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A review of work on pharmaceutical molecular materials studied under high pressure was carried out. The behavior of the crystallographic structure of these materials is observed under high pressure thanks to X-ray diffraction laboratory, synchrotron experiments or Raman spectroscopy. In particular, the highlighting of phase transitions and the discovery of new crystallographic forms are an important application of these methods. Works performed from the last two decades shows that two ways are mainly used: direct compression of powders or single crystals and crystallization under high pressure in different solvents.

The evolution of the cell volumes and lattice parameters of different compounds have been observed with direct compression experiments of the order of few GPa to few tens of GPa. On few compounds the discovery of new polymorphic forms is highlighted. High pressure crystallization experiments generally require lower pressure ranges, on the order of few hundred to few GPa. For numerous pharmaceutical molecules, new polymorphs but also salts, solvates, hydrates or co-crystals can be obtained. It depends on the solvents and pressure ranges chosen. It shows the possibility to select the desired crystallographic form of a given active principle by a judicious choice of these parameters.

Introduction

Pharmaceutical materials, as molecular materials, are characterized by the coexistence of strong and weak interatomic forces; the strong forces bind together groups of atoms into well-defined molecular units, while the weak forces (e.g. Van der Waals or Hydrogen forces) bind the molecules together and govern the molecular arrangement. Such materials are sensitive to environmental conditions (temperature, mechanical stresses, hygroscopicity) and particularly to pressure because of these weak inter-molecular bonds [START_REF] Zallen | Pressure-Raman effects and vibrationnal scaling laws in molecular crystals : S8 and As2S3[END_REF][START_REF] Zallen | Influence of pressure and temperature on phonons in molecular chalcogenides: Crystalline As4S4 and S4N4[END_REF]. Yet, pressure is ideally suited to study the behavior of molecular solids, because weak intermolecular interactions are most likely to be easily compressed and conformations of organic molecules themselves can also be modified which, in turn, can lead to structural phase transition. Thus, hydrostatic pressure provides a real opportunity to influence, and thereby investigate, the intermolecular "bonding" in molecular crystals. It is also well-known that high pressure can induce polymorphic transformation [START_REF] Zallen | Pressure-Raman effects and vibrationnal scaling laws in molecular crystals : S8 and As2S3[END_REF][START_REF] Zallen | Influence of pressure and temperature on phonons in molecular chalcogenides: Crystalline As4S4 and S4N4[END_REF][START_REF] Hédoux | Raman effects under pressure in chloroadamantane plastic crystal[END_REF][START_REF] Hédoux | Pressure-induced transformations and high-pressure behaviour in cyanoadamantane plastic crystals[END_REF][START_REF] Hédoux | Pressure-induced ordering in cyanoadamantane plastic crystal[END_REF]. The most well-known definition of polymorphism is the following : A polymorph is a solid crystalline phase of a given compound resulting from the possibility of at least two different arrangements of the molecule of that compound in the solid state [START_REF] Mccrone | Polymorphism[END_REF].

On the other hand, this low stability under pressure is not without posing issue in the pharmaceutical field, because polymorphism can be an opportunity but also a problem. Indeed, different polymorphs for a given active pharmaceutical ingredient (API) have different physical and chemical properties, which can cause change in the solubility, stability, dissolution, bioavailability and final efficiency of drugs. Polymorphism is therefore particularly studied in the case of pharmaceutical materials and its importance is widely recognized in this sector from both an academic and an industrial point of view [START_REF] Vippagunta | [END_REF]. The knowledge of all the physical state of an API (polymorphs, solvates, hydrates) is also important for regulation issue [START_REF] Zimmermann | Thermal analysis of paracetamol polymorphs by FT-IR spectroscopies[END_REF]. That's why It is important to select the best polymorph and ensure its stability, to avoid unexpected transformation during storage [9] [10] [START_REF] Bernstein | Polymorphism in Molecular Crysals[END_REF]. Therefore, it is important to perform a polymorphic screening for each API, select the most stable and efficient polymorph and ensure that the synthesis and manufacturing processes that subject these compounds to aggressive conditions (humidity, temperature, high pressures, etc.) do not affect the final crystalline form. In particular, the high pressures required during tabletting (of the order of 40-200 MPa) can induce unwanted transformations.

Thus, high pressure experiments on API would be of interest in order to study the behavior of pharmaceuticals in high-pressure conditions from a fundamental point of view to better understand the molecular interactions and the behavior of crystalline bonds on the one hand. On the other hand, the high pressure makes it possible to carry out a polymorphic screening but also to ensure the stability of a given polymorph when it is subjected to high pressure during manufacturing processes. Also, since few years, the application of high pressures, of the order of several hundred MPa to several GPa is a new possibility for exploring the different polymorphic forms of an API, adding to well-known method such as crystallization in different solvents or after melting the compound at high temperature [START_REF] Higashi | Recent progress of structural study of polymorphic pharmaceutical drugs[END_REF][START_REF] Rustichelli | Solid-state study of polymorphic drugs: carbamazepine[END_REF], grinding [START_REF] Martinetto | Structural transformations of d-Mannitol induced by in-situ milling using real time powder synchrotron radiation diffraction[END_REF][START_REF] Hu | Solid-State transformations of Sulfathiazole Polymorphs: The effects of milling and humidity[END_REF], co-crystallisation [START_REF] Schultheiss | Pharmaceutical Cocrystals and Their Physicochemical Properties[END_REF][START_REF] Brittain | Pharmaceutical Cocrystals: The Coming Wave of New Drug Substances[END_REF][START_REF] Shan | The role of cocrystals in pharmaceutical science[END_REF][START_REF] Vishweshwar | Pharmaceutical co-crystals[END_REF]. It is particularly interesting, since it makes it possible to observe the state of the material under extreme conditions, to explore the pressure-temperature equilibrium diagrams but also, to a certain extent, to simulate the tabletting methods used during the shaping of API.

In particular, the development of experiments under high pressure on organic molecules, using diamond anvil cells has enabled a new method of investigation of the different pharmaceutical forms [20]. The first experiments on molecular chemical compounds have been performed on chloroform [21], benzene II [22], monochlorobenzene [23], tetrachloromethane [24], methane [25], and squaric acid [26]. These works have shown the potential for direct compression application on molecular materials and the information on the physical behavior of the material which can be obtained.

Work on a first pharmaceutical molecule, acetaminophen, better known as paracetamol, a widely used anti-analgesic, and on phenacetin were published 30 years later [27,28]. Since then, a large number of works have been carried out, either with a view to finding new polymorphic forms, solvates, salts or hydrates of active ingredients known, or to ensure the stability of an active ingredient during manufacturing, or determine pressure-temperature diagrams.

The purpose of this work is to provide a review of the results obtained on various API, following experiments involving high-pressure solicitation. The influence of the various environmental parameters (pressure ranges, solvents) and the advantages of the different tools used during these experiments are discussed. The high-pressure experiments on molecular materials carried out during the last two decades followed two parallel paths. Also, direct compression experiments, where a crystalline form is subjected to high pressures of several GPa are discussed. Then, a focus is made on high pressure crystallization methods, where the API is dissolved and compressed until crystallization.

The crystallographic evolutions of these materials, depending on the molecular arrangement, are also discussed, thanks to the analysis of cell volume and lattice parameter evolution on numerous API. In numerous cases, phase transitions are observed, leading sometimes to new polymorph discovery. The analysis is done in parallel on the methods of direct compression and high pressures crystallization and a comparison between these two methods is carried out. These reflections should allow advancing some tracks concerning future experiments under high pressure involving the pharmaceutical materials in a double approach:

-The use of high pressure experiments to study the physical behavior of the molecular materials constituted by pharmaceutical molecules.

-The use of high pressure experiments for the exploration of polymorphism, whether for the purpose of discovering new polymorphs or to ensure the stability of a compound.

High pressure methods

Direct compression in Diamands Anvil Cells

High pressure experiments can be developed through the use of Merrill-Bassett Diamond Anvil Cells [29]. Diamond anvil cells consist of two diamonds positioned facing each other. This material has a low absorption for short wavelengths in X-rays, and being transparent to U.V. and I.R., allowing insitu structural X-Ray diffraction or Raman analysis. The diamonds are held by a brass, steel or tungsten carbide holder. The sample is placed in a small hole drilled in the joints between the diamond tops [START_REF] Lee | Structure of organic solids at low temperature and high pressure[END_REF]. The general setup of a diamond anvil cell is presented on Figure 1.

The pressure measurement is carried out using a ruby of 5 to 10 microns. The ruby has a fluorescence doublet at 692.7 nm and 694.2 nm at atmospheric pressure. Under pressure, a shift of the lines of this doublet is observed, which provides an internal reference allowing the determination of the pressure in the cell [31]. Three ruby crystals are commonly used to ensure the hydrostatic nature of the high pressure. High pressures can be achieved, the highest reported for pharmaceutical materials being 23 GPa [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF], and pressures between 5 and 10 GPa being regularly obtained. A pressure transmitting medium can sometimes be used for this type of experiment, in particular:

-1:1 pentane-isopentane mixture [27,28] -4:1 methanol-ethanol mixture [START_REF] Dawson | Effect of High Pressure on the Crystal Structures of Polymorphs of Glycine[END_REF][START_REF] Boldyreva | Pressure-induced phase transitions in crystalline L-serine studied by single-crystal and highresolution powder X-ray diffraction[END_REF][START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF][START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF][START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] -Argon [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF] -Steatite (pressure medium commonly used as thermal insulator for HP-HT experiments) [START_REF] Smith | High-Pressure high temperature phase diaggram of organic crystal paracetamol[END_REF] It is also possible to not use a transmitter medium [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF] [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF][START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF]. No author mentions chemical reaction between the transmitting medium and the API used.

In-situ compression experiments are thus particularly delicate, since they require enough intensity of the probe beam used (Raman, X-rays) for the diagrams obtained to be exploitable despite the absorption of the beam by the pressure device, and the small opening window allowing the penetration of the beam. They can be performed on both powders and single crystals.

High pressure crystallization in diamond anvil cells

The process of high pressure crystallization is close to direct compression experiments. The diamond anvil cell is loaded with a solution containing the dissolved compound. The increase in pressure decreases the solubility of the compound, which then precipitates in a stable crystalline form under these high pressures. A rise in temperature then makes it possible to dissolve the API, except one crystallite, which serves as a seed for the formation of a larger monocrystal, analyzable in X-ray diffraction. Various solvents may be used, among which water, methanol, or ethanol. The originality of this method is that it can lead to new polymorphic forms but also to the formation of hydrates [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF] di-hydrates [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF], solvates [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF], or co-crystals synthesis [START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF].

Pressure tight vessels

Pressure tights vessels achieve lower high pressures than diamond anvil cells [START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF] [44] (about 2 GPa), and allowed only ex-situ experiments. However, this type of device allows long experiments, and the observation of the sensitivity under high pressures of a compound in time. Such analyzes carried out ex-situ can then be carried out on powders, thus avoiding the tedious step of synthesizing a monocrystal. These experiments are therefore particularly accessible in the laboratory and suitable to simulate the effect of pressing during manufacturing.

3 Results obtained from high pressure expriments on APIs

Historical

Before analysis on pharmaceutical materials, direct compression works performed on molecular materials demonstrate the technical feasibility of observation and quantification of crystallographic lattice parameters under pressure [20-26] [48-50].

To our knowledge, the first experiments on pharmaceutical materials were carried out from 1999 to 2002 on paracetamol and phenacetin [27, 28] [51]. These structures were submitted to direct compression from atmospheric pressure up to 5.5 GPa, making it possible to follow the evolution of their lattice parameters with the first mention of a polymorphic transformation.

In 2003, the first high pressure crystallization experiments on pharmaceutical molecules were carried out by Fabbiani et al. [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF], on paracetamol again. Crystallization of paracetamol in a methanol solution results in the growth of a monoclinic methanol-paracetamol 1:1 solvate. These investigations were followed up in 2004 [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF]. A paracetamol dihydrate (monoclinic form) was obtained from the crystallization in water of paracetamol. In addition, the form II (orthorhombic) of paracetamol was obtained from crystallization under high pressure in ethanol. In 2005, such pressure crystallization work was also carried out on the piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] and led to the discovery of the form IV (FIV, monoclinic) of piracetam and to a monohydrate (monoclinic).

Works using pressure tight vessels were carried out [START_REF] Okumura | Polymorphic Transformation of Indomethacin under High Pressures[END_REF] on indomethacin in 2005 with ex-situ diffraction analysis. Amorphizations and polymorphic transitions were both observed.

The first works using synchrotron radiation were performed in 2006, by Boldyreva et al. [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF]. Direct compressions experiments were carried out on chlorpropamide up to 5.5 GPa to observe precisely the evolution of the lattice parameters of the compound under compression.

The first joint work of high pressure crystallization and direct compression was carried out in 2007 on the piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] [52] and led to the discovery of a form V (triclinic) and a dihydrate of this compound. Boldyreva [START_REF] Boldyreva | High-pressure diffraction studies of molecular organic solids. A personal view[END_REF] then explained that the DACs allowed a rise of the studies under high pressures on the organic molecules in three distinct ways:

-Crystallization of liquids under high pressures.

-The crystallization of solids from solutions under high pressures, allowing access to new polymorphs and select the desired form.

-The direct compression experiments to observe the compression of a given phase, polymorphic transformations, and chemical transformations.

The present review deals with the last two points.

In 2008 [START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF] and 2009 [START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF] Oswald et al. used high pressure crystallization in an original way, to form a paracetamol-piperazine co-crystal. That's why crystallization under high pressure can now be considered as a possible route for the synthesis of co-crystals. In a second step, they confirm the possibility of forming either a monohydrate or form II of paracetamol during crystallization under pressure depending on the crystallization pressure used.

The first experiments on indomethacin indicating the possibility of amorphization under pressure were carried out by Hédoux et al. [START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF] using Raman spectroscopy up to 14 GPa. These confirmed previous results obtained in Pressure tight Vessel.

From 2009 to 2014, many works were carried out on different compounds, leading to new polymorph discovery:

-High pressure crystallization experiments were carried out on ciprofloxacin, to observe the formation of different salts depending on the pressure range and the salt concentrations used in solution [START_REF] Fabbiani | Crystal structures with a challenge: high-pressure crystallisation of ciprofloxacin sodium salts and their recovery to ambient pressure[END_REF].

-Similar experiments also make it possible to synthesize and characterize a gabapentin heptahydrate at 0.8 GPa thanks to synchrotron experiments [START_REF] Fabbiani | Searching for novel crystal forms by in situ high-pressure crystallisation: the example of gabapentin heptahydrate[END_REF].

-High pressure crystallization experiments were carried out on γ-amino butyric acid (GABA) [START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF] to form a monohydrate.

-Direct compression experiments conducted on chlothiazide [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF] both on single crystal (in the laboratory) and powder (on synchrotron) up to 6 Gpa.

-Direct compression experiments were attempted on paracetamol again [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF], up to 23 GPa by Raman and synchrotron spectroscopy, on powder from Form I. Transitions to Form II and then to unresolved Form IV (noted as FIV) and unresolved Form V (noted as FV) were observed.

-Direct compression experiments were carried out on spironolactone forms I and II (both orthorombic) by Raman spectroscopy up to 5.5 GPa [START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF].

In 2015, Ostrowska et al. [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF] shows that structural transformation is not systematically observed after high pressure recrystallisation. It turns out that despite the variety of pressures and solvents used, racemic ibuprofen was always recrystallized into the stable form.

In 2016, Smith et al. [START_REF] Smith | High-Pressure high temperature phase diaggram of organic crystal paracetamol[END_REF]coupled direct compression experiments with temperature experiments on paracetamol powder. No new polymorphs were obtained, but the experiments carried out here allowed them to define diagrams of pressure-temperature evolution of the different phases of paracetamol. The same year, Olejniczak et al. [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF] published high pressure crystallization results of xylazine hydrochloride and the discovery of two different hydrates (triclinics) formed at high pressure, as well as three different solvates (all triclinic) after crystallization in different solvants.

In 2017, Abbas et al. [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] studied mefenamic acid. Firstly by direct compression of Form I up to 2.5 GPa. In a second time by high pressure crystallization which allowed them to obtain the form II (triclinic) of this compound at 0.3 GPa. High pressure crystallization experiments gives more and more interesting results because in 2019, form δ of p-aminobenzoic acid was discovered and in 2020, it was form IV of benzocaïne which was discovered.

Figure 2 summarize the brief historical carried out from 1999 until today.

Thus, it can be seen that fifteen different pharmaceutical compounds have been studied under high pressure, paracetamol being by far the most studied. These high-pressure studies on pharmaceutical compounds followed mainly two parallel pathways: direct compression experiments from 1999, and high pressure crystallization experiments from 2003, only two compounds having been studied at the same time by both methods. It therefore seems appropriate to identify and discuss on two main fields of study: Direct compression work and pressure crystallization work. Some results on the third area, pressure tight vessels experiment coupled with ex-situ experiments are also discussed.

Direct compression Results

Table 1 summarizes the high pressure experiments carried out in direct compression on pharmaceutical materials. In this table, the studied molecules and their crystallographic forms (single crystal or powder) are indicated, as well as the ranges of pressure and the setup used (Synchrotron, X-ray Laboratory setup noted Lab., specifying the source of X-rays, or Raman spectroscopy, denoted Raman Spectr.). For each compound, the existence or not of phase transition is indicated, with the starting and final form, and the pressure at which this transition is observed. Finally, the year of publication of the work and the reference are noted. To our knowledge, only 7 different compounds have been tested in direct compression. Paracetamol is the most studied [27] [28] [32] [38, 51]. The other compounds studied are phenacetin [27], chlorpropamide [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF], piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] , chlorothiazide [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF], spironolactone [START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF] and mefenamic acid [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] .

The experiments were carried out as well on powder (4 compounds) as on single crystal (3 compounds). Direct compression experiments are well distributed between x-ray laboratory [27] [28] [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] [51] synchrotron [32] [36] [39] [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] and Raman spectroscopy [32] [38] [40] experiments. Molybdenum setups are used in laboratory on 3 API (paracetamol, phenacetin, mefenamic acid), because of the lower X-ray wavelengths, X-rays are less absorbed by the diamand anvil cells. The pressure used ranges from 0 to 23 GPa, this maximum being obtained for paracetamol studies [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF] in 2014 with both Raman and Synchrotron Analysis.

Both piracetam and chlorothiazide have polymorphic transition. Pressures of 0.45 to 0.7 GPa are necessary for piracetam, while it is necessary to obtain a pressure of 4.4 GPa to obtain a transition of chlorothiazide. It should be noted that all the works showing the observation of new polymorphs at high temperatures don't indicate stabilization of this phase at atmospheric pressure.

High Pressure Crystallisation Results

Table 2 summarizes the high pressure crystallization experiments carried out on pharmaceutical compounds. The crystallization medium is indicated, as well as the crystallographic forms obtained after crystallization and the pressure used. Finally, nine pharmaceutical compounds were studied in this way (eight alone, since piperazine was studied in co-crystallization with paracetamol): paracetamol [START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF] [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF][START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF], piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF][START_REF] Fabbiani | An exploration of the polymorphism of piracetam using high pressure[END_REF], piperazine [START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF], GABA [START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF], ibuprofen [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF], xylazine hydrochloride [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF] and Mefenamic Acid [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF]. As for direct compression, paracetamol is the most studied material.

It can be observed that the pressures used here are never higher than 4 GPa [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF] and very often less than or equal to 1.5 GPa. These pressures are low compared to those used in direct compression. It allowed, however, obtaining new polymorphic forms on paracetamol [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF] [42], piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] [52], xylazine hydrochloride [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF], p-aminobenzoic acid [START_REF] Ward | Discovery and recovery of delta p-aminobenzoic acid[END_REF] and benzocaine [START_REF] Patyk-Kazmierczak | A new high pressure benzocaine polymorph -towards understanding the molecular aggregation in crystals of an important active pharmaceutical ingredient (API)[END_REF].

Pressure tights Vessel results

For pressure tight vessel experiments (Table 3), the case of indomethacin is particularly interesting [START_REF] Okumura | Polymorphic Transformation of Indomethacin under High Pressures[END_REF]. Mixtures of indomethacin in α, γ and amorphous forms were subjected to hydrostatic pressures ranging between 100 and 400 MPa in a pressure-tight vessel. After several days (between 1 and 4) the samples are analyzed ex-situ by X-ray diffraction. It leads to the following observations :

-a part of the form γ of the powder is converted into a form α.

-the α or γ forms can be amorphized under the effect of the pressure -Phase transformations occurs at pressures below 1 GPa, which is much lower than the γ → α transformations observed by Hédoux et al. [START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF] (4 GPA, see Table 1) in direct compression.

In addition, it should be noted that such experiments are performed ex-situ and are therefore more readily available in the laboratory. The low pressures used allow simulating the impact of pressing processes on the molecule.

The work of Oswald et al. [START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF] indicates that the concentration of paracetamol leads to either form II or a monohydrate after applyng high pressure in Vessel. Unlike indomethacin, the values obtained are quite consistent with the values obtained in direct compression (Table 1). It is particularly interesting to note that the forms accessible at high pressure can be stabilized at ambient pressure when they are obtained in pressure tight vessel.

Discussion

Influence of experimentals parameters

The analysis of the literature carried out and the Table 1, Table 2 and Table 3 help to discuss the influence of the following experimental parameters:

-The analysis tool (Raman, Laboratory Diffraction, Synchrotron), and the starting form of the compound (monocrystal or powder)-The pressure ranges used for both direct compression and high pressure crystallization experiments -The crystallization medium for high pressure crystallization experiments

Analysis Tools

X-ray diffraction is the most used tools, since it gives direct access to the crystallographic structure of an API via its lattice parameters, and the position of the atoms in the latter. Two different crystallographic phases of the same API have two different diffraction patterns in terms of position and intensity of the diffraction lines (see the example of paracetamol on Figure 3). In-situ manipulations under pressure, however, require a small amount of materials, and it is often necessary to perform synchrotron experiments to obtain high quality data. The latter, although timeconsuming and uncertain (demand for beam time allocated on the program committee), thanks to the high photon flux obtained, work both on single crystals and on powder, and remain the preferred method for polymorphic transformations study [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF] [45] [START_REF] Fabbiani | Searching for novel crystal forms by in situ high-pressure crystallisation: the example of gabapentin heptahydrate[END_REF][START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF]. In particular the low wavelengths used are well suited to work with diamond anvils. Various works on active ingredients have been carried out on the following Beamlines:

-Beamline 9.8 (λ=0.6889) [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF] [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF], [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF], [START_REF] Ward | Discovery and recovery of delta p-aminobenzoic acid[END_REF], [START_REF] Patyk-Kazmierczak | A new high pressure benzocaine polymorph -towards understanding the molecular aggregation in crystals of an important active pharmaceutical ingredient (API)[END_REF].

Many X-ray experiments have been performed on powder [27, 32] [38, 40], to overcome the synthesis of single crystals. It will be noted that several authors work on both single crystals and powder, allowing the comparison of the two methods [27,28,[START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF][START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF]. The authors note in each case the good reproducibility, particularly with regard to the evolution of the lattice parameters of the compounds, between the single crystal and the powder. We can nevertheless mention a partial transition under grinding observed for the powder but not for the monocrystal [START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF] of the monoclinic form to the Orthorombic form of paracetamol. These results are particularly interesting since both techniques have advantages and disadvantages. It can be particularly difficult to synthesis single crystals, but the structural resolution is much easier. Single crystals experiments can be carried out on both synchrotron [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] [36] and in the laboratory, with molybdenum diffractometers [27,28,[START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF][START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF]. With regard to the High pressure crystallisation ( Raman spectroscopy is based on the analysis of the vibration modes of crystalline bonds. This technique is particularly powerful, because of the significant effects induced by pressures of the order of a few hundred MPa to a few GPa on the phonons in the crystals. A change in crystallographic conformation causes a rearrangement of these bonds and therefore a change in these vibration modes. So in theory a polymorphic transition will be observed by a change in the Raman signature of the compound and an evolution of the parameters of the crystal lattice, although not immediately quantifiable, can be observed by a shift of the Raman lines. However, it may be more [32] [38] or less [START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF] obvious to observe a polymorphic transformation due to slope breaks of Raman line displacements as a function of pressure, as shown by the experiments on spironolactone [START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF]. Indeed, in this experiment, the authors note a shift of Raman lines on forms I and II in function of pressure of this compound with slope breaks for some modes only between 1.5 and 2 GPa for Form I and between 1.2 and 1.8 GPa for Form II, and conclude that it is impossible to comment on the nature of the structural transition observed.

Nevertheless, the small beam sizes (some μm²) can easily probe the crystals present in the openings of a few tens of microns existing between the two anvils. It also makes it possible to discriminate the internal modes related to the molecules composing the crystalline lattice of the external modes directly linked to the crystalline lattice [START_REF] Zallen | Pressure-Raman effects and vibrationnal scaling laws in molecular crystals : S8 and As2S3[END_REF][START_REF] Zallen | Influence of pressure and temperature on phonons in molecular chalcogenides: Crystalline As4S4 and S4N4[END_REF]. In addition, it provides, for the molecular materials, information on the structural disorder, and its evolution under pressure [START_REF] Hédoux | Raman effects under pressure in chloroadamantane plastic crystal[END_REF][START_REF] Hédoux | Pressure-induced transformations and high-pressure behaviour in cyanoadamantane plastic crystals[END_REF][START_REF] Hédoux | Pressure-induced ordering in cyanoadamantane plastic crystal[END_REF][START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF], as well as on the evolution of the hydrogen bonds in the crystal. Raman spectroscopy has also an important development potential for the study of pharmaceutical materials under pressure (observations at high frequencies and low frequencies, disorder analysis), as shown by numerous experiments on molecular non-pharmaceutical materials [START_REF] Hédoux | Raman effects under pressure in chloroadamantane plastic crystal[END_REF][START_REF] Hédoux | Pressure-induced transformations and high-pressure behaviour in cyanoadamantane plastic crystals[END_REF][START_REF] Hédoux | Pressure-induced ordering in cyanoadamantane plastic crystal[END_REF]. In particular, the coupling between Raman spectroscopy (high and low frequencies) and X-ray diffraction is particularly interesting coupling the advantages of one (easy access in the laboratory to determine the range of pressures of interest) and the other (possibility to solve the new structure formed thanks to quality diffraction data) to analyze the physical behavior of the pharmaceutical molecule, and its structural arrangement under pressure. Such coupling has been applied with success on paracetamol [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF].

Pressure ranges influence

The analysis of the Table 1 shows that the pressure ranges rarely exceeded 5 GPa, during the first experiments in direct compression. However, since 2014 [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF], pressures beyond 20 GPa has been used, and it is now common practice in other areas to use diamond anvil cells up to 20 or even 100 GPa. It may open the way not only to the observation of new polymorphic forms but also to attempts amorphization of the material which has only been achieved by Hédoux et al. [START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF] on indomethacin. The high pressures required to observe the form IV (8.1 GPa) and V (11 GPa) of paracetamol [START_REF] Smith | High-Pressure high temperature phase diaggram of organic crystal paracetamol[END_REF], and those used for other compounds (4.4 GPa for chlorothiazide transition [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF], no transition for mefenamic acid [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] and chlorpropamide [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF] despite pressures of 2.5 and 5.5 GPa respectively) show the high stability under pressure for those API. Piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] is an exception since a transition (Form II to Form V) is observed for a relatively low pressure (between 0.45 and 0.7 GPa).

High pressure crystallization (Table 2), on the other hand, rarely exceed 1 GPa, except for work on ibuprofen (4 GPa) and xylazine hydrochloride (2.38 GPa). New polymorphs or dihydrates are obtained with relatively low pressure compared to direct compression. Indeed the form II of paracetamol is observed under direct compression [27] [28] [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF] [38] [START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF] or under high pressure crystallization [START_REF] Oswald | Putting pressure on elusive polymorphs and solvates[END_REF][START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF]. In direct compression, pressures between 4.8 and 6.5 GPa are required, while high pressure crystallization take place at 1.1 GPa in ethanol [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF]. Also, if the high pressure crystallization allows synthesis of hydrates, salts or solvates, it also allows operating at much lower pressures.

Concerning this method, it is also interesting to note that two different hydrates from xylazine hydrochloride are formed thanks to high pressure crystallisation, depending on the pressure applied.

If the pure (monoclinic) form of xylazine hydrochloride is still present up to 0.11 GPa, between 0.12 and 0.34, a hydrate (monoclinic H1 form) is formed, while another hydrate, having a doubled lattice parameter is formed between 0.41 and 0.6 GPa.

The pressure ranges obtained can therefore be used, to a certain extent, to evaluate the impact of pressing processes on the material. However, since such processes take place around a few hundred MPa, the pressure tight vessels experiments are sufficient, although they have the major defect of not being able to carry out in situ experiments. Also, the main application of such pressure ranges is, from a fundamental point of view, the study of the behavior of molecular bonds under pressure, which is particularly suitable for direct compression experiment on the one hand (the challenges remaining to stabilize under atmospheric pressure the forms obtained at higher pressures) and the exploration of the polymorphism of materials on the other hand. For the latter, high pressure crystallisation are particularly interesting due to the high success rate in obtaining new polymorphic form.

Crystallisation media

A large number of crystallization media have been used, as can be seen in Table 2. Water alone [42] [35, 46, 52, 55] or with additives (salts [START_REF] Fabbiani | Crystal structures with a challenge: high-pressure crystallisation of ciprofloxacin sodium salts and their recovery to ambient pressure[END_REF], Ice [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF]), methanol [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF][START_REF] Fabbiani | An exploration of the polymorphism of piracetam using high pressure[END_REF][START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF][START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF], ethanol [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF][START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF][START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF], isopropanol, chloroform, dychlorométhyl [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF], Ethyl (S)-lactate, Methyl (S)-lactate and (S)-limonene [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF]. The influence of this crystallization medium can be observed on several compounds:

-On paracetamol, references [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF] and [START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF] indicate that the choice of the crystallization medium (respectively methanol, water and ethanol) influences the form of the compound obtained (respectively a methanol solvate, a dihydrate, and form II). It should be noted in particular that the crystallization pressures used are the same for dihydrate and form II (1.1 GPa). -On piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF][START_REF] Fabbiani | An exploration of the polymorphism of piracetam using high pressure[END_REF], both methanol and water lead to the formation of form IV. However, it is observed that the necessary pressure in methanol (0.07 GPa) is much lower than that in water (0.4 GPa). In addition, the use of water with ice makes it possible to obtain a dihydrate. Thus, the choice of the solvent influence both crystallographic form and the pressure needed for the formation of a given crystallographic form. -Work on ibuprofen [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF], however, show that whatever the pressure used, different solvents can systematically lead to the same crystallographic form, indicating the high stability of this API. -The work on xylazine hydrochloride [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF] shows that differents polymorphs are obtained depending on the crystallization media (chloroform, dichloromethane, isopropanol). On the other hand, when the crystallization is carried out in water, the form obtained depend of the pressure chosen (H1 hydrate between 0.12 and 0.34 GPa and H2 hydrate between 0.41 and 0.6 GPa). -The work on ciprofloxacin also shows that the modification of the crystallization medium by adding NaCl leads to salts formation. The structure of these salts depends on the NaCl concentration of the solution [START_REF] Fabbiani | Crystal structures with a challenge: high-pressure crystallisation of ciprofloxacin sodium salts and their recovery to ambient pressure[END_REF].

These results show that during such experiments, the crystallization medium is a parameter in the same way as the applied pressure range or the temperature. The choice of the solvent must therefore be made with care, since it is a parameter influencing the polymorph obtained (allotropic form, hydrate, solvate ...).

High pressure for physical state behavior investigation

Molecular materials being bound by weak inter-molecular bonds (van der Waals, hydrogen), their crystallographic parameters are particularly sensitive to the effect of pressure. This effect can be observed by the evolution of the lattice parameters cell volumes of various APIs. As an example, Figure 4 shows the evolution of the lattice volume of paracetamol and phenacetin from the work of Shakhtshneider et al. [27,[START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF], which are two molecules with similar configurations with molecules having an aromatic ring connected to each other by Hydrogen bonds and van der Waals bonds. One can observe the good reproducibility between the works carried out on single crystals and on powder (paracetamol FI).

An anisotropic evolution of the lattice parameter is observed by the authors [27,[START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF]. Indeed, the volume variations are essentially related to the lattice parameter parallel to the stacking axis of the molecules, i.e. with the weakest Van der Waals boundary. At 4 GPa for paracetamol (monoclinic and orthorhombic) and phenacetin, a decrease in lattice volume size of 20% is observed compared to atmospheric pressure. For orthorhombic paracetamol (FII), the experiments, carried out beyond 4 GPa, indicate that the value of the lattice volume tends to stabilize. This behavior may be correlated with the phase transition observed at 8.1 GPa by Smith et al. [START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF]: the crystallographic arrangement no longer able to deform under the effect of pressure, a rearrangement of bonds occurs, leading to a polymorphic transition.

Figure 5 presents the evolutions of the lattice parameters and cell volumes of chloropropamide, ibuprofen and mefenamic acid from the work carried out respectively by Boldyreva et al. [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF], Ostrowska et al. [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF]and Abbas et al. [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF]. The three API do not have a priori a phase transition under pressure in the pressure ranges to which they were subjected. Chloropropamide and mefenamic acid were analyzed by direct compression whereas ibuprofen was analyzed after crystallization under pressure between 0 and 4 GPa. The experiments carried out on ibuprofen with high pressure crystallization show that the evolution of the lattice volumes is similar to the evolution observed under direct compression on chloropropamide or mefenamic acid.

For chlorpropamide, the cell volume at 5.5 GPa is 65 % of the value of the volume cell at atmospheric pressure. This molecule is highly compressible. Chlorpropamide form-A has pleated bands of hydrogen-bonded molecules with hydrophobic and hydrophylic regions [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF]. The crystals are more compressible in the direction normal to the pleated bands, that's why an anisotropic compression is observed: 7 % for the a crystallographic axis, 26 % for b axis and 6 % for c axis. As for paracetamol and phenacetin (Figure 4) at 4 GPa, the lattice volume obtained is about 80% of the final volume.

Beyond this, the data on chlorpropamide show, contrary to what was obtained on paracetamol that the lattice volume is still decreasing. It might be particularly interesting to subject this compound to higher pressures, in order to observe the stabilization value of the lattice volume, in comparison with paracetamol.

Ibuprofen volume cell is reduced of 22 % after high pressure crystallisation at 4 GPa compared to atmospheric pressure. It is a quasi-isotropic compression, beacause it is 6 %, 8 % and 9 % for the a, b and c parameters respectively, which indicates that pressure reduces the voids volume in the crystallographic cell, but does not destabilize the structure. It explain its high stability after high pressure recrystallisation in different solvants [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF].

After direct compression until 2.5 GPa, the mefenamic acid volume cell is 15 % lower than those at atmospheric pressure. A compression of 4 and 5 % of the lattice parameter is observed for the a and b crystallographic axis, while it is 8 % for the c axis at 2.5 GPa. But the crystal is not stable, because it disappear at 3 GPa [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF].

Also, the volume evolution of all API is very close. There is difference between parameters b and c for the three compounds. It clearly shows that if the compression rate are similar for the three molecules, their behavior is different due to the structural arrangement and the molecular boundary : chlorpropamide have anisotropic compression, ibuprofen have isotropic compression, and mefenamic acid have also isotropic compression, but is not stable after 3 GPa, unlike the two others.

Moreover, in this case, the process used (crystallization under high pressure or direct compression) does not seem to modify the evolution of the lattice parameters of these materials. It would be particularly interesting to verify it by determining the evolution of the lattice parameters of a given API for both crystallization under pressure and direct compression, for a rigorously identical pressure range.

The lattice parameters evolution of piracetam [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] and chlorothiazide [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF] under direct compression is shown on Figure 6.

These two compounds exhibit a similar behavior. Both have a polymorphic transition (between 0.45 and 0.7 GPa for piracetam and 4 GPa for chlorothiazide). It is not possible to visualize it from the evolution of the cell volume as a function of the pressure by the ruptures of slopes. It is necessary to observe each parameter individually, as can be seen in Figure 6, as a consequence of the structural anisotropy of molecular materials previously mentionned (Figure 5).

The evolution of the lattice parameters of the piracetam unambiguously indicates a phase transition between 0.45 and 0.7 GPa, via a sharp increase in the parameters a and c and a decrease in the parameter b. Such phase transition involves a shearing of the unit cell, which leads to the increase of 10° of the ß angle. Likewise, it is the evolution of the parameters a and b of the chlorothiazide which also indicates a phase transition via a slight shearing of the molecular layers [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF] at 4 GPa from form I to form II, via a sharp increase of the parameter b, compensated by a decrease of the parameter a. As in the case of phenacetin and paracetamol (Figure 4), the final volume size reaches 80% of the initial volume for these two compounds, after compressions to 4 GPa for piracetam and 5.5 GPa for chlorothiazide.

Also, the crystalline bonds evolution under pressure governs the behavior of the molecular structure and the cell parameter evolution, leading sometimes to polymorphic transitions. Since the ability of molecular materials to deform and present phase transitions is closely related to their molecular structure and their bonds, it may be particularly interesting, through molecular dynamics calculations, to predict the possibility for an organic compound to be transformed under these mechanical stresses. To our knowledge, no works have been performed on API on this issue, but computational methods are particularly suited to the study of other molecular materials under high pressure e.g. energetic materials. For practical reasons, high pressure informations are often difficult to obtain on such materials [START_REF] Shaw | Overviews of Recent Research on Energetic Materials[END_REF][START_REF] Fabbiani | High-pressure studies of pharmaceutical compounds and energetic materials[END_REF] and numerical modelisation is a particularly used way. Hence, one way for high pressure studies on API could be the employ of computationnal methods used for the study of energetic materials and apply them to the study of pharmaceutical compounds.

High pressure for highlighting polymorphism

Paracetamol is by far the most studied compounds [27] [28] [32] [35] [38] [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF] [42] [START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF][START_REF] Boldyreva | Effect of High pressure on the polymorphs of paracetamol[END_REF], in a significant pressure range (0-23 GPa). For direct compression, Form I is the only one observed up to more than 4.5 GPa and the appearance of Form II [27,28,[START_REF] Smith | Polymorphism in Paracetamol: Evidence of Additional Forms IV and V at High Pressure[END_REF][START_REF] Smith | High-Pressure high temperature phase diaggram of organic crystal paracetamol[END_REF]. Form II is stable up to 8.1 GPa where it is transformed into a form IV, which is stable up to 11 GPa and transforms itself into a form V. This form V is stable up to 23 GPa. It will be noted that under mechanical grinding, the form II is transformed again to the form I [28]. It is also possible to observe large number of polymorphs of paracetemol via crystallization under pressure, the following forms having been obtained: a monohydrate (crystallization at 0.62 GPa in methanol or between 0.5 and 2 GPa in water), a dihydrate (1.1 GPa in water), form II (1.1 GPa in ethanol or between 0.5 and 1 GPa in water) and a cocrystal (0.57 GPa in water containing piperazine). It is therefore noted that it is possible to obtain the form II in two different ways, either by direct compression or by crystallization under pressure. In the second case, the pressures are much lower than the first. Polymorphism of paracetamol is summarized on Figure 7. This figure illustrates the possibility of obtaining the desired form of paracetamol by choosing the compression mode (crystallization or direct compression), the pressure range, and, if appropriate, the crystallization medium.

Such polymorphic screening is particularly interesting, but it is only the first step. A second step must be the resolution of the crystallographic structures and the stabilization at atmospheric pressure of these polymorphic forms. Such information makes it possible to highlight the differences between the crystallographic structures of the different polymorphs and to better understand their related properties. For paracetamol, form II is composed of parallel packing of flat hydrogen bonded layers, while form I is composed of corrugated hydrogen-bonded layers of molecule (see Figure 8). The crystallographic structure of form II results in superior compaction properties to the thermodynamically stable form I. Although form 2 would, therefore, be preferred in an industrial tableting process, but its lower thermodynamic stability and lower bioavailability prevents harvesting its use commercially [START_REF] Martino | A new pure paracetamol for direct compression: the orthorombic form[END_REF][START_REF] Nichols | Physicochemaical characterization of the orthorombic polymorph of paracetamol crystallized from solution[END_REF][START_REF] Kachrimanis | Effects of moisture and residual solvent on the phase stability of orthorombic paracetamol[END_REF][START_REF] Beyer | The prediction, morphology, and mechanical properties of the polymorphs of paracetamol[END_REF][START_REF] Fachaux | Pure paracetamol for direct compression part I. Development of sintered-like crystals of paracetamol[END_REF].

It should be noted that synthesis of co-crystals of paracetamol is a promising way. Given the many works done to date on co-crystals, this theme being in full development, It is interesting to note that this way has that little has been explored although the feasibility of the process is demonstrated [START_REF] Oswald | Co-crystallisation at highpressure -an additional tool for the preparation and study of co-crystals[END_REF]. Piracetam is the second compound for which both direct compression and pressure crystallization experiments were performed [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF][START_REF] Fabbiani | An exploration of the polymorphism of piracetam using high pressure[END_REF], in a lower pressure range than for paracetamol. Unlike other compounds, piracetam has a phase transition for a pressure lower than 1 GPa in direct compression, while it is still necessary to obtain pressures of several GPa for others API. Indeed, direct compression experiments are performed on single crystals of Form II in a pressure range of 0 to 4 GPa. A new form, the form V (triclinic) is observed for pressures ranging between 0.45 and 0.70 GPa. High pressure crystallization experiments carried out at 0.07 GPa in methanol or at 0.4 GPa in water [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF] shows that it is possible to access the form IV (monoclinic). Moreover, the authors note that after having aged piracetam form IV in water, a new monohydrate (monoclinic) is obtained, showing the influence of aging on the stability of this type of compounds [START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF]. In addition, a dihydrate of piracetam (triclinic structure) is obtained by crystallization in water, in the presence of ice VI at 0.6 GPa. As for paracetamol, the selection of the crystallization medium (water, methanol, water + ice) and the pressure range makes it possible to obtain a targeted crystallographic form.

Chlorothiazide [START_REF] Oswald | High-pressure structural studies of the pharmaceutical, chlorothiazide[END_REF] is also a material showing unambiguously a direct compression phase transition. Such transition occurs at 4.4 GPa, a value quite comparable to the phase transformation of paracetamol from Form I to Form II.

Phenacetin [27], chlorpropamide [START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF] and mefenamic acid [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] have all been studied in direct compression without showing signs of polymorphic transition, up to maximum pressures ranging from 2.5 to 4.5 GPa, indicating their relative stability at high pressure. However, the example of paracetamol shows that it might be interesting to study such compounds at higher pressures. Spironolactone is a special case, since the slope changes observed by Raman around 2 GPa on these forms I and II, make it possible to suspect a polymorphic transformation, but can not conclude on this point [START_REF] Pisegna | High-pressure infrared and Raman studies of polymorphism in pharmaceutical compounds: Spironolactone, Forms I and II[END_REF]. This type of experiment shows the interest of coupling Raman spectroscopy experiments with X-ray diffraction experiments.

The case of indomethacin is particularly interesting [START_REF] Okumura | Polymorphic Transformation of Indomethacin under High Pressures[END_REF], since this compound was observed ex-situ after having been subjected to 0.5 GPa only in a pressure tight vessel, under a mixture of crystalline form (γ form) and amorphous form. A polymorphic transition (γ → α) is observed between 0.1 and 0.4 GPa. The experiments on this pure crystalline compound carried out by Raman spectroscopy by Hédoux et al. [START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF] shows a crystalline transition at 4 GPa in direct compression, whereas an amorphization of the compound is observed beyond 4 GPa. It has to be noticed that by release of pressure, the crystallization is avoided. Indeed the high-density amorphous state transforms into the thermal glass. These are the only work on APIs mentioning a pressure amorphization. It indicates that the pressure necessary for the transformation of this compound is considerably reduced in pressure tight vessel in the presence of amorphous material. Moreover, the diffraction experiments having taken place ex-situ, this form obtained after having been subjected to high pressures is stable at atmospheric pressure. It is well correlated with the experiments of Hédoux et al. [START_REF] Hédoux | Evidence for a high-density amorphous form in indomethacin from Raman scattering investigations[END_REF]indicating the conservation of an amorphous state after return to atmospheric pressure.

Concerning high pressure crystallisation, phase transformations take place at 0.8 GPa or less for numerous APIs such as mefenamic acid [START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF], ciprofloxacin [START_REF] Fabbiani | Crystal structures with a challenge: high-pressure crystallisation of ciprofloxacin sodium salts and their recovery to ambient pressure[END_REF], xylazine hydrochloride [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF], gabapentin [START_REF] Fabbiani | Searching for novel crystal forms by in situ high-pressure crystallisation: the example of gabapentin heptahydrate[END_REF], GABA [START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF], p-aminobenzoic acid [START_REF] Ward | Discovery and recovery of delta p-aminobenzoic acid[END_REF] or benzocaine [START_REF] Patyk-Kazmierczak | A new high pressure benzocaine polymorph -towards understanding the molecular aggregation in crystals of an important active pharmaceutical ingredient (API)[END_REF]. The case of mefenamic acid is particularly interesting, since it illustrates the possibility of obtaining Form II under high pressure crystallization at only 0.3 GPa, whereas it is not accessible in direct compression even up to 2.5. GPa. These results, as with paracetamol, indicate that the ranges of crystallization pressure required to observe a new polymorph are lower than in direct compression. It is probably due to the very compact and different molecular environment obtained in liquid form. High pressure recrystallisation allows also the synthesis of particularly complex structures such as hepta-hydrates [START_REF] Fabbiani | Searching for novel crystal forms by in situ high-pressure crystallisation: the example of gabapentin heptahydrate[END_REF] or salts [START_REF] Fabbiani | Crystal structures with a challenge: high-pressure crystallisation of ciprofloxacin sodium salts and their recovery to ambient pressure[END_REF]. In particular, work on the ciprofloxacin, have made it possible, from water-NaCl mixture, to obtain two different salts at pressures of 0.25 and 0.6 GPa. Moreover, work on xylazine hydrochloride [START_REF] Olejniczak | Pressure-Stabilized Solvates of Xylazine-Hydrochloride[END_REF] yielded to form Z, two hydrates and three solvates depending on the pressure range (overall between 0.08 and 2.38 Gpa) and the solvent.Also, the control of the experimental conditions (i.e. the medium of crystallization and the pressure range used) allows access to new polymorphic forms and selects the desired one. Although, a new polymorph is not always obtained as shown by work on ibuprofene [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF]. Indeed, in the case of ibuprofen [START_REF] Ostrowska | High-pressure Crystallization and Structural Transformations in Compressed R,S-Ibuprofen[END_REF], the work carried out did not make it possible to discover new forms of this compound after experiments up to 4 GPa in different solvents, showing the high stability of the commercial form. Given the observations made previously, it can be argued that direct compression experiments would probably lead to the same results.

Conclusion

The review carried out analyzes the two main ways for studying the behavior of pharmaceutical materials under high pressure. We analyzed works on fifteen API. Seven were analyzed in direct compression, where the use of diamond anvil cells directly compresses molecular materials in the form of powder or monocrystal. eight were analyzed after high pressure crystallization of the dissolved API in a solvent which itself a parameter of these experiments.

For crystallographic analysis, Raman Spectroscopy, and X-ray diffraction with laboratory setup or under synchrotron are particularly used. Raman spectroscopy has the advantage of being easily implemented in the laboratory, in the context of direct compression experiments, and provides crucial information on the state of disorder of the material, but also on the evolution of the molecule. However, it does not solve the structure obtained. For this, synchrotron experiments, particularly accurate, are often required but require time and depend on the allocation of beam time. On the other hand, laboratory diffraction experiments on single crystals are more and more accessible, and make it possible to avoid Synchrotron need. Combining Raman spectroscopy and diffraction analysis allows observation of structural evolution under high pressure, through changes in the molecule (high frequency bands by Raman spectroscopy), the crystal lattice (low frequency bands and diffraction diagrams) and the hydrogen bonds (shift of Raman bands with temperature) which is crucial for a fundamental understanding of the behavior of this type of material.

Experiments under high pressures are particularly suitable to evaluate the stability under mechanical stresses of these materials, and to explore their polymorphism. The evolution of the lattice parameters of the compounds studied in the literature indicates the good reproducibility between the work on powder and monocrystals. In addition, the experiments in direct compression and in high pressure crystallization seem to indicate a similar evolution of the lattice parameters via the two techniques, even if this point would be confirmed.

The behavior of pharmaceutical molecular materials under pressure shows that, depending on the molecular arrangement, the crystal lattice can be deformed both isotropically and anisotropically, via observation of the lattice parameters. This deformation can lead to a polymorphic transformation. The visualization of a polymorphic transformation requires the observation the lattice parameters individually, because they are linked to the molecular boundary, the evolution of the overall volume of the lattice not making it possible to highlight it. It is thus the crystalline bonds evolution under pressure which governs the behavior of the molecular structure, and its capacity to accomodate the deformation, which involves the observation of polymorphic transitions.

High pressure experiments allowed the discovery of new polymorphs. Moreover, high pressure crystallisation leads to the synthesis of solvates, hydrates, or salts, active principles studied, in particular:

-Seven polymorphs where discovered. Four where obtained by direct compression (the form V of piracetam, the forms IV and V of paracetamol, and the form II of chlorothiazide) and Three by high pressure crystallization, the form IV of piracetam, the δ-form of paminobenzoic acid and the form IV of benzocaine.

-Eleven Salts, solvates or hydrates obtained by crystallization under pressure: a paracetamol methanol solvate, a paracetamol dihydrate, a piracetam dihydrate, two ciprofloxacin salts, a gabapentin hepta-hydrate, two hydrates and three solvates of xylazine-hydrochloride -A paracetamol-piperazine co-crystal, obtained by crystallization under pressure.

Experiments carried out under high pressure crystallization, through paracetamol, piracetam, or xylazine hydrochloride show that a judicious choice of solvent and pressure range makes it possible the selection of a desired polymorph, but also synthesis solvates, hydrates or co-crystals. It opens the way to polymorphic selection methods, provided that the forms obtained at high pressures can be stabilized.

The pressures to be achieved in direct compression to observe phase transformations are rather high, of the order of several GPa, or even tens of GPa much more than for crystallization under pressure, as illustrated by the case of paracetamol, mefenamic acid and, in general, the pressures used during the synthesis of new polymorphs of the order of several hundred MPa to a few GPa. Thus, when a polymorphic transformation is observed under pressure crystallization, it may be advantageous to carry out direct compression tests over a higher pressure range to also observe this transformation. On the other hand, if no transformation is observed (case of ibuprofen), it seems unlikely that manipulations in direct compression lead to observe a polymorphic transformation. Similarly, if a polymorphic transformation is observed under direct compression, it is possible that pressure crystallization tests lead to the same results, for much lower applied pressures. Finally, the absence of transformation under direct compression, even at high pressure, should not discourage pressure crystallization tests.

From these considerations, several perspectives can be proposed:

If one observes that the experiments under high pressure make it possible to observe new polymorphic forms (both in direct compression and in high pressure crystallisation), confirming all the interest of these works for the polymorphic exploration, it must be kept in mind that it would be necessary to stabilize the forms obtained at high pressure at atmospheric pressure, for commercial use. But for the moment, we have not found any successful work in this way.

It would be particularly interesting to be able to couple these experiments with temperature experiments, in order to explore the pressure-temperature diagram of different compounds even if these experiments could be particularly difficult to implement from a technical point of view.

Moreover, polymorphic transformation prediction and behavior study of molecular materials under pressure, applied to API could be a very interesting way thanks to the use of molecular dynamics calculations. 
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Table 2 )

 2 , there are more laboratory experiments with Molybdenum anode[START_REF] Abbas | Accessing Mefenaic Acid Form II through High-Pressure Recrystallisation[END_REF] [START_REF] Fabbiani | Pressure-induced formation of a solvate of paracetamol[END_REF] [43][52, 54] [56-59] than synchrotron experiments[START_REF] Fabbiani | High-pressure recrystallisation -a route to new polymorphs and solvates[END_REF][START_REF] Fabbiani | High-Pressure Studies of Pharmaceuticals: An Exploration of the Behavior of Piracetam[END_REF][START_REF] Fabbiani | Searching for novel crystal forms by in situ high-pressure crystallisation: the example of gabapentin heptahydrate[END_REF][START_REF] Fabbiani | Pharmaceutical hydrates under ambient conditions from high-pressure seeds: a case study of GABA monohydrate[END_REF], indicating the high quality achieved by the first. On the contrary, powders experiments are carried out most often on synchrotron[27] [32, 34, 38, 40], and very little in laboratory.
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 1 Pharmaceutical compounds studied in direct compression under high pressure

Table 2 :

 2 Pharmaceutical compounds recrystallized under high pressures.

Table 3 :

 3 Pharmaceutical compounds crystallized under high pressures in pressure tight vessel
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