purity. As revealed by the chromatograms, five impurities (e. g., Butenedioic acid, dibutyl ester (c), the two Naphthothiophenes (d) and (f), Phenanthrenequinone (g) and the Anthracene/Maleic Anhydride adduct (h)) were completely converted during the treatment. Moreover, the remarkable decrease of Anthracene (e) level was evidenced, which indicates that the impurity was almost completely converted.

Results

GC

Besides, new chromatographic peaks (a) and (b) on treated product chromatogram indicate that new impurities were generated by the treatment. Complementary GC-MSD measurements permitted to identify these impurities as being Ethyl-and Dimethylnaphthalenes, respectively. The identity of these impurities is consistent with the desulfurization products of the two Naphthothiophenes (d) and (f). However, no new impurity could be affiliated to one of the others that were converted. Moreover, no change was observed in Hydroanthracene levels (26-28 min elution range), while Anthracene was converted. In the literature, some papers reported that Anthracene can undergo hydrogenolysis transformations under catalytic conditions, with breaking of C=C bonds [67,76,77]. Consequently, it is possible that the impurity was converted to many daughter volatile Antoine BUREL PhD thesis impurities that exited the reactor as gases, which would explain why they were not detected by GC. Note that, during this treatment, no hydrogenation product of some major impurities (Fluorene, Dibenzothiophene and Carbazole) was detected, which raises two hypotheses: (i) the amount of hydrogen was not sufficient enough to allow for their hydrogenation, (ii) the kinetics of hydrogenation of these impurities was too low to observe their conversion.

This treatment was also applied to a synthesis-grade Phenanthrene lot that exhibits low Fluorene and Carbazole contents. Sample chromatograms before and after hydrogenation and after purification of the treated product by co-crystallization are shown in fig. 57. Impurity levels in the different samples are listed in tab. 25.

As revealed by sample chromatograms and impurity level values, hydrogenation treatment led to the complete conversion of 7 impurities of the starting material: the Hydro-anthracene or -pheanthrene (j), Dibenzothiophene (k), the two Naphthothiophenes (l) and (n), Anthracene (m), Phenanthrenequionone (q) and the Anthracene/Maleic Anhydride adduct (r). In this experiment, Dibenzothiophene was completely converted, whereas is was not the case during the previous one carried out on technical-grade Phenanthrene. This indicates that the amount of Hydrogen was maybe insufficient during this previous test. The variation of Hydrophenanthrene and Hydroanthracene (e, f, h) levels suggests that potential interconversions or hydrogenolyses occurred during the treatment. This phenomenon was previously observed during hydrogenation of Phenanthrene under catalytic conditions [67,76,77]. At least 4 impurities were generated by the treatment: Biphenyl (a), Dimethylnaphthalene (b), Butylhydroxytoluene (c) and a tetrahydroanthracene/phenanthrene (i). Butylhydroxytoluene comes from Tetrahydrofuran -it is the stabilizer of the solvent used for the hydrogenation treatment. Co-elution of Biphenyl with Ethylnaphthalene was suspected, which might indicate the generation of a fifth impurity. Their identity is consistent with the conversion products of Dibenzothiophene, Naphthothiophenes, Anthracene. However, no filiation could be established for Phenanthrenequinone (q) and Anthracene/Maleic Anhydride adduct (r), which suggests that they were hydrogenolyzed during the treatment.
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The purification by co-crystallization led to the complete elimination of all the impurities of the treated product, except Carbazole (p). The latter was still detected in the purified sample at a very low level (e. g., 0.01 wt. or mole %). Consequently, this procedure allowed for reaching Phenanthrene ultrapurity. However, a further purification step by Zone Melting was attempted in order to remove the remaining traces of Carbazole. Impurity distribution in the treated ingot is indicated in tab. 26. As revealed by tab. 26 entries, the purity of half part of the sample could be increased above 99.999 wt. and mole %. Conversely, the other part was enriched by two in Carbazole.
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Summary

After application of the treatment on synthesis-grade Phenanthrene, the daughter impurities generated were completely eliminated from the product by co-crystallization. Carbazole traces were still detected in the purified product. They could be reduced below the detection thresholds (0.0001 wt. %) by means of zone refining. Consequently, this procedure allowed for reaching ultrapure Phenanthrene.

d) Conclusion

Chemical treatments attempted in this work exhibited various selectivity with respect to the different impurities of Phenanthrene.
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IV. Ultrapurification of Phenanthrene by Crystallization (i) Treatment with Maleic Anhydride did not change the identity of Phenanthrene impurities and was therefore unsuccessful.

(ii) Alkylation treatments were able at substituting Fluorene, Anthracene and Carbazole. However, many impurities were generated by the tested treatments, and only Fluorene daughter impurities could be eliminated by co-crystallization.

(iii) Hydrogenation treatments allowed for the conversion of Anthracene, Dibenzothiophene, and Naphthothiophenes. Their products were completely eliminated by co-crystallization.

The application of hydrogenation and co-crystallization procedures on synthesis-grade Phenanthrene led to ultrapure material, exhibiting low Carbazole contents. The duration of the procedure was ~ 4 days, against ~ 40 days for the first combinatorial approach attempted in this work (e. g., pre-purification by co-crystallization and impurity removal by Zone Melting).

After treatment and impurity removal by co-crystallization, the remaining traces of Carbazole were reduced below 0.0001 wt. % by Zone Melting. DSC analyses of the starting and ultrapure products (fig. 58) highlight that the substantial increase of purity had a significant impact on Phenanthrene solid-solid transition temperature (increased by 3 °C), as well as on its melting point (increased by 1 °C). Moreover, a sharper signal was observed for melting peak after purification, as well as a rough drop from baseline, which is consistent with an increase of purity. Extended data on DSC figures are provided in tab. 27. Antoine BUREL PhD thesis 

VI. CONCLUSION

In this chapter, purification experiments performed on Phenanthrene by solvent assisted recrystallization and Zone Melting shown that unfavorable phase equilibria prevented from impurity removal using these methods. In particular, they did not exhibit interesting purifying effects with respect to the major impurities of starting materials (Fluorene, Dibenzothiophene, Anthracene and Carbazole). Similar results were obtained using vacuum sublimation, probably due to technical limitations.

Alternative co-crystallization method shown better ability at eliminating impurities from Phenanthrene, especially those whose molecular volumes were larger than that of the target compound. The complete removal of Hydrophenanthrenes, Hydroanthracenes, and Anthracene/Maleic Anhydride adduct was achieved using this technique. Partial removals of the main impurities were observed, but their rate of removal was higher than observed during recrystallization.

Besides, sublimation tests were unable at separating Phenanthrene from its organic impurities. However, the method was successful at eliminating inorganic impurities from the product.

As: (i) all these methods exhibited different efficiencies with respect to the different impurities, (ii) none of them was able at removing all the impurities by a single shot; combinatorial approaches were investigated to reach ultrapure Phenanthrene. On the one hand, combination of co-crystallization and Zone Melting on synthesis-grade product almost allowed for reaching 99.9 mole % purity. On the other hand, chemical treatments followed by purification using co-crystallization with 35DNBA allowed to benefit from favorable phase equilibria for the entire removal of Fluorene (treatment of technical-grade Phenanthrene with n-butyllithium and Iodomethane), Dibenzothiophene, Naphthothiophenes and Anthracene (hydrogenation treatment).

Hydrogenation treatment of synthesis-grade Phenanthrene, followed by co-crystallization and Zone Melting, allowed for the preparation of 99.999 mole % product. Consequently, an ultrapurification procedure was successfully developed thanks to this combinatorial approach. This paves the way for future studies on Phenanthrene solid-solid transition mechanism.

However, the procedure developed to achieve ultrapurification was applied to synthesis-grade Phenanthrene. In future works, methods for the ultrapurification of technical-grade Phenanthrene will have to be developed by optimization of chemical treatments to convert impurities as to allow for their complete elimination during co-crystallization.

A summary of the advantages and drawbacks of the different methods and procedures applied to Phenanthrene and tested in this work is provided in tab. 28. 

VII. APPENDICES 1) Supplementary bibliographic item

2) Methods a) X-Ray Powder Diffraction

XRPD measurements were carried out on a Bruker D8 Discover apparatus, using the Cu Kα radiation (1.54 Å). The samples were scanned from 3 to 30 °2θ angles, with a 0.04 °step (0.3 s duration). The sample was let rotating at 20 RPM with the phi-spinner. The detector slit was set at 2 mm.

b) Differential Scanning Calorimetry

DSC experiments were performed on a Netzsch DSC214 Polyma apparatus. The samples were put into closed Al pans (25 µL). The oven was continuously supplied with 40 mL•min -1 N2. The temperature programs were adjusted according to the nature of the samples analyzed.

c) Analytical Gas Chromatography for ternary phase diagram investigations

Analyses of liquid phases of ternary systems were performed on an Agilent 7890B Series GC apparatus equipped with a Split/Splitless injector (300 °C) and a Flame Ionization Detector (300 °C, 200 Hz acquisition frequency, supplied with 30 mL min -1 H2 and 300 mL min -1 air). Separations were achieved on an Agilent DB-35ms column (30 m × 0.25 mm × 0.25 µm).
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H2 was used as carrier gas (2.0 mL min -1 ). For every sample, 0.2 µL of solution was injected.

According to the ternary system, the following temperature programs were applied:

• Phenanthrene/Fluorene/Acetone: 40 °C for 2 min, then 10 °C/min to 280 °C, then 280 °C for 2 min • Phenanthrene/Anthracene/Toluene: 40 °C for 5 min, then 20 °C/min to 100 °C, then 100 °C for 8 min, then 5 °C/min to 280 °C.

• Phenanthrene/Dibenzothiophene/Acetone: 100 °C for 10 min, then 5 °C/min to 280 °C.

• Phenanthrene/35DNBA/Acetone: 100 °C for 10 min, then 5 °C/min to 280 °C.

For each method, the following retention times were observed: The mass fractions of every component i, Xi,was calculated as follows:

X i = A i RF i ∑ i A i RF i ( 7 
)
where Ai and RFi are component peak area and FID response factor.

Relative RFi values determined by external standard calibration are entered below:

• Phenanthrene/Fluorene/Acetone: Acetone: 1.00, Fluorene: 2.06, Phenanthrene: 2.24.

• Phenanthrene/Anthracene/Toluene: Toluene: 1.00, Phenanthrene: 1.08 min, Anthracene: 1.08.

• Phenanthrene/Dibenzothiophene/Acetone: Acetone: 1.00, Dibenzothiophene: 1.84, Phenanthrene: 2.21.

• Phenanthrene/35DNBA/Acetone: Acetone: 1.00, Phenanthrene: 2.21 min, 35DNBA: 0.377.

3) Pre-purification of products for phase equilibria investigation

For the investigation of the Phenanthrene/9,10-dihyroanthracene and Phenanthrene/Carbazole binary systems, the starting products were purified by means of solvent assisted recrystallization in Acetone (HPLC grade, VWR Chemicals).

For every compound, ~ 20 g of material was placed in 20 mL (Phenanthrene, 9,10dihydroanthracene) or 50 mL (Carbazole) of Acetone. The mixture was let equilibrating for 24 h under magnetic stirring. The suspension was recovered by vacuum filtration over glass filters. The crystals were washed with 10 mL of cold (0 °C) Acetone and were eventually dried overnight at 60 °C. The three recrystallized samples were then analyzed by GC-FID using the same method as that used for Phenanthrene purity determination. The chromatograms are shown in fig. S2. Antoine BUREL PhD thesis 

5) Screening of Phenanthrene new co-formers

The present appendix contains XRPD patterns of the different mixtures prepared to evidence the existence of co-crystals between the tested compounds and Phenanthrene.

FIG. S3: XRPD patterns of Phenanthrene/35DNBA samples -CUKCAM16 corresponds to 35DNBA XRPD pattern predicted from its crystal structure [78]. 

Antoine BUREL PhD thesis

In this thesis, many crystallization methods were employed to attempt Phenanthrene ultrapurification : solvent-assisted recrystallization, zone melting, vacuum sublimation and co-crystallization. Single separated applications of these methods to the commercial product did not achieve the complete elimination of the impurities. Hence, combinatorial approaches were tested. The key learnings of this work highlighted the following points:

(i) Classical crystallization procedures applied to a product (recrystallization in solution or from the melt) exhibit limited purifying effects when the impurities are structurally similar to the compound to purify. Indeed, the formation of partial solid solutions imposes severe limitations to the discrimination in the solid state.

(ii) Bypassing these thermodynamic limitations is possible by addition of a third component providing a selective formation of co-crystals. However, this method requires the development of a procedure to recover the purified product with a complete elimination of the co-crystal former.

(iii) When the impurities are structurally too similar to the solute, the purifying methods mentioned above are not discriminative enough to ensure their complete eliminations. Consequently, a selective chemical modification of them is needed prior the application(s) of the crystallization procedures. Nevertheless, new phase equilibria have to be considered for the design of the selective crystallizations.

In these work these pathways have been explored and a 99.999 % ultimate purity of Phenanthrene has been achieved. The order-disorder transition can now be studied with a sufficiently pure material.

It is also necessary to note that this work would not have been achieved without the development of a validated analytical method permitting the quantification of impurity levels down to hundreds of ppm. This point was the key pre-requisite for monitoring the actual purification methods.

Starting from the observations made in this thesis, a flow chart could be proposed to provide guidelines for the purification of non-polar polycyclic aromatic hydrocarbons that are stable upon melting (fig. 1). Of course, the instructions can be followed with some degrees of freedom, according to the issues faced during purification experiments. Ke y wo r d s : p h e n a n t h r e n e , d i s c r i mi n a t i o n , s o l i d s t a t e , c r y s t a l l i z a t i o n , c o -c r y s t a l l i z a t i o n , z o n e me l t i n g , s u b l i ma t i o n , g a s c h r o ma t o g r a p h y .
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FIG. 3 :

 3 FIG. 3: Illustration of the concept of discrimination in the solid state during crystallization -(a) large discrimination, (b) poor discrimination

TAB. 2 :

 2 Examples of unary system Gibbs free energy and phase diagrams plots with one-and two-phase equilibriaOne stable phase Two stable phases Three stable phases G(p, T) surfaces Topological phase diagram

FIG. 2 :

 2 FIG. 2: Unary phase diagrams with existence of triple point (T) -(a) ordinary example; (b) illustration of Schreinemaker's rule

FIG. 3 :

 3 FIG. 3: Ordinary unary phase diagrams with existence of triple (T) and critical (C) points

FIG. 4 :

 4 FIG. 4: The Carbon system -(1) Different allotropes of Carbon: a. diamond; b. graphite; c. lonsdaleite; d. fullerene C60; e. fullerene C540; f. fullerene C70; g. amorphous Carbon 1 ; h. nanotube. From WikiMedia [17]; (2) Stable equilibrium phase diagram of Carbon, from [18].

FIG. 5 :

 5 FIG. 5: Unary phase diagram with existence of two solid phases (SI and SII) enantiotropically related -(a) stable equilibria; (b) metastable equilibria (stable equilibrium lines are shown in gray)

FIG. 6 :

 6 FIG. 6: Unary phase diagram with existence of two solid phases (SI and SII) exhibiting monotropic behaviors with respect to each other -(a) stable equilibria; (b) metastable equilibria

FIG. 7 :

 7 FIG. 7: Burger diagrams of an ordinary unary system -(a) case of enantiotropy; (b) case of monotropy

TAB. 4 :

 4 Representation of binary phase equilibria at constant pressure

FIG. 8 :

 8 FIG. 8: Illustration of the lever rule -representation of the coordinates of the global mixture (M), and those of phase I (N) and phase II (O) in equilibrium, on a T vs. X chart

  Solutions are condensed binary phases in which the A and B components are mixed in the same phase. Two types of solutions exist: liquid and solid solutions. If the concept of liquid solution is clearly understood, that of solid solutions implies two cases: the formation of substitution or insertion solid solutions. Substitution solid solutions correspond to solid phases in which A and B components randomly occupy the different positions of the same crystal lattice. Insertion solid solutions correspond to solid phases in which the B component randomly occupies the different sites of A crystal lattice (see fig.9).

FIG. 9 :

 9 FIG. 9: Illustration of the concept of solid solution -(a) Substitution solid solution, (b) Insertion solid solution

FIG. 10 :

 10 FIG. 10: Schematic illustration of solution formation from physical mixtures

FIG. 11 :

 11 FIG. 11: Free energy curves of binary physical mixtures and solutions -(a) case favorable to the formation of the solution, (b) unfavorable case

FIG. 12 :

 12 FIG. 12: Miscibility gap -(a) Isothermal Gibbs free energy curve; (b) phase stability domains at Teq; (c) phase stability domains at different temperatures

FIG. 13 :

 13 FIG. 13: Two-phase domain -a. Isothermal free energy curve; b. phase stability domains at the equilibrium temperature

FIG. 15 :

 15 FIG. 15: Binary phase diagrams of two hypothetical systems in which the components exhibit full miscibility in the solid and liquid states -a. ordinary case; b. case of existence of a congruent point (C)

FIG. 16 : 48 I.FIG. 17 :

 164817 FIG. 16: Illustration of Gibbs-Konovalov rule on congruent points

FIG. 18 :

 18 FIG. 18: Binary phase diagrams with: large (a), low (b) or no (c) stability domains of partial solid solutions.

FIG. 20 :

 20 FIG. 20: Examples of binary phase diagrams showing the existence of intermediate solid phases -a. congruent melting stoichiometric compound; b. incongruent melting stoichiometric compound; c. congruent melting non-stoichiometric compound; d. incongruent melting non-stoichiometric compound. On every diagram, the melting point of the compound is represented by point M.

FIG. 22 :

 22 FIG. 22: Representation of a polythermic ternary phase diagram at constant pressure

NFIG. 23 :

 23 FIG. 23: Gibbs' composition triangle

FIG. 26 :FIG. 27 :

 2627 FIG. 26: Example of phase free energy surfaces: case of existence of a three-phase domaina. representation of the three-phase domain on the base triangle; b. representation of one-, two-, and three-phase domains.

Basic notions on phase equilibria 57 FIG. 28 :

 5728 FIG. 28: Ternary phase diagram at Teq compatible with the three related binary phase diagrams in case of complete miscibility in the solid and liquid state between the three components

FIG. 29 :FIG. 30 :FIG. 31 :

 293031 FIG. 29: Ternary phase diagram at Teq compatible with the three related binary phase diagrams in case of partial miscibility in the solid state between the three components

FIG. 33 :

 33 FIG. 33: Examples of thermogram representations

FIG. 36 :

 36 FIG. 36: Representation of an ordinary unit cell containing one atom (white circle)

FIG. 37 :

 37 FIG. 37: Basic principle of XRPD -(a) experimental setup used in this thesis; (b) example of diffraction pattern

Experimental techniques for material and phase equilibria characterization 65 FIG. 38 :

 6538 FIG. 38: Application of XRPD to phase identification in a binary system -left: binary phase diagram, right: XRPD diffraction patterns

FIG. 40 :

 40 FIG. 40: Summary of Seeck et al. study [91] on NH4Cl and ND4Cl phase transitions -a. topological phase diagram of ammonium halides, b. crystal structures of ammonium halide solid phases, c. evolution of NX4Cl lattice parameter with respect to temperature around the transition temperatures from the ferro-ordered (F) phase to the disordered (D) one.

FIG. 41 :FIG. 42 :

 4142 FIG. 41: Evolution of system molar free energy with respect to temperature (at constant pressure) during phase transitions -a. 1 st order transition; b. 2 nd order transition

FIG. 1 :

 1 FIG. 1: Phenanthrene topological formula TAB. 1: GHS data on Phenanthrene

FIG. 2 :

 2 FIG. 2: Projection of Phenanthrene unit cell contents along the b axis, from Petrícek et al. [13] and Fabbiani et al. [14] -a. LT phase; b. HT phase; c. HP phase

FIG. 3 :FIG. 4 :

 34 FIG. 3: Monitoring of Phenanthrene solid-solid transition by Temperature-Resolved XRPD, from Couvrat [15].

3 .

 3 During application of SHG measurements on crystals, a laser beam of wavelength λ irradiates the sample. If the latter is made of a non-centrosymmetric phase, a part of the incident beam is converted to an emitted beam of wavelength λ/2. Conversely, if the sample contains only centrosymmetric phase, no conversion of incident beam occurs. SHG intensity corresponds to the intensity of the emitted beam.

FIG. 5 :

 5 FIG. 5: Monitoring of Phenanthrene solid-solid transition -(a) by means of SHG (adapted from Dougherty and Kurz paper [16]); (b) by means of XRPD: intensity of (102) plane diffraction peak vs. temperature on heating (adapted from Matsumoto and Fukuda paper [17]).

FIG. 8 :

 8 FIG. 8: DSC thermograms of Phenanthrene samples of different chemical purities, adapted from Couvrat et al. paper [18].

FIG. 9 :

 9 FIG. 9: Evolution of Phenanthrene (102) LT phase plane diffraction peak intensity at room temperature with respect to Anthracene (left) and Carbazole (right) levels in the sample, from Gloistein et al. [19].

SCHEME 1 :

 1 SCHEME 1: Reaction of Anthracene with Maleic Anhydride, followed by Sodium salt formation In 1974, McArdle and Sherwood performed a treatment of Phenanthrene with MaleicAnhydride. The Anthracene/Maleic Anhydride Diels-Alder adduct was removed by successive reactive extractions with 3M aqueous NaOH solutions[21]. According to the authors of the study, this procedure was able to reduce Anthracene level in Phenanthrene below the limit of detection of their analytical method (< 1 ppm). Note that this procedure was also employed by Feldman et al.[22], leading to similar purifying effects.

FIG. 10 :FIG. 11 :

 1011 FIG. 10: Typical low-resolution GC chromatogram of Phenanthrene samples using packed columns, from McArdle et al. [21]. A. Naphthalene, B. Biphenyl, C. Fluorene, D. Dihydrophenanthrene, E. Unknown impurity, F. Dibenzothiophene, P. Phenanthrene, G. Fluoranthene, H. Pyrene.More recently, Couvrat et al. resorted to GC to analyze Phenanthrene[18]. However, they used capillary columns, that are known to be more efficient 5 than packed ones. The resulting
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FIG. 1 :

 1 FIG. 1: Schematic representation of a Gas Chromatograph

FIG. 2 :

 2 FIG. 2: Characteristics of the elution peak

FIG. 3 :

 3 FIG. 3: Illustration of the concept of peak resolution -(a) two well-resolved peaks with complete return to baseline, (b) two non-resolved peaks with incomplete return to baseline, that denote partial coelution of the two solutes.

FIG. 4 :

 4 FIG. 4: Schematic transversal cuts of chromatographic columns -left: capillary column, right: packed column Capillary WCOT columns are open fused-silica tubes whose external wall is coated with a polyimide film. The internal wall is coated with a SP film. The major part of the tube is made of void, which permits carrier gas flowing.

  WCOT columns have three characteristic dimensions: their length (L), their internal diameter (d), and their stationary phase film thickness (e). Conventional dimensions are: 5 ≤ L ≤ 60 m, 0.10 ≤ d ≤ 0.53 mm and 0.05 ≤ e ≤ 8 µm [3].

120III.FIG. 7 :

 7 FIG.7: Viscosity of different carrier gas with respect to temperature, calculated using eq. 23.

  constant related to molecular associations in the SP MSP molecular weight of the SP (kg•mol -1 ) ηSP SP viscosity (Pa•s) Vi molar volume of the solute (m 3 •mol -1 )

FIG. 8 :

 8 FIG. 8: Qualitative variation of plate height in capillary columns with respect to carrier gas velocity for various carrier gases

FIG. 9 :

 9 FIG.9: Schematic representation of a split/splitless injector -from[4].Of course, the column and split flows can be set by the operator, as they are regulated by means of dedicated pneumatic control modules. At constant column flow, the amount of sample introduced in the column decreases as the split flow increases. The fraction of injected sample introduced in the column, FI, is given by the following relationship: FI= column flow column flow+split flow(38) 

FIG. 10 :

 10 FIG. 10: Schematic representation of a Flame Ionization Detector -from [4].

FIG. 12 :

 12 FIG. 12: Schematic principle of FM-GC×GC (Forward Fill Flush, Capillary Flow Technology from Agilent) -(a) fill cycle, (b) flush cycle.

FIG. 13 :

 13 FIG. 13: Two-dimension chromatogram -adapted from [13]. A. one-dimensional GC chromatogram: the technique was unable at separating 3 different solutes, B. one-dimensional signal of GC×GC analysis of the same sample: the technique permitted the separation of the three compounds, C. reconstructed two-dimension chromatogram.

FIG. 14 :

 14 FIG. 14: Isothermal apparent retention factors of n-heneicosane at different temperatures and column inlet pressures -chromatographic conditions: 0,2 µL injection volume, solution containing 500 mg•L -1 n-heneicosane in dichloromethane, carrier gas: hydrogen, detector: FID, inlet split flow: 30 mL•min -1 . Column: SLB-IL60 (30 m × 0.25 mm × 0.20 µm).
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  Development of an analytical method to assess Phenanthrene purity2) Development of a new retention model a) New theoretical expression of solute retention factorAccording to eq. 31 (p. 122), prediction of solute retention time requires knowledge on ki values. Consequently, one has to express the different parameters associated with solute partition (ΔGi).

  IL60 30 m × 0.25 mm × 0.20 µm (Sigma-Aldrich, indicative dimensions) and DB-35MS 30 m × 0.25 mm × 0.25 µm (Agilent, indicative dimensions). The actual column lengths were carefully determined: 32.4 m for the SLB-IL60 one and 29.0 m for the DB-35MS one for GC experiments; and 4.97 m (SLB-IL60) and 28.35 m (DB-35MS) for FM-GC×GC experiments.

FIG. 15 :

 15 FIG. 15: Algorithm for retention time prediction in one-dimensional GC -* required only when the extended retention model is chosen to express k.

TAB. 3 :

 3 from N = 19 to N = 24) on the SLB-IL60 (32.4 m × 0.25 mm × 0.25 µm) and DB-35ms (29 m × 0.25 mm × 0.25 µm) columns. The n-alkanes were analyzed at constant column head pressure and in isothermal mode. 4 different inlet pressures were applied: 68.9, 138, 207 and 276 kPa hydrogen gauge pressure. For every tested inlet pressure, the mixture of n-alkanes was analyzed at 6 different temperatures: • SLB-IL60: 150, 160, 170, 180, 190 and 200 °C, • DB-35ms: 200, 210, 220, 230, 240 and 250 °C. The n-alkane retention times were measured in the conditions mentioned above (numerical values are given in tabs. S1-2, appendix 1, p. 165). Then, the n-alkane partition parameters Normandie Université and column phase ratios were optimized (p0 and T0 were arbitrarily set at 101 325 Pa and 298.15 K, respectively) to minimize the SSD between calculated and observed retention time values. Eqs. 67 and 68 were used as model equations to estimate calculated retention times. The optimized values are entered in tab. 3. Optimized values of n-alkane partition parameters and column phase ratios SLB-IL60 DB-35ms  value calculated from nominal dimensions 313 250 Classical model (model equation: eq. 67) ΔHC (J•mol -1 ) Extended model (model equation: eq. 68) p0 = 101 325 Pa, T0 = 298.15 K ΔUC (p0, T0)

FIG. 17 :

 17 FIG. 17: Calculated Phenanthrene (PHEN) ΔUi, ΔVi and ΔSi values on the DB-35ms column -ΔUi and ΔSi exhibit low pressure dependency, whereas ΔVi is much more impacted by both quantities.

4 FIG. 18 : 4 FIG. 19 :

 418419 FIG. 18: Errors on predicted retention times using the SLB-IL60 column

4 FIG. 20 :FIG. 21 :

 42021 FIG. 20: Errors on predicted primary retention times in FM-GC×GC

FIG. 23 :

 23 FIG. 23: GC-FID chromatogram of technical grade Phenanthrene -without (left) and with (right) addition of Anthracene, (a) Dibenzothiophene; (b) Phenanthrene; (c) Anthracene

FIG. 24 :

 24 FIG. 24: GC-FID chromatogram of synthesis grade Phenanthrene -Alfa Aesar, 98 % indicative purity. (a) 9,10-dihydroanthracene, (b) Dibenzothiophene, (c) Phenanthrene, (d) Anthracene, (e) Carbazole, (f) Phenanthrenequinone.

FIG. 25 :

 25 FIG. 25: GC-FID chromatogram of synthesis grade Phenanthrene -Sigma-Aldrich, lot 1, 98 % indicative purity. (a) Fluorene, (b) 9,10-dihydroanthracene, (c) Dibenzothiophene, (d) Phenanthrene, (e) Anthracene, (f) Napthothiophene 2, (g) Carbazole TAB. 16: Chromatographic data for synthesis grade Phenanthrene analysis -Sigma-Aldrich, lot 1, 98 % indicative purity.

  Experimental values of n-alkane retention times on the SLB-IL60 and DB-35ms columns can be found in tabs. S1 and S2, respectively. TAB. S1: n-alkane retention times on the SLB-IL60 column TAB. S2: n-alkane retention times on the DB-Development of an analytical method to assess Phenanthrene purity b) Solute partition parameter determination Experimental values of solute retention times on the SLB-IL60 and DB-35ms columns can be found in tabs. S3 and S4, respectively. TAB. S3: Solute retention times on the SLB-IL60 column TAB. S4: Solute retention times on the DB-35ms column Antoine BUREL PhD thesis

FIG. 3 :

 3 FIG. 3: First Zone Melting devices -(a) W. G. Pfann (left) presenting the technique to one of its coworkers, from Radio & Television News (1954) [4]; (b) picture of a vertical Zone Refiner, from The Michigan Technic (1959) [6].

FIG. 5 :FIG. 6 :

 56 FIG. 5: Theoretical impurity distribution profiles after one single zone pass, for various k and e values, calculated from eqs. 4 and 5.

FIG. 9 :

 9 FIG. 9: Extraction of impurity k0 value from binary phase diagrams between the compound to purify (A) and the impurity -(a) impurity decreasing the melting point of the compound to purify (k0 < 1); (b) impurity increasing the melting point (k0 > 1)

FIG. 11 :

 11 FIG. 11: Detailed view on the Zone Melting device developed in the SMS laboratory

FIG. 12 :

 12 FIG.12:Published phase diagrams for the Phenanthrene/Fluorene binary system (a) from Kotula and Rabczuk[18], (b) from Couvrat[24].

FIG. 13 :FIG. 14 :

 1314 FIG. 13: Published phase diagram for the Phenanthrene/Dibenzothiophene binary system from Couvrat et al. [19].

FIG. 15 :

 15 FIG.15: Published phase diagram for the Phenanthrene/Carbazole binary system from Brandstätter-Kuhnert[21] 

FIG. 16 :FIG. 17 :TAB. 2 :

 16172 FIG. 16: XRPD patterns of Phenanthrene/9,10-dihydroanthracene mixtures at 20 °C and 1 atm (a) and (b) are the XRPD patterns of the <PHEN LT> and <DHA> phases predicted from their structures (see refs. [28] and [29]). The main evidences of phase domain changes are highlighted with blue ellipses. The XRPD patterns of Phenanthrene/9,10-dihydroanthracene binary mixtures are presented in fig. 16. They indicate that mixtures containing less than 2.0 % 9,10-dihydroanthracene in mole fraction (XDHA) crystallized in the <ss PHEN LT> phase. Solids of intermediate compositions (0.020 ≤ XDHA ≤ 0.953) were mixtures of the <ss PHEN LT> and <ss DHA> phases. Only pure 9,10-dihydroanthracene crystallized in the <ss DHA> phase.The DSC thermograms (1 st heating ramp) related to these mixtures are presented in fig.17. Note that the thermal events observed during the second heating are consistent with that

FIG. 18 :

 18 FIG. 18: Proposal for Phenanthrene/9,10-dihydroanthracene binary phase diagram at atmospheric pressure -• DSC thermal events, ---equilibrium curves not experimentally observed, and deduced by experimental data cross-checking

FIG. 19 :FIG. 20 :

 1920 FIG. 19: XRPD patterns of Phenanthrene/Carbazole mixtures at 20 °C and 1 atm -(a) and (b) are the XRPD patterns of the <PHEN LT> [28] and <CARB> (Cambridge Structural Database refcode: CRBZOL03) phases predicted from their structures. The main evidences of phase domain changes are highlighted with blue ellipses. As revealed by this figure, mixtures exhibiting Carbazole mole fraction (XCARB) values lower than 0.098 crystallized as solid solutions of the Phenanthrene Low Temperature phase (<ss PHEN LT>). Only pure Carbazole (XCARB = 1.000) recrystallized in the <ss CARB> phase. Eventually, samples of intermediate compositions (0.098 ≤ XCARB ≤ 0.951) crystallized as mixtures of these two phases. The thermograms of the binary mixtures obtained by preparative DSC are shown in fig. 20.

TAB. 3 :FIG. 21 :

 321 FIG. 21: Proposal for Phenanthrene/Carbazole binary phase diagram at atmospheric pressure -• DSC thermal events, ---equilibrium curves not experimentally observed, and deduced by experimental data cross-checking (i) Both components make partial solid solutions with each other.

  . A solid solution of Phenanthrene Low Temperature phase (<ss PHEN LT>) was evidenced in Phenanthrenerich mixtures (n-t). Mixtures l-m crystallized as a solid solution of the Phenanthrene high temperature phase (<ss PHEN HT>), as revealed by the disappearance of diffraction peaks at ~15 and 20.5 °with reference to <ss PHEN LT> diffraction patterns. Besides, the patterns of mixtures d-k revealed the presence of a unknown intermediate phase (<ss IP>), as shown by the appearance of new peaks at ~ 18.5 °. Eventually, mixtures a-c crystallized as solid solutions of Fluorene phase (<ss FLU>).

FIG. 23 :FIG. 24 : 4 :FIG. 25 :

 2324425 FIG. 23: Proposal for the Phenanthrene/Fluorene/Acetone ternary phase diagram at room temperature and atmospheric pressure -• composition of liquids ♦ composition of physical mixtures • composition of solids DSC thermograms of the solid phases are presented in fig. 24.They evidenced that, by increasing Fluorene mole fraction from 0 to 0.287 (mixtures n-t) led to a decrease of the temperature of the thermal event associated with Phenanthrene solid-solid transition. At around 96-98 °C, thin melting peaks were observed for mixtures containing from 0 to 0.396 Fluorene in mole fraction (mixtures l-t). Their onset (chosen as solidus point) and peak (liquidus) temperatures were very close. Mixtures e-k, containing from 49.2 to 88.4 mole % of Fluorene) and in which the <ss IP> phase was detected by XRPD, all underwent en endothermic phenomenon at ~ 93 °C. This was attributed to of this phase during a peritectoid transformation (<ss IP> → <ss FLU> + <ss PHEN HT> on heating). These mixtures underwent another endothermic invariant transformation at ~97 °C, which was associated with the eutectic transformation <ss PHEN HT> + <ss FLU> → L. Due to insufficient resolution between the corresponding thermal events, no accurate calorimetric studies could be performed to determine the invariant point coordinates from Tammann plots. Approximate data on these invariant transformations are provided in tab. 4. Fluorene-rich mixtures (a-d) shown only solidus and liquidus related points.

FIG. 26 :FIG. 27 :FIG. 28 :

 262728 FIG. 26: Points of the Phenanthrene/Dibenzothiophene/Acetone ternary diagram (20 °C, 1 atm)

Purification by Zone Melting 205 FIG. 29 :FIG. 30 :

 2052930 FIG.29: XRPD patterns of Phenanthrene/Anthracene binary mixtures at 20 °C and 1 atm -ANTCEN14[33] and PHENAN08[28] are the predicted patterns calculated from Anthracene and Phenanthrene (LT) crystal structures, respectively.

FIG. 31 :FIG. 32 : 20 A 5 .FIG. 33 :

 313220533 FIG. 31: DSC thermograms of Phenanthrene/Anthracene binary mixtures recrystallized in Toluene (endo down)

FluoreneFIG. 34 :

 34 FIG. 34: Extraction of impurity segregation coefficients from binary phase diagrams determined in this work -(a) Phenanthrene-Fluorene system, (b) Phenanthrene/9,10-dihydroanthracene system, (c) Phenanthrene/Anthracene system, (d) Phenanthrene/Carbazole system. Compositions are expressed in mass fractions.

FIG. 36 :

 36 FIG. 36: Hypothetical binary phase diagram between Phenanthrene and Anthracene -zoom on the Phenanthrene-rich region, with existence of a congruent melting point.

FIG. 37 :

 37 FIG. 37: DSC figures of Phenanthrene samples before and after Zone Melting (endo down) -(a) 5 passes at 1 mm h -1 ; (b) 15 passes at 5 mm h -1 .

FIG. 39 :

 39 FIG. 39: Picture of the Phenanthrene ingot treated by Zone Melting At the end of the refining (1333 h effective duration, that means ~ 56 days), the ingot was segmented into 7 equivalent 1-cm parts, which were each ground and analyzed by GC-FID to determine impurity levels at the different parts of the sample. A picture of the treated ingot is shown in fig. 39. The quantification results are given in tab. 11. TAB. 11: Impurity levels (in wt. %) in the different parts of the Phenanthrene ingot treated for ultrapurification purposes -impurities are sorted by ascending elution order

FIG. 43 :

 43 FIG. 43: Picture of the tube after sublimation of a Phenanthrene sample -without (a) of with (b) Al sheet in the tube

FIG. 44 :

 44 FIG. 44: Presentation of the new gradient sublimer developed in the laboratory (a) global view, (b) cascade of glass blocks, (c) sublimation tube filled with glass block cascade

TAB. 13 :TAB. 14 : 2 FIG. 45 :

 1314245 FIG. 45: Pictures of the sample holder before (left) and after (right) the sublimation experiment

FIG. 46 :

 46 FIG. 46: Example of binary phase diagram between a compound to purify (A) and a co-former (CF) with existence of a co-crystal (CC).

TAB. 17 :

 17 Data on Phenanthrene known co-crystals

18 .

 18 Tested compounds that were found to form co-crystals with Phenanthrene are written in strong characters. During this screening, 15 new co-crystals of Phenanthrene were discovered. The co-formers that led to positive tests are: 35DNBA, 2Br5NBA, 2M35DNBA, 2Cl35DNBA, 3NBA, 2F5NBA, 4Cl2NBA, 35DNBA, 26DClBA, 4H3NBA, 25DNBA, 4M35DNBA, 35DNSA, 4F3NBA and 4Cl35DNBA (XRPD patterns related to positive tests are shown in appendix 5, p 273).

Purification by Co-Crystallization 239 FIG. 47 :

 23947 FIG. 47: Normalized GC-FID chromatograms of commercial (black), recrystallized (red) and cocrystallization purified (blue) technical-grade Phenanthrene -Major impurities: (a) Fluorene; (b) Hydro-anthracenes and -phenanthrenes; (c) Dibenzothiophene; (d) Anthracene; (e) Naphthothiophene 2; (f) Carbazole; (g) Anthracene/Maleic Anhydride Diels Alder adduct

22 .

 22 XRPD analyses (fig.48) revealed that mixture a led to the crystallization of <PHEN LT> phase. Mixture b led to the crystallization of <PHEN LT> and co-crystal <CC> phases.Mixtures c, d, e, f and g led to the formation of <CC> phase. In mixture h, the solid was made of <CC> and <35DNBA> phases. Eventually, mixture i crystallized as <35DNBA>.Using these data, the ternary phase diagram shown in fig.49could be proposed. This diagram indicates that: (i) the <CC> + L two-phase domain has a large composition range of stability;

FIG. 48 :FIG. 49 :

 4849 FIG. 48: XRPD patterns of Phenanthrene/35DNBA mixtures at 20 °C and 1 atm

FIG. 50 :

 50 FIG. 50: Phase diagrams for rational discussion of purification results -a, b. ternary diagrams between Phenanthrene, an impurity and the solvent with (a) or without (b) existence of a Phenanthrene solid solution. c, d. pseudo ternary diagrams between Phenanthrene co-crystal, an impurity and the solvent with (a) or without (b) existence of a co-crystal solid solution.

SCH. 2 :

 2 Alkylation of Dihydroanthracenes

SCH. 3 : 4 :

 34 Desulfurization of Dibenzothiophenes and NaphthothiophenesSCH. Alkylation of Dibenzothiophenes

FIG. 52 :

 52 FIG. 52: Normalized GC-FID chromatograms of commercial and Maleic Anhydride-treated technical-grade Phenanthrene samples -(a) Fluorene, (b) Dibenzothiophene, (c) Anthracene, (d) Carbazole, (e) Anthracene/Maleic Anhydride Diels Alder adduct

FIG. 53 :

 53 FIG. 53: Normalized GC-FID chromatograms of commercial technical-grade Phenanthrene (black), Phenanthrene treated with Iodomethane and n-butyllithium (blue) and co-crystallization purified Phenanthrene (red) -(a) Fluorene, (b) Hydroanthracenes, Hydrophenanthrenes, (c) Dibenzothiophene, (d) Anthracene, (e) Naphtothiophene 2, (f) Carbazole, (g) Anthracene/Maleic Anhydride Diels Alder adduct -(a') Dimethylfluorene, (b') Hydrophenanthrene and Hydroanthracene (poly)methyl derivatives, (c') Butylmethylfluorene, (d') Dimethylfluorene, (e') Methylcarbazole, (f') Dibutylfluorene, (g', h') Methylnaphthothiophenes.

FIG. 54 :

 54 FIG. 54: Normalized GC-FID chromatograms of commercial technical-grade Phenanthrene (black), Phenanthrene treated with n-bromopentane and n-butyllithium (blue) and cocrystallization purified Phenanthrene (red) -(a) Dimethylnaphthalene, (b) Butenedioic acid, dibutyl ester, (c) Fluorene, (d) Hydro-anthracenes and -phenanthrenes, (e) Dibenzothiophene, (f) Anthracene, (g) Carbazole, (h) Pentylfluorene, (i) Phenanthrenequinone, (j) Dipentylfluorene, (k, l) Dipentyldihydroanthracene(s) and/or -phenanthrene(s), (m) Pentylcarbazole, (n) Butylpentyldihydro-anthracene or -phenanthrene, (o) Dipentyldihydro-anthracene or -phenanthrene, (p) Anthracene/Maleic Anhydride adduct Discussion and conclusion

FIG. 55 :

 55 FIG. 55: Experimental set-up for Phenanthrene hydrogenation treatment

  -FID chromatograms of the commercial and treated technical-grade Phenanthrene are shown in fig. 56.

FIG. 56 :

 56 FIG. 56: Normalized GC-FID chromatograms of commercial technical-grade Phenanthrene (blue) and Phenanthrene treated with Hydrogen and Raney Nickel (red) -(a) Ethylnaphthalene, (b) Dimethylnaphthalene, (c) Butenedioic acid, dibutyl ester, (d) Naphthothiophene (1 st isomer), (e) Anthracene, (f) Naphthothiophene 2, (g) Phenanthrenequinone, (h) Anthracene/Maleic Anhydride Diels Alder adduct.

TAB. 25 :*

 25 Impurity levels (in wt. %) in Phenanthrene before/after hydrogenation treatment and purification During GC-MSD measurements, a co-elution of Biphenyl and Ethylnaphthalene was suspected, **undetermined isomer, *** stabilizer of the solvent of hydrogenation treatment, (impurities generated by hydrogenation treatment)

FIG. 57 :TAB. 26 :

 5726 FIG. 57: Normalized GC-FID chromatograms of synthesis-grade Phenanthrene samples before (black) and after (blue) hydrogenation treatment and after (red) purification of the treated product by co-crystallization -(a) Biphenyl (+ ethylnaphthalene?), (b) Dimethylnaphthalene, (c) Butylhydroxytoluene, (d) Fluorene, (e) 9,10-dihydroanthracene, (f) 9,10-dihydrophenanthrene, (g) 1-methylfluorene, (h, i) Tetrahydro-anthracenes and/or -phenanthrenes, (j) Dihydro-anthracene or -phenanthrene, (k) Dibenzothiophene, (l) Naphthothiophene (1 st isomer), (m) Anthracene, (n) Naphthothiophene (2 nd isomer), (o) Methyl-naphthothiophene or -dibenzothiophene, (p) Carbazole, (q) 9,10-phenanthrenequinone, (r) Anthracene/Maleic Anhydride Diels Alder adduct. TAB. 26: Carbazole levels and chemical purity of Phenanthrene purified by Zone Melting after hydrogenation treatment and purification by co-crystallization Impurity 0-1 cm 1-2 cm Carbazole (wt. %) 0.019 ± 0.002 ND (< 0.0001 wt. %) Purity (wt. %) 99.981 > 99.999(9) Purity (mole %) 99.980 > 99.999(9)

FIG. 58 :

 58 FIG. 58: DSC thermograms of commercial starting Phenanthrene (black) and ultrapure sample prepared by hydrogenation treatment and purification by co-crystallization and Zone Melting (red). Endo down.

FIG. S1 :

 S1 FIG. S1: Effect of ingot rotation on impurity effective segregation coefficient (y axis) at variable zone displacement rate (x axis) during Zone Melting of Germanium -adapted from Pfann[3].

  FIG. S2: GC-FID chromatograms of commercial and recrystallized Phenanthrene, 9,10dihydroanthracene and Carbazole A rough estimate of impurity level variations was made by peak integration. The rates of removal (in wt. %) are listed below: Phenanthrene: impurity (a) (9,10-dihydroanthracene): 35 %, impurity (b) (Dibenzothiophene): 24 %, impurity (c) (Anthracene): 14 %.

FIG. S4 : 6 )

 S46 FIG. S4: XRPD patterns of Phenanthrene/2Br5NBA samples

FIG. S19 :

 S19 FIG. S19: XRPD patterns of Phenanthrene/3NBA binary mixtures (room temperature) -a 1:2 cocrystal is evidenced. Mixtures exhibiting 3NBA molar fraction values less than 0.67 crystallized as mixtures of <PHEN LT> and <CC> phases. Those exhibiting molar fraction values above 0.67 crystallized as mixtures of the <CC> and <3NBA> phases.

FIG. S20 :

 S20 FIG. S20: XRPD patterns of Phenanthrene/4Cl2NBA binary mixtures (room temperature) -a 1:2 co-crystal is evidenced. Mixtures exhibiting 4Cl2NBA molar fraction values less than 0.67 crystallized as mixtures of <PHEN LT> and <CC> phases. Those exhibiting molar fraction values above 0.67 crystallized as mixtures of the <CC> and <4Cl2NBA> phases.

FIG. S24 :

 S24 FIG.S24: XRPD patterns of Phenanthrene/4H3NBA binary mixtures (room temperature) -a 1:2 co-crystal is evidenced. Mixtures containing between 0 + and 66.7 -mole % 4H3NBA crystallized as mixtures of <PHEN LT> and <CC> phases. Those containing between 66.7 + and 100 -% 4H3NBA crystallized as mixtures of the <CC> and <4H3NBA> phases.

FIG. 1 :

 1 FIG. 1: Flow chart proposing guidelines for the purification of non-polar polycyclic aromatic hydrocarbons stable upon melting

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Phase free energies near the invariant transformation temperature; B. Projection of tangent points obtained after application of the tangent rule, and deduction of the equilibrium lines; C. Phase domains around the invariant transformation temperature. For the reason of clarity, the G(X) functions of the physical mixtures are not represented.

		Nature of the phase		
	Type	I	II	III	Name of the transformation
		Solid 1	Solid 2	Liquid	Eutectic
	I	Solid 1	Solid 2	Solid 3	Eutectoic
	(on heating,	Solid	Liquid 1	Liquid 1'	Monotectic*
	I + II → III)	Solid 1	Liquid	Solid 2	Metatectic
		Solid 1	Solid 2	Solid 2'	Monotectoid*
		Solid 1	Liquid	Solid 2	Peritectic
	II (on heating, I → II + III)	Liquid 1 Solid 1	Liquid 1' Solid 2	Solid Solid 3	Syntectic* Peritectoid
		Solid 1	Solid 2	Solid 2'	Syntectoid*

FIG. 14: Invariant transformations in binary systemsa. type I; b. type II. A.

Non-exhaustive list of purification methods with their advantages and drawbacks Method Advantages Drawbacks Preparative chromatography

  

	Melt crystallization	•	Offers many variants exhibiting	•	Requires the molecules to be stable
			various purifying effects		in the molten state
		•	Appropriate to grow single crystals		
	Solvent-assisted	•	Simple technique	•	Can lead to several issues related to
	crystallization		Can be achieved using basic		polymorphism
			laboratory equipment		
		•	Applicable to molecules that		
			degrade upon heating		
		•	Offers many variants and	•	Requires tedious optimization of
			optimization possibilities		experimental conditions
		•	Exhibits large purifying effect	•	Induces high costs (column,
			when optimized		solvents, …)
				•	Requires the use of ultrapure
					mobile phases
				•	Not productive at the laboratory
					scale
	Distillation	•	Exhibits large efficiency at	•	Requires to operate under reduce
			separating species exhibiting		pressure to deal with heavy
			volatilities that are different		compounds
			enough		
		•	Presents many parameters that can		
			be adapted for optimization		
			purposes		
	Liquid-liquid extraction	•	Particularly efficient at separating	•	Unable at separating species
			chemical species of opposite		exhibiting similar polarities
			polarities	•	Restricted to the use of non-
		•	Can be achieved using basic		miscible solvents (generally, water
			laboratory equipment		and an organic non-polar solvent)
	Sublimation-condensation	•	Efficient at separating species	•	Generally requires to operate under
			exhibiting vapor pressures that are		reduced pressure
			different enough	•	Requires specific laboratory
		•	Does not pollute the sample of		equipment
			interest by addition of a solvent		
		•	Appropriate to grow single crystals		
		•	Applicable to molecules that		
			degrade upon heating		

TAB. 6:

Non-exhaustive list of analytical methods with their advantages and drawbacks

  

	Techniques for material chemical purification and purity assessment	69
	Electrical resistivity	•	Simple measurement procedure	•	Only leads to global molar purity
	measurement	•	Permits to measure high purity values		values
				•	Sensitive to defects in the sample
	Titrimetric and	•	Simple techniques	•	Inappropriate for non-targeted
	gravimetric analysis				analyses
				•	Requires the targeted species to react
					with the titrating solution
	Method	Advantages	Drawbacks
	Chromatography	•	Appropriate for multicomponent	•	Requires optimization of
			analysis		experimental setup (column, mobile
		•	Appropriate for non-targeted		phase, detector…)
			analyses, when coupled with mass		
			spectrometry		
		•	Low detection thresholds when		
			coupled with appropriate detector(s)		
	Molecular	•	Simple measurement procedures	•	Leads to large errors on quantified
	spectrophotometry	•	Low detection thresholds on sensitive		solute amounts in case of
			molecules		multicomponent analysis
				•	Inappropriate for non-targeted
					analyses
				•	Requires the targeted molecules to
					present chromophores
	Atomic spectroscopy	•	Simple measurement procedures	•	Expansive apparatuses
		•	Appropriate for elemental analysis	•	Requires the application of tedious
		•	Low detection thresholds		sample preparation procedures
				•	Unable at quantifying molecular
					species
	Differential Scanning	•	Permits to measure high purity values	•	Applicable to one specific case:
	Calorimetry		(up to 99.999 mole %)		presence of only one impurity that
					decreases the melting point of the
					major component
				•	Inapropriate for multicomponent
					analysis
				•	Leads to large errors when the
					amount of impurity exceeds 1
					mole %
	Antoine BUREL PhD thesis		

TAB. 7:
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Crystallographic data on Phenanthrene solid phases LT phase HT phase HP phase

  

				2, and the crystal
	structures are shown in fig. 2.		
	TAB. 2: Crystal lattice	Monoclinic	Monoclinic	Monoclinic
	Space group	P21	P21/c	P21/n
	a (Å)	8.441(2)	8.506(2)	12.937(3)
	b (Å)	6.140(1)	6.215(2)	3.822(1)
	c (Å)	9.438(1)	9.525(2)	17.693(6)
	β (°)	97.96(1)	98.73(2)	99.13
	Unit-cell volume (Å 3 )	484.4(1)	497.7(2)	863.7(1)
	Molecules per unit cell	2	2	4
	Density (g•cm -3 )	1.222	1.189	1.371
	Temperature (°C)	21	71	20
	Pressure (MPa)	0,1	0,1	700

Impurities generally found in commercial Phenanthrene samples Impurity Topological formula Raw formula Molecular weight

  

			(g•mol -1 )	References
	Anthracene	C14H10	178.23	[18,20-28]
	Biphenyl	C12H10	154.21	[21]
	Carbazole	C12H9N	167.21	[18,22,23,25,26]
	Dibenzothiophene	C12H8S	184.26	[18,20,21]
	Dihydrophenanthrene	C14H12	180.25	[20,21]
	Fluoranthene	C16H10	202.26	[21]
	Fluorene	C13H10	166.22	[18,20-23,25]
	Naphthalene	C10H8	128.17	[21,24]
	Pyrene	C16H10	202.25	[21]

TAB. 3:
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volume increment values for Fuller et al. equation, in cm 3 Atom or molecule Diffusion volume increment Atom or molecule Diffusion volume increment

  

	Basic notions on Gas Chromatography	123
	The atomic diffusion volume increment values can be estimated using tab. 2 entries:
			Aromatic or	
	C	16.5	heterocyclic	-20.2
			rings	
	H	1.98	H2	7.07
	O	5.48	He	2.88
	N	5.69	N2	17.9
	Cl	19.5	O2	16.6
	S	17.0		
		molar mass (g•mol -1 )	
	Mj	carrier gas molar mass (g•mol -1 )	
	p	pressure (atm)		
	vl,i	solute atomic diffusion volume increment (cm 3 )
	vm,j	carrier gas atomic diffusion volume increment (cm 3 )
	Antoine BUREL PhD thesis		

TAB. 2: Diffusion

  Development of an analytical method to assess Phenanthrene purity Eq. 35 can be easily used for prediction purposes, as the different parameters can be estimated from experimental measurements and Fuller et al. and Snijders et al. equations.

	124	III.
		u	(35)
		, SP
			Normandie Université

  (p. 121, classical model) or eq. 63 (p. 134, extended one). The experimental values were acquired by setting different inlet gauge pressures (68.9, 138, 207 and 376 kPa hydrogen) and in isothermal mode, according to the temperature values

	listed below:			
	• SLB-IL60: 180, 190, 200, 210 and 220 °C,
	• DB-35ms: 150, 160, 170, 180 and 190 °C.
	The experimental values of retention times are provided in tabs. S3-4 (appendix 1, p. 165).
	The optimized partition parameters of these solutes can be found in tabs. 4 (classical model)
	and 5 (extended one).			
	TAB. 4: Optimized solute partition parameter values (classical model)
	SLB-IL60 (β = 562, L = 32.4 m)	
	Solute	ΔH (J•mol -1 )	ΔS (J•mol -1 •K -1 )	R²
	Fluorene	-55329	-56.59	0.9996
	9,10-dihydroanthracene	-57413	-60.09	0.9997
	9,10-dihydrophenanthrene	-57287	-59.57	0.9997
	1-methylfluorene	-59696	-62.55	0.9998
	Dibenzothiophene	-60995	-61.19	0.99992
	Phenanthrene	-63455	-63.92	0.99995
	Anthracene	-63743	-64.29	0.99995
	Carbazole	-75765	-76.20	0.99998
	2-methylanthracene	-67693	-69.70	0.99996
	9-methylanthracene	-68031	-69.50	0.99997
	9,10-dimethylanthracene	-72127	-74.50	0.99998
	DB-35ms (β = 535, L = 29.0 m)	
	Solute	ΔH (J•mol -1 )	ΔS (J•mol -1 •K -1 )	R²
	Fluorene	-54681	-57.92	0.99995
	9,10-dihydroanthracene	-58428	-63.12	0.99995
	9,10-dihydrophenanthrene	-58462	-62.50	0.99994
	1-methylfluorene	-59213	-64.03	0.99996
	Dibenzothiophene	-59929	-63.06	0.99997
	Phenanthrene	-60817	-64.07	0.99997
	Anthracene	-61198	-64.60	0.99997
	Carbazole	-65387	-71.18	0.99996
	2-methylanthracene	-65270	-70.05	0.99996
	9-methylanthracene	-66389	-70.44	0.99997
	9,10-dimethylanthracene	-71437	-75.96	0.99998

Experimental and predicted retention times on the SLB-IL60 column

  (in minutes) 

	Retention time prediction in capillary Gas Chromatography				145
	TAB. 6: Program		1			2			3			4	
		Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)
	Fluorene	14.077	13.892	14.093	11.732	11.367	11.689	9.816	9.304	9.643	8.379	7.945	8.127
	9,10-dihydroanthracene	14.710	14.568	14.739	12.538	12.264	12.527	10.919	10.480	10.811	9.404	8.927	9.167
	9,10-dihydrophenanthrene	14.821	14.683	14.844	12.660	12.392	12.647	11.067	10.643	10.966	9.572	9.083	9.342
	1-methylfluorene	15.948	15.864	15.961	13.958	13.801	13.947	12.616	12.378	12.556	11.508	11.177	11.369
	Dibenzothiophene	17.775	17.730	17.784	15.860	15.792	15.855	14.654	14.557	14.628	13.738	13.615	13.688
	Phenanthrene	18.858	18.813	18.870	16.993	16.950	16.995	15.847	15.794	15.839	15.005	14.940	14.984
	Anthracene	18.961	18.913	18.977	17.098	17.057	17.107	15.958	15.908	15.956	15.120	15.061	15.104
	2-methylanthracene	20.135	20.061	20.146	18.325	18.284	18.334	17.239	17.206	17.244	16.457	16.426	16.458
	9-Methylanthracene	20.524	20.431	20.535	18.681	18.635	18.691	17.593	17.559	17.602	16.813	16.785	16.823
	9,10-dimethylanthracene	22.220	22.040	22.204	20.028	19.952	20.030	18.965	18.916	18.971	18.211	18.178	18.219
	Carbazole	26.526	26.158	26.506	22.838	22.628	22.824	21.229	21.099	21.228	20.319	20.236	20.325
	Exp.: experimental, Calc.: calculated, (1): classical model, (2): extended model.						
	TAB. 7: Experimental and predicted retention times on the SLB-IL60 column (in minutes)	
	Program		1			2			3			4	
		Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)	Exp.	Calc. (1) Calc. (2)
	Fluorene	11.300	11.288	11.341	8.243	8.175	8.257	6.773	6.701	6.773	5.942	5.869	5.930
	9,10-dihydroanthracene	13.398	13.415	13.440	10.951	10.918	10.979	8.928	8.866	8.943	7.679	7.616	7.681
	9,10-dihydrophenanthrene	13.806	13.823	13.854	11.474	11.448	11.510	9.521	9.449	9.550	8.153	8.081	8.166
	1-methylfluorene	13.868	13.882	13.907	11.568	11.550	11.596	9.639	9.585	9.659	8.247	8.193	8.248
	Dibenzothiophene	15.122	15.125	15.158	13.045	13.046	13.070	11.534	11.527	11.562	10.186	10.139	10.187
	Phenanthrene	15.584	15.578	15.619	13.578	13.579	13.602	12.179	12.171	12.199	10.982	10.957	10.995
	Anthracene	15.735	15.722	15.767	13.752	13.750	13.775	12.382	12.375	12.400	11.227	11.206	11.232
	Carbazole	16.928	16.865	16.956	15.110	15.088	15.125	13.934	13.925	13.943	13.023	13.018	13.024
	2-methylanthracene	17.289	17.217	17.321	15.473	15.446	15.491	14.309	14.302	14.323	13.418	13.420	13.428
	9-Methylanthracene	18.130	18.021	18.160	16.342	16.290	16.356	15.223	15.196	15.232	14.384	14.375	14.395
	9,10-dimethylanthracene	20.205	19.954	20.208	18.465	18.314	18.462	17.414	17.313	17.410	16.658	16.588	16.652
	Antoine BUREL PhD thesis									

different inlet gauge pressure values were applied:

• Program 1: 103 kPa • Program 2: 172 kPa • Program 3: 241 kPa • Program 4: 310 kPa The retention time values acquired and predicted in these conditions can be found in tabs. 6 (SLB-IL60 column) and 7 (DB-35ms). Graphical representations of errors on predicted values (e. g., difference between predicted and experimental retention times) are provided in fig. 18 (SLB-IL60) and 19 (DB-35ms). Exp.: experimental, Calc.: calculated, (1): classical model, (2): extended model.

obtained after 5 successive injections

  

	Solute	Rank of injection 1 2	3	4	5	Mean area	Standard deviation	Coefficient of variation (%)
	Naphthalene	155,59 155,67 155,85 155,59 155,74 155,69	0,10	0,06
	Biphenyl	164,08 164,12 164,42 164,12 164,34 164,21	0,14	0,08
	Fluorene	150,96 150,83 151,43 150,77 151,37 151,07	0,28	0,18
	9,10-dihydroanthracene	152,06 151,90 152,39 152,00 152,50 152,17	0,23	0,15
	9,10-dihydrophenanthrene	156,35 156,13 156,76 156,25 156,78 156,45	0,27	0,17
	1-methylfluorene	159,94 159,72 160,23 159,78 160,28 159,99	0,23	0,14

TAB. 10: Solute peak areas (pA•s)

of FID calibration

  

	Solute	Retention time (min)	Peak standard deviation (min)	Response factor (pA s ppm -1 )	R²	Limit of detection (ppm)	Limit of quantification (ppm)
	Naphthalene	8.44	1.643	0.8945	0.99996 0.41	1.35
	Biphenyl	17.16	1.090	0.9346	0.99997 0.26	0.86
	Fluorene	23.53	0.988	0.9064	0.99997 0.24	0.80
	9,10-dihydroanthracene	25.85	0.969	0.9042	0.99997 0.24	0.79
	9,10-dihydrophenanthrene	26.35	0.971	0.9221	0.99997 0.23	0.78
	1-methylfluorene	26.43	0.966	0.9226	0.99998 0.23	0.77
	Dibenzothiophene	28.07	0.973	0.7732	0.99998 0.28	0.93
	Anthracene	28.93	0.984	0.9140	0.99998 0.24	0.79
	Carbazole	30.71	0.942	0.8401	0.99998 0.25	0.83

TAB. 12: Results

5.

In other words, such detection thresholds permit ultrapurity measurements.

data for technical grade Phenanthrene analysis

  

	Impurity	Retention time in GC-FID (min)	Peak width at half heigth (min)	Peak resolution	Impurity level (wt. %)
	Fluorene	23.56	0.0406	26.37	1.692 ± 0.0002
	Methylbiphenyl*	24.04	0.0398	5.97	0.054 ± 0.002
	Xanthene	24.47	0.0367	5.62	0.017 ± 0.005
	Fluorene isomer*	24.82	0.0356	4.84	0.018 ± 0.002
	9,10-dihydroanthracene	25.87	0.0366	14.5	0.099 ± 0.005
	Dihydro-anthracene or -phenanthrene*	26.08	0.0355	2.91	0.0365 ± 0.0003
	Dihydro-anthracene or -phenanthrene*	26.25	0.0348	2.42	0.087 ± 0.002
	1-methylfluorene	26.45	0.0392	2.70	0.209 ± 0.003
	Tetrahydro-anthracene or -phenanthrene*	26.78	0.0418	4.07	0.017 ± 0.002
	Tetrahydro-anthracene or -phenanthrene*	27.42	0.0417	7.66	0.012 ± 0.001
	Dibenzothiophene	28.10	0.0460	7.75	1.78 ± 0.04
	Naphthothiophene 1*	28.20	0.0470	1.08	0.114 ± 0.003
	Anthracene	29.03	0.0460	--**	0.554 ± 0.005
	Unknown impurity	29.29	0.0421	2.95	0.0446 ± 0.0002
	Benzoquinoline*	29.61	0.0315	4.35	0.0639 ± 0.0004
	Naphthothiophene 2*	29.68	0.0404	0.97	0.297 ± 0.004
	Methyl-dibenzothiophene or -naphthothiophene* 30.05	0.0374	4.76	0.17 ± 0.02
	Carbazole	30.76	0.0393	9.26	2.8 ± 0.2
	Methyl-phenanthrene or -anthracene*	30.90	0.0336	1.92	0.0831 ± 0.0008
	Methyl-phenanthrene or -anthracene*	31.12	0.0414	2.93	0.036 ± 0.004
	Methyl-phenanthrene or -anthracene*	31.72	0.0412	7.26	0.157 ± 0.009
	Methylcarbazole*	32.71	0.0344	13.1	0.012 ± 0.002
	9,10-phenanthrenequinone	33.61	0.0371	12.6	0.04 ± 0.02
	Anthracene/Maleic Anhydride Diels Alder adduct 40.66	0.0399	91.6	0.55 ± 0.09
				Total	9.2 ± 0.4
	Impurity	Retention time in GC-FID (min)	Peak width at half heigth (min)	Peak resolution	Impurity level (wt. %)
	Biphenyl	17.19	0.0401	--	0.0071 ± 0.0004
	Methylnaphthalene*	18.88	0.0370	21.9	0.0068 ± 0.0002
	Butenedioic acid, dibutyl ester*	21.42	0.0361	34.8	0.158 ± 0.008
	Dibenzofuran	21.59	0.0341	2.42	0.0451 ± 0.0002
	Antoine BUREL PhD thesis			

22: GC-FID chromatogram of technical grade Phenanthrene -a. butenedioic acid, dibutyl ester; b. Fluorene; c. Dihydrophenanthrenes, dihydroanthracenes, tetrahydrophenanthrenes, tetrahydroanthracenes; d. Dibenzothiophene; e. Naphthothiophene 1; f. Phenanthrene; g. Anthracene; h. Carbazole; i. Anthracene/Maleic Anhydride Diels Alder adduct. TAB. 13: Chromatographic

  Normandie Université i being the compound for which the FID was not calibrated, and ref a chosen reference solute for which the FID was calibrated. Solute combustion enthalpy, Δ H comb , can be estimated using eq. 78:

	Δ H comb =11.06+103.57×n C +21.85×n H -47.18×n O +7.46×n N +74.67×n S	(78)
	where					
	MW	solute molecular weight		
	nbenz	number of benzene rings in the solute	
	nC	number of carbon atoms in the solute		
	nH	number of hydrogen atoms in the solute
	nO	number of oxygen atoms in the solute	
	nN	number of nitrogen atoms in the solute	
	nS	number of sulfur atoms in the solute		
	Thanks to these formula, the response factors entered in tab. 14 were estimated, which served
	to their quantification (impurity levels given in tab. 13).
	Methylnaphthalene			0.8890			Naphthalene
	Butenedioic acid, dibutyl ester	0.6778			Naphthalene
	Dibenzofuran			0.8102			Dibenzothiophene
	Methylbiphenyl			0.9315			Biphenyl
	Xanthene			0.8169			Dihydroanthracene
	Tetrahydro-phenanthrene or -anthracene	0.9289			Dihydroanthracene
	Benzoquinoline			0.8909			Carbazole
	Methyl-dibenzothiophene or -naphthothiophene	0.8037			Dibenzothiophene
	Methyl-phenanthrene or -anthracene	0.9094			Anthracene
	Methylcarbazole			0.8579			Carbazole
	Anthracene/Maleic Anhydride Diels Alder adduct	0.6827			Dihydroanthracene
	-0.071+	,57 10000 8,57 10000 ×Δ H comb , ref +0,127×n benz ,ref ×Δ H comb , i +0,127×n benz ,i	×	MW ref MW i	× RF ref	(77)

TAB. 14: Predicted FID response factor for several Phenanthrene impurities

Impurity

Predicted response factor (pA s ppm -1 ) Reference compound

Dibenzothiophene 1.78 ± 0.04 0.91 ± 0.02

  

	Impurity	Commercial	Recrystallized in Acetone
	Biphenyl	0.0071 ± 0.0004	ND
	Methylnaphthalene*	0.0068 ± 0.0002	0.0047 ± 0.0003
	Butenedioic acid, dibutyl ester*	0.158 ± 0.008	ND
	Dibenzofuran	0.0451 ± 0.0002	0.0083 ± 0.0002
	Fluorene	1.692 ± 0.0002	1.21 ± 0.02
	Methylbiphenyl*	0.054 ± 0.002	0.0227 ± 0.0004
	Xanthene	0.017 ± 0.005	ND
	Fluorene isomer*	0.018 ± 0.002	0.0134 ± 0.0003
	9,10-dihydroanthracene	0.099 ± 0.005	0.0154 ± 0.0005
	Dihydroanthracene/phenanthrene*	0.0365 ± 0.0003	0.0099 ± 0.0003
	Dihydroanthracene/phenanthrene*	0.087 ± 0.002	0.0143 ± 0.0004
	9,10-dihydrophenanthrene	0.209 ± 0.003	0.104 ± 0.002
	Tetrahydroanthracene/phenanthrene*	0.017 ± 0.002	ND
	Tetrahydroanthracene/phenanthrene*	0.012 ± 0.001	0.0034 ± 0.0001
	Naphthothiophene 1*	0.114 ± 0.003	0.023 ± 0.002

FIG. 1: Normalized GC-FID chromatograms of technical grade Phenanthrene samples before and after recrystallization in Acetone -major impurities: a. Fluorene, b. Dibenzothiophene, c. Anthracene, d. Carbazole, e. Anthracene/Maleic Anhydride Diels Alder adduct TAB. 1: Impurity levels (in wt. %) in technical grade Phenanthrene -impurities are sorted by ascending elution order

Anthracene 0.554 ± 0.005 0.37 ± 0.02

  

	Biphenyl		Methylnaphthalenes		Butenedioic acid, dibutyl	Dibenzofuran
					ester (undetermined isomer)
	Fluorene		Methylbiphenyls		Xanthene	Fluorene undetermined
					isomers
					or	or
	9,10-dihydroanthracene	9,10-dihydrophenanthrene	Dihydroanthracenes and dihydrophenanthrenes	Tetrahydrophenanthrenes and tetrahydroanthracenes
					(undetermined isomers)	(undetermined isomers)
	Dibenzothiophene		Naphthothiophenes (undetermined isomers)		Anthracene	Benzoquinoline (undetermined isomer)
					...	...
	Methyldibenzothiophenes and Methylnaphthothiophenes		Carbazole		Methylphenanthrenes Methylanthracenes and	Methylcarbazoles (undetermined isomers)
	(undetermined isomers)				(undetermined isomers)
	9,10-phenanthrenequinone		Anthracene/Maleic Anhydride Diels Alder	
	Unknown impurity		0.0446 ± 0.0002 adduct	0.022 ± 0.007
	Benzoquinoline*		0.0639 ± 0.0004	0.0101 ± 0.0002
	Naphthothiophene 2*		0.297 ± 0.004	0.365 ± 0.008
	Methyldibenzothiophene/naphthothiophene*		0.17 ± 0.02	0.072 ± 0.004
	Carbazole		2.8 ± 0.2	1.61 ± 0.03
	Methylphenanthrene/anthracene (isomer 1)*		0.0831 ± 0.0008	0.0145 ± 0.0007
	Methylphenanthrene/anthracene (isomer 2)*		0.036 ± 0.004	0.0056 ± 0.0005
	Methylphenanthrene/anthracene (isomer 3)*		0.157 ± 0.009	0.111 ± 0.003
	Methylcarbazole*		0.012 ± 0.002	0.005 ± 0.001
	9,10-phenanthrenequinone		0.04 ± 0.02	0.0121 ± 0.0002
	Anthracene/Maleic Anhydride Diels Alder adduct	0.55 ± 0.09	0.18 ± 0.02
	Total		9.2 ± 0.4	5.1 ± 0.2
	ND: Not detected (< 0.0001 wt. %) -*undetermined isomer 2	

2. GC-MSD complementary experiments allowed for determining the mass of the corresponding impurities, which provided partial knowledge on their chemical structures. In case of existence of isomers, no complete identification of them could be achieved by solely use of mass spectra, due to high similarities.

  ) indicate that Anthracene-rich mixtures crystallized as solid solution of Anthracene (<ss ANT>). Phenanthrene-rich mixtures (containing Anthracene fraction (XANT) below 0.102) crystallized as <ss PHEN LT> phase. Patterns of mixtures of intermediate compositions ranging from XANT = 0.249 to XANT = 0.698 clearly indicate that a solid solution of an intermediate phase (<ss IP>) appeared during the equilibration. The characteristic peaks of this phase can be observed at15.3, 15.8, 19.8, 22.3 and 26.8 °, and conform to previous remarks made byDing et al. [27].

Values of Phenanthrene impurity segregation coefficients extracted from binary phase diagrams
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	TAB. 6: Impurity	Fluorene	9,10-dihydroanthracene	Carbazole	Anthracene
	Previous studies	< 1 [18,24]	-	> 1 [21]	

the different parts of the Phenanthrene ingot zone refined 15 times at 5 mm•h -1

  -impurities are sorted by ascending elution order.

	Impurity	Starting sample	0-1 cm	1-2 cm	2-3 cm	3-4 cm	4-5 cm	5-6 cm	6-7.5 cm 7.5-9 cm
	Fluorene	0.41 ± 0.02	0.35 ± 0.02	0.373 ± 0.007	0.389 ± 0.003	0.39 ± 0.01	0.43 ± 0.02	0.43 ± 0.03	0.45 ± 0.02	0.46 ± 0.02
	Methylbiphenyl*	0.009 ± 0.001	0.0031 ± 0.0003	0.0036 ± 0.0007	0.0047 ± 0.0003	0.0056 ± 0.0003	0.008 ± 0.002	0.011 ± 0.002	0.0143 ± 0.0002	0.019 ± 0.001
	9,10-dihydroanthracene	0.025 ± 0.001	ND	0.004 ± 0.002	0.0037 ± 0.0007	0.0029 ± 0.0007	0.0063 ± 0.0007	0.019 ± .002	0.0416 ± 0.0008	0.0853 ± 0.0003
	9,10-dihydrophenanthrene	0.017 ± 0.001	0.0091 ± 0.0007	0.010 ± 0.002	0.0129 ± 0.0001	0.0135 ± 0.0004	0.0165 ± 0.0002	0.020 ± 0.002	0.023 ± 0.002	0.0261 ± 0.0006
	Tetrahydro-phenanthrene or -anthracene*	0.007 ± 0.001	ND	ND	ND	ND	0.0032 ± 0.0002	0.007 ± 0.002	0.013 ± 0.002	0.0217 ± 0.0001
	Dihydro-phenanthrene or -anthracene*	0.015 ± 0.001	0.0064 ± 0.0004	0.0077 ± 0.0002	0.0108 ± 0.0001	0.0114 ± 0.0004	0.0150 ± 0.0009	0.017 8+9 0.002	0.0198 ± 0.0005	0.0241 ± 0.0006
	Dibenzothiophene	0.46 ± 0.02	0.124 ± 0.005	0.135 ± 0.005	0.214 ± 0.004	0.270 ± 0.007	0.39 ± 0.03	0.52 ± 0.07	0.69 ± 0.02	0.97 ± 0.03
	Naphthothiophene 1*	0.002 ± 0.001	ND	ND	ND	ND	ND	ND	0.0050 ± 0.0002	0.010 ± 0.002
	Anthracene	0.43 ± 0.02	0.33 ± 0.02	0.356 ± 0.007	0.37 ± 0.02	0.385 ± 0.001	0.441 ± 0.006	0.46 ± 0.03	0.49 ± 0.02	0.53 ± 0.02
	Naphthothiophene 2*	0.065 ± 0.003	0.093 ± 0.005	0.099 ± 0.004	0.074 ± 0.003	0.065 ± 0.005	0.0620 ± 0.0002	0.055 ± 0.001	0.049 ± 0.002	0.042 ± 0.003
	Methyl-dibenzothiophene or -naphthothiophene*	0.003 ± 0.001	ND	ND	ND	0.0025 ± 0.0001	0.0039 ± 0.0002	0.0042 ± 0.0007	0.006 ± 0.002	0.007 ± 0.001
	Carbazole	0.047 ± 0.003	0.089 ± 0.008	0.094 ± 0.007	0.053 ± 0.004	0.044 ± 0.005	0.040 ± 0.002	0.033 ± 0.003	0.0274 ± 0.0001	0.018 ± 0.001
	Methylcarbazole*	0.006 ± 0.001	ND	ND	ND	ND	ND	0.007 ± 0.003	0.012 ± 0.002	0.017 ± 0.001
	Phenanthrenequinone	ND	ND	ND	ND	ND	ND	0.012 ± 0.002	0.028 ± 0.001	0.068 ± 0.001
	Total	1.50 ± 0.06	1.00 ± 0.05	1.08 ± 0.03	1.14 ± 0.02	1.19 ± 0.03	1.41 ± 0.05	1.60 ± 0.13	1.86 ± 0.06	2.29 ± 0.06
	Impurity	Starting sample	0-1 cm	1-2 cm	2-3 cm	3-4 cm	4-5 cm	5-6 cm	6-7.5 cm 7.5-9 cm
	Fluorene	0.41 ± 0.02	0.359 ± 0.006	0.34 ± 0.02	0.359 ± 0.009	0.381 ± 0.002	0.379 ± 0.004	0.399 ± 0.002	0.426 ± 0.004	0.514 ± 0.006
	Methylbiphenyl*	0.009 ± 0.001	0.0042 ± 0.0004	0.0025 ± 0.0004	0.0035 ± 0.0005	0.0040 ± 0.0004	0.0046 ± 0.0004	0.0064 ± 0.0002	0.0088 ± 0.0003	0.0352 ± 0.0002
	9,10-dihydroanthracene	0.025 ± 0.001	0.0054 ± 0.0001	0.0054 ± 0.0001	0.0026 ± 0.0001	0.0031 ± 0.0006	0.0044 ± 0.0008	0.0076 ± 0.0001	0.0148 ± 0.0007	0.264 ± 0.009
	9,10-dihydrophenanthrene	0.017 ± 0.001	0.0113 ± 0.0006	0.0086 ± 0.0006	0.0090 ± 0.0001	0.0115 ± 0.0004	0.0120 ± 0.0003	0.0143 ± 0.0002	0.0181 ± 0.0004	0.041 ± 0.002
	Tetrahydro-phenanthrene or -anthracene*	0.007 ± 0.001	ND	ND	ND	ND	ND	0.0025 ± 0.0001	0.0038 ± 0.0003	0.048 ± 0.002
	Dihydro-phenanthrene or -anthracene*	0.015 ± 0.001	0.0087 ± 0.0001	0.0067 ± 0.0009	0.008 ± 0.002	0.0088 ± 0.0002	0.0101 ± 0.0004	0.012 ± 0.002	0.0153 ± 0.0001	0.041 ± 0.002
	Dibenzothiophene	0.46 ± 0.02	0.187 ± 0.004	0.113 ± 0.004	0.149 ± 0.004	0.190 ± 0.004	0.229 ± 0.001	0.312 ± 0.002	0.43 ± 0.03	1.92 ± 0.02
	Naphthothiophene 1*	0.002 ± 0.001	ND	ND	ND	ND	ND	ND	ND	0.018 ± 0.002
	Anthracene	0.43 ± 0.02	0.351 ± 0.001	0.33 ± 0.01	0.342 ± 0.009	0.365 ± 0.007	0.381 ± 0.001	0.416 ± 0.004	0.455 ± 0.002	0.71 ± 0.02
	Naphthothiophene 2*	0.065 ± 0.003	0.084 ± 0.001	0.105 ± 0.002	0.0833 ± 0.0001	0.073 ± 0.004	0.0650 ± 0.0007	0.055 ± 0.002	0.045 ± 0.002	0.020 ± 0.004
	Methyl-dibenzothiophene or -naphthothiophene*	0.003 ± 0.001	ND	ND	ND	ND	ND	0.0036 ± 0.0004	0.0041 ± 0.0003	0.0139 ± 0.0005
	Carbazole	0.047 ± 0.003	0.0751 ± 0.0001	0.1147 ± 0.0009	0.0645 ± 0.0002	0.049 ± 0.005	0.043 ± 0.002	0.030 ± 0.002	0.018 ± 0.003	0.0232 ± 0.0008
	Methylcarbazole*	0.006 ± 0.001	ND	ND	ND	ND	ND	ND	ND	0.009 ± 0.002
	Phenanthrenequinone	ND	ND	ND	ND	ND	ND	ND	ND	0.113 ± 0.009
	Total	1.50 ± 0.07	1.09 ± 0.02	1.02 ± 0.04	1.02 ± 0.03	1.09 ± 0.03	1.13 ± 0.02	1.26 ± 0.02	1.44 ± 0.04	3.75 ± 0.07
	ND: not detected (impurity level below 0.0001 wt. %). *undetermined isomer					

TAB. 7: Impurity levels (in wt. %) in ND: not detected (impurity level below 0.0001 wt. %). *undetermined isomer TAB. 8: Impurity levels (in wt. %) in the different parts of the Phenanthrene ingot zone refined 5 times at 1 mm•h -1 -impurities are sorted by ascending elution order.

data on Phenanthrene samples before and after Zone Melting

  

			Onset temperature	Heat of transformation
			(°C)		(on heating, J g -1 )	
			Solid-solid transition	Melting	Solid-solid transition	Melting
	Before Zone Melting		68.8	98.6	4.97	100
	5 passes at	Bottom part (0-1 cm)	69.5	99.3	5.05	101
	1 mm h -1	Top part (7.5-9 cm)	65.9	97.1	4.20	99.8
	15 passes at	Bottom part (0-1 cm)	69.5	99.4	5.36	102
	5 mm h -1	Top part (7.5-9 cm)	68.6	98.0	4.99	100

TAB. 9: DSC

Impurity Commercial product After pre-purification

  

	Fluorene	0.0051 ± 0.0005	0.005 ± 0.002
	9,10-dihydroanthracene	0.31 ± 0.03	0.046 ± 0.002
	9,10-dihydrophenanthrene	0.0085 ± 0.0001	0.0039 ± 0.0006
	Tetrahydro-phenanthrene or -anthracene*	0.023 ± 0.003	0.0079 ± 0.0007
	Dihydro-phenanthrene or -anthracene*	0.012 ± 0.002	0.0097 ± 0.0005
	Dibenzothiophene	0.87 ± 0.04	0.46 ± 0.02
	Naphthothiophene 1*	0.029 ± 0.002	0.0066 ± 0.0007
	Anthracene	0.409 ± 0.003	0.32 ± 0.02
	Naphthothiophene 2*	0.0081 ± 0.0004	0.008 ± 0.001
	Methyl-dibenzothiophene or -naphthothiophene*	0.0061 ± 0.0004	0.0034 ± 0.0002
	Carbazole	0.023 ± 0.002	0.0035 ± 0.0007
	Phenanthrenequinone	0.023 ± 0.005	ND
	Anthracene/Maleic Anhydride Diels Alder Adduct 0.019 ± 0.004	ND
	Total	1.75 ± 0.08	0.88 ± 0.04
	ND: not detected (impurity level below 0.0001 wt. %). *undetermined isomer

TAB. 10: Impurity levels (in wt. %) in Phenanthrene before and after the pre-purification treatments -impurities are sorted by ascending elution order

Impurity levels in the different recondensated fractions of Phenanthrene

  Not detected (< 0.0001 wt. %). Fraction 6 position began 30 cm away from sample holder, fraction 10 ended 55 cm away.
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	TAB. 15: Impurity	Level (wt. %)			
			Condensate fraction	
		Commercial				
			6	7	8	9	10
	Fluorene	0.260	0.074 0.120 0.419 0.984 1.802
	9,10-dihydroanthracene	0.011	ND	ND	ND	0.018 0.044
	9,10-dihydrophenanthrene 0.029	ND	ND	0.010 0.035 0.071
	1-methylfluorene	0.051	0.024 0.034 0.087 0.165 0.275
	Dibenzothiophene	0.490	0.286 0.421 1.092 2.060 3.247
	Anthracene	0.448	0.740 0.552 0.403 0.393 0.416
	Carbazole	0.221	0.757 0.165 0.015 0.036 0.068
	Total	1.510	1.882 1.292 2.027 3.692 5.923
	ND:					

levels in the different recondensated fractions of Phenanthrene after resublimation of fraction 7

  Not detected (< 0.0001 wt. %). Fraction 6 position began 30 cm away from sample holder, fraction 10 ended 55 cm away.

	Impurity	Level (wt. %)				
		Starting	Condensate fraction		
		product	6	7	8	9	10
	Fluorene	0.120	0.034 0.050 0.111 0.167 0.207
	9,10-dihydroanthracene	ND	ND	ND	ND	ND	ND
	9,10-dihydrophenanthrene ND	ND	ND	ND	ND	ND
	1-methylfluorene	0.034	0.017 0.023 0.042 0.059 0.068
	Dibenzothiophene	0.421	0.200 0.275 0.525 0.751 0.895
	Anthracene	0.552	0.483 0.409 0.339 0.340 0.331
	Carbazole	0.165	0.160 0.032 0.012 0.012 0.009
	Total	1.292	0.895 0.789 1.029 1.329 1.510
	ND:						

TAB. 16: Impurity

Results of Phenanthrene new co-former screening New phase observed by XRPD

  

	Purification by Co-Crystallization				233
						New phase observed by XRPD New phase observed by XRPD New phase observed by XRPD
						(+ yes, -no) (+ yes, -no) (+ yes, -no)	
	Tested compound Tested compound Tested compound	Abbreviation Abbreviation Abbreviation	Formula Formula Formula	Supplier Supplier Supplier	Indicative purity Indicative purity Indicative purity	Co-grinding Co-grinding Co-grinding	Solvent evaporation Solvent evaporation Solvent evaporation
	2-chloro-3-nitrobenzoic acid 4-nitrobenzoic acid 4-chloro-3-nitrobenzoic acid	2Cl3NBA 4NBA 4Cl3NBA		Alfa Aesar Acros Organics Acros Organics	98 % 99 + % 99.5 %	---	-(2) -(2) -(2)
	dinitrobenzoic acid 2-chloro-3,5-2,6-dihydroxybenzoic acid 2,6-dichlorobenzoic acid 26DClBA 2Cl35DNBA 26DHBA		Alfa Aesar Acros Organics Acros Organics	97 % 97 % 98 + %	+ -+	+ (2) -(2) + (2)
	4-amino-3-nitrobenzoic acid 3,4-dihydroxybenzoic acid 4-hydroxy-3-nitrobenzoic acid	4A3NBA 34DHBA 4H3NBA		Alfa Aesar Acros Organics Aldrich	97 % 97 % 98 %	--+	-(2) -(2) + (2)
	4-hydroxy-3-methoxybenzoic acid	4H3MyBA		Acros Organics	98.5 %	-	-(2)
	4-iodo-3-nitrobenzoic acid 2-amino-3-nitrobenzoic acid	4I3NBA 2A3NBA		Alfa Aesar Aldrich	97 % 96 %	--	-(2) -(2)
	4-fluorobenzoic acid	4FBA		Acros Organics	99 %	-	-(2)
	3-nitrobenzoic acid p-toluic acid 2,5-dinitrobenzoic acid	3NBA PTA 25DNBA		Alfa Aesar Acros Organics Aldrich	99 % 98 % 95 %	+ -+	+ (2) -(2) + (2)
	2-chloro-5-nitrobenzoic acid	2Cl5NBA		Acros Organics	99 + %	-	-(2)
	2-fluoro-5-nitrobenzoic acid 2-benzoylbenzoic acid 4-methyl-3,5-dinitrobenzoic acid	2F5NBA 2BBA 4M35DNBA		Acros Organics Acros Organics Aldrich	98 % 98 + % 98 %	+ -+	+ (1) -(2) + (2)
	2-methyl-3-nitrobenzoic acid 3,5-dinitrosalicylic acid 35DNSA 2M3NBA		Acros Organics Aldrich	99 % 98 %	-+	-(2) + (2)
	3-aminobenzoic acid	3ABA		Acros Organics	99 + %	-	-(2)
	3,5-dihydroxybenzoic acid 4-chlorobenzoic acid 4-fluoro-3-nitrobenzoic acid	35DHBA 4ClBA 4F3NBA		Acros Organics Acros Organics Aldrich	97 % 99 % 98 %	--+	-(2) -(2) + (2)
	Tested compound 3-hydroxybenzoic acid 4-chloro-2-nitrobenzoic acid	Abbreviation 3HBA 4Cl2NBA	Formula	Supplier Acros Organics Acros Organics	purity Indicative 99 % 97 %	-+	evaporation Solvent -(2) + (2)
	3,5-dinitrobenzoic acid 2-chlorobenzoic acid 4-methyl-3-nitrobenzoic acid	35DNBA 2ClBA 4M3NBA		Alfa Aesar Acros Organics Acros Organics	98 + % 98 % 99 %	+ --	+ (2) -(2) -(2)
	2-bromo-5-nitrobenzoic acid 3-hydroxy-4-nitrobenzoic acid o-toluic acid	2Br5NBA 3H4NBA OTA		Alfa Aesar Acros Organics Acros Organics	98 % 98 % 98 + %	+ --	Not tested -(1) -(2)
	2-methyl-3,5-dinitrobenzoic acid 2,4-dichlorobenzoic acid 24DClBA 2M35DNBA 3,4-dinitrobenzoic acid 34DNBA		Alfa Aesar Acros Organics Acros Organics	98 % 98 % 99 %	+ -+	-(2) + (2) + (2)
	Benzoic acid	BA		Acros Organics	98 %	-	Not tested
	Antoine BUREL PhD thesis					

TAB. 18: (+ yes, -no)

4-chloro-3,5- dinitrobenzoic acid 4Cl35DNBA

  

	Aldrich	97 %	+	+ (2)
	(1) recrystallized from Ethanol; (2) recrystallized from Acetone			

values of the discovered co-crystals of Phenanthrene

  The comparison of the XRPD patterns of the mixtures of different compositions allowed to evidence co-crystal stoichiometry.The stoichiometry values associated with the different discovered co-crystals are summarized in tab.19. The corresponding XRPD patterns are provided in appendix 6, p. 277.

	Co-former	Co-crystal stoichiometry (Phenanthrene:co-former)	XRPD patterns
	35DNBA	1:1	fig. S18 / p. 277
	3NBA	1:2	fig. S19 / p. 277
	4Cl2NBA	1:2	fig. S20 / p. 278
	2M35DNBA	1:1	fig. S21 / p. 278
	4M35DNBA	1:1	fig. S22 / p. 279
	4F3NBA	1:2	fig. S23 / p. 279
	4H3NBA	1:2	fig. S24 / p. 280

TAB. 19: Stoichiometry

Tested co-former Mass of Phenanthrene (g) Mass of co-former (g) Mass of Acetone (g)

  

	PMDA	0.901	1.110	4.014
	TCPA	0.770	1.238	3.485
	35DNBA	0.911	1.084	5.452
	2M35DNBA	0.882	1.117	2.411
	4M35DNBA	0.882	1.118	7.729
	4Cl2NBA	0.456	1.544	1.453
	4F3NBA	0.650	1.351	1.515
	4H3NBA	0.654	1.346	2.847
	7. Preliminary tests on Phenanthrene/TCTN co-crystal highlighted that the co-former could not be removed by treatment with
	10 wt. % NaOH or 20 wt. % HCl aqueous solutions. Consequently, no further investigation was performed on this co-crystal.
	Moreover, crystallization of Phenanthrene/3NBA co-crystal in Acetone led to a viscous solution that could not be stirred.

  TAB. 21: Impurity levels in purified Phenanthrene samples -impurities are sorted by ascending elution order. ND: Not detected (< 0.0001 wt. %). * Undetermined isomer

				Recovered from co-crystals with				
	Impurity	Com-mercial	Recrystal-lized in Acetone	PMDA	TCPA	35DNBA	2M35-DNBA	4M35-DNBA	4Cl2NBA	4H3NBA	4F3NBA
	Biphenyl	0.0071 ± 0.0004	ND	ND	ND	ND	ND	ND	ND	ND	ND
	Methylnaphthalene*	0.0068 ± 0.0002	0.0047 ± 0.0003	ND	ND	ND	ND	ND	0.0037 ± 0.0001	0.0033 ± 0.0008	0.0036 ± 0.0006
	Butenedioic acid, dibutyl ester*	0.158 ± 0.008	ND	ND	ND	ND	ND	ND	ND	ND	0.0303 ± 0.0009
	Dibenzofuran	0.0451 ± 0.0002	0.0083 ± 0.0002	0.0093 ± 0.0006	0.0055 ± 0.0002	ND	0.0087 ± 0.0003	0.0042 ± 0.0001	0.0174 ± 0.0007	0.0088 ± 0.0007	0.0180 ± 0.0006
	Fluorene	1.692 ± 0.0002	1.21 ± 0.02	0.362 ± 0.006	0.532 ± 0.002	0.0803 ± 0.0009	0.698 ± 0.005	0.574 ± 0.003	0.91 ± 0.04	0.528 ± 0.008	1.31 ± 0.05
	Methylbiphenyl*	0.054 ± 0.002	0.0227 ± 0.0004	0.0035 ± 0.0003	ND	0.0032 ± 0.0005	0.0072 ± 0.0003	0.009 ± 0.002	0.034 ± 0.002	0.0173 ± 0.0007	0.026 ± 0.002
	Xanthene	0.017 ± 0.005	ND	ND	ND	ND	ND	ND	ND	ND	0.0048 ± 0.0001
	Fluorene isomer*	0.018 ± 0.002	0.0134 ± 0.0003	0.0044 ± 0.0004	0.0053 ± 0.0001	0.0026 ± 0.0005	0.0060 ± 0.0003	0.0056 ± 0.0001	0.0124 ± 0.0009	0.0068 ± 0.0005	0.0111 ± 0.0008
	9,10-dihydroanthracene	0.099 ± 0.005	0.0154 ± 0.0005	0.0054 ± 0.0001	0.0044 ± 0.0001	ND	ND	ND	0.0118 ± 0.0001	0.0151 ± 0.0009	0.034 ± 0.002
	Dihydro-anthracene or -phenanthrene*	0.0365 ± 0.0003	0.0099 ± 0.0003	0.0065 ± 0.0004	0.0035 ± 0.0005	ND	0.0061 ± 0.0001	0.0043 ± 0.0001	0.0106 ± 0.0001	0.0083 ± 0.0004	0.020 ± 0.002
	Dihydro-anthracene or -phenanthrene*	0.087 ± 0.002	0.0143 ± 0.0004	0.0054 ± 0.0008	ND	ND	0.0073 ± 0.0001	0.0044 ± 0.0002	0.0125 ± 0.0002	0.0133 ± 0.0008	0.038 ± 0.002
	1-methylfluorene	0.209 ± 0.003	0.104 ± 0.002	0.0165 ± 0.0001	0.020 ± 0.002	ND	0.082 ± 0.007	0.045 ± 0.002	0.059 ± 0.003	0.0591 ± 0.0003	0.150 ± 0.007
	Tetrahydro-anthracene or -phenanthrene*	0.017 ± 0.002	ND	0.0031 ± 0.0001	0.0038 ± 0.0001	ND	0.0041 ± 0.0001	0.0035 ± 0.0009	ND	ND	0.0059 ± 0.0005
	Tetrahydro-anthracene or -phenanthrene*	0.012 ± 0.001	0.0034 ± 0.0001	ND	ND	ND	ND	ND	0.0039 ± 0.0009	0.003 ± 0.001	0.006 ± 0.001
	Dibenzothiophene	1.78 ± 0.04 0.91 ± 0.02 0.86 ± 0.02	1.453 ± 0.005	0.610 ± 0.007	1.71 ± 0.02	0.9359 ± 0.0002	1.10 ± 0.05 0.94 ± 0.02 1.50 ± 0.07
	Naphthothiophene 1*	0.114 ± 0.003	0.023 ± 0.002	0.062 ± 0.002	0.094 ± 0.004	0.076 ± 0.004	0.0775 ± 0.0003	0.075 ± 0.004	0 055 ± 0.002	0.048 ± 0.002	0.078 ± 0.004
	Anthracene	0.554 ± 0.005	0.37 ± 0.02	0.2132 ± 0.0007	0.377 ± 0.002	0.310 ± 0.009	0.3356 ± 0.0007	0.375 ± 0.007	0.175 ± 0.008	0.2184 ± 0.0001	0.38 ± 0.03
	Unknown impurity	0.0446 ± 0.0002	0.022 ± 0.007	0.023 ± 0.005	ND	0.014 ± 0.002	ND	ND	ND	ND	ND
	Benzoquinoline*	0.0639 ± 0.0004	0.0101 ± 0.0002	0.040 ± 0.004	0.0071 ± 0.0003	ND	ND	ND	0.008 ± 0.002	0.074 ± 0.003	0.024 ± 0.002
	Naphthothiophene 2*	0.297 ± 0.004	0.365 ± 0.008	0.14 ± 0.01	0.174 ± 0.004	0.0381 ± 0.0007	0.155 ± 0.005	0.098 ± 0.003	0.21 ± 0.01	0.1137 ± 0.0003	0.282 ± 0.007
	Methyl-dibenzothiophene or -naphthothiophene*	0.17 ± 0.02	0.072 ± 0.004	0.0330 ± 0.0002	0.043 ± 0.003	0.0137 ± 0.0001	0.1113 ± 0.0009	0.0534 ± 0.0009	0.0523 ± 0.0002	0.050 ± 0.005	0.160 ± 0.008
	Carbazole	2.8 ± 0.2	1.61 ± 0.03 1.16 ± 0.05 0.80 ± 0.03	0.300 ± 0.004	0.29 ± 0.02 0.36 ± 0.02 1.23 ± 0.04	0.748 ± 0.002	1.49 ± 0.02
	Methyl-phenanthrene or -anthracene	0.0831 ±	0.0145 ±	0.036 ±	0.0226 ±	0.020 ±	0.042 ±	0.012 ±	0.025 ±	0.0311 ±	0.051 ±
	1*	0.0008	0.0007	0.002	0.0001	0.002	0.002	0.004	0.002	0.0007	0.004
	Methyl-phenanthrene or -anthracene	0.036 ±	0.0056 ±	0.0075 ±	0.0049 ±	0.0088 ±	0.0075 ±	0.011 ±	0.0064 ±	0.0085 ±	0.0178 ±
	2*	0.004	0.0005	0.0007	0.0004	0.0004	0.0006	0.002	0.0002	0.0004	0.0006
	Methyl-phenanthrene or -anthracene	0.157 ±	0.111 ±	0.0068 ±	0.0117 ±	0.033 ±	0.082 ±	0.056 ±	0.0489 ±	0.058 ±	0.186 ±
	3*	0.009	0.003	0.0008	0.0004	0.003	0.003	0.002	0.0005	0.002	0.006
	Methylcarbazole*	0.012 ± 0.002	0.005 ± 0.001	ND	ND	ND	ND	ND	0.0042 ± 0.0001	ND	0.0055 ± 0.0001
	9,10-phenanthrenequinone	0.04 ± 0.02	0.0121 ± 0.0002	ND	ND	ND	0.0086 ± 0.0005	ND	0.0100 ± 0.0007	0.0119 ± 0.0002	0.025 ± 0.005
	Anthracene/Maleic Anhydride Diels Alder adduct	0.55 ± 0.09 0.18 ± 0.02 ND	ND	ND	ND	ND	ND	ND	ND
	Total	9.2 ± 0.4	5.1 ± 0.2	3.0 ± 0.1	3.56 ± 0.06 1.51 ± 0.03 3.64 ± 0.06 2.63 ± 0.04 4.0 ± 0.2	2.96 ± 0.04 5.9 ± 0.2
	Antoine BUREL PhD thesis								

  TAB. 22: Data on ternary Phenanthrene/35DNBA/Acetone mixture compositions -compositions are expressed in mass fractions. PHEN: Phenanthrene, ACT: Acetone.

	#	Composition of mixtures		Composition of liquids		Composition of solids
		PHEN	35DNBA	ACT	PHEN	35DNBA	ACT	PHEN	35DNBA
	a	0.471	0.000	0.529	0.301	0.000	0.699	1.000	0.000
	b	0.437	0.046	0.517	0.327	0.007	0.666	0.816	0.184
	c	0.347	0.113	0.539	0.338	0.006	0.656	0.459	0.541
	d	0.180	0.137	0.683	0.124	0.012	0.864	0.453	0.547
	e	0.152	0.150	0.698	0.089	0.021	0.890	0.458	0.542
	f	0.123	0.215	0.662	0.037	0.067	0.896	0.454	0.546
	g	0.097	0.231	0.672	0.032	0.117	0.851	0.457	0.543
	h	0.044	0.429	0.526	0.019	0.252	0.728	0.110	0.890
	i	0.000	0.499	0.501	0.000	0.277	0.723	0.000	1.000

  In this study, 15 new co-formers of Phenanthrene were discovered. Purification experiments were performed on technical-grade material by formation of 8 different co-crystals in solution. Measurements of impurity levels in Phenanthrene recovered from co-crystals shown that co-crystallization exhibited various efficiencies with respect to the different impurities, according to the selected co-former.Co-crystallization of Phenanthrene with 35DNBA shown the best purifying effect observed in this work. Indeed, it gives complete removal of Hydrophenanthrenes, Hydroanthracenes and Anthracene/Maleic Anhydride adduct, and substantial decreases of the levels of other impurities. The purity of the material was increased from 90.8 to 98.49 wt. % in one single shot, against 90.8 to 94.9 wt. % during recrystallization.
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	6) Conclusions and outlooks	

Phenanthrene samples before and after purification by co-crystallization and zone refining

  -impurities are sorted by ascending elution order.

	Impurity	Commercial	crystallization	After co-	Zone refined 0-1 cm 1-2 cm 2-3 cm 3-4 cm 4-5 cm 5-6 cm 6-7 cm 7-8 cm 8-9 cm
	Fluorene	0.0051 ± 0.0005	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	9,10-dihydroanthracene	0.31 ± 0.03	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	9,10-dihydrophenanthrene	0.0085 ± 0.0002	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	Tetrahydro-anthracene or -phenanthrene*	0.023 ± 0.003	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	Dihydro-anthracene or -phenanthrene*	0.012 ± 0.002	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	Dibenzothiophene	0.87 ± 0.04	0.25 ± 0.02	0.015 ± 0.002	0.0148 ± 0.0006	0.021 ± 0.002	0.031 ± 0.002	0.054 ± 0.004	0.0977 ± 0.0005	0.1985 ± 0.0001	0.48 ± 0.02	1.3 ± 0.2
	Naphthothiophene 1*	0.029 ± 0.002	0.021 ± 0.002	ND	ND	ND	ND	ND	0.003 ± 0.001	0.0064 ± 0.0005	0. 018 ± . 003	0.058 ± 0.003
	Anthracene	0.409 ± 0.003	0.212 ± 0.004	0.09 ± 0.02	0.101 ± 0.003	0.118 ± 0.006	0.139 ± 0.005	0.170 ± 0.002	0.200 ± 0.008	0.2555 ± 0.0002	0.35 ± 0.02	0.483 ± 0.002
	Naphthothiophene 2*	0.0081 ± 0.0004	0.004 ± 0.001	0.0041 ± 0.0006	0.0039 ± 0.0005	0.0039 ± 0.0005	0.003 ± 0.001	ND	ND	ND	ND	ND
	Methyl-dibenzothiophene or -naphthothiophene*	0.0061 ± 0.0004	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	Carbazole	0.023 ± 0.002	0.013 ± 0.002	0.0199 ± 0.0003	0.014 ± 0.002	0.0046 ± 0.0008	ND	ND	ND	ND	ND	ND
	9,10-phenanthrenequinone	0.023 ± 0.004	ND		ND	ND	ND	ND	ND	ND	ND	0.009 ± 0.002	0.054 ± 0.008
	Anthracene/Maleic Anhydride Diels Alder adduct	0.019 ± 0.004	ND		ND	ND	ND	ND	ND	ND	ND	ND	ND
	Total	1.75 ± 0.08	0.53 ± 0.03	0.13 ± 0.02	0.13 ± 0.02	0.15 ± 0.02	0.17 ± 0.02	0.22 ± 0.02	0.30 ± 0.02	0.46 ± 0.01	0.85 ± 0.05	1.9 ± 0.2
	Global molar purity (mole %)	98.30	99.49	99.87	99.87	99.85	99.83	99.78	99.70	99.54	99.16	98.16
	ND: Not detected (< 0.0001 wt. %); * undetermined isomer						

TAB. 23: Impurity levels (in wt. %, unless specified) in

DSC thermograms of Phenanthrene samples before and after purification by co- crystallization and Zone Melting

  . (endo down) TAB. 24:

FIG.

51:

Quantitative data on Phenanthrene sample thermograms Solid-solid transition Melting

  

		Onset temperature	Enthalpy	Onset temperature	Enthalpy
		(°C)	(J g -1 )	(°C)	(J g -1 )
	Commercial Phenanthrene	68.7	5.02	98.6	99.7
	After purification by co-crystallization	69.8	5.10	98.8	100
	After purification by				
	Zone Melting	71.8	5.49	99.3	102
	(purest part, 0-1 cm)				

DSC data on commercial and ultrapure Phenanthrene Solid-solid transition Melting
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	TAB. 27: Onset temperature	Enthalpy	Onset temperature	Enthalpy
		(°C)	(J g -1 , on heating)	(°C)	(J g -1 , on heating)
	Commercial Phenanthrene	68.0	4.99	98.3	99.8
	Ultrapure Phenanthrene	71.0	5.45	99.3	102

  • Phenanthrene/Fluorene/Acetone: Acetone: 1.42 min, Fluorene: 17.01 min, Phenanthrene: 19.54 min. • Phenanthrene/Anthracene/Toluene: Toluene: 4.63 min, Phenanthrene: 35.26 min, Anthracene: 35.43 min. • Phenanthrene/Dibenzothiophene/Acetone: Acetone: 1.10 min, Dibenzothiophene: 28.15 min, Phenanthrene: 28.81 min. • Phenanthrene/35DNBA/Acetone: Acetone: 1.10 min, Phenanthrene: 28.78 min, 35DNBA: 32.12 min.

  TAB. S2: Data on Phenanthrene/Dibenzothiophene/Acetone ternary mixture compositions (in mass fractions) -PHEN: Phenanthrene, DBT: Dibenzothiophene, ACT: Acetone.
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								Composition of the solids
		Composition of the physical	Composition of the liquids	deduced using
		ternary mixtures		measured by GC		Schreinemaker's method of
								wet residues	
	Mixture	PHEN	DBT	ACT	PHEN	DBT	ACT	PHEN	DBT
	1	0.499	0.000	0.501	0.300	0.000	0.700	1.000	0.000
	2	0.486	0.013	0.501	0.307	0.016	0.677	0.996	0.004
	3	0.462	0.037	0.500	0.392	0.040	0.669	0.970	0.030
	4	0.435	0.074	0.492	0.288	0.077	0.635	0.938	0.062
	5	0.386	0.112	0.501	0.313	0.115	0.573	0.903	0.097
	6	0.349	0.150	0.500	0.305	0.149	0.546	0.841	0.159
	7	0.311	0.187	0.501	0.285	0.187	0.528	0.805	0.195
	8	0.275	0.224	0.501	0.269	0.224	0.507	0.757	0.243
	9	0.237	0.263	0.500	0.239	0.231	0.530	0.206	0.794
	10	0.200	0.299	0.501	0.212	0.232	0.556	0.085	0.915
	11	0.125	0.375	0.500	0.145	0.206	0.649	0.058	0.942
	12	0.012	0.488	0.500	0.018	0.164	0.818	0.003	0.997
	13	0.000	0.500	0.500	0.000	0.190	0.810	0.000	1.000
							Composition of the	
	Composition of the physical ternary mixtures	Composition of the liquids measured by GC	solids deduced using Schreinemaker's method
							of wet residues	
	PHEN	ANT	TOL	PHEN	ANT	TOL	PHEN	ANT	
	0.497	0.000	0.503	0.287	0.000	0.713	1.000	0.000	
	0.484	0.005	0.511	0.287	0.004	0.709	0.993	0.007	
	0.477	0.010	0.513	0.288	0.006	0.705	0.980	0.020	
	0.425	0.030	0.545	0.283	0.008	0.709	0.898	0.102	
	0.399	0.040	0.561	0.281	0.009	0.710	0.844	0.156	
	0.350	0.060	0.589	0.246	0.011	0.742	0.751	0.249	
	0.325	0.070	0.605	0.218	0.013	0.769	0.722	0.278	
	0.313	0.073	0.614	0.206	0.015	0.779	0.709	0.291	
	0.305	0.078	0.617	0.204	0.015	0.780	0.685	0.315	
	0.296	0.082	0.622	0.206	0.015	0.779	0.652	0.348	
	0.287	0.086	0.628	0.204	0.015	0.780	0.625	0.375	
	0.271	0.091	0.638	0.187	0.014	0.799	0.604	0.396	
	0.250	0.099	0.650	0.185	0.014	0.801	0.531	0.469	
	0.226	0.109	0.665	0.190	0.014	0.796	0.408	0.592	
	0.201	0.119	0.680	0.183	0.013	0.804	0.302	0.698	
	0.174	0.129	0.697	0.182	0.013	0.805	0.122	0.878	
	0.150	0.140	0.711	0.162	0.013	0.825	0.075	0.925	
	0.100	0.158	0.742	0.107	0.012	0.880	0.060	0.940	
	0.075	0.168	0.757	0.081	0.012	0.907	0.044	0.956	
	0.050	0.180	0.770	0.055	0.012	0.933	0.024	0.976	
	0.025	0.190	0.785	0.028	0.011	0.960	0.011	0.989	
	0.000	0.200	0.800	0.000	0.010	0.990	0.000	1.000	
	Antoine BUREL PhD thesis					

TAB. S3: Data on Phenanthrene/Anthracene/Toluene ternary mixture compositions (in mass fractions) -PHEN: Phenanthrene, ANT: Anthracene, TOL: Toluene.

Here, "solid state" designates crystallized compounds, and excludes glassy state.Normandie Université

Melting, sublimation and vaporization can be considered, to a certain extent, as order-disorder transitions. As the starting phase undergoes a complete deconstruction of molecular packing, these transformations can be considered as being somewhat reconstructive.Antoine BUREL PhD thesis

PAHs are organic compounds containing more than one aromatic rings that are generally fused.

Abbreviation for Globally Harmonised System of Classification and Labelling of Chemicals, a European official organism.

d) Summary

Efficient columns give thin peaks, which generally improves the resolution between the bands of solutes that exhibit close retention times.Normandie Université

The chosen solutes are: Fluorene*, 9,10-dihydroanthracene*, 9,10-dihydrophenanthrene*, 1-methylfluorene*, Dibenzothiophene*, Phenanthrene, Anthracene*, Carbazole*, 2-methylanthracene**, 9-methylanthracene**, 9,10dimethylanthracene**. * impurities found in commercial Phenanthrene samples, ** compounds chosen in order to model methylated derivatives of Phenanthrene and Anthracene.

FIG. 38: Impurity distribution profiles after zone refining experiments -on the x axes, 0 corresponds to the starting position of the zone, and 9 cm to the final position.

The proportions of the three species should be adapted in order to obtain a two-phase equilibrium between the co-crystal and the saturated liquid.Normandie Université

Eventually, Carbazole can also be denitrogened using specific catalysts. The product is then converted to Bicyclohexyl [74].

vi. Summary

As shown in this part, the impurities of Phenanthrene present various chemical reactivities. Most of them are able to be alkylated using alkyl halides, or hydrogenated under catalytic conditions. Hydrogenation process can lead to hydrogenated and/or desulfurized/denitrogened products, according to the impurity. Consequently, these reactivities offer many possibilities for impurity chemical modification, especially for alkylation.

Antoine BUREL PhD thesis

Combinatorial approaches

c) Purification of Phenanthrene by chemical treatments

As revealed by the previous part, Phenanthrene impurities exhibit various chemical reactivities. In this part, several chemical treatments were applied:

(i) treatment with Maleic Anhydride, in order to transform impurities exhibiting the reactivity of dienes to their corresponding Diels Alder adduct;

(ii) treatments with n-butyllithium and alkyl halides to perform impurity alkylations;

(iii) treatments with Hydrogen and Raney Nickel, to perform impurity hydrogenations.

The effect of these treatments on Phenanthrene impurity identities was assessed by means of GC-MSD. In case of successful impurity conversion, treated products were purified by means of co-crystallization with 35DNBA. The ability of the procedure at removing the daughter impurities was assessed by GC-FID.

i. Purification of Phenanthrene by treatment with Maleic Anhydride

Detection of Anthracene/Maleic Anhydride Diels Alder adduct in commercial Phenanthrene samples (see chapter III) indicates that, during manufacturing, the product is treated with Maleic Anhydride to attempt Anthracene removal by adduct formation and extraction of the latter with a basic-pH aqueous phase. This treatment was also performed by McArdle et al. [32] and Feldman et al. [75], which led to Anthracene complete elimination. However, in commercial products, the simultaneous detection of Anthracene and the adduct highlights that the conversion of Anthracene was incomplete, which requires to re-apply the treatment with Maleic Anhydride to improve the conversion rate. In this part, treatment of commercial technical-grade Phenanthrene with Maleic Anhydride was performed. Its effect was assessed by means of GC-FID measurements.

Experimental procedure

A mixture of 4 g (22.4 mmol) of technical-grade Phenanthrene (Alfa Aesar, 90 %) and 2.20 g (22.4 mmol) of Maleic Anhydride (Acros Organics, 99 %) was refluxed for 9 h in 25 mL of Toluene (HPLC grade, VWR Chemicals). After reflux, Toluene was evaporated under vacuum. 300 mg of wet powder was put into 6 mL of Dichloromethane (Reagent grade, VWR Chemicals). Anhydrides were extracted using 3 × 6 mL of 10 wt. % aqueous NaOH solution and 3 × 6 mL of milli-Q® water. The organic layer was recovered, dried over MgSO4 (Fischer), and filtered over 0.2 µm PTFE syringe filter. The solvent was let evaporating to air for 10 h, and the recrystallized powder was dried overnight at 50 °C.

Results

GC-FID chromatograms of the starting and treated products are shown in fig. 52.

No difference between both chromatograms could be evidenced, which shows that the treatment had no effect on Anthracene conversion. This indicates that the kinetics of the Diels Alder transformation was too low in the tested conditions.

Moreover, the presence of Anthracene/Maleic Anhydride adduct in the treated product indicates that the adduct extraction procedure was unable at eliminating this impurity, which might be caused by low sodium salt formation kinetics and unfavorable partition coefficient during extraction.
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TAB. 28: Summary of Phenanthrene purification method advantages and drawbacks

Method Advantages Drawbacks

Solvent-assisted recrystallization

• Applicable with basic laboratory equipment.

• Leads to partial removal of impurities from Phenanthrene.

Zone Melting

• Amplifies impurity displacement at ingot ends.

• Not appropriate to remove Fluorene from Phenanthrene.

•

Requires pre-purification procedures before application.

•

Generates Phenanthrenequinone when the tube is not sealed under protective atmosphere.

Vacuum sublimation •

Separates Phenanthrene from its inorganic impurities.

•

Does not require the use of solvent, which prevents from sample pollution.

• Does not separate Phenanthrene from its organic impurities (using our prototype)

Co-crystallization with 35DNBA

• Completely eliminates Hydroanthracenes, Hydrophenanthrenes and Anthracene/Maleic Anhydride adduct from Phenanthrene.

•

Significantly decreases Fluorene, Dibenzothiophene, Anthracene and Carbazole levels in Phenanthrene.

•

Requires the use of 35DNBA and a procedure to separate it from Phenanthrene.

Co-crystallization with 35DNBA followed by Zone Melting

• Facilitates impurity removal by Zone Melting.

• Time-costing procedure.

Impurity alkylation followed by cocrystallization of treated Phenanthrene with 35DNBA

• Converts Fluorene and eliminates its daughter impurities.

• Converts most of the other impurities, whose daughter ones are not systematically completely eliminated.

•

Does not convert Dibenzothiophene in the tested conditions.

Impurity hydrogenation followed by cocrystallization of treated Phenanthrene with 35DNBA

• Desulfurizes Dibenzothiophene and Naphthothiophenes.

•

Converts Anthracene.

•

Eliminates the impurities generated by the treatment.

• Does not convert Fluorene and Carbazole (in this case, further application of a supplementary method is required). 

4) Composition data on ternary systems investigated in this work