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1. Introduction

1. Introduction

The selection of appropriate crystalline forms of active pharmaceutical ingredients, APIs, is
an important decision for drug development. Drug molecules in a solid form are in either
crystalline or amorphous state. Most drugs are formulated in the crystalline state due to the
instability of an amorphous state [Vip01]. Crystalline solids can show polymorphs, solvates
and if water is the solvent hydrates or cocrystals. Figure 1.1 shows a classification of API
solid form based on structure and composition. A solid can be crystallized with solvent
molecules to form hydrates or solvates. It can also form multicomponent molecular crystals
with compounds other than solvents. The cocrystals can also show hydrate or solvate forms
and all multicomponent crystals can form polymorphs. The API solid form is affected in its
physic-chemical properties such as solubility, dissolution rates, hygroscopicity, physical and
chemical stability, and mechanical properties as a consequence of differences in molecular

interactions, structure and composition that result in different energetic [Vip01, Cui07].

Solid form

' N om
S=S 93"

Crystalline solid Amorphous solid

/ N

Single component system Multi component system

o o % Hydrates C YK )
o 0 Solvates =4 N

Polymorphs T
Cocrystals
o

Figure 1.1: Classification of API solid forms based on structure and composition. Gray, red, blue, and

yellow represent drug, water/solvent, and coformer molecules, respectively.

As a result, solid form screening is a common element embedded in the search for materials

with optimal properties for drug development [Cho08].
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Cocrystals have recently emerged as an interesting alternative solid form for producing a
large diversity of solid forms of drug substances exhibiting the proper balance of important
properties for development into a viable and effective drug product [Fle03, Aak07]. Until now,
numerous APIs have been cocrystallized with different co-formers and new solid forms of
cocrystals are on the rise [Chi0O7, ChiO7]. In spite of the successful application of
cocrystallization to manipulate the physical properties of a drug, no marketed drug products
utilize cocrystals. One reason for this may be related to concern about the thermodynamic
stability of cocrystals [Sch09]. Metastable crystal forms have a risk to change to different
forms during the shelf life of the product, hence pharmaceutical companies reluctant to
develop metastble forms. Therefore, an understanding of the thermodynamics that will

support cocrystal formation would be useful.
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2. Fundamentals

2.1 Cocrystal definition

To date, the term cocrystal is still under debate in the academic literature [Bon07, Cun03,
Des03]. Cocrystals can be defined in a number of ways [Sch09, Sha08]. However, everyone
can agree that a cocrystal is a crystalline form that comprised of at least two different
components (commonly called multicomponent crystals). A restrictive definition utilised is
that a crystal that is built up of a structurally homogeneous crystalline material in which two
or more component’s molecules are present in a well-defined stoichiometric ratio [Aak07]. A
cocrystal in definition of a pharmaceutical is a single crystalline solid that incorporates two
neutral molecules at ambient temperature. One being an API and the other is the excipient
or another drug which is called coformer [Cui07, Fle03, Chi07, Bon07, Aak05, Vis06, Tra05].
The definition of a cocrystal is important because of intellectual property implications, since
cocrystals are novel, useful and non-obvious form of drugs [Tra07].

The structural differences between salts and cocrystals have been under discussions for a
long time [Aak07]. The understanding of the fundamental difference between a salt formation
and a cocrystal is very important to both pro-formulation activities and
chemical/pharmaceutical development aspects. A pharmaceutical cocrystal is formed by a
neutral APl and a coformer through noncovalent interactions. For cocrystals, there is no
transfer or only a partial transfer, whereas a salt is formed by an ionic API and an acid with a
proton completely transferred [Aak07, Vis06]. The difference between a salt and a cocrystal
is that whether a proton transfer has happened or not. A proton transfer is thought mainly to
depend on the pKa values of the components which could help to guide the eventual

formation of a salt or a cocrystal [Chi07, Stel0].

There is sometimes a confusion between cocrystals and solvates/hydrates. The main
difference between solvate/hydrate and cocrystals is the physical state of the isolated pure
components. If one component is a liquid at room temperature, the crystals are designated
as solvates or hydrates. If both components are solids at room temperature, the crystals are
designated as cocrystals [Bicll]. Hydrates and solvates of an API similarly impact on the
biopharmaceutical properties. API hydrates have lower aqueous solubilities, while solvates
have higher aqueous solubilities when compared to anhydrous crystalline phases [Zhu96,
Zhu97, Gho95].
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2.2 Design of cocrystals

Cocrystal design is based on crystal engineering principles with intention to improve the
solid-state properties of an API without affecting its intrinsic structure. Crystal engineering
defined as the understanding of intermolecular interactions in the context of crystal packing
and in the utilization of such understanding in the design of new solids with desired physical
and chemical properties by Desiraju [Des03]. Cocrystals are constructed synthons that are
basic structural units formed with non-covalent interaction such as van der Waals
interactions, n-n stacking interactions, and hydrogen bonds between the functional groups in
the molecules [He08, Kav10, Des95, Des02]. Most often the synthons involve hydrogen
bonds in crystal engineering utilized in cocrystal in pharmacy [Sve99], because of their
strength, directionality and frequency of occurrence [Fle03, Chi07, Tra05, Tra06, Ett90, Ett89,
Ett91]. Figure 2.1 shows some examples of commonly occurring synthons in the crystal

structures of single and multicomponent materials.

‘/<o_|-| ...... O/% %\J—H - } %Q_H _____ O>/;

Figure 2.1: Typical hydrogen bonds utilized in crystal engineering are; (a) acid-acid, (b) amide-amide

homosynthons, (c) amide-acid, (d) pyridine-acid and (e) pyridine-hydroxyl.

The basis of packing motifs and hydrogen bond patterns in the crystal structure are followed

by hydrogen bonding rules for organic compounds proposed by Etter [Ett91, Ett90Q].

(1) All good proton hydrogen bond acceptors will be used when there are available
hydrogen bond donors.

(ii) All acidic hydrogens in molecues will be used for hydrogen bond formation.
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(iii) The best proton donors and acceptors remaining after intramolecular hydrogen
bond formation form intermolecular hydrogen bonds to one another.

Using these rules, hydrogen bond and synthon formation between functional groups can be
predicted [Lei69, Lei76, Ett85], and a more detailed strategy for cocrystal design can be
derived.

The molecular structure of salicylic acid (Figure 2.2) shows two functional groups, a
carboxylic acid (-COOH) and an alcohol (-OH) that has one hydrogen bond and two

acceptors.

OH

OH

Figure 2.2: Molecular structure of salicylic acid.

2.3 Screening of cocrystals

As pharmaceutical cocrystals have rapidly emerged as a new class of API solids, much work
has focused on exploring the crystal engineering and design strategies. The ability of an API
to form a cocrystal is dependent on various parameters including the types of the coformer,
the solvents, the stoichiometric ratio of APl/coformer, the crystallization method, etc. The

schematic of the strategies for preparation of cocrystals is shown in Figure 2.3.

In order to obtain a desired cocrystal, the study of the structure of the target APl molecule
and the functional group which is capable of forming supramolecular crystal with a coformer

should have priority.

The next step is the selection of coformers that are compatible with a particular API. The
coformer has to be a pharmaceutically acceptable/approved compound classified as

generally recognized as safe (GRAS) for use as food additives.

Cocrystal screening is the next step to determine if a particular coformer candidate is able to
cocrystallize with a targeted API. Cocrystal screening can be accomplished via a number of

methods, including a slow solvent evaporation crystallization, a solvent-reduction (slurring,

5
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solvent-drop grinding), a solvent free (grinding, hot-stage thermal microscopy) techniques
[Hab09, Leel0, McNO6, Ber08, Zha07].

API material —targets (solubility,
bioavailability, etc.)

]

Test the properties of API: structure, function group,

Cambridge Structural Data Base)

solubility, H-bonding ability with other mechanicals (using [

_,l

Choose the possible crystallization method

¥

I}

Suggested the co-crystal formers (H-bonding, VDW

interaction, solubility, safety, bioavability affect...)

Operating condition study (temperature, solvent,
concentration, agitation rate, cooling (evaporation) rate,...

Y }
Pretest for solvent selection and solubility | Identified the product ( XRD, thermal analysis,
ne 1 spectroscopic analysis,...)
Compare with target values | l

1 | yes ‘ | Optimized operating condition

Determine the co-crystal former and solvent | 1
1 Co-crystal

- . . (semi-product)
Thermodynamic equilibrium test (solubility) of each
component and co-crystal (if available)
no
! i In vivo test |
Estimate the crystallization method and take trial experiments
(melt, grinding, milling, evaporation, cooling, controlling the
supersaturation)
l yes Co-crystal
no -

Figure 2.3: Steps for cocrystal design and preparation strategies.

Identified the product( XRD, thermal analysis,
spectroscopic analysis, etc.)

product

To date, many ways of methods and tools have been proposed for the preparation of

cocrystals in line with an increased interest in that area. Cocrystals involving supramolecular

synthons are usually synthesized by slow evaporation from a solution that contains

stoichiometric amounts of the components. Also sublimation, growth from the melt, slurries,

and grinding two solid cocrystal formers in a ballmill are suitable methodologies. Table 2.1

presents different methods to prepare cocrystals [Moh11].
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Table 2.1: Cocrystal formation methods involving solid-based and liquid-based methods.

Liquid-based method Evaporative crystallization, slurry conversion, reaction
cocrystallization, cooling  crystallization, liquid-assisted
grinding, sonication, supercritical fluid crystallization, and
spray drying.

Solid-based method Melt crystallization (hot stage microscopy and differential
scanning calorimetry), solid-state grinding, and twin screw

extrusion.

The most obvious way to prepare pharmaceutical cocrystal is to simply crystallize by slow
evaporation of supersaturated solutions in the presence of the cocrystal former. Most
commonly supersaturation is achieved by slowly cooling/evaporation an undersaturated
mixture until the solubility limit is passed. Solution crystallization offers the possibility to
obtain single crystals for structure determination. This is of great importance since most of
the cocrystals which qualify for single X-ray diffraction testing, can only be prepared through
this method.

2.4 Cocrystal phase diagrams

Binary phase solubility diagrams (PSDs) and ternary phase diagrams (TPDs) have recently
been used to explain the solubility and stability of cocrystals in solution [Chi0O7, Neh05].
PSDs have been used for studies of the solution concentration at equilibrium with solid
phases and the relative thermodynamic stability of cocrystals. TPDs show the total
composition of solid phases and liquid phases at equilibrium and comparative region for

effective cocrystallization processes.

The key source of information for the experimental design is the ternary phase diagrams
(TPD) [Chi07, Ain09, Mah09], which demonstrates the thermodynamic stability regions and
predicts the transformation of the phase of a compound at a given temperature, pressures
and composition [Rag09]. If the ternary phase diagram of a system is known, crystallization
experiments to acquire the cocrystal can be efficiently designed and the outcome can be
predicted. In addition, such phase information can provide insights into the existence of
metastable states and potential dissolution pathways [Chi07, Neh05, Cha09, Rod06].

Ternary phase diagrams are equilateral triangles with each side as a scale of the mole or
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weight fraction. Each corner in the triangle represents a pure compound A, B and C. The
triangle’s sides represent the binary systems A+B, A+C and B+C. In the specific case of

cocrystal phase diagrams, the three components are the solvent, the API and the coformer.

The relative solubility of two components affects highly the ternary phase diagram. A
cocrystal may be defined as a congruent or incongruent depending on how it dissolves in a
solvent system [Coqgl4]. Figure 2.4a shows a schematic ternary phase diagram for two
components of similar solubility in the given solvent. The dotted line joining ‘A’ to solvent
intersects the stable solubility curve. It is easy to crystallize ‘A’ by mixing APl and conformer
in stoichiometric amounts [LorOl1, Fri09]. The diagram shown in Figure 2.4b is more
complicated and represents the case in which the components have very different solubilities.

The dotted line segment intersects the metastable solution curve of ‘A’ [Chi07].

The diagram is divided into several areas with different composition and phases as
summarized in Figure 2.4. There are six zones in a typical TPD for a system with one
cocrystal for an APl and a coformer. Domain 1 is the solution phase region where all
materials are dissolved and only a homogeneous liquid phase is presented. Also it is
bounded by solubility curves of the API, the cocrystal, and the coformer. In zone 2 and 6
there is the solid APl compound and the coformer and the liquid phase, respectively. In zone
3 there is the solid compound API, the solid cocrystal and a liquid phase. Zone 4 represents
the pure solid cocrystal in equilibrium with the liquid. Zone 5 is like zone 3 the coformer with
the solid compound B, the solid cocrystal and a liquid phase.

The TPD can be constructed if the equilibrium between the API and coformer, the cocrystal
and the solution is determined by measuring and calculating the solubility curves of the API,

the coformer, and the cocrystal in solvent.
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Solvent
140

o 1
APl 1 09 0z o7 08 05 04 03 02 0.1 0 Coformer

(@)

Solvent
140

1
© Coformer

(b)

Figure 2.4: Schematic ternary phase diagram, which shows a 1:1 cocrystal, (a) similar solubilities
between two components (API and coformer) in a solvent and (b) different solubilities of
API and coformer, i.e., when the solubility of APl is much lower than that of the coformer.

Figure adapted from Rager and Hilfiker [Rag09].
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3. Aim of research

Considering the entire field of cocrystals in pharmacy there are still many questions which
need to be answered. In order to investigate how cocrystals for pharmaceutical uses can be
improved in their solubility and how the dissolution properties of poorly water soluble drugs
can be improved under different environments. A fundamental understanding of the
formation mechanisms, solution behaviour and solid-state properties of cocrystals with
pharmaceutical substances has to be found. Main important items should be found by a
case study in the following steps.

e Identify the parameters for the formation and the characterization of five
pharmaceutical cocrystals of the poorly water soluble drug of salicylic acid (SAA),
which are salicylic acid/ 4,4'dipyridyl (2:1), salicylic acid/ nicotinamide (1:1),
salicylic acid/ isonicotinamide (1:1), salicylic acid/ piperazine (1:0.5), and salicylic

acid/ N,N'-diacetylpiperazine (2:1) with N-containing bases.

e Establish a screening for cocrystal formation using Raman spectroscopy for an in-
situ monitoring. Apply this method to determine cocrystal formation mechanisms

during solution crystallization.

o Identify two different cocrystals (salicylic acid/ 4,4'dipyridyl cocrystal and
aspirin/4,4'dipyridyl cocrystal) and investigate the transformation behavior in a

solution medium using Raman spectroscopy for the in-situ monitoring.

e Investigate the effect of kinetics and thermodynamics such as cooling rate and

temperature on formation of cocrystals based on the ternary phase diagram.

e Gain a fundamental understanding of the solubility behaviour of cocrystals and

provide insights into the solubility advantage offered by cocrystals.

Subsequent chapters in this thesis will address the above objectives. This thesis is
organized in 10 chapters. A short overview of the state of the art is given in the second
chapter. In the second chapter an overview of pharmaceutical cocrystals, their definitions
and basic theories are summarized. Model APIs and coformers and analytical approaches
used in this study are specified in chapter 4. The principles and experimental set-up of all
analytical techniques were given in this chapter. Findings of the novel cocrystals are
presented in the “results and dissussion” chapter. Chapter 5 examines all characterised

10
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cocrystals with different stoichiometric molar ratio under different conditions. All of the
resulting cocrystals-forms of the case studies- salicylic acid/ 4,4'dipyridyl (2:1), salicylic acid/
nicotinamide (1:1), salicylic acid/ isonicotinamide (1:1), salicylic acid/ piperazine (1:0.5) and
salicylic acid/ N,N'-diacetylpiperazine (2:1) (derived from the reaction between aspirin and
piperazine) will be given. The key element to form cocrystals which is hydrogen bonding in
intermolecular interaction is presented in this chapter. The molecular structures of all of the
cocrystals were also presented. In chapter 5.2 the method to monitor the formation of
cocrystals during solution crystallization was established. After the identification of the
cocrystals of the selected systems the screening of the formation of cocrystals was
investigated in real time by means of Raman spectroscopy. Chapter 5.3 investigated the
mechanism of transformation of cocrystals (salicylic acid/ 4,4'dipyridyl cocrystal and
aspirin/4,4'dipyridyl cocrystal) in real time. The solubility of cocrystals and physical
properties were studied and compared. Chapter 5.4 focuses on the mechanism of cocrystal
formation based on ternary phase diagram. The effects of thermodynamic and kinetic factors
in formation are presented in this chapter. The formation of salicylic acid/ 4,4'dipyridyl
cocrystal and aspirin/4,4'dipyridyl cocrystal in dependence on kinetic and thermodynamic
parameters in specific region are presented. Chapter 6 summarized the presented work and

results obtained from this work.
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4. Materials and methods

4.1 Model systems

The materials and analytical methods used in this study were introduced in this chapter. The
selection of model substances was governed by the intention to form cocrystal depending

upon the crystallization conditions of the main compound.
4.2 Chemicals

All materials were used as received without further purification.

Table 4.1: Summary of raw materials for the experiments.

Materials Formula Purity/grade Manufacturer

Acetylsalicylic acid  C,H,O, >99.0% Sigma-Aldrich (USA)
4,4'-bipyridine CioHsN, 98.0% Acros (USA)

Nicotinamide CeHsNO 99.0% Samchun (Korea)
Isonicotinamide CeHsNLO 99.0% Sigma-Aldrich (France)
Piperazine C4H1oN, 99.0% Sigma-Aldrich (Netherlands)
Ethanol CH3;CH,0OH >99.0% Duksan (Korea)

1-propanol C3HgO 99.0% Samchun (Korea)

In this study, salicylic acid and N,N'-diacetylpiperazine was mentioned even thought they
were not used as a raw material. Both of them are derived from reaction between aspirin and

piperazine.

Acetylsalicylic acid was chosen as the main model drug in this study. Acetylsalicylic acid is
one of the most widely used analgesic, antipyretic, and anti-inflammatory drugs. It also has
an antiplatelet and is used long-term, at low doses, to help prevent heart attacks, strokes,
and blood clot formation in men at high risk for developing this condition [Gla01, Ouv04,

Bon07, Mit67, Aju09]. However, Aspirin has a poor solubility in water and its rapid
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hydrolysed in the plasma to salicylic acid. Acetic acid has a limited intravenous use. In
contrast, all coformers used in this study are common coformer in crystallization and have a
high solubility and permeability. Especially, 4,4'-bipyridine, which is the main model drug is
the most often found in cocrystal structures in the CDS database [Fab09] because it is a

rigid molecule and a good hydrogen bond acceptor, making it ideal for cocrystal studies.

Unfortunately, the Aspirin used as raw material transforms into multicomponent crystal forms
of salicylic acid during co-crystallization as to be seen to this study. Salicylic acid also has
antiseptic, preservative, analgesic, and anti-inflammatory properties, covering a broad
spectrum of applications, including skin care products [Fon10, Mac00]. It is used for
treatment of acne and psoriasis due to its anti-fungal properties to eliminate fungus involved
in infection [Van90]. However, salicylic acid has low solubility in water, which influences its

bioavailability.

Up to date several cocrystals of salicylic acid have been reported with several coformers
[Chi07, Ber08, Sin74, Tak08, Lim97, Gos06, Bu¢09, Lu08, Chi09, HualO, Elb10, EIb10,
Hat10, Sko09, Wal03 Chel0] such as meloxicam [Chel0], temozolomide, carbamazepine
[Chi09, Hual0], theophylline [Chi07], caffeine [Bu¢09, Lu08], creatinine [Gos06] and 4,4'-
bipyridine [Wal03]. Cocrystals of salicylic acid (SAA) with 4,4'-bipyridine (4,4'-bipy),
nicotinamide (NCT), isonicotinamide (INCT), piperazine (PPZ) and N,N'-diacetylpiperazine
(N,N’-DPPZ) were selected as model systems in this study. The crystallographic and

physicochemical properties of these cocrystals are described in chapter 4.

The molecular structure of salicylic acid (Figure 4.1) shows two functional groups, a
carboxylic acid (-COOH) and an alcohol (-OH) that has one hydrogen bond and two

acceptors. The Figure 4.2 indicates the molecular structure of coformers used in this study.

OH

OH

Figure 4.1: Molecular structure of salicylic acid.
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(a) (b) (©

c) @

Figure 4.2: Molecular structure of the coformers (a) 4,4~bipyridine, (b) nicotinamide, (c)

isonicotinamide, (d) piperazine, and (e) N,N'-diacetylpiperazine.

4.3 Methods

Preparation of SAA cocrystals: Formation of cocrystal experiments were based on
cooling/evaporation crystallization of mixed solutions which are appropriate in stoichiometric
molar ratio of aspirin with coformers. The solutions were prepared by dissolving appropriate
amounts of starting materials in 1:1, 1:2, 1:3, and 2:1 stoichiometric ratios in an appropriated
solvent. The solutions were cooled down and slowly evaporated under magnetically stirred
condition at desired temperatures for 24 hours. Suspensions were filtered together under
vacuum and dried at 40°C overnight in the oven. The specific experiment to get a suitable
crystal for single crystal X-ray diffraction was conducted similarly to those explained above.
The crystals of suitable size and quality were obtained by seeding with small quantities of

material from previous experiments.

In-situ monitoring crystallization: In-situ monitoring of formation of SAA cocrystals was
carried out using a Raman spectrometer. The experimental set-up used in cocrystal
formation is shown in Figure 4.3. It consists of a crystallizer, a Raman spectrometer
measurement system and a temperature control system. These experiments were
conducted as batch crystallization. During the operation, Raman spectra, PXRD pattern and

temperature were measured with the elapsing time.
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The crystallizer was a 100mL-jacketed cylindrical glass vessel equipped with a U-type
impeller (agitation rate: 400rpm, impeller diamer: 4cm, vessel diameter: 5cm) and the
Raman MR probe. After the mixture of aspirin and its coformer were dissolved in a solvent at
a higher temperature the than its saturation temperature, the solution was maintained at
50°C under agitation until equilibrium is reached. Then the batch temperature is cooled down
at a cooling rate of 0.5K/min. The crystals were sampled at regular intervals using a solid-
liquid separator with a glass vacuum filter. Raman spectra of solution and suspension were

measured using a Kaiser Raman RXN2 immersion sensor with respect to time.

Mechanical stirrer
A

5]

In-line crystal
analy sis sy stem

Raman
spectrometer =T [ O
Raman MR — "
— = = probe <+ Temperature sensor
L “ *PXRD
Coolant from +DsC
heating/cooling bath *FT-IR
« Raman (Phat)
= = - SEM
EIEs
A
e
.
Thermostatic
1 bath

Figure 4.3: Experimental batch crystallization set-up, equipped with a Raman spectroscopy probe.

4.4 Solid-state and analytical instrumentation

XRD, DSC, FTIR, Raman spectroscopy, SEM, and single crystal X-ray diffraction techniques
have been applied to characterize the new cocrystals obtained by crystallization. The
starting materials, salicylic acid, formed cocrystal such as: SAA-4,4'-bipy cocrystal, SAA-
NCT cocrystal, SAA-INCT cocrystal, SAA-PPZ cocrystal, and SAA-NDAP cocrystal. The
molecule structures of all of these cocrystals which are identified by single crystal X-ray

diffraction were also presented in this work.
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4.4.1 Powder x-ray diffraction

PXRD pattern of various powder samples were collected using a SamrtLab X-ray
diffractometer (Rigaku) with Cu Ka radiation (1.54056 A). The tube voltage of 45kV and
amperage of 200mA were set. The sample was placed on a silicone plate at room

temperature. Data were collected from 3° to 45° (20) at a continuous scan rate of 5K/min.
4.4.2 Differential scanning calorimetry

DSC is a thermoanalytical technique in which the thermal effects of tested samples, such as
the melting point and enthalpies of phase transitions, can be measured. In this study, DSC
measurements were carried out using a Mettler Toledo DSC 1 instrument which was
calibrated for temperature and cell constants using indium. Test samples (3-5mg) were
analyzed in crimped aluminium pans with pinholes. Measurements were carried out in the

DSC from 0 to 300°C at a heating rate of 10K/min under nitrogen purge at 50mL/min.
4.4.3 Scanning electron microscopy

Scanning electron microscopy is an electron microscope that provides images of a sample
through scanning the sample with a focused beam of electrons. In this study, the surface
and morphology characteristics of cocrystals were investigated by scanning electron
microscopy (SEM: JSM-6300, JEOL, Japan). The test samples were sprinkled onto double-
sided tapes that had been secured onto an aluminium stub and then have seen gold sputter-
coated under an argon atmosphere. The specimens were scanned with an electron beam of
voltage of 5-10kV.

4.4.4 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational,
and other low-frequency modes in a system [Ger89]. Raman spectra of solid phases were
collected with a Kaiser Raman RXN2 (Kaiser Optical Systems, Ann Arbor MI, USA)
equipped with a light-emitting diode laser (785nm, 450mW) as an excitation source. The
spectra range of this system is from 100 to 1890 cm™, and the spectra acquired with 4 cm™
spectral width and 30 s exposure. The iCRaman software (Mettler-Toledo) was used in

combination with this system. The measurements were carried out at room temperature.
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Solid phase transformations were monitored using the same Raman spectroscopy as used
in Raman spectra characterization, with an immersion probe in-situ Raman spectroscopy
method. The immersion probe was used to collect the spectra of the solid phase in aqueous
suspensions. The spectra were collected between 100 and 1890 cm™ with a resolution of
4 cm™. The experimental set up is shown in Figure 4.4. The Raman spectra during in-situ
monitoring were automatically collected every 2 minutes for 5 hours controlled by the
iCRaman software.

Figure 4.4: Raman spectrometer for in-situ monitoring.

4.4.5 FT-IR spectroscopy

The FTIR data were obtained using instrumentation and procedures similar to those
described earilier [Don94, Car98]. The infrared spectra were collected on a Thermo Nicolet
6700 Fourier transform infrared spectrometer to identify functional groups by measuring the
absorption at characteristic wavelengths of bonds that vibrate independently of one another.
The sample was prepared using the KBr pellet technique. A small amount of sample was
mixed thoroughly with relative more KBr in a mortar while grinding with the pestle to form a
homogeneous powder, which was then compressed into a solid pellet. Measurement
settings for the Thermo Nicolet 3700 FTIR are: A totla of 256 scans, a resolution of 4cm™
and a data range of 4000-400cm™.
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4.4.6 Single crystal diffraction

Single crystal X-ray diffraction studies were performed on a Bruker SMART APEX Il CCD
diffractometer with graphite monochromated Mo Ka radiation (1=0.71073 A). The structure
solution, refinement and data output were fully solved by direct methods refined by full-
matrix least squares against F? all reflections using SHELXTL. Mercury 3.1 was used for the

creation of figures and analysis of hydrogen bonding interactions in the crystal lattice.
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5. Results and discussion

5.1 N-H---O, O-H---:O hydrogen bonded supramolecular formation in

the cocrystal of salicylic acid with N-containing bases

All resulting cocrystals, salicylic acid/4,4'dipyridyl (2:1), salicylic acid/nicotinamide (1:1),
salicylic acid/isonicotinamide (1:1), salicylic acid/piperazine (1:0.5) and salicylic acid/ N,N'-
diacetylpiperazine (2:1) (derived from reaction between aspirin and piperazine) are obtained
from solution cooling/evaporation experiments (these are referred to as guest molecules
below: see Table 5.1). The structural analysis has shown that the well-known COOH---N
heterosynthon was considered the key element in the cocrystals design strategy. The
carboxylic acid---pyridine hydrogen bond is an often used supramolecular synthon. The
crystal structures of all cocrystals were determined by single-crystal X-ray”.

It has been attempted to introduce a N-containing base molecule into the center of the
hydrogen bonded dimmers of salicylic acid. Even though aspirin is chosen as raw material in
the preparation of the cocrystals, unexpectedly the ketene functional group on the aspirin
has dropped off in the formation of the cocrystal (Fig. 5.1). A similar kind of geometric
change has been reported in the structure of salicylic acid and piperazine [Sko09].

In the salicylic acid molecule, the carboxylic acid is acting as the hydrogen-bond donor.
When salicylic acid interacts with coformers including the N atoms, the molecules form N---H-
O and N-H---O hydrogen bonds as shown in Fig. 5.2. In the salicylic acid molecule, there is
the carboxylic acid acting as the hydrogen-bond donor. The structure of pure salicylic acid

exhibites interactions between p-H atoms and hydroxyl groups [Sko09].
O 0

%O \\\O

A

Figure 5.1: Structural formula of aspirin (Acetylsalicylic acid), salicylic acid (derived from reaction

between aspirin and coformers).

! CCDC 1043461, 1043489, 1043490, 1043492 and 1043493 contains the supplementary crystallographic data
for this paper. Crystallographic data for all structures have been deposited to the Cambridge Crystallographic
Data Centre and is available free of charge from http://www.ccdc.cam.ac.uk.
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Table 5.1: Guest molecules structure and melting point data for starting material and new cocrystals.

Cocrystal
Molar Cocrystal
Cocrystal Cocrystal former _ former mp
ratio mp [°C]
[°C]
1 ) 4,4 dipyridy! 2:1 112.16 156.10
2 @A Nicotinamide 11 129.51 138.19
4
g
3 X Isonicotinamide 11 128.11 131.72
& N
4 Q Piperazine 1:0.5 112.68 221.50
OY
N N,N"
5 Ej . . . 2:1 - 112.27
N diacetylpiperazine
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)

Figure 5.2: Hydrogen bond interactions between salicylic acid and coformers. (1) formed between
salicylic acid and 4,4 dipyridyl, (2) formed between salicylic acid and nicotinamide, (3)
formed between salicylic acid and isonicotinamide, (4) formed between salicylic acid and

piperazine, and (5) formed between salicylic acid and N,N"-diacetylpiperazine.

5.1.1 Preparation of cocrystals

(1) Salicylic acid/ 4,4'dipyridyl (2:1)

Separate saturated solutions of aspirin (0.3602g, 2.0mmol) and 4,4'-dipyridyl (0.1560g,
1.0mmol) in ethanol at 50°C were combined under stirring for 30min. The vial containing a
clear solution was then cooled rapidly to 35°C producing crystals. Afterwards, the colorless
crystals were isolated on a 3um filter paper (Whatman) using a vacuum filtration and were
stored at 40°C overnight to dry. The specific experiment suitable to generate crystals for
single crystal X-ray diffraction was conducted similarly by dissolving aspirin (3.603g, 0.02mol)
and 4,4'-dipyridyl (1.561g, 0.01mol) in 15mL ethanol at 50°C. The clear solution was allowed
to cool very slowly to 35°C and crystals of suitable size and quality were obtained by

seeding with small quantities resulting from previous experiments. The obtained crystals
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were determined to be from aspirin that had been hydrolyzed to 2-hydroxybenzoic acid and

co-crystallized with 4,4'dipyridyl in a 2:1 stoichiometry.

(2) Salicylic acid/ nicotinamide (1:1)

Separate saturated solutions of aspirin (0.1801g, 1.0mmol) and nicotinamide (0.1222g,
1.0mmol) in ethanol at 50°C were combined under stirring for 30min. The vial containing a
clear solution was then cooled rapidly to 30°C producing single crystals. Afterwards, the
colorless crystals were isolated on a 3um filter paper (Whatman) using a vacuum filtration
and were stored at 40°C overnight to dry. There was no further specific experiment carried
out to obtain suitable crystals for single crystal X-ray diffraction since the crystal size and
guality from the screening experiments was already good enough. The obtained crystals
showed that aspirin had been hydrolyzed to 2-hydroxybenzoic acid and the co-crystallized

with nicotinamide in an 1:1 stoichiometry.

(3) Salicylic acid/ isonicotinamide (1:1)

The mixture of aspirin (0.1802g, 1.0mmol) and isonicotinamide (0.1222g, 1.0mmol) in
ethanol of 1mL at 60°C was dissolved and combined under stirring for 30min. The vial
containing a clear solution was then cooled rapidly to 45°C producing crystals. Afterwards,
the colorless crystal were isolated on a 3um filter paper (Whatman) using vacuum a filtration
and were stored at 40°C overnight to dry. There was no need for further specific experiments
to obtain suitable crystals for single crystal X-ray diffraction since the crystal size and quality
from screening experiments produced already good enough crystals. The obtained crystals
showed that aspirin had been hydrolyzed to 2-hydroxybenzoic acid and co-crystallized with

isonicotinamide in an 1:1 stoichiometry.

(4) Salicylic acid/ piperazine (1:0.5)

Separate saturated solutions of aspirin (0.1804g, 1.0mmol) and piperazine (0.1737g,
2.0mmol) in 1-propanol at 60°C were combined under stirring for 30min. The vial containing
a clear solution was then cooled rapidly to 50°C producing single crystals. Afterwards, the
colorless crystals were isolated on a 3um filter paper (Whatman) using a vacuum filtration
and were stored at 40°C overnight to dry. The specific experiments of suitable crystals for
single crystal X-ray diffraction were conducted similarly by dissolving aspirin (1.8017g,
0.01mol) and piperazine (1.728g, 0.02mol) in 15mL of 1-propanol at 50°C. The clear solution

was allowed to cool with a cooling rate of 0.1K/min to 10°C and crystals of suitable size and
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quality were obtained by seeding with small quantities from previous experiments. The
obtained crystals showed that aspirin had been hydrolyzed to 2-hydroxybenzoic acid and
had co-crystallized with piperazine in an 1:0.5 stoichiometry.

(5) Salicylic acid/ N,N'-diacetylpiperazine (2:1)

Separate saturated solutions of aspirin (0.7206g, 4.0mmol) and piperazine (0.1723g,
2.0mmol) in 1-propanol at 60°C were combined under stirring for 30min. The vial containing
a clear solution was then cooled rapidly to 50°C producing single crystals. Afterwards, the
colorless crystals were isolated on a 3um filter paper (Whatman) using a vacuum filtration
and were stored at 40°C overnight to dry. A specific experiment suitable to produce crystals
for single crystal X-ray diffraction was conducted similarly by dissolving aspirin (3.60g,
0.02mol) and piperazine (0.8614g, 0.01mol) in 30mL of ethanol at 50°C. The clear solution
was allowed to cool with a cooling rate of 0.1K/min to 10°C and crystals of suitable size and
guality were obtained by seeding with small quantities from previous experiments. The
obtained crystals showed that aspirin had been hydrolyzed to 2-hydroxybenzoic acid and
had co-crystallized with N,N'-diacetylpiperazine which is derived from piperazine in a 2:1
stoichiometry.

5.1.2 Results and discussion

Each solid phase which was obtained via an experiment was first characterized using DSC,
PXRD, Raman and SEM. The molecule structure of the coformers, molar ratio and melting
point of the starting materials and the cocrystals is to be found in Table 5.1.

Of the available pharmaceutically acceptable guest candidates, is the nitro group having the
ability to form hydrogen bonds with the carboxyl group. Therefore, it is the strategy of crystal
design to use the N atom as hydrogen donor in the multicomponent cocrystals which is
assembled in the carboxyl-pyridyl group. The funtional group including the N atom is
considered to be a good supramolecular substrate since they represent one of the most
ubiquitous functional groups in crystal engineering and it can readily form hydrogen
bondings [Wey09]. Commonly it forms heterosynthon with the carboxylic OH groups [RemO03,
Tra05, Aak05, Aak06]. The expected carboxylic acid bond to the nitrogen hydrogen is
present in all structures but # 5.

The asymmetric unit of 1-5 consists of salicylic acid and is one of the coformer molecules
used in this study (Fig. 5.2). In all cocrystals, strong intramolecular hydrogen bonds of O-

H---O type are formed within the salicylic acid moleculs, with a carbonyl O atom of the
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carboxylic acid group as acceptor and OH group at the ortho position as donor. Hence, the
carboxylic acid OH group remains available as donor for another hydrogen bond formation
with guest molecules. The details of the hydrogen bond geometry are listed in Table 5.2.

Table 5.2: Hydrogen bond geomery for cocrystals.

Cocrystal  D-H..A d(D-H)  d(H..A)  d(D..A) <(DHA)
0(9)-H(9)...N(11) 1.02(2)  1.60(2) 2.6237(12)  174.8(15)

' 0O(10)-H(10)...0(8) 1.06(2)  1.58(2) 2.5625(13)  152.7(17)
0(9)-H(9)---N(11) 1.07(2)  1.53(2) 2.5999(17)  177.7(16)
O(10)-H(10)---O(8) 1.012)  1.62(2) 2.5460(16)  151.0(2)

’ N(19)-H(19A)---O(10)#1  0.899(18) 2.095(19)  2.989(2) 172.0(15)
N(19)-H(19B)---O(18)#2  0.89(2)  1.96(2) 2.851(2) 171.1(17)
O(1)-H(1)...0(2)#1 0.84 1.91 2.633(2) 144.2

’ O(3)-H(3A)...N(1)#2 0.84 1.81 2.647(2) 171.5
N(1)-H(1)...0(1)#3 0.88 2.49 3.035(3) 120.7
N(1)-H(1)...0(2)#4 0.88 2.51 2.742(3) 96.1

4 N(1)-H(1)...0(3)#5 0.88 2.26 2.700(3) 110.9
O(1)-H(1A)...0(3)#1 0.84 1.80 2.538(3) 145.8
C(8)-H(8B)...O(2)#6 0.99 2.43 3.356(4) 155.6
O(1)-H(1)...0(2)#1 0.84 1.87 2.6023(17)  145.2

° O(3)-H(3A)...0(4)#3 0.84 1.73 2.5333(16)  159.8

5.1.2.1 Thermal analysis of cocrystals

The DSC, thermo analysis gives the thermal behavior and comparable results for the starting
materials and the synthesized cocrystals as shown in Fig. 5.3. The DSC data of the
cocrystals revealed single sharp endotherms at 156.1, 138.79, 131.72, 221.50 and 112.27°C
for the product 1 to 5, respectively. These endothermic peaks occured at significantly

different temperatures as those of 4,4'dipyridyl (112.16°C), nicotinamide (129.51 °C),
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isonicotinamide (128.11 °C) and piperazine (112.68 °C), indicating the formation of cocrystals
and not the physical mixtures. Melting points of the cocrystals 1 to 3 and 5 are between
those of the strating materials (salicylic acid and co-former guest), whereas the melting point
of cocrystal 4 is higher than that of either components. Endothermic melting peaks in the
DSC curves showing the thermal behavior of cocrystals are narrow and no signals at higher
temperatures indicating the presence of pure components as can be seen.
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Figure 5.3: DSC curves for cocrystals 1 to 5 and the starting material.

5.1.2.2 X-ray powder diffraction

X-ray powder diffraction measurements were conducted for the synthesized cocrystals. Each
cocrystal exhibits a unique PXRD pattern in comparison to salicylic acid and the co-formers,
as shown in Fig. 5.4. It reveals the information about the crystal structure, chemical
composition, and physical properties of the material and also helps in structural
characterization. The experimental PXRD pattern for cocrystals confirmed that salicylic acid
formed new solid phases with all five coformers. For the combination with all coformers
completely new pattern were obtained indicating the formation of new solid forms. An
experimental PXRD pattern as well as pattern calculated from single crystal data is obtained
for each cocrystal. The X-ray powder pattern calculated from single crystal data for
cocrystals exhibited good agreement with the experimental pattern obtained for the sample

(Fig. 5.5). The pattern show that the main diffraction peaks of the starting material and the
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coformers disappeared, and are replaced by a series of new peaks. PXRD analysis supports
the formation of cocrystals of salicylic acid and five diverse cofomers by showing different
pattern in the diffractogram with that of the starting material.
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Figure 5.4: Comparison of experimental PXRD pattern for the cocrystals 1 to 5 and starting material.1:
salicylic acid/4,4dipyridyl (2:1), 2: salicylic acid/nicotinamide (1:1), 3: salicylic
acid/isonicotinamide (1:1), 4: salicylic acid/piperazine (1:0.5), and 5: salicylic acid/ N,N*-

diacetylpiperazine (2:1).
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Figure 5.5: Comparison of experimental PXRD pattern and calculated PXRD pattern from single
crystal data for the cocrystals 1 to 5 .1: salicylic acid/4,4 dipyridyl (2:1), 2: salicylic
acid/nicotinamide (1:1), 3: salicylic acid/isonicotinamide (1:1), 4: salicylic acid/piperazine
(1:0.5), and 5: salicylic acid/ N,N'-diacetylpiperazine (2:1).

5.1.2.3 SEM analysis

Single crystals of SAA-4DP, SAA-NCT, SAA-INCT, SAA-PRZ, and SAA-N,N'-
27



5. Results and discussion

diacetylpiperazine have characteristic morphologies, which allow to distinguish them from
SAA under a SEM (Fig. 5.6).

(3) SAA- INCT

(4) SAA-PRZ (5) SAA- N.N'-diacetylpiperazine

Figure 5.6: SEM microphoto crystal habit of salicylic acid (SAA) and the corresponding cocrystal with
4DP, NCT, INCT, PRZ, and N,N diacetylpiperazine can be distinguished by their different

shapes.

5.1.2.4 Crystal structures

To explore the molecular arrangement and hydrogen bonding in cocrystals, single crystals
were analyzed, and their structures were determined. The unit cell parameters and hydrogen
bond distances are summarized in Tables 5.2 and 5.3. That compounds 1 to 5 are indeed
cocrystals rather than salts which is supported by the analysis of the crystallographic

parameters (Table 5.3).

(1) Salicylic acid/4,4dipyridyl (2:1)

Cocrystal 1 is crystallized in 2:1 stoichiometric ratio by a cooling process in ethanol.
4,4'dipyridyl is a double hydrogen bond acceptor. Therefore it is a suitable compound to form
hydrogen bonded cocrystals with salicylic acid. In the crystal structure of 1, the SAA dimer
remains intact and the pyridine moieties act as acceptor to the anti-oriented NH’s of the SAA
dimer. The hydrogen-bonding interaction in 1 results in a triclinic space group P-1 via the
association of one 4,4'dipyridyl and two salicylic acid molecules (Fig. 5.7). As expected,
strong intramolecular hydrogen bonds of O-H--O are formed within salicylic acid. The
asymmetric unit contains two salicylic acid and one 4,4'dipyridyl molecule held together

through an acid-pyridine heterosynthon with O-H---O and O-H---N hydrogen bond distances
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of 2.6237 and 2.5625A, respectively. Additionally, the salicylic acid and 4,4'dipyridyl are
linked through an intermolecular O-H---N hydrogen bond within the carboxylic acid OH group

and pyridine N11 of an adjacent 4,4'dipyridyl moiety.

Figure 5.7: An ORTEP view of the asymmetric unit of the cocrystal 1 with the atomic numbering

scheme (elloids shown at the 40% probability level).

(2) Salicylic acid/nicotinamide (1:1)

The hydrogen-bonding interaction in 2 result in a monoclinic space group P,1/n. The crystal
structure determination of 2 displays 1:1 assemblies of salicylic acid and nicotinamide in the
asymmetric unit. Salicylic acid and nicotinamide form a chain by connecting the carboxylic
acid OH group with the nitrogen of the pyridine ring via O-H---N hydrogen bonding (Fig. 5.8).
The components are held together through an acid-pyridine heterosynthon with O-H---O (O8-
010) and O-H---N (09-N11) the distances are 2.5999 and 2.5460A, respectively.

H19B

Figure 5.8: An ORTEP view of the asymmetric unit of the cocrystal 2 with the atomic numbering

scheme (elloids shown at the 40% probability level).
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(3) Salicylic acid/isonicotinamide (1:1)

Isonicotinamide is one of the most effectively used cocrystallizing compounds, as the
pyridine N atom of the isonicotinamide molecule readily acts as a hydrogen bond acceptor
when faced with good hydrogen bond donors such as carboxylic acids and alcohols [Vis03,
Sar08]. The hydrogen-bonding interaction in 3 result in a monoclinic space group P2 (1)/c.
The asymmetric unit consists of one molecule of a salicylic acid and isonicotinamide dimers
in 3 are linked through an intermolecular O-H---N hydrogen bonding, involving carboxylic acid
groups of the salicylic acid and the aromatic nitrogen of isonicotinamide an adjacent salicylic
acid motif. Such dimers are connected through isonicotinamide molecules located at the
inversion center into infinite chains via hydrogen bonds of O4-H2A---N2 and O4-H2B---N4
interactions (Fig. 5.9). Also, cocrystal 3 exhibits the primary amide functionalities of two
isonicotinamide molecules form an amide-amide supramolecular homosynthon. The amide-
amide supramolecular homosynthon in 3 exhibits N-O distances of 3.035 and 2.742A,
respectively.

Although cocrystals 2 and 3 are isostructural, the intermolecular hydrogen bondings are
quite differnt. This structural variation result in a change of physical properties such as

melting point and dissolution rate.

Figure 5.9: An ORTEP view of the asymmetric unit of cocrystal 3 with the atomic humbering scheme

(elloids shown at the 40% probability level).

(4) Salicylic acid/piperazine (1:0.5)
The assignment of 4 as a cocrystal is based on location of the relevant H atom using the X-
ray data. The hydrogen-bonding interaction in 4 result in a monoclinic space group P2(1)/c

via the association of one molecule of a salicylic acid and one-half of a piperazine molecule.
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The asymmetric unit consists of one molecule of a salicylic acid and piperazine in 4 are
linked through trifurcated hydrogen bonds involving pyridine NH and CO groups of
neighboring molecules forming arrangement, such as N1-H1---O1, N1-H1.-O2 and N1-
H1.-03 (Fig. 5.10).

Figure 5.10: An ORTEP view of the asymmetric unit of cocrystal 4 with the atomic numbering scheme

(elloids shown at the 40% probability level).

(5) Salicylic acid/N,N*-diacetylpiperazine (2:1)

Cocrystal 5 also exhibits 2:1 stoichiometry and contains acid-CO group supramolecular
heterosynthon. The cocrystal of 5 with N,N'-diacetylpiperazine crystallizes in orthorhombic
space group Pbca. Its asymmetric unit contains two salicylic acid and one N,N'-
diacetylpiperazine molecules. In cocrystal 5, the carboxylic acid OH group is connected
oxygen atom of CO group via hydrogen bonds of O3-H3A.--O4. In the cocrystal of 5 with
N,N'-diacetylpiperazine, there are no N-H--O hydrogen bonds although the N atom is
retained. Thus, the 5 are stabilized by two strong O-H---O hydrogen bonds as shown in Fig.
5.11.

Figure 5.11: An ORTEP view of the asymmetric unit of cocrystal 5 with the atomic numbering scheme

(elloids shown at the 40% probability level).
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Table 5.3: Crystallographic data for cocrystals 1 to 5.

1 2 3 4 5
Empirical formula Co4H20N5Og CizHi2N,Os  Ci3HioNoO4 CgH1oNO3 CoH26N205g
Formula weight 432.42 260.25 260.25 180.18 446.45
T [K] 296(2) 296(2) 200(2) 175(2) 177(2)

Orthorhombic

Crystal system Triclinic Monoclinic Monoclinic  Monoclinic,
Space group P-1 P 2:/n P2(1)/c P2(1)/c Pbca
a[A] 7.871(2) 11.234(2) 8.3765(8) 6.2465(6) 11.5548(11)
b [A] 8.385(2) 4.9368(9) 5.1018(5) 14.4442(14)  13.2597(12)
c[A] 8.668(2) 23.003(4) 28.169(3) 9.2703(9) 13.6959(13)
o, [] 88.632(1) 90 90 90 90
B, [°] 81.859(2) 98.333(3) 90.238(2) 92.542(2) 90
7, [°] 66.234(3) 90 90 90 90
vV, [AY] 517.97(2)° 1262.2(4) 1203.8(2) 835.60(14) 2098.4(3)
z 2 4 4 4 4
Peaic [Mg/m?)] 1.386 1.369 1.436 1.432 1.413
u, [mm™] 0.101 0.103 0.108 0.109 0.108
Goodness-of-fiton F*  1.081 0.854 1.117 1.165 1.026
R indices (all data) 0.2551 0.0894 0.0959, 0.1045 0.0808
wR2 (all data) 0.1326 0.1099 0.1665 0.2250 0.1321
§>25igma(l)] 0.0447 0.0437 0.0490, 0.0611 0.0473
wR2 [I>2sigma(l)] 0.1536 0.0952 0.1107 =0.1621 0.1096

5.1.2.5 Raman spectroscopy

As already shown in the own report for SAA-4,4'-bipy, a comparison of the solid phase

Raman spectra of SAA, the co-former, and the corresponding cocrystal allow to establish

whether a new solid form has been generated [Leel4]. This is illustrated for the starting

material and the cocrystals 1 to 5 in Fig. 5.12, showing that each cocrystal exhibits a unique

Raman spectrum in comparison to salicylic acid and the co-formers. Among the most

important evidence for cocrystal formation is the observation that all spectra show different

characteristic peaks, which are typical for crystal structures. For example, in the spectra

range of 1200-1000cm™, the starting material (SAA) has three characteristic peaks at 1155,

32



5. Results and discussion

1095, and 1031cm™, while each cocrystal has different peaks in this region. This difference
suggests the formation of a cocrystal of SAA and the co-formers.
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Raman shift [cm™]
Figure 5.12: Raman spectra of the cocrystals 1 to 5.

5.1.3 Monitoring cocrystal formation by Raman spectroscopy

In-situ Raman spectroscopy has been used as a screening tool for cocrystal formation.
Raman spectroscopy as a PAT (process analytical technology) tool provides an effective in
line method to monitor and quantify the cocrystal formation or transformation [Jay09, Rod06].
The reaction monitoring has as main advantages, the decrease in process time and less
guantity of residuals. With the monitoring, it is possible to design the experiments more
efficiently and understand the reaction mechanism involved by following changes in
characteristic peaks such as growth, diminishment, and shifting corresponding to solid phase

changes to obtain a qualitative assessment of the induction time and the rate of formation.

Cocrystal screening of salicylic acid was conducted using a Raman spectroscopy with 5
cocrystal formers such as 4,4'dipyridyl, nicotinamide, isonicotinamide, piperazine and
N,N'diacetylpiperazine. In own work [Leel4], the in-situ monitoring of salicylic acid/
4.4'dipyridyl cocrystal forming by using Raman spectroscoy is described. Here is described
an in-situ monitoring of the formation of salicylic acid-nicotinamide cocrystals. Fig. 5.13
shows variations in Raman spectra with elapsed time of aspirin/ nicotinamide solution and

the transformation of salicylic acid/ nicotinamide cocrystals in solution were identified by
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using Raman spectroscopy. An overlay of Raman spectra across the 730-810cm™ region is
shown in Fig. 5.13. The arrows indicate unique peaks for the stating material, ASA/NCT
solution and SAA/NCT cocrystals. The blue arrow presents a characteristic peak (788cm™)
for cocrystals that are not present in the spectra of ASA/NCT and ASA solutions. At 810-
730cm™, the formation of cocrystal from ASA and NCT were characterized by peak shifts
from 750 to 788cm™. The shifts results from a change in the hydrogen bond interactions. At
the beginning of the process, only the ASA spectrum, with the characteristic peaks at 750,
and 780cm™ were observed. A peak at 761cm™ starts to appear after adding NCT solution
into the ASA solution. The characteristic peak of SAA/ NCT cocrystals appears at 788cm™
and increases in its peak intensity with elapsing time. Using the cocrystal peak at 788cm™, it

is possible to measure the formation of cocrystals.
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Figure 5.13: Change of Raman spectra in the range of 810-730cm-1 (top), 3D waterfall spectra
(bottom).

5.1.4 Property of cocrystal

The novel cocrystals were evaluated concerning their physical stability with respect to

solubility. Cocrystal phase stability experiments have been conducted in water at different
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temperatures, and changes have been examined in the intrinsic solubility, in order to reveal
to what extent the structural variations within the cocrystals of SAA influence the
biopharmaceutical properties of this API. Fig. 5.14 shows that cocrystals have a higher
solubility than a single component at various temperatures. In short, salicylic acid is known
as poorly soluble material in water, approximately 2.36g/L at 30°C [Nor06]. The solubility of
the cocrystals is increased because the cocrystals have more stability in water (SAA-4DP:
47.4g/L, SAA-NCT: 38.6g/L, SAA-INCT: 16.7g/L, SAA-PRZ: 5.03g/L and SAA-NDAT:
14.0g/L). The higher stability of new salicylic acid cocrystals can lead to improved solubility
and dissolution rates, and therefore theoretically lead to an increased bioavailability. This
improved solubility is considered sufficient for formulations of cocrystal. Thus, it is good
evidence that 5 new salicylic acid cocrystals were successfully obtained by solution

crystallization.
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Figure 5.14: Solubility of new salicylic acid cocrystals at various temperatures.

5.1.5 Conclusions

Five novel cocrystals of salicylic acid with 4,4'dipyridyl, nicotinamide, isonicotinamide,
piperazine and N,N'-diacetylpiperazine which contain N atoms have been prepared with
cooling/evaporation crystallization and have been characterized by single crystal X-ray
diffraction. It brings out clearly the primary intermolecular interactions in forming interesting

hydrogen bond pattern between the carboxylic acid OH group and nitrogen atom of salicylic
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acid. The strong hydrogen bond donor hydroxyl is introduced to interact with the nitrogen
atoms of the pyridyl group that are underutilized as hydrogen bond acceptors. This approach
will help selection of API-guest screening and synthesis that have a potential of forming
structurally interaction. The solubility experiments conducted on salicylic acid and cocrystals
to demonstrate that these have different solubilities. This result shows the possibility that of
the physical properties of the API can be altered through the application of cocrystals.
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5.2 In-situ monitoring of the formation of a salicylic acid-

4,4'dipyridyl cocrystal using Raman spectroscopy

The in-situ process analysis technology Raman spectroscopy was used to observe and
control a cocrystallization process. Raman spectroscopy is a well-established technique for
both in-situ and fast quantitative measurements of the solid-state. In addition, Raman
spectroscopy provided additional information on the crystal structure of the salicylic acid-

4,4'-bipy cocrystals.

The control and optimization of the cocrystal formation in batch crystallization processes
requires an in-situ measurement technique. Raman spectroscopy can be used to measure
solution concentrations directly monitoring crystal morphology as the cocrystals are being
formed. Especially, Raman spectroscopy takes a center stage in the past recent years as
‘one of the fastest, most reliable and most suitable techniques to identify crystal forms in
drug products and can be easily exploited routinely for monitoring phase changes in drug
products and quality control assays’ [Aue03]. It has several advantages; i) special sample
preparation is not required [Tay00], ii) it is well suited to monitor the solid phase in slurries
including aqueous media [Wan00], iii) the technigue is a non-contact measurement [Sko03],

iv) a remote detection through fiber-optic coupling of sampling probes is possible [Hu05].

Raman spectroscopy has been used for a qualitative monitoring of chemical reactions in
solutions, and chemometrics has been used to follow the progress of reaction [Sve99, Fai03].
A wide range of applications of Raman spectroscopy to analyze and monitor processes were
published such as the determination of the concentration of active principles [Ver02, War05],
polymorphic transformation [Aue03, NémO05, Pra02], hydrate, anhydrate composition [Air03,
De98] in solid dosage forms. In addition, in-situ monitoring during the processing of a solid
API has been studied including polymorphic transformation [O'Br04, Sta02], measurement of
supersaturation during crystallization of lysozyme [Sch99], formation of cocrystals [Rod06,
Qial3].

5.2.1 Identification of ASA-4,4’-bipy cocrystals

5.2.1.1 Single-crystal x-ray crystallography

All data for molecular structure determination was measured on a SMART APEX Il CCD

diffractometer. XRD single crystal diffraction identifies the crystals as 2:1 SAA- 4,4'-bipy
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cocrystals. It crystallizes in a triclinic system with a space group P-1 and cell parameters
a=7.8712(10)A, b=8.3851(2)A and c¢=8.6683(3)A. The crystal data for SAA-4,4-bipy
cocrystals are presented in Table 5.4. Salicylic acid contains a carboxylic acid group and a
hydroxyl group, while 4,4-bipyridyl contains pyridine groups. Fig. 5.15 shows the
hydrogen-bonding interaction between the carboxylic acid and pyridine, and such
intermolecular forces also make contributions to stability of crystal structure [Jet03]. Table
5.5 indicates the detailed hydrogen bonds in the crystal. Salicylic acid and 4,4'-bipyridyl are
connected by N---H hydrogen bonds between the N atom of 4,4'-bipyridyl and H atom of
salicylic acid. Moreover, the O---H hydrogen bonds of salicylic acid molecules are also
connected. To be more specific, the intermolecular hydrogen bonding of O(9)-H(9)---N(11)
and O(10)-H(10)---O(8) are observed.

Figure 5.15: The molecules of SAA-4,4"-bipy cocrystals, showing the atom labeling scheme and the

intermolecular hydrogen bonds (dashed line).

Table 5.4: Crystal data and structure refinement of SAA-4,4"-bipy cocrystal.

Empirical formula Co4 Hog N, Og
Formula weight 432.42
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P -1
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a=7.87120(10)A = 88.6320(10)°

b=8.3851(2) A  P=81.859(2)°

Unit cell dimensions c =8.6683(2) A y=66.234(3) °
Volume 517.97(2) A"3

Z, Calculated density 1, 1.386 Mg/m?®

Absorption coefficient 0.101 mm™

F(000) 226

Crystal size 0.32x0.26 x 0.24 mm

Theta range for data collection 2.375 to 28.327 deg.

Limiting indices -10<=h<=10, -11<=k<=11, -11<=I<=11

Reflections collected / unique 14177 / 2585 [R(int) = 0.0475]

Completeness to theta = 25.242  100.0 %

Absorption correction None

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2585/0/154

Goodness-of-fit on F*2 1.081

Final R indices [I>2sigma(l)] R1 =0.0447, wR2 = 0.1243

R indices (all data) R1 =0.0543, wR2 = 0.1326
Extinction coefficient 0.065(11)

Largest diff. peak and hole 0.183 and -0.220 e.A®
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Table 5.5: Hydrogen bonds for SAA- 4,4'-bipy cocrystal [A and deg.].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(9)-H(9)..N(11)  1.02(2) 1.60(2) 2.6237(12) 174.8(15)
0(10)-H(10)...0(8)  1.06(2) 1.58(2) 2.5625(13) 152.7(17)

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y+1,-z+2

5.2.1.2 XRD analysis

The experimental X-ray diffraction pattern of the 2:1 salicylic acid: 4, 4'dipyridyl shows that a

new material has been formed in Fig. 5.16. The diffraction pattern of the product of

crystallization from ethanol indicates the formation of a new material which obviously differs

compared to starting materials and the physical mixture.

Investigations with a range of other solvents including methanol, 1-propanol, isopropanol, n-

butanol, 2-butanol and acetone with various stoichiometric molar ratios have been carried

out. The SAA-4,4'-bipy cocrystal formed in all of these solvents except acetone at a molar

ratio 2:1. Details of these experiments are summarized in Table 5.6:
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Table 5.6: Details of the experiment conducted using aspirin: 4, 4 dipyridy! by crystallization.

Ratio Solvents
Co-former (API:Co
-former) EtOH MeOH | 1-butanol | 1-propanol IPA 2-butanol | Acetone
2:1 Form3 Form3 Form3 Form3 Form3 Form3 Mix
Amorphou )
11 Form3 Form3 Form3 Form3 Form3 Mix
S
Form3
0.5:1 Mix Mix Form3 Form3 - . -
Mix
4,4dipyrid
yl 31 Form3 Form3 Form2 Form3 Form2 Mix - -
0.25:1 Mix Mix Mix Mix Mix - -
1.51 Form3 Form3 Form3 Form3 Form2 - -
Form3 ] ] Form3
51 Form3 Form3 i Form3 Mix | Form3 Mix . -
Mix Mix

* Form 3 indicates SAA-4,4'-bipy cocrystal mentioned in this paper.

* Form 2 indicates SAA-4,4'-bipy cocrystal different XPD pattern and DSC curve with form 3.

* Mix indicates Mixture of ASA and 4,4'-bipy.

5.2.1.3 DSC analysis

The DSC traces and thermal behavior for SAA, 4,4'-bipyridyl, ASA-4,4'-bipy physical mixture

and SAA-4,4'-bipy cocrystals are shown to confirm the formation of SAA-4,4'-bipy cocrystals,
in Fig. 5.17 and Table 5.7. The DSC thermograms of SAA, 4,4-bipyridyl, ASA-4,4’-bipy
mixture and SAA-4,4'-bipy cocrystal show melting points of 159.58, 112.16, 59.87 and

155.52 °C, respectively. The thermal behavior of the new crystals is significantly different

from salicylic acid and 4,4'-bipyridyl, providing therefore further support for a new crystal.
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This different melting phenomenon of the cocrystals revealed the changes in crystal
packings and lattice energies.

Heat Flow [mW]

T T T T T T T T T T
0 50 100 150 200 250 300

Temperature [°C]

Figure 5.17: 2:1 Salicylic acid/4,4 dipyridyl DSC thermograms.

Table 5.7: The DSC thermograms of starting materials and cocrystal.

Peak 1 Peak 2
Sample

T.[Cl AH, [lgl | T, [C] AH, [J/g]
SAA 159.58 -179.91 256.23 -410.03
4,4’ dipyridyl 112.16 -103.39 298.52 -383.66
ASA-4,4’-bipy

_ 59.87 -18.35 77.98 -17.38

Mixture
SAA-4.4-bipy

155.52 -140.15 246.07 -557.88
cocrystal
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5.1.2.4 SEM analysis

The surface and morphology of the cocrystals were assessed by SEM. As shown in Fig. 5.18,
the single SAA-4,4'-bipy cocrystals exhibit a prism-like habit. Compared to the raw material
aspirin which shows thin plate crystals, a possible epitaxial relationship between these solid

forms was presupposed [Sim81].

Hm
BB 1S5Smm

Figure 5.18: SEM images of a crystalline product in ethanol.

5.2.1.5 Raman spectroscopy analysis

The Raman spectra of raw materials, physical mixtures and SAA-4,4'-bipy cocrystals, is
shown in Fig. 5.19. It exhibits several differences between the physical mixture and the
cocrystals. For example, in the spectra range of 1100-1000cm™, the mixture has three
characteristics peaks at 1043, 1022, and 1002cm™, whereas cocrystals have two different
characteristics peaks at 1033 and 1025cm™. This difference suggests the formation of a

cocrystal of SAA-4,4'-bipy and not a physical mixture of two components.
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Figure 5.19: Raman spectra of the starting materials, mixtures and SAA-4,4’-bipy cocrystals.

5.2.1.6 FTIR spectroscopy analysis

IR spectroscopy has been widely employed to identify the supramolecular synthon [Des95]
and different pattern in crystal structures [Muk13]. IR has been used to monitor cocrystal
formation and single synthon detection. SAA-4,4'-bipy cocrystals are formed through
hydrogen bonds in which the carboxylic acid groups from SAA and 4,4'-bipy provide a
pyridine group. The analysis of SAA-4,4'-bipy cocrystal by FTIR (Fig. 5.20) reveals a change
of the vibrational bands for N-H---O and O-H---N hydrogen bonds in the range of 2600-
1800cm™ region which is characteristic of an acid-pyridine synthon [Muk13]. It is a
characteristic property of cocrystal formation. The IR spectra of the three forms of the SAA,
4.4'-bipy, and SAA-4,4'-bipy cocrystals shows clear differences that both molecules are
present in a new phase. The N-H and O-H stretches of SAA are found at 3234cm™, while the
C-H vibrational bands of 4,4'-bipy are found at 3025cm™ and 3081cm™. The characteristic
spectra of SAA-4,4"-bipy cocrystal are found at 1929cm™ and 2411cm™. The IR spectra of
each compounds and cocrystal are presented in Fig. 5.20 and peak identities are shown in
Table 5.8.
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Figure 5.20: FTIR spectra of SAA, 4,4’-bipy and SAA-4,4’-bipy cocrystal.

Table 5.8: Stretching band position of the SAA, 4,4-bipy and SAA-4,4-bipy cocrystals.

Wavenumber [cm™]

Compound
Vbenzene
VOH,NH Vc=0 VeoH Ve Ve Vco Vo-H...0 VO-H..N
ring
SAA 3234 1652 1605 - - - - - -
4,4’-bipy - - - 3025/3081 1590 1492 - - -
3200-
cocrystal 3677/3066 | 1659 1601 3100 1490 | 1252/1218 1600 1926/2411

47




5. Results and discussion

5.2.2 In-situ monitoring during formation of cocrystals using Raman spectroscopy

In-situ monitoring of solution mediated phase mixtures of aspirin and 4,4'dipyridyl used as
coformers were analyzed by Raman spectroscopy for 5h. Raman spectra of mixtures of ASA
and 4,4'-bipy in a stoichiometric molar ratio of 2:1 in ethanol suggested that binary mixtures
form a new crystalline form. The Raman spectra at various selected time points were
illustrated in Fig. 5.21. It can be ascertained more clearly that the progressive cocrystal
formation of SAA-4,4'-bipy by cooling crystallization from the changes in Raman spectra
since spectra obtained provided both physical information and chemical information on
cocrystals [KojO6]. The great interests of Raman peak changes illustrate the corresponding
Raman spectra in the range of 1600-1620, 1000-1045 and 750-790cm™ in Fig. 5.21.
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Figure 5.21: Raman spectra of ASA-4,4"-bipy in ethanol with respect to elapsed time.

The first region, at 1600-1620 cm™ is easily explained. The formation of cocrystals from ASA
and 4,4'-bipy was characterized by the peak shifts C-C stretch from 1609 to 1615cm™, which
is caused by a change in the hydrogen bond interaction. From Fig. 5.22 (1) (2), it can be
seen that the Raman spectra changed in the 1600-1620cm™ range between 110min to
150min, suggesting that the ASA and 4,4'-bipy starting materials start to co-crystallize of
SAA-4,4'-bipy at this point. It is more clear to see the, Raman peak position is time-
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dependent as illustrated in Fig. 5.22 (3). Characteristic peaks of ASA-4,4'-bipy solution
gradually disappear at 1609cm™, while that of the cocrystal of SAA-4,4-bipy at 1615cm™
presents and increases in peak intensity with respect to time.
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Figure 5.22: (1) A shift in the Raman spectra in the range of 1600-1620cm™ in the formation of
cocrystals, (2) 3D waterfall spectra, and (3) Raman peak position with respect to

relative time showing transformation ASA-4,4-bipy solution to cocrystals of SAA-4,4-

bipy.

The Raman peak intensity relies on the concentration of the materials. To quantify the solid-
state change during formation of cocrystals, the ratios of selected peak intensities are
presented in Fig. 5.23. The decrease of the peaks 1043 and 1006cm™ are characteristic for
the ASA-4,4-bipy solution. The appearance of the peaks 1024 and 1033cm™ are
characteristic of SAA-4,4'-bipy cocrystals and observed with relative operating time during
crystallization process. The peak intensity selected was normalized using the consistent
peak at 970cm™. Surely, the peak intensity ratio of 1043cm™/970cm™ and 1006cm™/970cm™
Ywere declined with the increase of relative time from 3.38 to 2.53 and from 3.76 to 2.67,
respectively, but the peak intensity ratio of 1033cm™/970cm™ and 1024 c¢cm™/970 cm™
increased from 1.91 to 4.22 and from 1.63 to 4.11, respectively. This phenomenon revealed

the cocrystal formation of SAA-4,4'-bipy was induced by cooling crystallization.
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Figure 5.23: (1) Raman spectra showing cocrystal formation and ASA-4,4’-bipy solution decline, (2) a
changes in Raman peak intensity ratio in the formation of cocrystals with relative time, and
(3) peak area change between 1000-1015cm™ and 1028-1039cm™ as the crystallization

process is changing.

Fig. 5.24 shows spectra between 750 and 790cm™, which are one of the significant changes.
At the beginning of the process, only the aspirin-4,4'dipyridyl solution spectrum, can be
observed at the characteristic peaks at 750, 762 and 778cm™. It starts to appear a peak at
788cm™ after 120min as well as an increase in the peak intensity with respect to the
operating time. Using the cocrystals, which have their peak at 788cm™. It is possible to
measure the formation of cocrystal. Fig. 5.24(3) presents the peak ratios of 788/720 cm™
and 750/720cm™ to evaluate the relative intensities. The peak intensities at selected spots
were normalized using the consistent peak at 720cm™. Surely, the peak intensity ratio of
750cm™/720cm™ was declined with the increase of relative times from 2.15 to 1.73, but the

peak intensity ratio of 788cm™/720cm™ increased from 1.42 to 3.45.
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Figure 5.24: (1) Change in the Raman spectra in the range of 750-790cm™, (2) 3D waterfall spectra,
and (3) operating time affecting the changes in Raman peak intensity ratio of ASA-4,4~

bipy system.

5.2.3 Conclusion

The formation of cocrystals of SAA-4,4'-bipy during a crystallization was monitored by using
an in-situ measurement by Raman spectroscopy. Raman spectroscopy is a useful tool for in-
situ monitoring to measure transformation of cocrystals as a function of time in a batch
crystallization operation. The cocrystals formed were identified with single-crystal X-ray
crystallography, PXRD, off-ine Raman spectroscopy, DSC and SEM. From the in-situ
measurements of the Raman spectroscopy, the shift of the Raman spectra peak, which is
the criterion of cocrystal formation, the transformation from ASA-4,4'-bipy solution to SAA-
4,4'-bipy cocrystal can be measured in-line processing. As a result, formation of new
cocrystals using aspirin and 4,4'dipyridyl as coformer was successfully monitored by Raman

spectroscopy.
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5.3 Supramolecular reaggregation of aspirin-4,4'dipyridyl

cocrystals from cocrystals of salicylic acid-4,4'dipyridyl

To screen the change of salicylic acid (SAA)-4,4'dipyridyl (4,4'dipy) cocrystals to aspirin
(ASA)-4,4'dipyridyl (4,4'dipy) cocrystals is the aim here. Transformation of SAA-4,4'dipy
cocrystals into ASA-4,4'dipy cocrystals was observed. Cocrystals of SAA-4,4'dipy are
concomitantly formed in aspirin/4,4'dipyridyl/ethanol solutions, resulting from aspirin
decomposition. Eventually cocrystals of ASA-4,4'dipy are obtained from a sequence of the
in-situ reaction by controlling the operating condition. Both cocrystals have the same
hydrogen bonding interaction between the drug molecules in which carboxylic acid-pyridine
except crystal packing arrangements. The ketene functional group decomposes in salicylic
acid cocrystal formations reaggregates during solution mediated cocrystallization that led to

the formation aspirin cocrystals.

Aspirin has a poor solubility in water and it is rapidly hydrolysed in the plasma to salicylic
acid and acetic acid has limited its intravenous use [Aju09, Mit67, Taw68]. For this reason,
several multicomponent crystal forms of salicylic acid have been reported with several
coformers such as carbamazepine [Aroll], piperazine [Sko09], as well as 4,4'-dipyridyl
[Leeld4]. When aspirin was used as raw material those chemicals caused the chemical
decomposition of aspirin. However, this was the first observation of the transformation of
change from salicylic acid cocrystals to aspirin cocrystals. Cocrystal screening of salicylic
acid-4,4'dipyridyl from acetylsalicylic acid-4,4'dipyridyl solution caused by aspirin’s in-situ
decomposition has been reported previously [Leel4]. Herein Walsh et al., [Wal02] can be
used as reference (CCDC 188916) to identify with ASA-4,4'dipy cocrystals since crystals
obtained in this study are not large enough and opaque to analyze the single crystal
structure. Here, it has induced supramolecular reaggregation of SAA-4,4'dipy cocrystals into
ASA-4,4'dipy cocrystals when doing a control the thermodynamic parameters such as
cooling temperature, cooling rate, and supersaturation. Fig 5.25 indicates the molecular

structure of starting materials and structure of cocrystals treated here.
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Figure 5.25: Molecular structures of SAA-4,4'dipy cocrystal(l), and ASA-4,4'dipy cocrystal (2)
[Wal02] .

5.3.1 Cocrystal preparation

SAA-4,4'dipy cocrystals were prepared via the following method: Supersaturation was
created by cooling a solution of 2:1 mixture of ASA(0.3602g, 2.0mmol) and 4,4'dipy (0.1560g,
1.0mmol) in ethanol from 50 °C to 35°C. 0.3602g of ASA (2.0mmol) and 0.1560g of 4,4'-dipy
(1.0mmol) were added into the solvent. All the solid phase was dissolved by keeping it in the
solution under agitation until the equilibrium is reached in a bath at 50°C. Then the bath was
cooled very rapidly until 35°C. The suspension was filtered and solid products were isolated
on a 3um filter paper (Whatman) using a vacuum filtration and were held at 40°C overnight
to dry. The solid phases were confirmed to be SAA-4,4'dipy cocrystals by powder x-ray

diffraction, Raman spectroscopy, and differential scanning calorimetry.

ASA-4,4'dipy cocrystals were obtained via the following method: All conditions are the same
as above see the SAA-4,4'dipy cocrystal preparation except the cooling temperature. The

cooling temperature for the preparation of the ASA-4,4'dipy cocrystal was 50°C to 10°C.

The transformation was carried out under temperature and cooling rate conditions;
transformation from SAA-4,4'dipy cocrystals to ASA-4,4'dipy cocrystals was performed below
15°C with a high cooling rate. High cooling rates favor the formation of cocrystals of ASA-

4.4'dipy cocrystals even at higher cooling temperatures.

In the own work [Leeld], it has been reported that crystalline samples of SAA-4,4'dipy
cocrystals can be prepared by cocrystallization of 2:1 ASA and 4,4'dipy in ethanol at 30°C.
5.3.2 Identification of cocrystals

In the own work [Leeld], it has been reported that crystalline samples of SAA-4,4'dipy
cocrystals can be prepared by cocrystallization of 2:1 ASA and 4,4'dipy in ethanol at 30°C.
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Fig. 5.26 shows the solid-state identity of SAA-4,4'dipy cocrystals, ASA-4,4'dipy cocrystals
and mixtures of between cocrystals using XRD, DSC and Raman spectroscopic analyses.
The characteristic XRD peaks of SAA-4,4'dipy cocrystals were observed at 10.1°, 12.3°,
12.8° 14.8° 15.5° 15.6° 17.2° 19.8° 20.5° 22.4° 23.0° 23.2° 23.6° 23.9° 24.8°,
25.6° 26.2° 27.0° 27.1° 27.2° 28.3° 29.1° 30.4° 31.1° 31.7° 32.9° 33.6°, 34.4°,
34.8° and 37.5°(20), while those of ASA-4,4'dipy cocrystals were observed at 6.2° 8.3°,
10.2° 12.1° 12.4° 12.9° 13.2° 14.3° 15.5° 15.7° 17.4° 17.9° 18.6° 20.3° 20.9°,
22.5° 22.8° 23.5° 24.9° 25.5° 25.7° 26.6° 27.2° 28.5° 29.1° 30.1° 30.5° 31.2°,
32.0° 33.1° and 34.2°(20) in Fig. 5.26-(1). In order to make sure that the crystals obtained
in this study were ASA-4,4'dipy cocrystals, the XRD values were compared with literature
[Wal03]. This is in good agreement with the XRD pattern report in literature (Fig. 5.26-(2)).
Fig. 5.26-(3) displays the DSC curves of cocrystals. One endothermic peak at 156.10°C with
140.15J/g (SAA-4,4'dipy cocrystals) and another peak at 89.35°C with 69.91J/g (ASA-
4,4'dipy cocrystals) were found in the DSC curves. The representative Raman spectra of
SAA-4,4'dipy cocrystals, ASA-4,4'dipy cocrystals and mixtures of between cocrystals are
also shown in Fig. 5.26-(4). Three most significant peaks between SAA-4,4'dipy cocrystals
and ASA-4,4'dipy cocrystals were observed at 1760, 1206, and 755cm™.
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Figure 5.26: XRD pattern (1), XRD comparison between experiment result and literature (2), DSC
curves (3), and Raman spectra (4) of SAA-4,4'dipy cocrystals, ASA-4,4'dipy cocrystals,
and mixture of cocrystals.

5.3.3 In-situ measurement in cooling crystallization (solid-state)

Cooling crystallization was carried out for the transformation from SAA-4,4'dipy cocrystals to
ASA-4,4'dipy cocrystals using Raman spectroscopy. The experiments were carried out at
overall concentrations of SAA-4,4'dipy cocrystals in ethanol Csaa.4,4dipy cocrystat = 0.04052g/mL.
The weighed SAA-4,4'dipy cocrystals were added to ethanol at 30°C and the vial was closed
and gently shaken for a short time. The suspension was cooled down to 0°C at a cooling rate
of 0.5K/min for 2h. Raman spectroscopy was employed to monitor the change of liquid
phase as well as the solid phase. The solution was sampled at regular intervals using a
solid-liquid separator with a glass filter to identify solid-state properties using PXRD, DSC,
and Raman spectroscopy (Phat probe). After the transformation was complete, the
suspension was filtered. The obtained product was dried and analyzed using the above

mentioned instruments.

5.3.3.1 Optical microscope

Fig. 5.27 shows images captured during the transformation from SAA-4,4'dipy cocrystals to
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ASA-4,4'dipy cocrystals with time. The first image shows the SAA-4,4'dipy cocrystals (prism-
like crystals) immediately after nucleation. In time, these prism-like SAA-4,4'dipy cocrystal
crystals grow until another form, the ASA-4,4'dipy cocrystals, appear at 4512s. This are
rounded plate-like shaped, and eventually fully displaced (at 5233s), prism-like SAA-4,4'dipy
cocrystals. As a result, SAA-4,4'dipy cocrystals are initially formed and then transformation
occurs from SAA-4,4'dipy cocrystals to ASA-4,4'dipy cocrystals.
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Figure 5.27: Microscopic photos of the crystals obtained from the solvent-mediated phase
transformation from SAA-4,4'dipy cocrystals to ASA-4,4'dipy cocrystals in ethanol with
elapsing time.
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5.3.3.2 Powder x-ray diffraction

SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals show different XRD pattern during the

cocrystallization experiments. The progressive transformation of SAA-4,4'dipy cocrystals

with cooling was more clearly revealed from the changes in XRD (Fig. 5.28). SAA-4,4'dipy

cocrystals have previously been characterized by single crystal x-ray diffraction which is

matched to its simulated XRD pattern. In case of ASA-4,4'dipy cocrystals, peaks were
observed 6.226, 18.313, 12.128, 14.324, and 17.979 with the elapsing time.
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Figure 5.28: Comparison of PXRD pattern of transformation from SAA-4,4'dipy cocrystals to ASA-

4,4'dipy cocrystals during cocrystallization experiment.
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5.3.3.3 Raman spectroscopy

Raman spectroscopy reveals that SAA-4,4'dipy cocrystals convert to ASA-4,4'dipy cocrystals
in the temperature range 50 to 10°C. The ongoing cocrystal transformation of SAA-4,4'dipy
cocrystals to ASA-4,4'dipy cocrystals was more clearly proclaimed from changes in Raman
spectra (Fig. 5.29). There are several characteristic peaks available to compare and identify
the cocrystals. SAA-4,4'dipy cocrystals have characteristic peaks in spectra range of 1000 to
1300cm™ (1295, 1256, 1233, 1166, 1147, 1033, and 1025cm™) which are reported in a own
work [Lee14], while the appearance of 1208 and 1047cm™ band, which shows characteristic
peaks of ASA-4,4'dipy cocrystals were observed in the same spectra range during a

cocrystallization experiment.
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Figure 5.29: Raman spectra at different transformation times.

5.3.3.4 Thermal analysis (DSC)

Thermal analysis, DSC, provides valuable information that is characteristic of the two
cocrystals, i.e. the change of cocrystals was confirmed by DSC. The phase transformations
can be easily identified by the DSC. The DSC traces for all of the cocrystals are shown in Fig.
5.30. In the DSC experiments, both cocrystals were heated from 0 to 300°C. DSC

thermograms show only one major endotherm for all of the cocrystals which corresponds to
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the melting process. SAA-4,4'dipy cocrystals have a sharp melting point at 156.10°C. ASA-
4,4'dipy cocrystals showed a single endothermic peak at 89.35°C which was ascribed to the
melting point. As shown in Fig. 5.30, a small endothermic peak appeared at 89.35°C,
followed by a major endothermic peak at 156.10°C at 4045s. The small endothermic peak
gradually increases with the elapsed of time, while the major endothermic peak (156.10°C)
decreases. Finally, the major peak has disappeared at 5233s, suggesting that the change of
small endotherms in the DSC thermogram is due to a phase transition from SAA-4,4'dipy
cocrystals to ASA-4,4'dipy cocrystals.
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Figure 5.30: DSC traces of SAA-4,4'dipy cocrystals transformation with elapsed time.

5.3.4 In-situ monitoring the transformation of cocrystals using Raman
spectroscopy (in solution)

The changes of SAA-4,4'dipy cocrystals to ASA-4,4’dipy cocrystals in ethanol was monitored
and are analyzed and shown in Fig. 5.31. A representative time-resolved in-situ Raman
spectral intensity change in the region of 1850-100 cm™ over the course of the
transformation are illustrated in Fig. 5.31. The Raman spectra of both cocrystals, shown in
Fig. 5.32, displayed several differences which can be used to monitor the transformation of
cocrystals. This differences can be seen clearly in the magnified spectra in Fig. 5.32. The

great interests of Raman peak changes illustrate the corresponding Raman spectra in the
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range of 760-800, 980-1050, and 1570-1650cm™.
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Figure 5.31: In-situ Raman analysis of the transformation from the SAA-4,4'dipy cocrystal to ASA-

4,4'dipy cocrystal with elapsed time.
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Figure 5.32: Raman spectra of SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals in ethanol (1).
The enlarged view of Raman spectra in the spectra range of 760-800, 980-1050, and
1570-1650cm™ (2).

To quantify the solid-state change during conversion of cocrystals, peak areas of selected
peak are presented in Fig. 5.33. The decrease of the 773cm™ peak, characteristic for the
SAA-4,4'dipy cocrystals, and the appearance of the 788cm™ peak, which is characteristic for
the ASA-4,4'dipy cocrystals was observed with relative operating time during the
crystallization process. The Raman spectra were normalized to a particular band of an
internal standard. Typical Raman waterfall plots during the transition in the region of 760-
800cm™ are illustrated in Fig. 5.33-(2). It shows the time course of the transition from SAA-
4,4'dipy cocrystals to ASA-4,4'dipy cocrystals at 30 to 10°C. It can be seen that the
characteristic peak of the SAA-4,4'dipy cocrystals at 773cm™ decreases in intensity, whereas
that of the ASA-4,4'dipy cocrystals appears and increases in peak intensity at 788cm™,
indicating that the SAA-4,4'dipy cocrystals were gradually transforming into ASA-4,4'dipy
cocrystals. It is clear that turnover SAA-4,4'dipy cocrystals to ASA-4,4'dipy cocrystals was
started after 40min and the transformation was completed in 80 to 85min. To have it more
clear, the Raman peak area with the time-dependent transformation is illustrated Fig. 5.33-
(3). The black and red curves represent the time profiles of the relative changes in the peak

areas of SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals, respectively.
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Figure 5.33: Changes of Raman intensity at 773cm™ and 788cm™ during the transformation process.
Selected spectra (1) real-time waterfall plots in the region of 760-800cm™, (2) peak area

change between 767-777cm™ and 782-795cm™, (3) during the crystallization process.
5.3.5 Formation and transformation of cocrystals

Fig. 5.34 shows the solubility of the SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals as
a function of temperature 0 to 60°C as well as the cocrystals forming region. SAA-4,4'dipy
cocrystals and ASA-4,4'dipy cocrystals are selectively formed by the operating parameters. It
can be seen that both SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals were generated
of fast cooling rates (0.7K/min) at operating temperature of 30°C in Fig. 5.34. When the
cooling temperature cooled below 15°C the transformation occurs from the SAA-4,4'dipy
cocrystals to ASA-4,4'dipy cocrystals at all condition even at slow cooling rates. Therefore, in
transformation of cocrystals, cooling temperature and cooling rates are a major parameters
to affect the transformation of the cocrystals. The solubility of ASA-4,4'dipy cocrystals is
higher than those of SAA-4,4'dipy cocrystals, showing that SAA-4,4'dipy cocrystals are the
thermodynamic stable form at higher temperature and providing the possibility to obtain the

ASA-4,4'dipy cocrystals by rapid cooling.
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Figure 5.34: Solubility of SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals in ethanol, model
solvent in temperature range 0 to 60°C and two different cocrystals forming area with
cooing rate 0.7K/min.

5.3.6 Conclusions

The two different cocystals (SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals) were
characterized by PXRD, DSC, microscope, and Raman spectroscopy. The transformation
from SAA-4,4'dipy cocrystals to ASA-4,4'dipy cocrystals have been probed using in-situ
Raman spectroscopy to rapidly investigate a detailed insight into the mechanisms of
transformation. It is possible to produce desired cocrystal forms by a controlled
transformation process. The Raman spectroscopy permitted a real time monitoring of the
disappearance and appearance of SAA-4,4'dipy cocrystals and ASA-4,4'dipy cocrystals,
respectively. As a result, the transformation of cocrystals was successfully monitored by
Raman spectroscopy. The supramolecular reaggregation of SAA-4,4'dipy cocrystals into
ASA-4,4'dipy cocrystals was established by a solution crystallization method with ethanol as
solvent.
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5.4 Formation of salicylic acid/4,4'dipyridyl cocrystals based on the

ternary phase diagram

The solubility behavior of salicylic acid (SAA)-4,4'dipyridyl (4,4'dipy) cocrystals is
investigated in an ethanol solvent. The PSD of SAA-4,4'dipy cocrystals which are formed in
a 2:1 stoichiometric ratio in ethanol are determined. The objective is to improve the
understanding of the fundamentals of the formation mechanisms, solution behavior and
solid-state properties of SAA-4,4'dipy cocrystals. It was found that the thermodynamic
stability regions of the cocrystals and its components were defined by the phase solubility
diagram. Besides, the kinetic also thermodynamic factor is important for the crystallization of

cocrystals.

Until now, most studies on cocrystals have focused on the isolation of cocrystals for crystal
structure determination, thermodynamic, synthesis, phase equilibrium, etc. [Lu09, Ain09,
Sch09]. The variables that control the crystallization kinetics in the preparation of cocrystals
have not been explicitly considered.

It will be described here how the measurement of TPD led to the discovery of a new solid
form of a 2:1 cocrystal in ASA- 4,4'dipy-ethanol system. It will be focused on the effect of
kinetic as well as on thermodynamic factors in the cocrystal formation in the cocrystal region

in a phase diagram.
5.4.1 Experimental methods

5.4.1.1 Construction of the ternary phase diagram

The solubility of the invariant points of the pure substances were converted to mass fraction
on a total mass basis (ASA+ 4,4'dipy + Ethanol), and plotted on a ternary axis in EtOH to

generate the appropriate TPD using the ProSim Ternary Diagram software.

5.4.1.2 Determination of solubility

The solubility measurements of ASA and 4,4'dipy in ethanol were performed by the
gravimetric method. An excess of solid phase is added to the desired solvent at 30°C and
equilibrated with constant agitation for 24 hours. After the equilibrium has been reached, the
agitation was stopped for 5 min to allow the remaining solid phase to settle. From the upper

clear solution, three samples of 1mL each were filtered by a syringes into a pre-weighed
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glass vial (M;). The weight of the vial with clear saturated solution is recorded right after
filling with the solution (M,). The solvent was allowed to evaporate in a fume hood (24hours)
before transferring the glass vial to a vacuum oven which was held at 50°C. The weight of
the vial is determined from time to time until there is no further weight change (M3). The
formula (Ms-M,)/ (M2-M3) revealed the solubility, is expressed as g solid/g solvent.

To further examine the phase diagram of the system, the solid phase solubility was also
measured at 30°C under nonstoichiometric conditions. The solubility of ASA and a 2:1
cocrystals as a function of 4,4'dipy concentration in ethanol was determined at 30°C by
equilibrating the desired phase in solutions of known 4,4'dipy concentration. A small quantity
of ASA (to saturated solution) was added into the 4,4'dipy solution in dribs and drabs. The
ASA rapidly dissolved. When the amount of added ASA reached a certain point, cocrystals
formed in the solution. 30 min later, the crystals were isolated and dried in a vacuum oven at
40°C overnight. The forming of cocrystals was verified using Raman spectroscopy. A
gravimetric analysis was used to calculate the solubility. The eutectic point, also referred to
as an invariant point, for the SAA-4,4'dipy cocrystal was determined by measuring the
solubility of cocrystals + ASA and cocrystals + 4,4'dipy in ethanol. The mass ratio of
cocrystals/ ASA and cocrystals/4,4'dipy was 1. The solubility of mixtures was measured by
the gravimetric method described above. Then the relative amount of ASA, 4,4'dipy and

cocrystal was calculated using a balance.

5.4.2 Solubility curves

The solubility curves ASA to 4,4'dipy in the ethanol, as shown in Fig. 5.35, were obtained by
stirring solid drugs in a co-former solution at 30°C. Fig. 5.36 shows how the equilibrium
concentration of ASA changes with various ratios of 4,4'dipy in ethanol. When the equivalent
number of 4,4'dipy is zero, it means that there exists no 4,4'dipy in the solution. When the
equivalent number of 4,4'dipy is unity, the molar ratio of ASA to 4,4'dipy in the slurry is 2:1
corresponding with the cocrystal composition. As shown in Fig. 5.35, the concentration of
ASA decreases nonlinearly with the increasing 4,4'dipy concentration in ethanol. In Fig. 5.36,
the solubility data of Fig. 5.35 are redrawn to illustrate the theory of solubility product. This
behavior was explained by the solubility product equations [Neh05]. The line corresponds to

the relation.
K = [ASA]?[4,4 dipy] (1)

The value of K was 0.0104molL™ of the solvent at 30°C.
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Figure 5.35: Solubility of ASA in ethanol with various concentrations of 4,4 dipy at 30°C.
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Figure 5.36: PSD for the 2:1 SAA-4,4dipy cocrystals fitted to the solubility product rule.
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5.4.3 The ternary phase diagram

In order to understand the formation of cocrystals, it is important to study the phase
equilibrium between the API and the co-former. If the ternary phase of a system is known,
crystallization experiments to acquire the cocrystals can be better designed and the outcome
can be predicted. On the basis of the measurements of solubility and the PXRD results, it
can be concluded that there is ASA/4,4'-bipy/ethanol phase diagram measured at 30°C in
which there are six regions and two eutectic points. A schematic TPD is shown in Fig. 5.37.
It is divided into six regions by the solubility curves of the cocrystal and single components.
Region 1 is the undersaturated liquid domain in which all compositions are single phase
liquids. In all other regions, solid phases exist in equilibrium with solutions. Zone 2/6 means
the solution is in equilibrium with ASA/4,4'-bipy crystals and SAA/4,4'-bipy cocrystals. In
zone 3 there is the solid compound ASA, the solid cocrystal and a liquid phase. In zone 4
there are SAA/4,4'-bipy cocrystals and a liquid phase. Zone 5 is like zone 3 the coformer
with the solid compound 4,4'-bipy, the solid cocrystal and a liquid phase. The eutectic points
C; and C, are the points where the solubility curves of ASA and 4,4'-bipy, meet up with the
solubility curve of the cocrystals. The point A and B correspond to ASA and 4,4'-bipy
solubility. The ASA and 4,4'-bipy ratio in the cocrystal is given by the point D. The zone of
cocrystal formation is limited by concentration and the cocrystal exists with liquid in the

region DC,C.,.
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Figure 5.37: TPD of ASA/4,4 “bipy/ethanol at 30°C in mass %. Regions in the diagram are as follows:
(1) solution phase, (2) ASA+ liquid (3) ASA+ cocrystals (4) cocrystal only (5) 4,4 “bipy+
cocrystals, and (6) 4,4 “bipy+ liquid.

5.4.4 Solid-state characterization

After the crystallization experiments, the crystalline residues were collected by filtration and
dried, after which they were analyzed using PXRD, DSC, Raman and SEM.

Single crystal XRD verified the cocrystals as 2:1 SAA-4,4'dipy cocrystal, with space group P-
1 and cell parameters a=7.8712(10)A, b=8.3851(2)A and c=8.6683(3)A. Crystal images from
cooling crystallization of ASA-4,4'dipy solution are shown in Fig. 5.38. The powder X-ray
diffraction pattern of the 2:1 SAA: 4,4’dipy cocrystal is shown in Fig. 5.39. This revealed a
characteristic diffraction pattern, which is differed from those of the two individual

components and the physical mixture. It shows the agreement between the experimental
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powder XRD pattern of the 2:1 SAA-4,4'dipy cocrystals and that one calculated by the
software Mercury from the single crystal structure data.

The DSC thermogram in Fig. 5.40 confirmed the presence of the cocrystals and indicated a
sharp endothermic melting event with an onset temperature of around 155.52°C (with a heat

of fusion, AH=140.15J/g). On the contrary, ASA and 4,4'dipy showed melting onsets at

around 141.59°C (AH=148.71J/g) and 112.16°C (AH=103.39J/g), respectively.

The Raman spectra of ASA, 4,4'dipy and the cocrystals are compared in Fig. 5.41. Raman
spectra revealed evidence of significant intermolecular interactions based on two
characteristic peaks. As shown in Fig. 5.41, particular differences between the spectra of the
cocrystals and of pure materials are found in the spectra range of 1100-1000cm™, the
mixture has three characteristics peaks at 1043, 1022 and 1006 cm™, whereas cocrystals
have two characteristics peaks at 1033 and 1024 cm™. This difference was used to identify
cocrystals of SAA-4,4'dipy. The reason for these shifts of the Raman peaks was explained
based on the single crystal X-ray diffraction data previously reported for the SAA-4,4'dipy
cocrystals which showed that molecular association between ASA and 4,4'dipy occurs

through hydrogen bonding [Lee14].
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Figure 5.38: SEM images of a crystalline product in ethanol.
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Figure 5.39: PXRD pattern of (a) pure ASA, (b) pure 4,4 ~bipy, (c) physical mixture, (d) ASA/4,4 “bipy

cocrystal, (e) SAA/4,4-bipy cocrystal, and (f) SAA/4,4 ~bipy cocrystal calculated based
on single crystal data.
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Figure 5.40: DSC thermograms of (a) pure ASA, (b) pure 4,4“bipy, (c) physical mixture, (d)
SAA/4,4-bipy cocrystals, and (f) ASA/4,4 ~bipy cocrystals.
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Figure 5.41: Raman spectra of (a) pure ASA, (b) pure 4,4 “bipy, (c) physical mixture, (d) SAA/ 4,4~
bipy cocrystals, and (f) ASA/ 4,4 “bipy cocrystals.

The solubility of ASA and SAA-4,4'dipy cocrystals were investigated in order to assess
stability regions of SAA-4,4'dipy cocrystals in ethanol solutions. The solubility of pure
substances, physical mixture and cocrystals in ethanol at various temperatures are shown in
Fig. 5.42.
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Figure 5.42: Solubility of the start materials and SAA-4,4 dipy cocrystals in ethanol.

5.4.5 The formation of cocrystals: the thermodynamic and the kinetic effect

Crystallization is a dynamic process in which, however, besides kinetic also thermodynamic
factors determine the solid product form. With those factors most likely the formation of a
metastable product will be achieved. As concerns kinetics, the different solid phases which
might appear during the experiments were observed in the cocrystal region of TPD with
kinetic factors. To elucidate how the TPD as shown in Fig. 5.37 can be used to design
cocrystallization processes, two crystallization runs were performed; with different cooling

rates and temperatures.

At first, the effect of the cooling rate was investigated. Experiments were performed by
cooling from 50°C to 30°C with various cooling rates (0.2, 0.35, 0.7, 1 and 2K/min). In the
experiments, 2:1 molar ratio of ASA and 4,4'dipy was introduced in ethanol at 50°C. After the
suspension is completely dissolved, the solution cooled down at different cooling rates until it
reaches 30°C at a constant agitation rate. After 30min from the start of nucleation, crystalline
particles were filtered and dried at 40°C. The solid phase was systematically analyzed by

PXRD measurements.
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As shown in Fig. 5.43, the effect of the cooling rate profile on the supersaturation is
demonstrated through the analysis of the collected crystals at the end of each experiment. It
can be seen that steep cooling profile produces ASA-4,4'dipy cocrystals, whereas low
cooling profile generates SAA-4,4'dipy cocrystals even in higher supersaturation levels. This
is to be explained by changing the nucleation rate by cooling rate. This fast cooling rate will
cause a high nucleation rate that allows the formation of ASA-4,4'dipy cocrystals. The effect
of the change in the cooling rate in the cocrystal forming region of TPD is presented in Fig.
5.44. As a result, the SAA-4,4'dipy cocrystals were produced in a cocrystal forming area at
slow cooling rates (0.2K/min). However, it can be seen that both ASA-4,4'dipy cocrystals and
SAA-4,4'dipy cocrystals were generated of fast cooling rates (0.7K/min) even in the cocrystal

forming area. So, choosing an appropriate cooling rate will determine the type of final

product.
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Figure 5.43: The effect of cooling rates with different concentrations (close: SAA-4,4'dipy cocrystal,

open: ASA-4,4'dipy cocrystal).
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Figure 5.44: Operation point designed for the cocrystallization experiment with different cooling rates
0.2K/min (top), and 0.7K/min (bottom).

To demonstrate how the cooling temperature could affect the results obtained from
cocrystallization processes, the experiments are carried out under the conditions of various
cooling temperatures such as 15, 20, and 30°C. Fig. 5.45 shows the cocrystals change their
form when the temperature change (15-50°C) at slow and fast cooling rates. In each case,
slowly crystallized samples showed similar behavior to form of SAA-4,4'dipy cocrystals. On
the other hand, high cooling rates favor the formation of ASA-4,4'dipy cocrystals even at
higher cooling temperatures. The cooling rate is plotted against the supersaturation in Fig.
5.45. It can be seen that the SAA-4,4'dipy cocrystals are observed with slow cooling rates
and low supersaturations at each temperature. Also, the cooling temperature gets lower and
lower, the region of SAA-4,4'dipy cocrystals becomes narrower. The results from this work

indicate that the cooling temperature can lead to different cocrystal types.
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Figure 5.45: The effect of cooling temperature on cocrystal formation with different cooling rates.

5.4.6 Conclusions

The ternary solid-liquid equilibrium diagrams of the system ASA/4,4'dipy/ethanol were
measured at 30°C. The regions of saturated solution, cocrystals, ASA+ cocrystals, and
4,4'dipy+ cocrystals were presented. It is clear that the range of compositions chosen in the
search for cocrystals in any particular system must be dictated by the relative solubility of the
two components. Results show that the solubility of ASA decrease with increasing 4,4'dipy
concentration, and K, can be determined by the solubility method. In order to develop the
thermodynamic and kinetic aspects of cocrystallization, the crystallization technique by
controlling the cooling rate and temperature was carried out based on the TPD. By
controlling the operating conditions, the desired form of the cocrystals can be formed in the
cocrystals of the zones of TPD. As for the results, the desired SAA-4,4'dipy cocrystal was
obtained under the conditions of slow cooling rates and high temperature. This explains the
importance considering thermodynamic as well as Kkinetic factors when selecting
cocrystallization processes and cocrystal screening.
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6. Summary of the conclusions

This research mainly investigated that important topics related to the process of
crystallization and the development of pharmaceutical cocrystal formation. The results
demonstrate the physical properties of salicylic acid cocrystals, mainly the solubility
behaviour and their thermodynamics in solvents, which could benefit for a rational design of
cocrystallization process as in the future. The key finding of the present work can be

summarized:

e In chapter 5.1, the five novel cocrystals of salicylic acid with organic bases which
containe N atoms have been produced with cooling/evaporation crystallization. The
crystal structure of the cocrystals has also been determined by single crystal x-ray
diffraction. The N-H...O hydrogen bonds play an important role in contributing to the
stability of the compounds. The cocrystal forms of salicylic acid with coformers, that
show the better properties in comparison to the pure material, can be emphasized

for industrial applications.

e In chapter 5.2, the formation of SAA-4,4'-dipy cocrystal with different stoichiometry

were explored by varying the solvents using solution crystallization.

In-situ studies with SAA and 4,4'-dipy using Raman spectroscopy provided a higher
quantity of information on the reaction, such as identification of the end point of the
reaction, the depth understanding of the formation mechanisms of cocrystals, and a

more efficient design of experimental proceedings.

e The cocrystal screening of SAA-4,4'dipy and transformation behaviour have been
described in chapter 5.3. Two different cocrystals including SAA-4,4'dipy cocrystlas
and ASA-4,4'dipy cocrystals have been identified. For a comparison of SAA-
4,4'dipy cocrystals and ASA-4,4'dipy cocrystals, PXRD, DSC, microscope, and
Raman spectroscopy was used with elapsing time. A solvent-mediated
transformation process has been employed to prepare these cocrystals. The
mechanisms of transformation from SAA-4,4'dipy cocrystals to ASA-4,4'dipy
cocrystals that allowed to produce the desired cocrystal forms was explained by
utilizing Raman spectroscopy which is permitted a real time monitoring.
Consequently, it has been found that SAA-4,4'dipy cocrystals and ASA-4,4'dipy

cocrystals, are stable and metastable forms at room temperature, respectively.
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SAA-4,4'dipy cocrystals transforms to ASA-4,4'dipy cocrystals upon short periods
of time of cooling at low temperature, while SAA-4,4'dipy cocrystals were stable to

re-crystallization of ASA-4,4'dipy cocrystals.

e In chapter 5.4, the phase solubility behaviour of cocrystals which are formed in a
2:1 stoichiometric ratio in ethanol was explained by the relative solubility of the two
components. The current study demonstrates the influence of kinetic and
thermodynamic aspects on cocrystallization. Controlling the operating conditions
such as cooling rate and temperature is believed to be potentially important for the
formation of the desired forms in the cocrystals of the zones of TPD. SAA-4,4'dipy
cocrystals which are the desired stable form were obtained under the conditions of
slow cooling rates and high temperatures. Formation strategies based on the TPD

were useful for stabilizing the cocrystals or controlling their transformation kinetics.
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7. Summary

A first priority aim of pharmaceutical material is the successful formation and process
development of pharmaceutical products because the crystal structures have influenced the
physico-chemical and biopharmaceutical properties that are the molecular arrangement
within the solid. In this context, pharmaceutical cocrystals, multicomponent crystalline
materials with definite stoichiometries often stabilised by hydrogen bonding, has recently
regarded a straightforward way to dramatically influence the solid state properties of a drug
substance, particular its solubility and hence bioavailability.

The objective of this work is to improve the solubility and dissolution properties of poorly
water soluble drugs. Therefore a fundamental understanding of the formation mechanisms,
the solution behaviour and the solid-state properties of pharmaceutical cocrystal is required.
The work covers screening of cocrystal formation in real time as well as the discovery the
five novel salicylic acid cocrystals. The mechanisms of transformation of cocrystals and
factors affecting cocrystal stability are reported. More specifically, the aims are to: (1) identify
the factors governing the formation and characterization of cocrystals with different
coformers and stoichiometiry, (2) establish a screening method of cocrystal formation using
Raman spectroscopy, (3) identify the mechanisms of conversion of the cocrystals SAA-
4,4'dipy to ASA-4,4'dipy using Raman spectroscopy for in-situ monitoring, (4) investigate the
factors of thermodynamics and Kkinetics affecting cocrystals based on ternary phase
diagrams, and (5) understand the solubility behaviour of cocrystals and physico-chemical
advantages offered by cocrystals. Model compounds selected in this study include
acetylsalicylic acid used as raw API, 4,4'-bipyridine, nicotinamide, isonicotinamide, and

piperazine used as coformer that forms cocrystals.

All of the resulting salicylic acid cocrystals, salicylic acid/ 4,4'dipyridyl (2:1), salicylic acid/
nicotinamide (1:1), salicylic acid/ isonicotinamide (1:1), salicylic acid/ piperazine (1:0.5) and
salicylic acid/ N,N'-diacetylpiperazine (2:1) (derived from the reaction between aspirin and
piperazine) are obtained from solution cooling/evaporation crystallization experiments. The
structural analysis has shown that the well-known COOH...N heterosynthon was considered
the key element in the cocrystals design strategy. The carboxylic acid-pyridine hydrogen

bond is an often used as supramolecular synthon.

Raman spectroscopy which is an in-situ process analysis technology in the solution
crystallization of aspirin is investigated here. The cocrystal formation behavior between
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aspirin and 4,4'dipyridyl in batch cooling crystallization was monitored. In addition, Raman
spectroscopy provided additional information on the crystal structure of the salicylic acid-

4,4'-bipy cocrystals.

An investigation of the feasibility of in-situ monitoring of the polymorphic transitions is
presented. The use of an in-situ tool to monitor the transformation of cocrystals has the
potential to provide information about the transformation mechanism. The purpose of this
study was to investigate the mechanism of cocrystal transformation of SAA-4,4'dipy
cocrystals to ASA-4,4'dipy cocrystals using Raman spectroscopy measurements and to
design a process to produce different two cocrystals by transformation. The solvent-
mediated transformation showed that SAA-4,4'dipy cocrystals are the stable form at room
temperature. Raman spectroscopy successfully distinguished between SAA-4,4'dipy
cocrystals and ASA-4,4'dipy cocrystals, and the characteristic peak of both was observed

during transformation.

The solubility behavior of SAA-4,4'dipy cocrystals is investigated in an ethanol solvent. The
solubility diagram of SAA-4,4'dipy cocrystals was determined which are formed in a 2:1
stoichiometric ratio in ethanol. In order to improve the fundamentals of the formation
mechanisms, solution behavior and solid-state properties of SAA-4,4'dipy cocrystals, the
solubility behavior and solution chemistry of cocrystals was studied. It was found that the
thermodynamic stability regions of the cocrystals and its components were defined by the
phase diagram. Results have shown that besides the kinetic also thermodynamic factor is

important for the crystallization of cocrystals.
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8. Abbreviations and symbols

Abbreviation Meaning

4,4'dipy 4,4'dipyridyl

API Active pharmaceutical ingredient
ASA Acetylsalicylic acid

CDS Cambridge structural databse
DSC Differential scanning calorimetry
EtOH Ethanol

FT Fourier transform

INCT Isonicotinamide

IPA Iso-propanol

IR Infrared

m.p Melting point

MeOH Methanol

NCT Nicotinamide

NDAP N,N'-diacetylpiperazine

PAT Process analytical technology
PPZ Piperazine

PSD Phase solubility diagram
PXRD Powder x-ray diffractometer
SAA Salicylic acid

SEM Scanning electron microscopy
TPD Ternary phase diagram

VDW van der Waals
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Symbol Meaning Unit
Cspa-a,4dipy cocrystal Concentration [g/mL]
K Solubility product of cocrystals [mol/L]
M, Pre-weighed glass vial (0]

M, Weight of vial + solution (0]

M \;\(/;Ielﬁz*[n of vial + evaporated [al

S supersaturation [-]

V Volume A3

AH Ethalpy [J/d]

kV Tube voltage [-]

mA Amperage [mA]
20 Degree [°]
K/min Scan rate of XRD [-]

mw Power [mW]

5 Wavenumber [cm™]

A Wave length [A]

t time [s], [min]
T temperature [K], [°C]
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