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PREFACE

This doctorate is supported by Regione Emilia Romagna as a part of a Spinner PhD project coordinated
by the University of Parma.
The aim of the project is:

I.  Production of polymorphs, solvates, hydrates and co-crystals with green chemistry methods;

Il.  Optimization of molecular and crystalline forms of drugs and pesticides in relation to activity,

bioavailability and patentability.

During the first and second year, we selected APIs (active pharmaceutical ingredients) in order to study
and rationalize the relationships between crystal structure and properties of the drugs in solid state
and solution. In the last decades, a growing interest in the solid-state properties of the drugs in addition
to their solution chemistry has blossomed. The achievement of the desired and/or the more stable
polymorph during the production process can be a challenge for the industry; in this sense,
crystallization environment plays a key role in the polymorphs discrimination.
The study of crystalline forms could be a valuable step to produce new polymorphs with better physical-
chemical properties such as solubility, permeability, thermal stability, habit, bulk density,
compressibility, friability, hygroscopicity and dissolution rate in order to have potential industrial
applications.
A further way to improve these properties is the synthesis of co-crystals, i.e. solids that are crystalline
materials composed of two or more molecules, which are in stoichiometric ratio and — as pure
substances - are solid at ambient conditions.
Polymorph screening and synthesis of solvates and molecular/ionic co-crystals were performed
according to green chemistry principles (grinding, kneading in addition to the traditional methods from
solution). Part of this project was developed in collaboration with chemical/pharmaceutical companies
such as BASF (Germany) and UCB (Belgium). These projects focused on the one hand on the
optimization of conditions and parameters of crystallization processes (in terms of additives,
concentration and temperature)[Braga D. et al. Cryst. Growth Des. 2014, 14, 5729-5736; Braga D. et
al. Cryst. Growth Des., 2014, 14(3), pp1430-1437], and on the other hand on the synthesis and
characterization of ionic co-crystals of piracetam derivatives[Grepioni F. et al. CrystEngComm, 2014, 16,

5887-5896].



During the period of research abroad spent in Ann Arbor (University of Michigan,USA), the stability in
aqueous solution at the equilibrium of some ionic co-crystals (ICCs) of piracetam was investigated in
collaboration with Professor Nair Rodriguez-Hormedo (department of Pharmaceutical Sciences). This
study was useful to understand the relationship between solid-state properties and those in solution,

to design new materials that reflect some of their properties in solution.

The following techniques were used for the characterization of solid products:

(i) X-ray diffraction from single crystal (SCXRD), the ‘gold standard’ in terms of structural
characterisation;

(ii) X-ray powders diffraction (XRPD), provides the ‘fingerprint’ diffraction pattern characteristic of a
crystalline solid form and, in favourable circumstances, allows structure solution or Rietveld refinement
procedure;

(iii) Variable Temperature X-ray powders diffraction (VTXRPD), a valuable technique to assess the
thermal properties of crystalline solid forms;

(iv) differential scanning calorimetry (DSC), useful in detecting phase changes with and without change
in mass (loss of a volatile co-crystal component and polymorphic transition/melting respectively);

(v) thermogravimetric analysis (TG), useful in recording sample mass loss during heating process in
order to quantify the mass loss and have indications on stoichiometry, especially in the presence of
volatile co-crystal components;

(vi) hot-stage microscopy (HSM), used for a visual and instrumental evaluation of the thermal processes
and complementary to the previous techniques cited;

(vii) measurements of dissolution rate (IDR), necessary to understand how fast is the dissolution of the
crystalline form;

(viii) inductive coupling plasma with optical emission as detector (ICP-OES), employed during my period
of research abroad for quantitative measurements in solution of inorganic salts;

(ix) UV-Spectrophotometer used during the period of research abroad used for quantitative

measurements in solution of organic molecules.



In this thesis Chapter 1 introduces the concepts of crystal engineering and polymorphism and their
effect on the pharmaceutical field in terms of the improvement of solid-state properties; Chapter 2 is

focused on results and discussions.



Chapter 1

Introduction



INTRODUCTION

1.1 CRYSTAL ENGINEERING

In 1989, Desiraju defined crystal engineering as “the understanding of intermolecular interactions
in the context of crystal packing and in the utilisation of such understanding in the design of new

solids with desired physical and chemical properties”[1].

Crystal engineering has its roots in the 1960s with G. M. J. Schmidt and its studies of solid-state
photo-cyclization reactions [2-5], which are a bright example of supramolecular control over
chemical properties, and are still fascinating the world of crystal engineering. Crystal engineering

deals with design, synthesis and characterization of crystalline materials with desired properties.

Schmidt’s work is recognized as the first attempt to rationally design crystals with a purpose [2,6].
It is right to point out that supramolecular chemistry [7] was crucial in the development of crystal
engineering, a field of research that includes all traditional chemistry branches, becoming “an all-
purpose mature discipline, a science without borders, where the motivations can well be utilitarian
and economical, but also aesthetical (when not artistic) and/or fuelled by pure, quintessential,

scientific curiosity” .[8]

The aim of the design and synthesis of new crystals is to obtain supramolecular organization with

desired properties [9-25,50]

According to Jean-Marie Lehn, [26] supramolecular chemistry is: “chemistry beyond the molecule
bearing on the organised entities of higher complexity that result from the association of two or

more chemical species held together by intermolecular forces”.

Therefore, we should think about a crystal as a supramolecular entity with a higher level of

complexity with respect to molecules.[27,28]

Margaret Etter [29] in 1987 wrote: “Organizing molecules into predictable arrays is the first step in

a systematic approach to designing organic solid-state materials”.



1.1.1 Crystal packing and intermolecular interactions

Dunitz wrote: “A crystal is, in a sense, the supramolecule par excellence: a lump of matter, of
macroscopic dimensions, millions of molecules long, held together in a periodic arrangement by just the
same kind of interactions as are responsible for molecular recognition and complexation at all levels -
ion-ion, ion-dipole, dipole-dipole interactions, hydrogen bonding, London forces, and so on”. The
understanding and the control of intramolecular interactions is a master key in the scenario of

supramolecular synthesis.

In organic synthesis, but also in general, in order to develop a synthetic strategy, it is useful to
apply a retrosynthetic approach in which the molecular structure can be simplified into a basic unit
called synthon [30], which can be used as a synthetic tool to build complex supramolecular

architectures.
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Scheme 1. Representative scheme of some supramolecular synthons. Reproduced from [31]

Another useful concept, complementary to supramolecular synthons [32,33], that has become of
considerable practical importance in crystal engineering is the tecton defined by Wuest [34] as
moieties ““whose interactions are dominated by specific attractive forces that induce the assembly

of aggregates with controlled geometries”.[35]



1.1.2 Hydrogen Bonding

The hydrogen bond (HB) plays a key role in crystal engineering [36], as it is both an electrostatic

and a directional interaction.

Various definitions of HB have followed [37] starting from Pimentel and McClellan who claimed: “a
hydrogen bond exists if 1) there is evidence of a bond, and 2) there is evidence that this bond sterically
involves a hydrogen atom already bonded to another atom”[36b]. Subsequently Etter[38], from an
elaboration of Linus Pauling’s definition, wrote: “hydrogen bond is an interaction that directs the
association of a covalently bound hydrogen atom with one or more other atoms, groups of
atoms, or molecules into an aggregate structure that is sufficiently stable to make it convenient

for the chemist to consider it as an independent chemical species”.

A further interpretation defines the “classical” HB as an interaction between a donor (X-H) and an

acceptor (Y) with X an electronegative atom and Y an electronegative and electron rich atom. [39]

Jeffrey and Saenger [36] stated: “the use of a van der Waals distance cutoff criterion carries the
wrong implication that hydrogen bonds become van der Waals interactions at longer distances”.
In this sense, HB is stabilized at distances greater than the sum of the radii of vdW; the vdW
interactions decrease more rapidly with respect to the distance (r®) than the electrostatic
interactions (r'!). According to Jeffrey [36], HB is considered moderate in strength if the energies are
in the range of 4-15 kcal/mol:HB is stronger if the energy is greater than 15 kcal/mol; HB is weaker if

the energy is less than 4 kcal/mol. [53].

The strength of an hydrogen bond depends also on the pKa of both component involved in the bond
and on the resonance-assisted hydrogen bonding (RAHB) mechanism [54,55]. Weak and moderate
hydrogen bonds also play an important role in the landscape of the non-covalent interactions in the
absence of strong HBs. The most common weak HB interactions are C-H:-*N, C-H---O, C-H:--X (X= CI,F),
N-H---7t ...[40]. The strength of the weak HBs is directly proportional to the acidity or basicity of the

acceptor groups like nitrogen, oxygen and halogens.

There is no clear demarcation between strong and weak hydrogen bonds, as the strongest of the

weakest and the weakest of the strongest have comparable energy. The distance as a parameter of
9



strength of HB interaction is one of the features to be considered; the other one is the directionality,

indeed HB can distinguished from vdW interaction for its preference for linearity. [36, 43, 44-47]

The presence of ionic charges on hydrogen bond acceptor and hydrogen bond donator reinforces
the electrostatic dipole-dipole component of HB. This particular type of hydrogen bond is called
Charge Assisted hydrogen Bond (CAHB)[41,48,49]. Charge-assisted hydrogen bonds are easily
obtained via proton transfer in acid-base reactions and combine HB directionality with the strength
of Coulombic forces. This type of hydrogen bond can be a valuable resource to design and

synthesize 1D, 2D as well as 3D networks.

1.2 POLYMORPHISM

A polymorph is a solid crystalline phase of a given compound resulting from the possibility of at least

two crystalline arrangements of the molecules of that compound in the solid state. [51]

Polymorphism represents one of the most fascinating phenomena of solid state chemistry because of
its intrinsic difficulties to be predicted and rationalized.[52] The relationship between nucleation phase
and crystalline growth is often unclear, indeed there are many examples of appearing and disappearing
polymorphs[53]. Klaproth in 1788 was the first to identify the polymorphs of calcium carbonate (calcite,
vaterite and aragonite) [54], but crystal polymorphism was recognized with Mitscherlich only in 1823
[55], when he observed the difference in physical and chemical properties in different crystals of
arsenates and phosphates.[56,57] Benzamide was the first polymorphic organic compound studied [58]
in 1832; in the last decades, due to the surge of interest and patenting issues in the pharmaceutical,
agrochemical and pigment industries, polymorphism has become a central field of investigation for the

solid-state scientific community. [59-65]

Sirota wrote in 1982: “Polymorphism is now believed to be characteristic of all substances, its actual
non-occurance arising from the fact that a polymorphic transition lies above the melting point of the
substance or in the area of as yet unattainable values of external equilibrium factor or other conditions

providing for the transition”[66].

10



1.2.1 Conformational polymorphism

According to the IUPAC definition, a conformation is “the spatial arrangement of the atoms affording
distinction between stereoisomers which can be interconverted by rotations about formally single
bonds”. On the other side, a conformer is defined as “one of a set of stereoisomers, each of which is

characterized by a conformation corresponding to a distinct potential energy minimum”.[67]

In 1962, Eliel stated that conformation “is used to denote any one of the infinite number of momentary
arrangements of the atoms in space that result from rotation about single bonds”.[68] in 1985, Glusker
and Trueblood define it as “One of the likely shapes of a molecule. Generally applied to molecules for
which there is a possibility for rotation about bonds. Different rotational positions about bonds are

represented by torsion angles.”[69]

Dunitz included another component, the energy: “we can be reasonably confident that any particular
arrangement of atoms observed in a molecular crystal cannot be far from an equilibrium structure of
the isolated molecule. X-ray analysis thus provides information about the preferred conformations of
molecules although it has nothing to say about the energy differences between conformations or the

energy barriers that separate them.”[70]

Cruz-Cabeza and Bernstein incorporated the term energy into the definition of conformer: “Any change
in a given single rotatable bond (henceforth R- bond) of a molecule always affords a new conformation,
but it affords a new conformer only if the conformational change goes through a potential energy
barrier into a different potential energy well. Intermolecular interactions present in organic crystals are
generally not sufficient to significantly perturb bond lengths and bond angles, but for those molecules
that do exhibit torsional degrees of freedom, various polymorphs can exhibit different molecular

conformations and, more importantly, different conformers.” [71]

Conformers correspond to distinct energy minima of the gas-phase potential energy surface (gas-PES).
In a crystal the energy minima correspond to the minima of the sum of the intra- and intermolecular
energies. The presence of neighbouring molecules and the effect of these molecules on the molecular

conformations changes dramatically the environment with respect to the gas phase. When there is a

11



variation of a torsion angle, the molecule of interest has a new conformation; moreover, according to
the authors [71], the molecule can be considered conformer if there is a noteworthy change in potential
energy as a consequence of the new conformation. On the other hand, when flexible molecules tend
to adapt themselves to the crystal environment varying slightly their conformation, there is a small

conformational energy penalty reflected in a “conformational adjustament”, see figure 1.

gas-PES
& 2\ Acrys Bgas
L et Conformational
‘ Agas - Adjustment
|
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Change

Figure 1. Schematic representation of “conformational change” and “conformational adjustment” [71].

It is worth stressing that the high occurrence of conformational polymorphism in APIs [72] is usually

due to and facilitated by the flexibility of molecular structures [73].
1.2.2 Multiple crystal forms

The outcome of a crystallization process is hard to predict and can consist of new polymorphs, solvates,

hydrates, salts and co-crystals[74] as well as solid solutions[75] and eutectics[76]. All these crystal forms

are summarized in Figure 2.
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Figure 2. Schematic representation of the structural relationship between polymorphs, solvates, co-crystals,

salts, amorphous, continuous and discontinuous solid solution.

The aim of the exploration of a polymorphic system is to find the most stable form and verify the
existance of interconverting (enantiotropism) or non interconverting (monotropism) forms as a

function of temperature — see figure 3.

ENANTIOTROPIC MONOTROPIC
SYSTEM SYSTEM

Free energy
Free energy

Temperature Temperature
interconversion melting before the
before melting solid-solid transition

Figure 3. Qualitative E/T diagram for a dimorphic enantiotropic system (left), and for a dimorphic monotropic

system (right).

Polymorphism can dramatically influence solubility but also other physical-chemical properties, like

thermal and mechanical stability, permeability, hygroscopicity, habit, bulk density and so on.

Also the synthesis and study of co-crystals has gained importance in research and innovation in
pharmaceutical and material science fields.[77,78-81] Pharmaceutical co-crystals investigation
represents an opportunity to produce a stable crystalline solid starting from an amorphous or hard-to-

crystallise API. Pharmaceutical co-crystal are composed by at least one APl and the coformer should be

13



chosen so as to show no adverse side effects. Moreover, it should be approved by the USA Food and

Drug Administration (FDA, for the US market)) or approved as Generally Regarded as Safe (GRAS). [82]

Co-crystals are composed by at least two components, which are present in stoichiometric ratio and
are solid — as pure forms — at ambient condition. The practical application of pharmaceutical co-crystals
depends on how a co-crystal is considered: it could be considered a physical mixture (regulated by
current compendial guidelines), or a new chemical entity [83]. In this regard, the FDA has released (April
2013) a guidance for industry on the regulatory classification of pharmaceutical co-crystals for
applicants for New Drug Applications (NDAs), in which is stated: “In a co-crystal, the molecular
association between an API and its excipient(s) occurs within the same crystal lattice and is governed by
nonionic interactions, unlike the ionic interactions required for salt formation of an API. Therefore,
within the Agency’s current regulatory framework, co-crystals are classified as dissociable “API—
excipient” molecular complexes (with the neutral guest compound being the excipient)” [84]. In this
sense, ionic co-crystals, [85] for which the co-former is an inorganic salt, are located in between co-
crystals and salt definitions. Moreover, we deduce from these statements that the borderline between
co-crystal and physical mixture is not well marked and it is reflected on the fact that no commercial

pharmaceutical co-crystals have been approved so far for sale as drug substances.

Ideally, it is necessary to apply different methods in the research of polymorphs in order to minimize
some risks linked to the presence of new unpredictable polymorphs, as shown by Jones and co-
workers[86] or polymorphs obtained thorough fast crystallization methods which can lead to kinetic
polymorphs, able to transform to a more stable form upon storage. An example is given by 1,3,5-

trinitrobenzene[87] and its elusive thermodynamic form, ignored for 125 years.
Below are listed the most used crystallization techniques for a polymorph/multiple forms screening.
Crystallization from solution

Crystallization from solution is the most common method for air stable polymorph screening. It is
performed preparing a near saturated solution with mixtures of solvents of different polarities in which

the rate of evaporation of the solvent can be varied by changing the temperature.

14



Crystallization by thermal gradient

This method is alternative to the previous one; the near saturated solution at high temperature is kept
in a sealed vial and the crystallization process depends on the temperature gradient applied upon

cooling.
Solvent/Vapour diffusion

This method is used with to samples that are air and/or solvent sensitive. The solid sample, pure or as

a mixture, is exposed to solvent vapours or moisture.
Solid-state synthesis

As an alternative to solvent-based crystallization techniques, solid-state synthesis (manual or
mechanical grinding) has been extensively used for crystals and co-crystals screening [88]. Grinding with
a catalytic amount of solvent (kneading) added to the reactants can also be employed. [89] These two
methods usually improve the reaction rate, as temperature increases upon grinding; continuous

contact between the different components is also achieved.
Hydrothermal and solvothermal synthesis

Hydrothermal or solvothermal synthesis are techniques widely used for the synthesis of inorganic or
metal-organic material[90] but also employed for crystal and co-crystal polymorph screening. For
example, Wang et al. applied this technique to prepare a co-crystal involving 1,2-bis(4-pyridyl)ethylene
(BPE) and 4,4'-dihydroxybenzophenone (DHB).[91]

High-Pressure Crystallization Process

Fabbiani et al. described how pressure can be used to explore polymorphism, and provided examples

of compounds studied at high pressure.[92,93]
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2  RESULTS AND DISCUSSIONS

2.1 FOLICACID: AN INVESTIGATION OF SOLID-STATE PROPERTIES AND
CRYSTAL FORMS 1

2.1.1 Introduction

Understanding structural diversity, in particular the formation and behavior of polymorphs, amorphous
forms, solvates and co-crystals/salts, is critical for establishing uniqueness in a pharmaceutical patent
or more in general in the pharmaceutical fields, as well as optimizing conditions for tablet compression
and powder flow required for pharmaceutical compounding [1]. There is a strong interest in the
application of crystal engineering approach to the pharmaceutical fields for the preparation of new
formulation of active pharmaceutical ingredients (APls), in particular co-crystals, that often show
physical and chemical properties (solubility, intrinsic dissolution rate, melting point, color, etc) different
from those of their separate components. At the same time, the co-crystallization process does not
affect the integrity of the molecular compounds. Another way to obtain useful change in the physical
and chemical properties of new APlIs is to obtain the amorphous solids. The importance of amorphous
pharmaceutical compounds stems from useful properties such as higher stand solubility, higher
dissolution rate and sometimes better compression characteristics than the corresponding crystals; to
common occurrence, because the amorphous solids can be produced by standard pharmaceutical
processes and are common form of certain materials (e.g., proteins, peptides, some sugars and
polymers). Another important, but not useful, characteristic is that the amorphous solids are generally

less physically and chemically stable than corresponding crystals [2].

Recently a new class of co-crystals has been reported [3] that are called ICCs (lonic CoCrystals) formed
by an organic molecule and an inorganic salt [4], like an alkali or an alkali earth halide. ICCs can be
obtained either by classic crystallization methods or by solid-state reactions between solid components
(grinding and kneading [5]) with no or limited solvent involvement. Using the solvent free methods of

synthesis, were obtained powders directly in solid state in agreement with green chemistry principles.

1 Saverio Nanna, Laura Chelazzi, Fabrizia Grepioni, Dario Braga (Manuscript in preparation)
23



In this work we have used salts of alkali and alkaline earth metals as co-formers. Using inorganic
compounds in the formulation of APl [4] makes possible to create a synergic effect between physical
chemical properties of the single solid components (inorganic and organic matter). However, there is
also another positive effect because of amorphous characteristics; therefore preparing “amorphous
ICCs (lonic CoCrystals)” with solvent free methods can be a useful tool to change in synergic way the
physical properties of APl. Summarizing there are many benefits using this approach on preparing

eventually new formulation of active pharmaceutical ingredients:
e Synthesis methods (solvent free);
e Synergic effect between ionic compound and organic matter (API);
e Properties of amorphous compound respect of crystalline powders.

We studied Folic acid ((25)-2-[(4-{[(2-amino-4-hydroxypteridin-6-
yl)methyllamino}phenyl)formamido]pentanedioic acid (FA — Scheme 1), vitamin B9, that is the
synthetic form of folate, which is a generic name to explain the different forms of vitamin
pteroylglutamates (with various levels of reduction of the pteridine ring). This vitamin and its
biologically active derivatives acts as coenzymes for synthesis and metabolism of many amino acids and
nucleotides by single carbon transfer reactions. This is a very important process in metabolic pathways
and a folic acid deficiency can lead to various illnesses. In detail, an insufficient level of vitamin B9 can
lead to various diseases related to side effects such as neural tube defects (NTDs) [6], pregnancy
complications, cancer, cardiovascular diseases [7]. Folic acid and its derivatives are also used in
therapies for organic mental disturbance like senile and pre-senile primary degenerative dementia of
Alzhheimer type [8]. Vitamin B9 is not produced by human body and therefore must be taken through
the diet; folic acid that derives from the food is classified as food folate that exists predominantly in the
polyglutamyl form containing up to seven glutamate residues [9]. In order to make it available to the
intestinal absorption, a process that involves the hydrolysis of folate polyglutamates is necessary [10].
This process, together with other factors (for example low thermal stability of certain food folate),
determines in general a lower bioavailability than synthetic folic acid fortified food [11]. The concept of
bioavailability is therefore a very important key to human health and is used in special cases such as

pregnancies, in which insufficient level of folic acid in the body is dangerous; it is therefore necessary
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to take major amounts of folic acid [12]. The bioavailability of folate is defined as the ratio between the
quantity of ingested folate and the one made available for metabolic processes. Folic acid and its
derivatives, for which solution studies are known, are administered individually as salts (lithium,

sodium, potassium, magnesium folate) [13].

We focused on solid-state and dissolution properties of folic acid ionic co-crystals and salts, in order to
further improve bioavailability and thermal stability of the native vitamin (synthetic folic acid); salts and
co-crystals have been prepared via direct reaction of folic acid in the solid-state, with no — or very
limited amounts of — solvent (grinding and kneading). The obtained compounds were analyzed through
X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) and variable-temperature X-ray powder diffraction (XRPD) to characterize thermal stability
compared to native vitamin. Intrinsic dissolution rate (IDR) of each synthesis product was also

measured.

HO 0]
0
N
H
o)
OH NH
OH N
NT X X
/“\ PN\ F
HoN N N

Scheme 1 - Folic acid molecule

2.1.2 Experimental Details And Structure Determination From Xrpd Data

All reagents and solvents were purchased from Sigma-Aldrich and used without further purification.

Solid State Synthesis. Salts of folic acid with NaOH and Ca(OH), were obtained by manually kneading
the two reagents in a ratio 1:2 in a agate mortar for 20 min with few drops of water; all reactions were
guantitative. Salts and co-crystals of folic acid with LiOH and LiCl (with a molar ratio 1:2) were obtained

by ball milling (using a Retsch MM200 grinder mill operated at a frequency of 20 Hz) and the reagents
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were milled for 30 min with few drops of water, the reactions were quantitative. To obtain the co-
crystal of folic acid with Na,COs, the two reagents were manually ground in a agate mortar without

solvent with a molar ratio 1:2; the reaction was quantitative (Table 1).

Table 1 - Reagents, synthesis methods and products obtained.

Reagents molar ratio solid-state technique Product
FAH;:2H,0 + LiCl 1:2 Ball milling FAH;-LiCl-nH,0
FAH,-2H,0 + Ca(OH)2 1:2 Kneading (H20) CaFA-nH0
FAH2:2H,0 + Na;COs3 1.1 Grinding CaFA-nH,0
FAH;:2H,0 + NaOH 1:2 Kneading (H20) NazFA-nH,0
FAH,-2H,0 + LiOH 1:2 Ball milling LiFA-nH20

TGA. TGA measurements were performed using a Perkin-Elmer TGA7 in the temperature ranges 40-
460 °C and 37-450 °C for the folic acid and the salts/co-crystal, respectively, under N3 gas flow, at a

heating rate of 5°C min™.

DSC. DSC measurements were performed with a Perkin-Elmer Diamond. Samples (3-10 mg) were placed
in open aluminium pans. Heating were carried out at 5°C min™! for all the samples, in the temperature

range 25-300°C.

IDR. Dissolution rate in physiological solution at room temperature was measured for folic acid, the
salts and the co-crystal. Measurements were carried out with a Varian Cary 50 Spectrophotometer
equipped with a fiber optic dip probe. Four standard solutions in physiological solution (0.1 M NaCl) at
concentrations 2.00, 4.00, 6.00, 8.00 mg-L'* were used to calculate a calibration curve for all the samples
(correlation coefficient was 0.9988). Absorbance of the solutions was measured, the linear part of the
spectrum between 0.1 and 0.6 min utilized, and its slope calculated, corresponding to the dissolution
rate in time interval, expressed in Abs min?. The Abs min' values were then interpolated in the

calibration curve to find the dissolution rate of the analytes expressed as g-sec™.
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XRPD Experiments. For structure solution and refinement of folic acid and riboflavin, a X-ray powder
diffractogram in the 20 range 3-70° (step size 0.02°, time/step 15 s, VxA 40x40) were collected on D8
Bruker diffractometer equipped with a primary Ge monochromator for Cu Kal and a Sol-X solid state

detector in Debye-Scherrer geometry on a capillary with 0.05 mm of diameter.

For phase identification purposes, X-ray powder diffractograms in the 26 range 3-70° (step size 0.02°;
time/step 20 s; 0.04° rad soller; VxA 40x40) were collected on a Panalytical X’Pert PRO automated
diffractometer equipped with an X'Celerator detector in Bragg-Brentano geometry, using Cu Ko

radiation without a monochromator.

Variable Temperature X-ray Diffraction. X ray powder diffractograms in the 20 range 3-70° were
collected on a Panalytical X’Pert PRO automated diffractometer equipped with an X’'Celerator detector
and an Anton Paar TTK 450 system for measurements at controlled temperature. The data were

collected in open air in Bragg-Brentano geometry using a Cu Ko radiation without a monochromator.
Structure Determination

Folic acid-2H>0. Powder diffraction data were analyzed with the software Highscore plus. 15 peaks
were chosen in the 20 range 3-40°, and unit cell parameters were found thanks to the algorithm DICVOL
[14]. For Folic acid was found a monoclinic unit cell with a volume of 2033.3(4) A3. In the asymmetric
unit were found the presence of one molecule of folic acid and two molecules of water. Space group
determination with Highscore plus resulted in space group P212121, withZ =4, 7' = 1. The structure was
solved by simulated annealing using all independent ions and molecules. Simulated annealing, that runs
with structure fragments, was performed with EXP0O2010, the updated version of EXPO2009 [15], using
one folic acid molecule and two independent water molecules. Ten runs for simulated annealing trial
were set, and a cooling rate (defined as the ratio Tn/Tn-1) of 0.95 was used. Best solutions were chosen
for Rietveld refinements, which was performed with the software TOPAS [16]. A shifted Chebyshev
function with 16 parameters and a Pseudo-Voigt function were used to fit background and peak shape,
respectively. Soft constraints were applied for all bond distances and angles of the folic acid molecule,
and a planar group restraint was applied to the aromatic ring. An overall thermal parameter was

adopted for all atoms of the folic acid molecules. All the hydrogen atoms were fixed in calculated
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positions. Refinement converged with »? = 1.28 and Rw, = 9.68 (Table 2). Figure 1 shows the

experimental, calculated and difference diffraction patterns.
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Figure 1 - Experimental (black curve), calculated (red curve), and difference (grey curve) powder pattern for folic

acid - 2H,0. Peak positions are marked in blue.

Determination of the unit cell parameters (Pawley refinement) of the folic acid (anhydrous form) at

high temperature. Powder diffraction data were analyzed with the software Highscore plus. 15 peaks

were chosen in the 20 range 3-40°, and unit cell parameters were found thanks to the algorithm

DICVOL. For the anhydrous form of the Folic acid was found a monoclinic unit cell with a volume of

3170.4(7) A3. The volume is consistent with the presence of three folic acid molecules in the asymmetric

unit. The Pawley fit was performed with the software TOPAS. A shifted Chebyshev with 8 coefficients

and a pseudo-Voigt function were used to fit background and peak shape, respectively. Refinement

converged with »? = 1.40 and Rwp = 3.23 (Table 2). Figure 2 shows the experimental, calculated and

difference diffraction patterns.
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Figure 2 — Experimental (blue curve), calculated (red curve), and difference (gray curve) powder pattern for HT

folic acid. Peak positions are marked in blue.

Table 2 — Details of data collection and structure refinement of folic acid, and Pawley fit of the anhydrous form.

Folic acid - 2H,0

Structure refinement

Folic acid HT (anhydrous form)

Pawley fit

Chemical formula

C19 H23 N7 Og

C19 Hi9 N7 O6

M ¢ 477.40 336.25
temp/K 293 293
wavelength (A) | 1.54056 1.54056
crystal system orthorhombic monoclinic
space group P212121 P24

a/A 8.6163(9) 28.812(3)
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b/A 32.428(4) 4.424(9)
c/A 7.2771(5) 26.37(2)
B/deg - 109.38(2)
V/A3 2033.3(4) 3170.4(7)
Z 4 6

Rwp 9.68 3.23

v2 1.28 1.40

[N.B.: Science data: RT, single crystal; R1 (all data) = 0.184, R1 (observed) 0.146]

2.1.3 Results And Discussion

The structure solution of Folic acid

The structure of Folic acid was solved in 1980 [17] by single crystal X-ray diffraction with an
orthorhombic unit cell and R value based on the observed data of 0.146. The authors of this work give
a description of the structure and a figure without the atomic coordinates. With the intent of study the
relationships between the structure and the properties of folic acid and its ionic co-crystals and salts,
we managed to obtain the atomic coordinates and a more detailed structure. Due to the impossibility
to obtain single crystals of a suitable dimension to study by single crystal X-ray diffraction, we decided
to try to solve the structure with X-ray powder diffraction. We obtained two different structure that
differ only for the conformation of the glutamic moiety and after the refinement it was clear that one
structure has a better result than the other and the result was in disagreement with that obtained with
the single-crystal X-ray diffraction. Single crystal X-ray diffraction is surely the principle techniques to
obtain reliable structural data, but sometimes a single crystal is not representative of the bulk of
products and the study of the bulk is only possible using X-ray powder diffraction. The use and the

synergy of different techniques can be a useful tool to solve complex problem and
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Folic acid-2H>0. Figure 4 shows a schematic representation of the structure of Folic Acid (FA) - 2H,0.
The crystal structure was described in the literature [17] in 1980, but only cell parameters were
deposited in the Cambridge Structural Database (refcode FOLCAH). As described in Mastropaolo et al.,

each folic acid is hydrogen-bonded to two other folic acid and two water molecule .

Figure 3. Schematic representation of Folic acid structure hydrogen-bonded to two water molecule. Colour
codes: orange, carbon; red, folic acid oxygen; blue, water oxygen; green, nitrogen; grey, hydrogen (in the scheme

some hydrogen atoms involved in inter and intra molecular interactions are reported).

The pteridine ring and the glutamic acid residue of each folic acid molecule are linked to the glutamic
acid residue and the pteridine ring of the two adjacent folic acid molecules respectively. The p-
aminobenzoyl group of one molecule of folic acid is almost below the pteridine ring of the symmetry
related folic acid molecule. Zig-zag chains of folic acid are linked together by a bridged water along the

b axes and these chains form a 3D network stabilized by hydrogen bond interaction (Figure 4).

o A
» Lal
PR

(a) (view down the c-axis)
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(b) (view down the a-axis)

Figure 4. Packing pattern for folic acid with two water molecules - (a) view down the c-axis — (b) view down the

a-axis. Colour codes: orange, carbon; red, folic acid oxygen; blue, water oxygen; green, nitrogen; grey, hydrogen.

Variable temperature X-ray powder diffraction experiments of the dihydrate form has been carried out
to verify the crystal structure stability after the dehydration process (Figure 5). The loss of water and
the subsequent solid-solid transition to the anhydrous phase has been observed at 150°C. After cooling
at 25°C, the restoration to the hydrate phase occurred in few minutes; the crystallinity of the folic acid
increases with increasing of time (Figure 5). So far, we have not managed to determine the structure of

the HT form (anhydrous form) due to the low quality of the diffraction pattern.
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Figure 5. XRPD patterns for folic acid at room temperature (bottom curve), at 150°C (red curve) and at room

temperature after cooling (top curve).

Our aim was to obtain folic acid salts or co-crystals using inorganic salts as coformers with solvent free
methods. Synthesis products were analyzed by XRPD and the diffraction powder patterns were
characteristic of an amorphous phase. In some cases, diffraction pattern shows the presence of the
inorganic salt due to the different stoichiometric ratio and the presence of the reagents used for the

synthesis due to the incomplete reaction between them (Figure 6).

33



—— Folic acid(FA)

—— FA*Na,CO,
FA*LIOH

—— FA*Ca(OH),
FA*LiCI
FA*NaOH

2theta

Figure 6. XRPD patterns of folic acid and its salts and co-crystals.

Due to the amorphous patterns of synthesis products, the samples have been characterized by
TGA/DSC and IDR in order to verify the complete reaction between reagents, and to compare thermal
stability and dissolution rate respect to the native vitamin. Comparing TGA experiments of our products
with commercial folic acid, has been observed an improvement of thermal stability. This phenomenon
suggests the presence of salts and co-crystals due to the occurred complete reaction. In figure 7 is
shown the comparison between the TGA experiment of native folic acid [18] and FA-LIOH; in the
FA-LiOH plot there is no peaks related to folic acid and the decomposition of salt occurs at about 350
°C (100°C more stable than pure folic acid). However there are no peaks related to folic acid for none
of the samples studied because only traces of the two components have not reacted. The only sign of
the presence of small quantity of FA is a small change in the slope at about 250°C corresponding to the
temperature of melting and degradation of FA (see S| — figure S1). For the inorganic salts, the m.p.

temperature occurs at higher degree respect to the temperature analysis.
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Figure 7. Thermogravimetric analysis (TGA) of folic acid (a) and FA-LiOH (b)

As stated in the introduction, new formulations synthesized directly in the solid state, has been tested
in order to verify their physical properties in solution, in particular the intrinsic dissolution rate; the
possibility to increase this property respect to the native vitamin could be a very interesting aspect for

the possible application in the pharmaceutical field.

IDR measurements show an increase of IDR of salts and co-crystals up to eight times value of pure folic

acid (see Table 3 and Figure 8).
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Table 3 - IDR measurements

G/sec

FA 1.26796E-05

FA-Na;CO3 3.92932E-05

FA-LiCl 1.59004E-05
FA-LiOH 8.62485E-05
FA-NaOH 4.96336E-05

FA-Ca(OH), | 1.67479E-05

DISSOLUTION RATE

+FA

B FA-Na2Co3

AFA-LICI

# FA-LIOH

A FA-NaOH

® FA-CaOH2

0 100 200 300 400 500 600
TIME(SEC)

Figure 8. Intrinsic dissolution rate (IDR) measurements of Folic acid and its salts and co-crystals.



2.1.4 Conclusions

In this paper, we have reported the structure of folic acid solved by XRPD and the discover of the high
temperature phase. The structure solution by X-ray powder diffraction data is a useful tool in case of
Salts and co-crystals of folic acid with inorganic salts were synthesized by solvent free methods and
characterized by TGA/DSC and were tested their intrinsic dissolution rate. This study highlights the
importance of using different routes of preparation to obtain new APIs. In particular, the solid-solid
reaction can be used to produce new forms with different physical chemical parameters. This aspect
together with the possibility to obtain stable amorphous phase over time, without changing the

chemical entity, could be an interesting way to obtain new useful results in the pharmaceutical field.

SUPPORTING INFORMATION

Below are reported the Thermogravimetric analysis (TGA) of the reaction product of folic acid with LiCl,

Na>COs3, NaOH and Ca(OH); respectively.
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(d)

Figure S1. Thermogravimetric analysis (TGA) of (a) FA-LiCl, (b) FA-Na,COs, (c) FA:-NaOH and (d) FA-Ca(OH),.
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2.2 FOLIC ACID REVISITED: A SYNERGIC COMPUTATIONAL, SPECTROSCOPIC
AND STRUCTURAL APPROACH IN THE SOLID-STATE. ?

2.2.1 Introduction

Folic acid ((2S)-2-[(4-{[(2-amino-4-hydroxypteridin-6-yl)methyl]Jamino}phenyl)formamido]pentanedioic
acid (FA — Scheme 1) is the vitamin B9, that is the synthetic form of folate, which is a generic name to
explain the different forms of vitamin pteroylglutamates (with various levels of reduction of the
pteridine ring). This vitamin and its biologically active derivatives act as coenzymes for synthesis and
metabolism of many amino acids and nucleotides by single carbon transfer reactions. This is a very
important process in metabolic pathways and a folic acid deficiency can lead to various illnesses. In
detail, an insufficient level of vitamin B9 can lead to various diseases related to side effects such as
neural tube defects (NTDs) [1], pregnancy complications, cancer, cardiovascular diseases [2]. Vitamin B9
is not produced by human body and therefore must be taken through the diet in form of tablets. The
upside of understanding the solid state of molecules is reflected into the deep comprehension of the
relationships between structure and properties. The administration of folic acid could be a blind test

without the acknowledgement of its intrinsic properties in solid state.

Scheme 1. Folic acid molecule.
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2.2.2 Results And Discussion

The structure of Folic acid was solved in 1980 [3] by single crystal X-ray diffraction with an orthorhombic
unit cell and R value based on the observed data of 0.146. The structure was described only by a stereo-
view figure and no atomic coordinates were provided. With the intent of studying the relationships
between the structure and the properties of folic acid, we managed to obtain the atomic coordinates
and a more detailed structure. We were not able to obtain single crystals of a suitable dimension for a
single crystal X-ray diffraction study, and for this reason we managed to solve the structure with X-ray
powder diffraction. Folic acid is not a simple molecule to be solved by powder data due to the presence
of several degrees of freedom in the glutamic moiety. We obtained two different solutions that differ
just for the conformation of the glutamic moiety; one conformation that reflects the structure described
in literature (FOL2, Figure 1, top), seems to be less accurate than the other conformation calculated

(FOL1,Figure 1, bottom).

FOL 2

FOL1

Figure 1. Different conformation of the glutamic moiety of the two solutions.

Powder diffraction data were analyzed with the software Highscore plus. 15 peaks were chosen in the
20 range 3-40°, and unit cell parameters were found thanks to the algorithm DICVOL [4]. For Folic acid
was found a monoclinic unit cell with a volume of 2033.3(4) A3. In the asymmetric unit the presence of
one molecule of folic acid and two molecules of water was found. Space group determination with
Highscore plus resulted in space group P212121, withZ =4, 7’ = 1. The structure was solved by simulated
annealing using all independent ions and molecules. Simulated annealing, that runs with structure

fragments, was performed with EXP0O2010, the updated version of EXPO2009 [5], using one folic acid
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molecule and two independent water molecules. Ten runs for simulated annealing trial were set, and a
cooling rate (defined as the ratio Tn/Tn-1) of 0.95 was used. Best solutions were chosen for Rietveld
refinements, which was performed with the software TOPAS [6]. A shifted Chebyshev function with 16
parameters and a Pseudo-Voigt function were used to fit background and peak shape, respectively. Soft
constraints were applied for all bond distances and angles of the folic acid molecule, and a planar group
restraint was applied to the aromatic ring. An overall thermal parameter was adopted for all atoms of
the folic acid molecules. All the hydrogen atoms were fixed in calculated positions. Refinement
converged with x? = 1.28 and Rwp = 9.68 . Figure 2 shows the experimental, calculated and difference

diffraction patterns.
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Figure 2. Experimental (black curve), calculated (red curve), and difference (grey curve) powder pattern for folic

acid-2H,0. Peak positions are marked in blue.

With flexible molecules, X-ray powder diffraction could be a useful tool to obtain the crystal structure
but there is need of a synergic contribution of other complementary techniques. The characterization
of the samples has been achieved through combination of ab initio calculations and Raman

spectroscopy.

DFT calculation have been carried out using the CRYSTAL ab initio program[7], that uses a gaussian basis
set. The method adopted for all calculations was a B3LYP hybrid functional, that has proven to provide
remarkably good results in the evaluation of the vibrational properties of several crystalline compounds

[8], including such complex structures as Metal-Organic Frameworks[9,10]. A 6-31G** basis was used
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for geometry optimizations and frequency calculations, while a cc-pVTZ basis set was also adopted for
the evaluation of relative stability (see below). Empirical D2[11] dispersion correction has been also
included as reparametrized for solids by Civalleri et al.[12] The two structures have been fully optimized

(unit cell and atomic positions), with the resulting lattice parameters (in Angstrom):

a b o Vol
FOL1 8.5019 31.1668 7.5000 1987.32
FOL2 8.7628 34.2373 6.7595 2027.95
Exp. FOL1 8.6163 32.4284 7.2771 2033.34
Exp. FOL2 8.6168 32.4337 7.2788 2034.25

It can be noticed that the FOL1 structure results in a more compressed volume with respect to the
experiment. This is most likely to be ascribed to basis set incompleteness effects that are accounted for
in the Raman spectrum calculation (vide infra) by suitable shifting of the computed wavenumbers. The
volume of FOL2 structure is more similar to the experimental one but the lattice is considerably

distorted, with a very compressed c parameter and overestimated a and b lattice components.

The relative stabilities of the two crystalline phases have been computed by standard counterpoise
methods to account for Basis Set Superposition Error (BSSE) effects. As shown in earlier works[13], the

6-31G**/B3LYP level is often sufficient for a good estimate of formation energies of crystals.
In table 1 we report, for the two adopted basis sets:

1) the relative stability (per formula unit) between the two crystalline structures, evaluated as the

difference between the total crystalline energy divided by the number of formula units in the cell.

cry cry
2) the conformational energy, evaluated as the difference between the total energy of the Folic acid

molecule, in the conformation adopted in the two different crystalline structures

AEconf — Efoll _ EfolZ

mol mol
3) Finally, the zero point vibrational contribution (per formula unit) has been evaluated (only at the 6-

31G** level) thanks to the availability of the computed full vibrational spectrum of the two crystals:

AEvib — (Efoll _ Efolz)/4

vib vib
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Table 1. Computed relative energies (values in kl/mol) of the two crystalline phases of Folic acid, as obtained with

6-31G** and cc-pVTZ basis sets using the B3LYP Hamiltonian. See text for the definition of energy contributions

6-31G** cc-pVTZ
AE,, |-14.06 -16.56
AEcon; | 17.69 10.03
AE,;, |-0.72

As a side note, we recall that use of augmented basis sets, such as cc-pVTZ, is not possible in crystalline

systems since diffuse functions lead to linear dependencies and numerical issues in the calculation.

The Raman spectra have been calculated thanks to an entirely analytical method for the evaluation of
transition intensities [14,15], that has been recently implemented in the CRYSTAL code. [7] This method,
that is unique among solid state quantum chemistry programs, uses a Coupled-Perturbed Hartee-
Fock/Kohn Sham (CPHF/KS) approach to evaluate the perturbation in the density due to the electric
field, and combines it with analytical first order gradients to obtain the needed third-order derivatives.
The derived equations, do not need gradients of the electronic density, thus making the computational

effort optimal.

Structure FOL1 was found to be substantially more stable than the FOL2, by an amount of 17.3 kJ/mol
per unit formula. This, despite the fact that the molecule itself is in a configuration that is, according to
our calculations, less stable by about 10 kJ/mol. The latter result can be of interest in understanding the

kinetics of the crystal formation.

Vibrational Raman spectroscopy represents a powerful tool to investigate and identify substances
because it provides fingerprint spectra that are unique to each specific compound and its
molecular packing. No Raman studies and vibrational assignments for solid folic acid have been
reported in the literature. On the other hand, surface-Enhanced Raman spectroscopic (SERS)
studies in aqueous solutions have been aimed at setting up analytical methods to selectively detect
folic acid in water and biological samples [i16]; moreover, resonance Raman studies in aqueous
solutions have allowed to clarify the binding of folate and methotrexate to dihydrofolate

reductases [17-19]. Due to the lack of solid-state Raman studies on folic acid, the Raman spectrum
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of this compound was recorded (FT-Raman, Aexc = 1064 nm, laser power at the sample 40 mW)
and was compared with the spectra obtained for FOL1 and FOL2 by theoretical calculations. In
figure 3, the full spectrum in the range 1800-50 cm-1 is reported, as measured and computed for the
two structures and the band wavenumber values and assignments were compared as well (Table 2).
Intensity of the peaks is in arbitrary units, and the computational spectra have been renormalized so
that the tallest peak of the blue spectrum (80 cm-1) has the same height as the corresponding
experimental one. Computed frequencies have been downscaled, as customary since long in ab initio
vibrational frequency calculations,[20] by a factor 0.985, and upshifted by 45 cm-1 in order to
compensate for underestimation of lattice volume, as discussed above. The experimental Raman
spectrum was recorded on a Bruker MultiRam FT-Raman spectrometer equipped with a cooled Ge-
diode detector. The excitation source was a Nd3+-YAG laser (1064 nm) in the backscattering (180°)
configuration. The focused laser beam diameter was about 100 um and the spectral resolution 4 cm-1.

The spectrum was recorded with a laser power at the sample of about 40 mW.

Table 2. Experimental and calculated wavenumber values and assignments of the most significant Raman bands

Assignments Calculated Calculated
Assignments based based on folic acid Experimental wavenumber value | wavenumber value
on solid model and model | wavenumber value (cm™) and (cm™) and
compounds compounds in (cm™) assignment assignment
solution FOL1 FOL2
C=0 stretching Glu 1710 1705 C=0 stretching | 1747 C=0 stretching
[21] Glu Glu
C=0 stretching Glu Pter protonated 1664 1672 C=0 stretching | 1675 C=0 stretching
[21] N5=C6 Pter ring Pterring
stretching[19]; C=0
stretching PABA-
Glu[25]
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NH; scissoring Pter unprotonated 1637 1631 NH;scissoring | 1642 (very weak)
biopterin [23] N5=C6 + H,0 scissoring NH; scissoring +
stretching[13]; N1=C2 stretching
Amide | (C=0
stretching)
tetrahydrofolate[25
]
CC stretching PABA[17], benzoyl 1607 1601 C=C stretching | 1608 C=C stretching
PABA[15]; ring mode of 1,4- benzene ring + H,O | benzene ring + H,0
v3o+v21 C=C disubstituted and NH; scissoring scissoring
stretching Pter benzene[18]; Pterin 1595 C=C stretching | 1603 H,0 scissoring
modes[24] methotrexate[17,26 benzene ring + NH, | + NH; scissoring
]; v8a PABA-GIu[25] scissoring
v5 Pter mode [24]; PABA [17]; v8b 1570 1568 C=N Pter ring 1573 NHj; scissoring
pyrimidine ring PABA-Glu [25] stretching
quadrant stretching
biopterin [23]
CH> wagging PABA[17]; Pter ring 1357 1351 Pter C=N
Glu[21]; v11 and vibration[26]; Pter stretching + CH,
v12 Pter modes[24]; | ring stretching C-N; wagging, Pter ring
C-H in plane Pterin breathing
bending methotrexate[17,26
biopterin[23] ]
CCand C-OH PABA[17]; Amide IlI 1291 1290 C-H wagging 1282 C4a=C8a
stretching PABA-GIu[25]; mainly Glu stretching

PABA[22]; CH,
twisting Glu[21];
v13 Pter mode[24];

C-H out-of-plane

Amide lll folate[25]
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bending
biopterin[23]

Pterin 1251 1258 N-H wagging 1230 N-H and C-H
methotrexate[17] wagging
CH in plane bending | C9-N10 1193-1179 1193-1178 CH + CH, | 1181 CH, wagging
PABA[22]; v15 and stretching[18]; v9a + NH wagging
v22+v23 Pter PABA-GIu[25]
modes[24]
153 162 Pter flexural 178 Pter flexural
modes modes
143 Pter torsional 140 Pter torsional
modes modes
119 120 H,O 127 H,0
translational mode | translational mode
110 benzene ring
rotation
82 80 torsional modes | 85 (weak) torsional

Glu

modes (C6-C9)

PABA= p-aminobenzoic acid; Glu = glutamic acid; Pter = pteridine; PABA-Glu= p-aminobenzoylglutamate
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— Experimental
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Figure 3. Experimental and calculated Raman spectra, FOL1 (blue trace) and FOL2 (red trace).

The spectrum calculated for FOL1 (blue trace) showed a better agreement with the experimental data
(black trace), especially in the low-wavenumber region, where lattice vibrations fall, and in the 1750-
1100 cm™ range. The assignments obtained from theoretical calculations showed a good agreement
with those reported in the literature for solid model compounds[19-24] as well as for folate and model
compounds in solution [17-19,25,26] (see Table 2). The obtained results represent a strong evidence

supporting the FOL1 newly proposed crystal structure.

2.2.3 Conclusions

It was pointed out how the synergic combination of different techniques at the solid state could be a
power-full tool to solve complicated structural problems. The structure of folic acid was solved with X-
ray powder diffraction and ab initio calculations reporting for the first time the Raman spectra with

peaks assignment too.
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2.3 IONIC CO-CRYSTALS OF PIRACETAM: FROM SOLID TO SOLUTION 3

2.3.1 Introduction

lonic co-crystals (ICCs) [1] represent a new class of co-crystals of pharmaceutical interest,
constituted by an organic molecule and an inorganic salt, like an alkali or alkaline earth halide. These
compounds are characterized by the fact that the organic molecule, solid as a pure compound at
ambient conditions, acts as a sort of solvating molecule toward the ions, competing with water
molecules for ions coordination.[2] Here we report the study of the stability, at the equilibrium, in
organic and aqueous solution of ICCs composed by piracetam with LiCl, LiBr, CaCl, and SrCl,,
respectively. Piracetam (PIR), 3a 2-oxo-1-pyrrolidine acetamide, is currently approved in over 100
countries for use in adults and the elderly for the treatment of vertigo and events associated with
ageing. It belongs to a family of cognition enhancing medicines called nootropics, and was
synthesized in 1964 by scientists at UCB. The inorganic salts used, on the other hand, have been
chosen for their nontoxicity and potential applications in the pharmaceutical field. These systems
were synthesized through crystallization from solution or by solid-state reactions between solid
components with no (grinding) or limited (kneading) solvent addition. Their crystalline structures,
solid state properties (thermal stability) as well as the intrinsic dissolution rate (IDR) studies have
been published by the Crystal Engineering Group at Unibo.[2b,d] No studies in solution at
equilibrium on ionic co-crystals are known from the literature. lonic co-crystals of Piracetam with
LiCl have been studied in solution through kinetic measurements of dissolution in physiological
solution [2d]; kinetic and equilibrium solubility measurements represent two complementary
resources, useful to classify a drug and a corresponding co-crystal from a solubility point of view.
Going beyond this aspect, a synergic approach between kinetic and equilibrium measurements
yields either a deep knowledge of the system, as a learning model, and the opportunity to approach
other scenarios that would otherwise not be accessible. Here we report solubility and stability in
solution studies, which exploit the methods for equilibrium measurements of co-crystal solubility,

developed by Rodrigruez et al. [1] Solubility as well as permeability are a critical point in the
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pharmaceutical development of a drug, as they are reflected on the oral absorption according to
the biopharmaceutics classification system (BCS). Piracetam belongs to class | of BCS, i.e. it is a drug
soluble as well as permeable. The aim of this study is (1) to investigate the co-crystal solubility in
order to figure out the solution chemistry and the behaviour of ICCs related to the properties of the
pure components, (2) to study the solubilizing effect of salts on piracetam due to the solute-solute
and solvent-solute interactions, and (3) to explore how the interactions in solution effect the solid

state properties in terms of hygroscopicity.

0
NH,

Oﬂ?
Scheme 1 Piracetam molecule.

2.3.2 Experimental Section

Materials.

Piracetam (PIR) and all the other reagents were purchased from Sigma-Aldrich and used without

further purification.
Preparation of lonic Co-Crystals.

Grinding experiments in an agate mortar for 20 min were performed on commercial piracetam
(commercial Form Ill) (1,1 g, 7,5 mmol - see Sl — figures S1-S5) with LiCl (0,3 g, 7,5 mmol) and LiBr
(0,7 g, 7,5 mmol) respectively. Kneading (with a catalytic amount of water) experiments of
commercial piracetam (0,8 g , 5,4 mmol) with CaCl, (0,3 g, 2,7 mmol) and SrCl,.6(H.0) (0,7 g, 2,7
mmol) were also carried out (see Table 1). ICCs were produced also from solution adding an excess

of PIR to a nearly saturated solution of co-former (inorganic salt).

Solubility of ICCs and ICCs components.
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The solubility of PIR in water and in ethanol at the equilibrium was determined at 25 £ 0.5 °C. The
solubility studies of the ICCs in water and ethanol were performed carrying out, either slurry
experiments of ICC (method 1), either slurry experiments using the eutectic approach (method 2).
[1] The experiments, relative to the method 2, were conducted by adding an excess of ICC
[PIR-LiCI-2(H20) (1), PIR-LiBr-2(H20) (2), PIR2-CaCl,-2(H20) (3) respectively] and PIR at the same time
in 8 mL glass vials. The suspensions were magnetically stirred and withdrawn each 24h; the solid
phase, filtered and dried, was characterized by XRPD and DSC. Once solid phase is stable for 48 h,

the concentrations were measured by UV-spectrophotometer and ICP-OES as described below.
UV-spectrophotometer.
[PIR] was measured by Agilent 8453 UV- Visible spectrophotometer.

The Agilent 8453 spectrophotometer is a single-beam, microprocessor-controlled, UV-visible
spectrophotometer with collimating optics. Performance specifications - Wavelength range 190-
1100 nm - Slit width 1 nm - Resolution > 1.6 - Wavelength accuracy < £ 0.5 nm - Wavelength

reproducibility < + 0.02 nm.
ICP-OES.
The concentration of inorganic salts was monitored through ICP-OES.

Spectrometer specifications. “The OPTIMA 2000 ICP-OES uses a unique double-monochromator
optical system. The first, or preselection monochromator (focal length of 0.3 meter and a Stigmatic
Littrow configuration), selects a small portion of the spectrum around the analytical line of
interest.The second, the Echelle-based (focal length of 0.3 meter and a Stigmatic Littrow
configuration) high dispersion monochromator, disperses the narrow wavelength range onto the
DBI-CCD. The spectral range is 160—900 nm. The slew rate is less than 3 seconds to cover the spectral
range, and the measured resolution is <0.009 nm @ 200 nm. The prism and Echelle grating are
rotated less than + 2 degrees to access any wavelength, dramatically improving analytical speed.
The UV-sensitive, dual backside-illuminated CCD detector is cooled directly using a single-stage

integrated Peltier cooler operated at approximately -8°C.The detector housing is hermetically sealed
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and is filled with dry nitrogen to eliminate condensation. The detector has two photosensitive

segments containing 176 by 128 pixels.

ICP system specifications. The OPTIMA 2000 ICP-OES features a 40-MHz, free-running, solid-state
(no power amplifier tube needed) RF generator, adjustable from 750 to 1500 watts, in 1-watt
increments. Water recirculating cooling system works at 4 L/min flow capacity at 310 to 550 kPa

and a temperature between 15°C and 25°C.
X-ray powder diffraction

X-ray powder diffraction diffractograms of solid phases were collected with a benchtop Rigaku
Miniflex X-ray diffractometer (Rigaku, Danverse, MA) using Cu Ka radiation (A= 1.54A), a tube
voltage if 30kV, and a tube current of 15 mA. Data were collected from 5 to 40° at a continuous scan

rate of 2.5°/min.
Differential scanning calorimetry (DSC).

Solid phases collected from the slurry studies were dried and analyzed by differential scanning
calorimetry (DSC) using a TA instrument (Newark, DE) 2910MDSC system equipped with a
refrigerated cooling unit. DSC experiments were performed by heating the samples at a rate of 5-
10 °C/min under a continuously purged dry nitrogen atmosphere (flow rate 50 mL/min). Samples
were scanned over the range 30-250°C. Standard aluminum sample pans were used for all

measurements.

2.3.3 Results And Discussion

The first step was to assess the solubility of PIR in water at 25°C through UV-spectroscopy; solubility
in ethanol at RT (room temperature) is known from literature [3]. Slurry experiments in water at 25

+ 0.1°C were carried out (see Table 1).
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Table 1. Solubility at 25+0.1°C of piracetam (Form lll — commercial form)

Solvent [PIR] (M) (mean % range)
H>0 3,7x10°+3x 103
Ethanol 2,1x101+2x10*

PIR - LICI- 2(H,0) (oqy == PIR ) + Li* iy ¥ Cl g+ 2(H,0)
PIR - LiBr- 2(H,0) (coisy  ¢mmmp  PIRsomy * LI" (goiny* BT (somy* 2(H,0)
PIR, - CaCl, - 2(H,0) (coiqy @b 2PIR o + Ca?* 0+ 2C1 gy + 2(H,0)

PIRE ' 'SrCIQ ' SEHED] I:'Sﬂhlj:l '~ 2p|H|:".-I:I|rI:I + Sr"“ |:’5-U|I'I}+ EGI- {b{.‘l'l'l':l+ 3;H2D}
(a)

AB;= '[’;"ﬁ"n:h + B, ﬂrsp = [A]Y[B)” 5:1 ., _ ‘\'-‘- "fufl,.?-"

(b)

Scheme 2. Chemical equilibria in solution (a) and general equation to calculate the co-crystal solubility (b)

[1b]

lonic Co-Crystals -- PIR-LiCl-2(H>0) (1) PIR-LiBr-2(H>0) (2)
Solubility in water

Method 1. Solubility in water was investigated preparing suspensions of lonic co-crystals (ICC),
stirred for one week; the solid phase of each one was checked every 24 h and considered at the
equilibrium with aqueous solution, once the solid phase was stable for at least 72 h. The
characterization of the solid phase, performed with XRPD and DSC measurements, showed no

transition of the ICCs to the drug (PIR), suggesting that all ICCs under investigation are less soluble
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than the piracetam (see S| — figures $6,57,513,514). The concentration values, listed in table 2,
showed a spread between [PIR] and [salts], especially for 2; the fact that the stoichiometric ratio in
solid is not reflected in solution is due to the hygroscopicity of the alkali and alkaline earth metals

halide.

Method 2.The weighing process of the salts, stored in presence of P,0s, is crucial; to overcome the
problems relative to the hygroscopicity of the salts, the eutectic approach was applied. This method
developed by Rodriguez et al. [1], consists on reaching the eutectic point, in which both solid phases
are in equilibrium with solution (ternary system); this is an invariant point with pH and temperature
constant[1,4]. It should not to be confused with the original term “eutectic”, which is used to
describe, the transformation on cooling from an homogeneous liquid to a two-phases solid. The
eutectic approach is useful to determine readily the concentration at the equilibrium of co-crystal
components, when the solubility of co-crystal is higher than that of the pure drug. In our case (ICCs
are less soluble than the piracetam), this method is still useful as we can calculate, accurately, the
solubility of the ICCs regardless of drug:salt ratio in solution. There are various methods to reach
the eutectic point [1b]; we adopted that in which the experiments were conducted by adding an

excess of ICC and PIR at the same time in 8 mL glass vials.

The eutectic concentrations (Ceu), corresponding at the eutectic point, were confirmed by XRPD and
DSC analysis of the solid state (see Sl — figure $8,59,517,518) and monitored with UV-spectroscopy
and ICP-OES; each of the isolated solid phase contains a mixture of 1+Pir (Form Ill) and 2+PIR (Form
[ll), corroborating that the equilibrium mixtures are both stable in solution. Table 2 lists the
concentration values (Ceu) of co-crystals components as well as the solubility constants (Ksp) relative
to the slurry of ICCs (method 1) and the eutectic approach (method 2) carried out on 1 and 2. Ksp
values are in good agreement with each other (calcultated from method 1 and 2), corroborating the
goodness of the measurements performed applying both methods. The fact that the [salts]eu is
below the [PIR]ey confirm, one time again, that 1 and 2 are less soluble than pure piracetam,
according to the eutectic constant (Keu) rules [1d]. Key (see figure 1), is a good indicator of co-crystal
solubility and stability; its value is below 1.0 when the co-crystal is congruently saturated (less

soluble than the pure drug)[1]; this assumption is valid for co-crystals with stoichiometric ratio 1:1.
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In figure 1 is shown a clear relationship between cocrystal components and cocrystal solubility. This
suggests that Ke, values increase with the increasing of the solubility ratio salt/PIR, suggesting the
possibility to design specific solution properties -like solubility- choosing right co-crystal

components, as required.

Keu Vs Ssalt/S

piracetam

Keu = [COformer]euteCtic / I:drl'lg]eutectic

D 0,5 S LiCl/PIR

S LiBr/PIR

4 4,5 5 55

Ssalt/Spiracetam
Figure 1. Qualitative relationship between K¢, and the intrinsic solubility ratio salts/piracetam.

lonic Co-Crystals — PIR;-CaCl>-2(H20) (3) and PIR>-SrCl»-3(H-0) (4)

Solubility in water

Upon kneading of piracetam with SrCl,. 6(H20), a new crystalline phase was produced (different
from that present in the literature [ref.]) and attributed to an ICC with a different degree of
hydration [PIR2:SrCl,-3(H20) — see Sl —figures S50,551]. Solubility in water was calculated performing
slurry of 3 and 4 respectively (method 1). Each solid phase obtained was monitored through XRPD
and DSC analysis; no transition to the pure drug was observed, confirming that also 3 and 4 are less
soluble than the pure drug. Solubility in water of 3 was also investigated using the eutectic approach
(method 2)— see SI — figures S10-12,515,516,519; the results are in good agreement with that
obtained from method 1 (see table 2). Unfortunately, it was not possible to apply the eutectic

approach also on the ICC 4.
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Co-formers that increase solubility of piracetam

[PIR]eu Of 2, unlike that referred to 1, reached a value significantly higher than the intrinsic solubility
of piracetam. In this regard, a suspension of piracetam in water was prepared and subsequent
addition of LiBr caused an improvement of solubility of piracetam, up to a complete dissolution of
the precipitate. Solute-solute and solvent-solute interactions stabilize the supersaturated solution,
at least for one week, up to a concentration limit of piracetam more than twice the intrinsic solubility
(8,7 x 10° + 1 x 10 M). Beyond this concentration, crystallization of 2 occurred because it is less
soluble than the drug (see SI — figure S48), acting as a limiting reagent for the stability of the system
(Figure 2). Adding more piracetam to the system, we were able to build experimentally the solubility
curve of 2 reaching the eutectic point (7,8 x 10° + 4 x 102 M), in which both solid phases of 2 and
piracetam were in equilibrium with the aqueous solution [see Si — figure S49]. The relative

concentration values of LiBr were calculated starting from the Ksp calculated from method 1.

10 [PIR] decreases when PIR-

9 phase of ICC and PIR in LlBr‘Z(HQO? crystallization
e X occurs (ICC is less soluble than -—
equilibrium with
Solubility of piracetam

3 solution) O e drig)/
temporarily improved,

6 more than twice the
intrinsic solubility

Eutectic point (solid

[PIR] increases adding LiBr

[PIRACETAM]
(9]

in solution
4
T = -
o . 3 [PIR] adding LiBr

5 Intrinsic solubility of piracetam
1 [PIR] after crystallization of ICC
0

0 2 4 6 8 10 12

Figure 2. Slurry experiment of piracetam with add[iLtli?)rr{ of LiBr.

CaCly, on the other hand, has almost no effect on the drug solubility, with [PIR]ey (4,9 x 10°+ 7 x 10
3 M) slightly above PIR solubility in pure solvent (3,7 x 10° + 3 x 103 M). The solubilizing effect on
the drug appears to depend on the solubility of the salts. The [salts]ey values follow the salts
solubility (LiCl ~ LiBr > CaCly); this trend is partially reversed if we consider the improvement of drug
solubility represented by the value of [PIR]ey (LiBr > CaCl, > LiCl) — see Table 2 [1b]. In figure 3 are
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shown the solubility curves calculated from method 2 (for 1, 2 and 3) and from method 1 (for 4); 2
is the most soluble, followed by 1, 4 and 3. It is evident that, keeping invariant the molecule of
interest and the nature of the interactions in solution, the type of salt affects the solubility of the
co-crystal. Lithium chloride and lithium bromide, being more soluble than calcium chloride and
strontium chloride, influence more the equilibria in solution in terms of solute-solute and solvent-

solute interactions, increasing the stability in solution of the ICCs.

ICCs solubility in water

8
7
6
o S
e 4
3
ICC-LiBr-2(H20)
2
1 ICC-CaCl>-2(H,0)
0
0 1 2 3 4 5 6 7 8 9 10

[salt]

Figure 3. Solubility curves calculated from eutectic measurements (for 1, 2 and 3) and from slurry of ICC (4).
lonic Co-Crystals — 1-2-3-4 — Solubility in ethanol

Slurry experiments (method 1) of 1,2,3,and 4 were carried out. The solid phase of each sample was
daily monitored through XRPD and DSC analysis, up to no changes were observed for at least 72h
(see Sl —figures S20-527). Slurry experiments (13 days) of 4 showed a complete transition from 4 to
another unknown phase probably corresponding to a crystalline phase with different degree of
hydration (see S| — Figure S23). Analogously to the ICCs in aqueous media, no transition to the drug

was observed, suggesting that all ICCs are less soluble than the drug. In table 3 are listed the
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experimental results, and the solubility ratios of Sdrugc./Sdrugintrinsic relative to 1 and 2 are 3,7 and
3,8 respectively. There is a remarkable solubilizing effect of piracetam more evident than in water.
This is probably due to the lower intrinsic solubility of piracetam in ethanol than in water, combined
with the presence of traces of water (0,2% of water-Sigma Aldrich reference) and of the salts (LiCl
and LiBr). Figure 4 shows the solubility curves calculated from method 1 of 1, 2, 3 and 4; also in this
case, 1 and 2 (figure 4a) are more soluble than 3 and 4 (figure 4b). The same hypothesis advanced

about the solubility of the ICCs in water, is also valid in this case.

ICCs (1,2)solubility in EtOH

0,9

0,8 “

0,7 ‘.-.

0,6

0,5 '.o
2 ICC-LiBr-2(H20)

04 s,

0,3 ICC-LiCl-2(H>0)

0,2

[PIR]

[ )
)
)
a,"
o,
I"' P
0,1 tloonp 0

0 0,5 1 1,5 2 2,5 3

[salt]

(a)
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ICCs (3,4)solubility in EtOH

0,2

0,18
0,16
0,14
0,12
0,1 ©

PIR]

= 0,08 5

0,06 " ICC-CaCl,-2(H20) °
0,04 . °

0,02

0 0,05 0,1 0,15 0,2 0,25 0,3

[salt]

(b)

Figure 4. Solubility curves in EtOH calculated from method 1 on (a) 1, 2 and (b) 3 and ICC-SrCl;-X(H20).

Deliquescence relative humidity: stability studies

Piracetam together with 1, 2, 3 and 4 were stored (for 8 days) at different relative humidity levels
(RH%), in order to measure the deliquescence relative humidity. The deliquescence point
corresponds to the critical relative humidity (DHR), at which the solid starts to dissolve up to

saturation. [5]

The DHR% values of piracetam as well as that of ICCs are shown in figure 5. Piracetam, although
highly soluble in water, has an high deliquescence point (85%). This is very interesting because
deliquescent materials are typically crystalline solids that are highly water soluble.[5b,c] DHR%
values of ICCs lie between that of piracetam and the relative salt, keeping high the value of
deliquescent point (1-53%, 2-54%, 3-78%, 4-55%). There are additional changes in slope for the

systems 1, 2 and 4 probably due to the kinetics of dissolution at DRH point. The solid phase, relative
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to each saturated solution, was investigated by XRPD and DSC; no transition to other crystalline

phases occurred (see S| — figures S28-S47).

RH%% stability Piracetam RH% stability Pir-LiCl-2[{Hy0) RH% stability Pir -LiBr-2{H;0)
k1 35
L ] E o
# 5 £ 25 .
I g &
2w 2 g
o0 ¥ w® . E ow
5
. : \ o - - 0
] 0 &l -] 20 100 0 o a0 0 0 100 L] Ful &0 2] &0 100
RH% RH% RH%
RHY% stability Pir;-CaCly-2{Hz0) RH% stability Piry Srcly X(Hy0)
25 HR; % HR%
u 30 Piracetam 85%
= & esq PIR-LICI-2{H ;0] 53% 92%
]
& - PIR-LiBr-2(H 10) sam a1
F ] 154
; , ; ) PIR-CaCly 2{H;0) 78%
5 * PIR5-SrCl 5 3[H0) 555 3%
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] il 40 B0 = 100 Fo) 40 &0 B0 100

Figure 5. Deliquescence point of piracetam,1,2,3 and 4.

These experimental results have been compared with DHR% predicted from the Ross equation([5],
optimized for a mixture. All ICCs, except for 4, are composed by high deliquescent salts and,
according to the Ross equation, the deliquescent point should be lower than that of the mixture
components; indeed, there is a spread between experimental and predicted values for 1,2 and 3
(see table 4). Experimental deliquescence point of all ICCs is an “averaged” value between the DHR
values of the co-crystal components. Ross suggested an empirical interaction parameter (x) to
represent the contribution of solute-solute and solvent-solute interactions to the DHR value of the
product. x parameter corresponds to the ratio DHR%observed)/ DHR%(calculated) ; the ratio is much
greater than one for 1, 2 and 3 but not for 4, for which it is closed to one (table 4). This probably
happens because the components are co-crystallized, but also for the hygroscopicity of the salts.
LiCl, LiBr and CaCly, unlike of SrCly, are hygroscopic and they are stabilized in term of hygroscopicity,
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upon co-crystallization with piracetam. This is a clear example of how the solution chemistry is
reflected in the solid-state properties, suggesting the possibility to formulate deliquescent drugs,
exploiting the stabilization effect due to the co-crystallization with non-hygroscopic active

molecules without using further excipients.

Table 4. DHR% observed vs predicted

DHR1% (observed) DHR% (predicted) X
Piracetam 85
PIR-LiCl-2(H20) 53 9,3 5,7
PIR-LiBr-2(H20) 54 51 10,6
PIR2-CaCl-2(H,0) 78 25,5 3,1
PIR2-SrCl-3(H20) 55 60,3 0,91

2.3.4 Conclusions

All ICCs are less soluble than the pure piracetam, both in H,O and EtOH. Slurry (method 1) and
eutectic approach (method 2) methods are consistent with each others. A solubilizing effect of the
piracetam, up to four times the intrinsic solubility, was observed, upon addition in solution of
inorganic salts (co-formers of piracetam in the ICCs). There is a synergic effect between the ion
paring phenomenon and the solvating effect of the drug molecule in competition with water
molecules for ions coordination, as it is observed in the solid state with the ICCs. Piracetam and its
ICCs are stable also at high RH%; there is also a stabilization effect of co-crystallization on salts (LiCl

in particular) in terms of hygroscopicity. The deliquescent point of the ICCs, predicted from Ross
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equation, differs from that observed due probably to significant solute-solute interactions for PIR -
LiCl - 2(H20), PIR - LiBr - 2(H20) and PIR; - CaCl2 - 2(H;0); this is unsurprising, given the high
concentrations involved. We can state that the main aspects of the solid state properties of ICCs are
mirrored in solution, resulting in the modification of stability in solution of the drug under
investigation, once co-crystallized. This proves one time again how the investigation of solid state
properties can be a resource to figure out what is going on in solution and also to design in solid
what we are interested to obtain in solution. Piracetam, given its intrinsic high solubility and
permeability (bioavailability 100%), was used as a learning model for other systems less soluble
and/or permeable, with the aim to choose right co-formers depending on the final requirements.
lonic co-crystals can be a valuable resource to improve not only the solubility but also, in certain
cases, the permeability,[6] with the final aim to improve the bioavailability of the molecule of

interest.
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Table 2. Cocrystal eutectic concentrations ([drugles and [ligand]es), Component Solubilities, and Calculated

Cocrystal Ksp Values, Solubilities, and Solubility Ratios in water.

Solubility ratio | 0,9 1,1 0,6 0,8

[drug]s cc/sdrug

lonic co-crystal | 3,4 x 10° 4,2 x 10° 1,2 x 10° -

solubility (M) eu

lonic co-crystal | 3,6 x 10° 4,2 x 10° 1,1 x 10° 1,4 x 10°

solubility (M) slurry

Ksp eutectic approach | 3,8 x 10* M3 7,5 x 10t m3 3,2 x 10t mP -

(2"4 method)

Ksp slurry (15t | 4,6 x 10* M3 7,7 x 10 m3 2,5 x 10t m° 7,5 x 101 M°>

method)

Sdrug (M) 37 x10°+3 x[3,7x10%+3x|3,7x10°+3x10 | 3,7x10°+3x10
10—3 10—3 3 3

Siigand (M) 19,9 x10°+3 x| 17 x 10° + 2 x | 7,5x10°+3x 10 | 3,5x10°+ 2 x 10
10-3 10-4 3 4

[ligand]eu(mean  +|3,1 x 10°+ 4 x| 3,1 x10°+3 x|1,1x10°+5x10 | -

range) 1072 1073 3

[PIR]eu(M) (mean +|4x10°+1x10 |7,8 x10°+ 4 x|49x10°+7x10 | -

range) 2 102 3

[ligand]siurry (M) [3,8x10°+4 x|3,6x10°+3x|- -

(mean * range) 102 102

[PIR]siurry(M) (mean + | 3,1 x 10° + 2 x | 5,8 x 10° + 4 x | 2,9x 10°+ 4 x 10" | 3,6 x 101+ 3 x 10

range) 1072 103 3 2

Solvent H,O H,O H,O H,O

A:B 1:1 1:1 2:1 2:1

lonic co-crystal

PIR-LiCl-2(H.0)

PIR-LiBr-2(H.0)

PIR2-CaCl-2(H;0)

PIR2-SrCl>-3(H20)
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Table 3. Cocrystal components concentrations, component Solubilities, Calculated Cocrystal Ksp Values,

Solubilities, and Solubility Ratios in EtOH.

Solubility ratio | 3,7 3,8 0,2 0,7

[drug]s cc/Sdrug

lonic co-crystal | 8,2 x 10! 8,4x 101 2,2 x 102 7,2 x 1072
solubility (M) slurry

Kep slurry ICC (15| 5,5x 10-1 M3 59x 101 M3 8,4 x 108 M° 3,1x 10° MP°
method)

Sdrug (M) 2,2x101+2x10 | 2,2x101+2x10 | 2,2x10t+2x10 | 2,2 x 10! + 2 x
Siigand (M) 7,4x10°+3x10 | 7,3x10°+2x10%|2,3x10°+3x10 | 2,2 x 10! + 2 x
[ligand]surry (M) | - - - -

(mean * range)

[PIR]sturry(M) (mean + [ 8,2x101+3x10 | 8,4x101+4x10 [ 59x10%2+7x10 | 1,9x10t6x10
range) 3 3 6 4

Solvent Ethanol Ethanol Ethanol Ethanol

A:B 1:1 1:1 2:1 2:1

lonic co-crystal

PIR-LiCI-2(H.0)

PIR-LiBr-2(H.0)

PIR,-CaCly-2(H20)

PIR2-SrCly-X(H.0)
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SUPPORTING INFORMATION

XRPD patterns of piracetam and the ICCs - PIR:LiCl-2(H20)(1), PIR:LiBr-2(H20) (2),
PIR2:CaCl,-2(H20) (3) and PIR2:SrCl>:3(H20) (4). [2]

—— PIR*LICI*2(H20)
—— PIR*LiBr*2(H20)
PIR,*CaCl,*2(H20)
— PIR,*SrCl,*3(H20)
—— PIR (Form Il1)

",

206/deg

|

5 10 1

25 30 35 40

Figure S1. X-ray powder diffraction patterns observed for Piracetam (PIR, form Ill), 1, 2, 3 and 4 .
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DSC measurements (3-6 mg - sealed pan) of the ICCs - PIR:LiCI-2(H,0)(1),

PIR-LiBr-2(H20) (2), PIR2-CaCl2-2(H20) (3) and PIR2:SrCl2-3(H20) (4). [2]

Heat Flow (W/g)

-10

Peak due to the loss of

H20

75 TN2afec
159.29.’() WWFI\EMQ
Peak due to the

melting of the
anhydrous form

75.39°C

23056°C

0

50

T T T
100 150 200

Figure S2. DSC measurement of 1; heating rate 5°C/min

Heat Flow (W/g)

4

8460°C

108.50ig
Peak due to the congruent
melting of the iCC
87.45°C
0 5IU 160 'IISD 2150 2

0

Figure S3. DSC measurement of 2. RT = 130°C heating rate 10°C/min, 130°C - 160°C heating rate 2°C/min,
160°C = 200°C heating rate 15°C/min.
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Figure S4.

DSC measurement of 3; heating rate 5°C/min.
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Figure S5.

DSC measurement of 4; heating rate 5°C/min.
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lonic Co-Crystals (1), (2), (3) and (4). Solubility studies in H,0O

XRPD patterns of 1 and 2.

1°* method

— PIR*LiCI*2(H20)
—— PIR*LiCI*2(H20) after slurry

|

i’

T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
20/deg

Figure S6. X-ray powder diffraction patterns observed for 1 (black trace) and 1 after slurry in water (1°
method) (red trace).
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——FPIR*LiBr*2(H20)
— PIR*LiBr*2(H20) slurry

I3, .
-
o
=N
(3}
N
o
N
[3,]
w
o
w
(3]
B
o

Figure S7. X-ray powder diffraction patterns observed for 2 (black trace) and 2 after slurry in water (1°

method) (red trace).
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2nd method

—— PIR*LICI*2(H20)
—— PIR*LICI*2(H20)+PIR_2"method
—— PIR_Form IlI

T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
20/deg

Figure S8. X-ray powder diffraction patterns observed for 1 (black trace), slurry in water of 1 and
piracetam (2" method- red trace) and piracetam (PIR- form Il — blue trace).

— PIR*LiBr2(H20)
——PIR Form llI
—— PIR*LiBr*2(H20) + PIR_Formll|

I T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
20/deg

Figure S9. X-ray powder diffraction patterns observed for 2 (black trace), slurry in water of 2 and
piracetam (2" method- red trace) and piracetam (PIR- form IIl — blue trace).
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XRPD patterns of 3 and 4.
1st method

— PIR,*CaCl,*2H,Oafter slurry
— PIR,*CaCl,*2H,0

1 1 1 1 1T "~ T "~ T " T
0 5 10 15 20 25 30 35 40 45

20/deg

Figure S10. X-ray powder diffraction patterns observed for 3 (black trace) vs 3 after slurry in water

(1%t method) (red trace).

— PIR*SrCl,*3H,0 after slurry
— PIR,*SrCl,*3H,0 from kneading H,O
— PIR,*SrCL,*2H,0 from cryst from EtOH

5 10 15 20 25 30 35 40
20/deg

Figure S11. X-ray powder diffraction patterns observed for 4 (red trace), 4 after slurry in water (1%t

method) (black trace) and PIR;SrCl;:2H,0 (blue trace).
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2nd method

— PIR,*CaCl,*2H,0
— PIR,*CaCl,*2H,0 + PIR_formlil
—— PIR_formlll

TR

-1tT - T - T 1T 1T 1T *+ T T
5 10 15 20 25 30 35 40

20/deg

Figure S12. X-ray powder diffraction patterns observed for 3 (blue trace), slurry in water of 3 and
piracetam (2" method- red trace) and piracetam (PIR- form Ill — black trace).

DSC measurements of 1, 2, 3 and 4.

1st Method
0
93¢
N01°C
1ida 108%ig
_2_
5
=S
z
o
T
©
7]
I
162.87°C
44
% : 8007°C .
0 50 100 150 200

Figure S13. DSC measurement of 1; RT - 130°C heating rate 10°C/min, 130°C - 160°C heating rate 2°C/min,
160°C - 200°C heating rate 15°C/min.
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Figure S14. DSC measurement of 2. RT = 130°C heating rate 10°C/min, 130°C = 160°C heating rate 2°C/min,
160°C = 200°C heating rate 15°C/min.
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Figure S15. DSC measurement of 3; heating rate 5°C/min.
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Figure S16. DSC measurement

2nd Method

Heat Flow (Wig)
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of 4; heating rate 5°C/min.
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Figure S17. DSC measurement of 1 + PIR ; heating rate 5°C/min.
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Figure S18. DSC measurement of 2 + PIR ; heating rate 5°C/min.
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Figure S19. DSC measurement of 3 + PIR ; heating rate 5°C/min.
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lonic Co-Crystals (1), (2), (3) and (4). Solubility studies in EtOH

XRPD patterns of 1, 2, 3 and 4.

—— PIR*LiCI*2(H20) after slurry
—— PIR*LiCI*2(H20)

5 10 15 20 25 30 35 40
20/deg

Figure S20. X-ray powder diffraction patterns observed for 1 (black trace) vs 1 after slurry in
ethanol (1°* method) (red trace).

—PIR*LiBr*2(H20)
—— PIR*LiBr*2(H20) slurry

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
206/deg

Figure S21. X-ray powder diffraction patterns observed for 2 (black trace) vs 2 after slurry in
ethanol (1°* method) (red trace).



—FPIR,*CaCl,*2(H20)
— PIR,*CaCl,*2(H20) slurry

— Wi

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
20/deg

Figure S22. X-ray powder diffraction patterns observed for 3 (black trace) vs 3 after slurry in
ethanol (1°* method) (red trace).

— PIR,*SrCl,*3(H20) (kneading EtOH)
— PIR,*SrCl,*2(H20) (cryst from EtOH)
T slurry PIR,*SrCl,*3(H20) in EtOH

«u

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40

20/deg

Figure S23. X-ray powder diffraction patterns observed for 4 (red trace), phase X after slurry of 4 in
ethanol (13days - 15 method) (black trace) and PIR,;SrCl,:2H,0 (blue trace).
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DSC measurements of 1, 2, 3 and 4.

2
T7.47°C 114.57°C
158.5J/g 141.6Jig
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Figure S24. DSC measurement of 1 after slurry in ethanol ; heating rate 5°C/min.
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Heat Flow (\W/g)
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Figure S25. DSC measurement of 2 after slurry in ethanol; RT = 130°C heating rate 10°C/min, 130°C 2>
160°C heating rate 2°C/min, 160°C = 200°C heating rate 15°C/min.



0.5
138.02°C
0.0+ N\ ! 94 22Jig
T
180.25°C
30.97Jlg
§ 0.599
2
E
o
[
®
£ 10
153.84°C
-1.549
18149°C
20 T T T
1] 50 100 150 200

Figure $26. DSC measurement of 3 after slurry in ethanol; heating rate 5°C/min.
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Figure S27. DSC measurement of 4 after slurry in ethanol (13days); heating rate 5°C/min.




Deliquescence relative humidity: stability studies

XRPD patterns of 1, 2, 3 and 4.

—— PIR_RH 22%
—— PIR_RH 42%
—— PIR_RH 64%
PIR_RH 75%
PIR_RH 84%

Figure S28. X-ray powder diffraction patterns observed for PIR exposed to RH 22% (black trace), RH
42% (red trace), RH 64% (blue trace), RH 75% (green trace), RH 84% (orange trace)

— PIR?LICI*2H,0_RH11%
— PIR*LICI*2H,0_RH22%
— PIR*LICI*2H,0_RH42%

. . —— . .
5 10 15 20 25 30 35 40
20/deg

Figure $29. X-ray powder diffraction patterns observed for 1 exposed to RH 11% (black trace), RH
22% (red trace) and RH 42% (blue trace).
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— PIR*LiBr*2H,0_RH 11%
— PIR*LiBr*2H,0_RH 22%
— PIR*LiBr*2H,0_RH 42%

Uu l

20 l'l 40

20/deg

5 10 15

Figure $30. X-ray powder diffraction patterns observed for 2 exposed to RH 11% (black trace), RH
22% (red trace) and RH 42% (blue trace).

—— PIR,*CaCl,*2H,0_RH22%
—— PIR,*CaCl,"2H,0_RH42%
—— PIR,*CaCl,*2H,0_RH64%

2 2

PIR,*CaCl,*2H,0_RH75%

5 10 15 20 25 30 35 40
20/deg

Figure S31. X-ray powder diffraction patterns observed for 3 exposed to RH 22% (black trace), RH
42% (red trace), RH 64% (blue trace) and RH 75% (green trace).
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—— PIR,*SICI,*3H,0_RH11%

—— PIR,*SrC1,*3H,0_RH22%

—— PIR,*SrC|,*3H,0_RH42%
2 2

PIR,*SrCl,*3H,0_RH64%

. r — 7
5 10 15 20 25 30 35 40
26/deg

Figure S32. X-ray powder diffraction patterns observed for 4 exposed to RH 11% (black trace), RH
22% (red trace) and RH 42% (blue trace) and RH 64% (green trace).

DSC measurements of 1, 2, 3 and 4.
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Figure S33. DSC measurement of PIR exposed to RH 22%; heating rate 5°C/min.
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Figure S34. DSC measurement of PIR exposed to RH 42%; heating rate 5°C/min.
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Figure S35. DSC measurement of PIR exposed to RH 64%; heating rate 5°C/min.
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Figure $36. DSC measurement of PIR exposed to RH 84%; heating rate 5°C/min.
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Figure S37. DSC measurement of 1 exposed to RH 11%; heating rate 5°C/min.
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Figure S38. DSC measurement of 1 exposed to RH 22%; heating rate 5°C/min.
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Figure S39. DSC measurement of 1 exposed to RH 42%; heating rate 5°C/min.
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Figure S40. DSC measurement of 2 exposed to RH 11%; heating rate 5°C/min.
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Figure S41. DSC measurement of 2 exposed to RH 22%; heating rate 5°C/min.
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Figure S42.

DSC measurement of 2 exposed to RH 42%; heating rate 5°C/min.
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DSC measurement of 3 exposed to RH 22%; heating rate 5°C/min.
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Figure S43. DSC measurement of 3 exposed to RH 42%; heating rate 5°C/min.
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Figure S44. DSC measurement of 3 exposed to RH 64%; heating rate 5°C/min.
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Figure S45. DSC measurement of 3 exposed to RH 75%; heating rate 5°C/min.

00
72.32° 113.40°C
92.01Jig Aig

0.5

-1.0

-1.54

Heat Flow (Wi/g)

-2.0
76.72°C

254

124 20°C

-3.0 T T T
1] 50 100 150 200

Figure S46. DSC measurement of 4 exposed to RH 22%; heating rate 5°C/min.
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Figure S47. DSC measurement of 4 exposed to RH 42%; heating rate 5°C/min.

Co-formers that increase the solubility of piracetam

— PIR*LiBr*2(H,0) precipitate from solution
— PIR*LiBr*2(H,0) from grinding

Figure s48. X-ray powder diffraction patterns observed for 2 (black trace) and 2 precipitate from aqueous

solution (red trace).
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— PIR*LiBr*2(H,0) observed from grinding
— PIR*LiBr*2(H,0) + PIR(lII)
—— PIR_form Ill_observed

5 10 15 20 25 30 35 40
20/deg

Figure s49. X-ray powder diffraction patterns observed for PIR-Form Il (black trace), 2 (red trace) and 2 +

PIR-form Il (blue trace).

Crystal structure determination of PIR2-SrCl,-3(H20) from single crystal data
(crystallized from H;0)

Figure S50. Crystalline packing of 4 — view down the a-axis.
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— PIR,*SrCl,*3(H20) calc.
— PIR,*SrCl,*3(H20) grind. observed

o

)

T T T T T T T T T T T T T T 1
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20/deg

Figure S51. X-ray powder diffraction patterns calculated for 4 (black trace) and observed for 4 (red
trace).
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2.4 COMBINING PIRACETAM AND LITHIUM SALTS: IONIC CO-CRYSTALS
AND CO-DRUGS?*

lonic co-crystals of piracetam with the inorganic salts LiCl and LiBr were synthesized through solid
state reactions (grinding and kneading) and from solution as well. lonic co-crystal are crystalline
materials composed by organic molecule and inorganic salts of alkaline and alkaline earth metals,
and stabilized by synergic action of organic and inorganic interactions. Crystallization from water
solutions of piracetam with LiCl and LiBr yield crystalline materials of PIR-LiCI-2(H20) and
PIR:LiBr-2(H20) respectively. PIR-LiBr-2(H,0) was found to be isomorphous with PIR-LiCl-2(H0).
Kneading of Piracetam with LiCl produced two crystalline phases corresponding to PIRLiCl-2(H20)
and the relative anhydrous form. The physical-chemical properties of these two crystalline forms in
addition to PIR-LiBr-2(H,0) have been studied and characterized by single crystal and powder X-ray
diffraction at variable temperatures, DSC, TGA, hot stage microscopy (HSM) and intrinsic dissolution
rate (IDR). The ionic co-crystals studied have different properties with respect to pure components
especially in terms of thermal stability. Moreover, it was observed that the thermal relationships
between hydrate and anhydrous form of the ionic co-crystals with LiCl also depend on the method
for preparation and/or on the conditions of measurements. It confirms, on the other hand, that the
thermal techniques used to characterize the systems of interest are complementary each other and
give only a part of the overall information. In this regard, also the role of the intrinsic properties of
the crystalline phase such as crystallinity and size (milli metric or micrometric) of the crystals is
important and it is still a forefront topic open at new perspective.

*D. Braga, F. Grepioni, L. Maini, D. Capucci, S. Nanna, J. Wouters, L. Aerts and L. Quéré, Chem.
Commun., 2012, 48, 8219-8221

For copyright reasons only the link to the original article is reported here:

http://pubs.rsc.org/en/content/articlelanding/2012/cc/c2cc33855f#!divAbstract
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2.5 IMAZAMOX: A QUEST FOR POLYMORPHIC MODIFICATIONS OF A
CHIRAL AND RACEMIC HERBICIDE*

Chiral and racemic imazamox was characterized and assessed in solid state. In detail, crystal
structure of four polymorphs of chiral imazamox were solved and thermally characterized.
Moreover, we were able to identify the thermodynamically stable forms at room and high
temperatures. In addition, the adoption of salts in the crystallization media has had positive effects,
allowing the production of new polymorphs with different morphologies/sizes of the crystal.
Potential polymorphs in agrochemical field, induced by different crystallization environment, can be
interesting in the process of identifying stable forms during industrial production processes.

*Dario Braga, Laura Chelazzi, Fabrizia Grepioni, Saverio Nanna, Katia Rubini, Marco Curzi, Stefano
Giaffreda, Heidi E. Saxell, Matthias Bratz, and Tiziana Chiodo, Cryst. Growth Des., 2014, 14 (3), pp 1430—-
1437

For copyright reasons only the link to the original article is reported here:

http://pubs.acs.org/doi/abs/10.1021/cg4019025
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2.6 BENTAZON: EFFECT OF ADDITIVES ON THE CRYSTALLIZATION OF
PURE AND MIXED POLYMORPHIC FORMS OF A COMMERCIAL HERBICIDE*

After polymorph screening studies on the bentazon molecule, two different polymorphs, Forms Il and
Il (Form | already reported in literature), were isolated and characterized with X-ray single crystal
diffraction, X-ray powder diffraction (XRPD), variable temperature X-ray powder diffraction
(VTXRPD), differential scanning calorimetry (DSC), and hot-stage microscopy (HSM). Unlike the
pharmaceutical field, the investigation of agrochemical compounds in solid state is very interesting,
being a relatively unexplored field. Indeed, a better understanding of the solid state properties of
these unexplored crystalline forms can represent a resource for the industry and a challenge for solid-

state chemists.

Dario Braga, Fabrizia Grepioni, Laura Chelazzi, Saverio Nanna, Katia Rubini, Marco Curzi, Stefano L.
Giaffreda, Heidi E. Saxell, Matthias Bratz, and Tiziana Chiodo, Cryst. Growth Des., 2014, 14 (11), pp 5729-
5736.

For copyright reasons only the link to the original article is reported here:

http://pubs.acs.org/doi/abs/10.1021/cg500980j
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2.7 IONIC CO-CRYSTALS OF RACETAMS: SOLID-STATE PROPERTIES
ENHANCEMENT OF NEUTRAL ACTIVE PHARMACEUTICAL INGREDIENTS
VIA ADDITION OF MG?* AND CA?* CHLORIDES*

Mechanochemical and solution based reactions between brivaracetam (BRV) or seletracetam (SEL)
and calcium or magnesium salts (CaCl; and MgCl,) have been conducted yielding ionic co-crystals.
These new materials showed different/improved physical-chemical properties with respect to pure
drug in terms of thermal stability, hygroscopicity and crystal morphology. Furthermore, the
relationship between crystal structures and properties was investigated. “BRV>-MgCl»-4H>O and
SEL>-MgCly-4H>0 co-crystals present an octahedral coordination of Mg2+ within polymeric chains,
forming a crystal lattice constituted by lipophilic multilayers”. After co-crystallization of BRV and SEL
with MgCl, and CaCl; changes in the morphology of the crystals were observed as well as different
thermal stability was observed respectively. All ionic co-crystals were characterized via a
combination of solid-state techniques, i.e. single crystal and powder X-ray diffraction, variable
temperature X-ray diffraction, DSC, TGA and hot-stage microscopy (HSM). In addition to thermal
stability, changes in hygroscopicity and crystal morphology were observed; indeed, these differences
could play a key role not only in the industrial production processes but also in the storage
operations.

*Fabrizia Grepioni, Johan Wouters, Dario Braga, Saverio Nanna, Baptiste Fours, Gérard Coquerel, Geraldine
Longfils, Sandrine Rome, Luc Aertse and Luc Quére, CrystEngComm, 2014,16, 5887-5896.

BRV,*MgCl,*4H,0 ¢====m BRV m===) BRV-CaCl,'2H,0
For copyright reasons only the link to the original article is reported here:

http://pubs.rsc.org/en/content/articlelanding/2014/ce/c4ce00409d#!divAbstract
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SUMMARY

The aim of this PhD thesis was:

“Optimization of molecular and crystalline forms of drugs, agrochemicals, pesticides in relation to
activity, bioavailability, patentability and to the fabrication of polymorphs, solvates, co-crystals

with green chemistry methods”

During these three years, each project carried out concerned a part of the overall target. Below are

summarized the main results obtained for each project.

Folic acid: an investigation of solid-state properties and crystal forms.

The structure of folic acid was solved by XRPD and the high temperature phase was reported.

“Amorphous Salts” and “amorphous ionic co-crystals” of folic acid with inorganic salts were
synthesized by solvent free methods and characterized by TGA/DSC and their intrinsic dissolution
rate were tested. This study highlights the importance of using different routes of preparation to
obtain “new” APIs. In particular, the solid-solid reaction can be used to produce new forms with
different physical chemical properties. This aspect together with the possibility to obtain stable
amorphous phase over time, without changing the chemical entity, could be an interesting way to

obtain new useful results in the pharmaceutical field.

Folic acid revisited: a synergic computational, spectroscopic and structural approach
in the solid-state.

In this paper was pointed out how the synergic combination of different techniques at the solid state
could be a power-full tool to solve complicated structural problems. The structure of folic acid was
solved with X-ray powder diffraction and ab initio calculations reporting for the first time the Raman

spectra with peaks assignment too.

lonic co-crystals of piracetam: from solid to solution

All ICCs are less soluble than the pure piracetam both in H20 and EtOH. Slurry (method 1) and
eutectic approach (method 2) methods are consistent each others. A solubilizing effect of the
piracetam, until four times the intrinsic solubility, was observed, adding in solution inorganic salts

(co-formers of piracetam in the ionic co-crystals - ICCs). There is a synergic effect between ion paring
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phenomenon and the solvating effect of the drug molecule in a competition with water molecules
for ions coordination, as it is observed in solid state with the ICCs. Piracetam and its ICCs are stable
also at high RH%,; there is also a stabilization effect of co-crystallization on salts (LiCl in particular) in
terms of hygroscopicity. The deliquescent point of the ICCs, predicted from Ross equation, differs
from that observed due probably to significant solute-solute interactions for PIR - LiCl - 2(H20), PIR -
LiBr - 2(H20) and PIR2 - CaCl2 - 2(H20); this is unsurprising, given the high concentrations involved.
We can state that the main aspects of the solid state properties of ICCs are mirrored in solution,
resulting in the modification of stability in solution of the drug under investigation, once co-
crystallized. This proves one time again how the investigation of solid state properties can be a
resource to figure out what is going on in solution and also to design in solid what we are interested
to obtain in solution. Piracetam, given its intrinsic high solubility and permeability (bioavailability
100%), was used as a learning model for other systems less soluble and/or permeable, with the aim
to choose right co-formers depending on the final requirements. lonic co-crystals can be a valuable
resource to improve not only the solubility but also, in certain cases, the permeability, with the final

aim to improve the bioavailability of the molecule of interest.

Combining piracetam and lithium salts: ionic co-crystals and co-drugs?

lonic co-crystals of piracetam with the inorganic salts LiCl and LiBr were synthesized through solid
state reactions (grinding and kneading) and from solution as well. lonic co-crystal are crystalline
materials composed by organic molecule and inorganic salts of alkaline and alkaline earth metals,
and stabilized by synergic action of organic and inorganic interactions. Crystallization from water
solutions of piracetam with LiCl and LiBr yield crystalline materials of PIR-LiCI-2(H20) and
PIR:LiBr-2(H20) respectively. PIR-LiBr-2(H,0) was found to be isomorphous with PIR-LiCl-2(H0).
Kneading of Piracetam with LiCl produced two crystalline phases corresponding to PIRLiCl-2(H20)
and the relative anhydrous form. The physical-chemical properties of these two crystalline forms in
addition to PIR-LiBr-2(H,0) have been studied and characterized by single crystal and powder X-ray
diffraction at variable temperatures, DSC, TGA, hot stage microscopy (HSM) and intrinsic dissolution
rate (IDR). The ionic co-crystals studied have different properties with respect to pure components
especially in terms of thermal stability. Moreover, it was observed that the thermal relationships
between hydrate and anhydrous form of the ionic co-crystals with LiCl also depend on the method
for preparation and/or on the conditions of measurements. It confirms, on the other hand, that the
thermal techniques used to characterize the systems of interest are complementary each other and
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give only a part of the overall information. In this regard, also the role of the intrinsic properties of
the crystalline phase such as crystallinity and size (milli metric or micrometric) of the crystals is

important and it is still a forefront topic open at new perspective.

Imazamox: A Quest for Polymorphic Modifications of a Chiral and Racemic Herbicide

Chiral and racemic imazamox was characterized and assessed in solid state. In detail, crystal
structure of four polymorphs of chiral imazamox were solved and thermally characterized.
Moreover, we were able to identify the thermodynamically stable forms at room and high
temperatures. In addition, the adoption of salts in the crystallization media has had positive effects,
allowing the production of new polymorphs with different morphologies/sizes of the crystal.
Potential polymorphs in agrochemical field, induced by different crystallization environment, can be

interesting in the process of identifying stable forms during industrial production processes.

Bentazon: Effect of Additives on the Crystallization of Pure and Mixed Polymorphic
Forms of a Commercial Herbicide

After polymorph screening studies on the bentazon molecule, two different polymorphs, Forms Il and
Il (Form | already reported in literature), were isolated and characterized with X-ray single crystal
diffraction, X-ray powder diffraction (XRPD), variable temperature X-ray powder diffraction
(VTXRPD), differential scanning calorimetry (DSC), and hot-stage microscopy (HSM). Unlike the
pharmaceutical field, the investigation of agrochemical compounds in solid state is very interesting,
being a relatively unexplored field. Indeed, a better understanding of the solid state properties of
these unexplored crystalline forms can represent a resource for the industry and a challenge for solid-

state chemists.

lonic co-crystals of racetams: solid-state properties enhancement of neutral active
pharmaceutical ingredients via addition of Mg2+ and Ca2+ chlorides

Mechanochemical and solution based reactions between brivaracetam (BRV) or seletracetam (SEL)
and calcium or magnesium salts (CaCl; and MgClz) have been conducted yielding ionic co-crystals.
These new materials showed different/improved physical-chemical properties with respect to pure

drug in terms of thermal stability, hygroscopicity and crystal morphology. Furthermore, the
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relationship between crystal structures and properties was investigated. “BRV2-MgCl»-4H20 and
SEL,-MgCly-4H,0 co-crystals present an octahedral coordination of Mg2+ within polymeric chains,
forming a crystal lattice constituted by lipophilic multilayers”. After co-crystallization of BRV and SEL
with MgCl, and CaCl; changes in the morphology of the crystals were observed as well as different
thermal stability was observed respectively. All ionic co-crystals were characterized via a
combination of solid-state techniques, i.e. single crystal and powder X-ray diffraction, variable
temperature X-ray diffraction, DSC, TGA and hot-stage microscopy (HSM). In addition to thermal
stability, changes in hygroscopicity and crystal morphology were observed; indeed, these differences
could play a key role not only in the industrial production processes but also in the storage

operations.

The results relative to the published papers and those that are going to be published are in
agreement to the initial target of my PhD. It would be interesting to extend these study to further
investigations within the formulation field in the pharmaceutical and agrochemical industry. Indeed,
the synthesis of new materials by adopting the principles of synthesis of green chemistry is an
important aspect, as respect for the environment is fundamental in order to produce innovative and
sustainable crystalline forms on a large-scale. Accordingly, the studies carried out during my PhD
can be a stimulus to introduce innovative methods in the formulation field simplifying the
conventional industrial processes (using a small number of excipients) and changing the physical-

chemical properties with respect to the current formulations.
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