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1. INTRODUCTION
Active pharmaceutical ingredients (APIs) often exist in a variety of solid forms. The
investigation of solid form diversity is an important step in pharmaceutical development,
because inconsistencies in the solid structure may have severe consequences. Understanding
the properties and behaviour of pharmaceutical solids is fundamental to pharmaceutical
discovery, development, processing, clinical studies, manufacturing and storage, thus
throughout the whole lifecycle of the drug product, because interconversion between different
solid forms may have a considerable influence on physicochemical properties that
consequently affect the bioavailability of the drug.
In the first part of my dissertation the relevance of solid form diversity in the pharmaceutical
industry is discussed including the intellectual property and regulatory aspects of this field. It
is followed by a summary of the general literary background and the aims and objectives of
this research.
The experimental part of the study begins with the description of the applied model
compounds and methods. The scope of this research work is divided into three parts which
follow the same scenario as a real pharmaceutical development project. The first part focuses
on the methodology improvement on solid form screening with particular focus on
solvated/hydrated solid forms. In this thesis work the term “solvate” may be used as a general
term for crystalline solvent adducts including the subclass of hydrates. Five different model
compounds with markedly different structures and solid form landscape were involved in the
study in order to establish a comprehensive screening method which is universally applicable.
The second part aimed to provide a thorough understanding of the structure-property
relationships of the investigated model compounds and deepen the knowledge in solvate
characterization and classification. Various analytical techniques were utilised including
thermal analysis, dynamic vapour sorption (DVS), critical water activity investigation,
stability testing, intrinsic dissolution rate (IDR) measurement, variable humidity powder X-ray
diffraction (VH-XRPD) and single crystal X-ray diffraction (SXRD) in an attempt to
rationalize the propensity to solvate/hydrate formation and explore the stability boundaries of
different forms.
The third part focuses on the crystallization method development of a selected hydrate
candidate. Different in-line monitoring techniques offered considerable insight into the
crystallization process and helped develop a robust crystallization method.
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2. LITERATURE REVIEW
This chapter presents a general review of related literature on solid state development
covering different aspects of the field. The survey discusses intellectual property and
regulatory perspectives, highlights the importance of solid form diversity in pharmaceutical
development and provides an overview about solid form screening and characterization. A
more detailed, practical discussion of solid state characterization may be found in Section 5, as
among others, this research work aimed to improve the methodology of solid state
characterization.

2.1. Solid form diversity
The term polymorphism originates from the Greek words: polus=many and morph=shape.1
According to W.C. McCrone’s definition, “The polymorphism of any element or compound is
its ability to crystallize as more than one distinct crystal species”.2 Thus polymorphs are
chemically identical but crystallographically distinct solid phases. When polymorphism exists
as a result of differences in crystal packing, it is defined as packing polymorphism, whereas
when it arises from conformational differences, it is denoted as conformational
polymorphism.3
From a thermodynamic aspect, there are two types of polymorphic behaviour: enantiotropism
and monotropism. In the case of an enantiotropic relationship, polymorphs may reversibly
transform to each other at a critical temperature and pressure. Regarding monotropism, one
polymorph is always more stable than the other below the melting point.3
Depending on their relative stability, at a given temperature and pressure one form is stable
(having the lowest free energy), while others are metastable with respect to this form. As
fundamentally every system evolves toward lower energy states, metastable forms possess a
thermodynamic driving force towards recrystallization (phase transformation).4 The kinetics
under which such transformation occurs are specific to a certain system. Therefore, the lack of
thermodynamic stability does not necessarily imply that a metastable phase cannot be
developed.5
Polymorphism is very common among drug substances. Literature values concerning the
prevalence of polymorphism range from 33%6 to 50%7 and about 56-90% thereof exhibit
multiple crystalline forms (including solvates and hydrates).7 In addition to monocomponent
solid forms, numerous compounds were shown to form other nonequivalent crystalline
2

structures through the inclusion of solvent molecules in the lattice. Solvates are crystalline
solid adducts in which solvent molecules are incorporated into the host lattice. Hydrates are a
subclass of solvates where the incorporated solvent is water.5 The widely disputed term,
pseudopolymorphism or solvatomorphism refers to those systems where phases differ in their
elemental composition through the inclusion of different solvents.4
Molecules with an ionizable functional group offer the potential to salt formation which is
the most frequently applied strategy to modify the undesirable properties of the parent
compound.8 Salts may also exist as various solvent-free or solvated forms. Salts and cocrystals are multicomponent solid forms that can be differentiated by the location of the proton
between an acid and a base.9 The ionization of the molecule through proton transfer results in
a salt form. In the absence of proton transfer, the molecules remain neutral and the solid form
is referred to as co-crystal. For an acid-base system, the ΔpKa value (pKa of base − pKa of
acid) and the crystalline environment determine the extent of proton transfer.9 Co-crystals may
also exist as various solvent-free or solvated forms, moreover salt-co-crystal complexes may
exist that can be solvated or non-solvated, as well.
Solid forms in the pharmaceutical development may include materials in crystalline and
amorphous state. Amorphous materials lack long range order and well-defined molecular
conformation.10 Some compounds have a tendency to exist as amorphous solids.
Since diverse inter- and intramolecular interactions are present in different solid structures,
constitutionally or crystallographically distinct forms have different free energies and
therefore different physical properties.5 The relevance of solvates, hydrates, salts and cocrystals in drug formulation originates from the ability to fine-tune physical properties of an
API. These include thermodynamic properties such as solubility, free energy, melting point,
kinetic properties, such as dissolution rate and stability, and mechanical properties, such as
hardness, compatibility, tensile strength, etc.4 The crystal structure of the API can drastically
alter the performance of a drug product.
Usually the most stable form is preferred in the pharmaceutical industry to mitigate the risk
of phase transformations. The disadvantage of the stable form is that it is usually the least
soluble one and therefore exhibits the lowest bioavailability.5 Solid form selection is therefore
a complex process of making rational compromises.
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2.2. Relevance of solvates/hydrates in pharmaceutical development
Oral solid dosage forms are the most common way to deliver a drug substance to a patient,
conventionally produced by the formulation of solid powders. This formulation is frequently
selected due the ease of handling and better chemical stability. Consequently, understanding
the behaviour of different solid phases, as well as the rational selection of solid forms are
crucial to enable efficient development of an API.11 Adequate control over solid forms is of
paramount importance, as each phase can exhibit diverse properties including solubility,
dissolution rate, physical and chemical stability and bioavailability.12,13 Pharmaceutical solids
are exposed to various organic and aqueous solvents during drug development: upon
crystallization, wet granulation, and dissolution, which may result in the formation of a
solvate/hydrate deliberately or inadvertently.13
Attempts were made to rationalize the formation of solvated inclusion complexes. Desiraju
proposed that the imbalance between H-bond acceptor (HBA) and donor (HBD) groups in the
molecule promotes solvate formation and the inclusion of solvent molecules compensates the
HBA/HBD difference and stabilize the structure.14 Infantes et al. concluded that hydrate
formation is in correspondence with increasing polar surface area15, which agrees with the
result of a Cambridge Structural Database (CSD) survey showing that the probability of
hydrate formation increases with increasing number of polar groups, particularly with ionic
charge.16,17
Solvate and hydrate formation is more frequent with increasing molecular size. The
likelihood of hydrate formation decreases with the lipophilicity of the molecule, while the
inclusion of organic solvents increases.5,18 Large, branched molecules can improve their
packing efficiency through incorporated solvent molecules,19,20,21 and the inclusion of a
solvent is sometimes vital to build a stable crystal structure.22,23,24 Water molecule’s small size
and ability to serve as both a hydrogen bond donor and acceptor make it likely to be
incorporated in the lattice either as space filler or as a stabilizing force.25,26
There is an observable trend in pharmaceutical development to move toward drug molecules
that are more complex, more lipophilic and insoluble in nature, which might raise limitations
in bioavailability.4,27,28 One of the most common and effective approaches for increasing the
solubility and dissolution rate of ionizable drugs is salt formation. Salt formation cannot only
enhance bioavailability but may also improve physical and chemical stability.29 Over 50% of
the marketed drugs are administered as salts in oral formulation.30 The observed higher
prevalence of hydrates among salts can be attributed to the propensity of water to bind to ionic
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sites.A1 As opposed to salts, non-charged molecules are more prone to form solvates and
polymorphs.26,31
Hydrates are the most widely encountered solvates. The study of hydrates is of particular
significance in the pharmaceutical industry, since hydrate formation can easily occur due to
the ubiquity of water vapour, and can alter the physicochemical properties of a drug substance,
consequently affecting stability and bioavailability. These facts underpin the need for a
thorough understanding of the mechanisms of solvate formation and the stability of these
multicomponent systems, including the transformation pathways to other solid phases.
The differences between solvent-free and solvated forms are significant. An anhydrous
crystalline form is a one-component system, and its free energy is determined by temperature
and pressure. On the other hand, a crystalline solvate is a two-component system and is
defined by temperature, pressure and solvent activity.3
Water activity (aw) is the effective mole fraction of water, defined by the ratio of the partial
vapor pressure of water in a system (p) divided by the partial vapor pressure of pure water (po)
at the same temperature, as shown in Eq. (1).32
a =

=

%

(1)

Hydrate formation from anhydrous phases is represented by the following equilibrium shown
in Eq. (2):33
+

=

⇄

∙

!"∙#$% & '()*+ ,
!" '()*+ , !$% &,-

(2)
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where Kh, described in Eq. (3), is the equilibrium constant for the reaction shown in Eq. (2),
and a[A mH2O(solid)], a[A(solid)], and a[H2O] are the thermodynamic activities of the
hydrate, anhydrate and water, respectively. The hydrate will be more stable than the anhydrate
when Kh > 1.33 Analogous relationship exists for solvate activity and solvate formation.
Generally, hydrates are preferred over solvates in the pharmaceutical industry, as the
presence of water does not raise toxicity concerns, but more importantly, a hydrate can be the
thermodynamically stable form at ambient conditions, while solvates are always metastable
removed from their mother liquor. The significance of solvated forms has been further
enhanced by the potential to contribute to the overall intellectual property protection strategy
for a given compound.
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2.3. Intellectual property, regulatory perspective
Intellectual property (IP) protection is a critical element of pharmaceutical industry and have
major economic implications. Different crystal forms are eligible for patent protection as they
satisfy the criteria of novelty, non-obviousness and utility (industrial applicability). By
definition, a new crystal form is novel and since crystal forms cannot be predicted, they are
also not obvious.1
In general, innovator pharmaceutical manufacturers are trying to patent every relevant solid
form of a drug molecule in addition to filing patents related to its indication, synthetic route or
formulation to ensure exclusive rights to the invention and enhance product life cycle
management. Nevertheless, in an attempt to reach earlier market entry, generic pharmaceutical
companies constantly search for novel solid forms of a drug and challenge the originator’s
patents in order to circumvent the drug’s intellectual property protection, and establish their
own IP position and freedom to operate.26,34
Generic drug products are bioequivalent equivalents of reference listed drug products, that
are comparable in terms of dosage form, strength, intended use and bioavailability.35 A generic
manufacturer must demonstrate that the generic product is pharmaceutically/therapeutically
equivalent to the innovator product. Consequently, particular attention is dedicated to the
impact of solid form diversity in the context of drug product bioequivalency.36
Generic drug development is becoming more and more challenging due to continuously
emerging patent landscape, increased competition, regulatory hurdles and cost pressure.37
Solid form screening is a regulatory requirement for new pharmaceuticals38 but due to the
increasing generic competition, a comprehensive solid form screening is required for both
regulatory and intellectual property reasons. Apparently, the most desirable crystalline form to
develop is a stable solid form, as it has the lowest propensity to transform during scale-up,
processing, formulation or storage.39 At the same time, the identification of metastable
polymorphs and solvated forms are also important as it allows the determination of key
parameters for designing the final crystallization procedure and ensures to obtain the best
possible intellectual property protection.5,40 Poorly conducted screens and improper patenting
strategies might open new possibilities for competitors.
After the basic molecule patent has expired, but the solid form present in the innovator’s
drug product is still under patent protection, generic companies can develop their noninfringing products with an alternative solid form, provided it meets regulatory requirements.
Generic companies have to demonstrate that the new drug product contains the ‘same’ active
ingredient as the original one. Both the International Conference on Harmonization (ICH) and
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the US Food and Drug Administration (FDA) define a broader range of polymorphism, stating
“Polymorphic forms in the context of this guidance refer to crystalline and amorphous forms
as well as solvate and hydrate forms”.38,41
It is noteworthy that this extended definition applies exclusively to the context of this
guidance. In a strict, scientific sense polymorphism denotes systems with the same chemical
composition,4,33 and therefore, since a solvate and an unsolvated crystalline form are
constitutionally distinct, they cannot be defined as polymorphs by definition.
Salts, co-crystals, hydrates/solvates and amorphous phase are considered eligible for generic
application in the European Union,42 but salts are not considered equivalent alternatives in the
USA.
As water is omnipresent, a hydrate is often the most stable form at ambient conditions and is
therefore the selected solid form for numerous commercial drug products,43 e.g. paroxetine
hydrochloride hemihydrate,44 cephalexin monohydrate,45 cromolyn sodium non-stoichiometric
hydrates,46 nitrofurantoin monohydrate47 sitagliptin phosphate monohydrate,48 bosutinib
monohydrate,49 dasatinib monohydrate50 or nintedanib esylate hemihydrate51.
But the judgement of solvates containing organic solvents is changing: they are not anymore
undesired by-products of pharmaceutical development. As generic companies are seeking for
new, non-infringing solid forms, solvates offer an option to circumvent innovators’ patents.
Furthermore, they have the potential to improve the in vitro dissolution kinetics.52,53,54
Currently, trametinib dimethyl sulfoxide,55 dapagliflozin propylene glycol,56 cabazitaxel
acetone,57 darunavir ethanol,58 warfarin sodium 2-propanol,59 indinavir sulfate ethanol60 and
atorvastatin calcium propylene glycol61 solvates are on the market.
The ICH guideline regulates the limits for residual solvents in pharmaceutical products and
classifies (Class 1-3) the organic solvents according to their toxicity. The preferred, Class 3
solvents have permissions of daily exposures up to 50 mg (corresponding to 0.5% or 5000
ppm) daily. Higher amounts may also be acceptable when the manufacturer proves that the
amount is realistic with relation to manufacturing capability and good manufacturing practice
(e.g. solvates).62
Hydrates and solvates are known to affect the solubility and dissolution rate of compounds to
a larger extent than their anhydrous counterparts.63 Solubility is one of the most critical and
important parameters influencing drug bioavailability. The importance of solubility is
confirmed in the Biopharmaceutical Classification System (BCS), a scientific framework for
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classifying pharmaceutical compounds based on their aqueous solubility* and intestinal
permeability† (Class I-IV), that provides guidance for regulatory decisions regarding solid
form diversity.64,65,66
In the guidance issued in 2007 FDA states: “For a drug whose absorption is only limited by
its dissolution, large differences in the apparent solubility’s of the various polymorphic forms
are likely to affect bioavailability/bioequivalence. On the other hand, for a drug whose
absorption is only limited by its intestinal permeability, differences in the apparent solubility’s
of the various polymorphic forms are less likely to affect bioavailability/bioequivalence.”67
Thus for BCS class I and III compounds possessing high solubility, solid form diversity is less
likely to impact bioavailability. But for BCS class II and IV compounds exhibiting low
solubility, the differences in the solubilities of various solid forms are assumed to affect drug
product bioavailability. The new drug pipeline trends towards lower solubility, resulting in an
increase of BCS II compounds. The BCS classification can be used in the rationalization of
solid form selection strategy.28,68
Different solid forms of the drug substance can undergo phase conversion when exposed to
various manufacturing processes, such as drying, milling, micronization, wet granulation,
spray drying, and compaction. Exposure to humidity and temperature can also induce solid
form conversion.67 When a solvate/hydrate is the solid form of interest, particular care must be
taken to the role of secondary manufacturing, during which process induced transformations
(PIT) may occur69 as interconversions between anhydrous-hydrate/solvate forms can
significantly affect product performance. The solid state structure is a key quality attribute of a
crystalline product. It is essential to understand the solid state behaviour and cautiously select
the optimal solid form for development as phase transformations may have severe
consequences.26

*

A drug substance is considered highly soluble if the highest strength is soluble in ≤ 250 mL

of aqueous media over the pH range of 1.0–7.5.66
†

A drug substance is considered highly permeable when the extent of intestinal absorption is

determined to be ≥ 90%.66
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2.4. Solid form screening
2.4.1. General considerations
The goal of a rationally designed solid form screening is to generate all relevant phases of a
compound that may be encountered during development, particularly the thermodynamically
stable form, within the constraints of available time, material and resources.70,71
However, considerable effort has been invested in developing methods for predicting crystal
structure(s) of a given compound, unfortunately, to date, the feasibility of computationally
predicting the crystal structure(s) of a given molecule is only applicable for rigid, low
molecular weight, monocomponent molecules, which do not represent the size and flexibility
of pharmaceutical molecules.72,73
Crystal structure prediction (CSP) is based on the assumption that the crystal structure will
be the thermodynamically stable of all possible structures. The main use of CSP studies is to
find the range of different packings that are thermodynamically plausible crystal structures by
ab initio methods.74 Even though crystal structure prediction can be applied to increasingly
complex molecules, it is still far from routine. Concerning the prediction of solvates, a general
problem is that in principle, the crystal packing has to be known. This is still a very timeconsuming and challenging task for single compounds, even more so for binary mixtures and
practically prohibitive for multicomponent structures.75
Emerging strategies to accelerate pharmaceutical development and capture solid form
diversity of pharmaceutical compounds have resulted in the evolution of high throughput (HT)
crystallization technologies.76 The number of possible temperature, concentration and solvent
combinations that should be encompassed in searching for a new solid form greatly exceeds
what can be conveniently carried out on the bench top. In order to test thousands of conditions,
high throughput (HT) screening processes have been developed.77 These automated methods
use less material and are less time-consuming, but the crystallization conditions are limited.78
Nowadays, the number of new pharmaceutical compounds is decreasing, and the molecules
reaching the later phases of drug development are becoming larger and more complex, which
creates further challenges for solid form screening,79 due to poor aqueous solubility that is
characteristic for the majority of APIs.80,81
The main purpose of a comprehensive physical form screening is to cover the widest
experimental space possible, targeting an optimal, non-infringing solid form with the best
characteristics for development. In addition, sufficient effort is required to identify crystalline
forms that are likely to arise during the normal course of development and storage.5
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A solid form screening needs to be designed, performed and evaluated carefully, since the
decisions made based on the outcome of the screen may have consequences on the whole
lifecycle of the product.82 A prominent example is ritonavir, where the late discovery of the
thermodynamically stable form with lower solubility and oral bioavailability led to the
withdrawal of the product from the market and loss of hundreds of millions of dollars in
sales.83
Polymorph screens focus on finding new forms of a pharmaceutical compound and can
include unsolvated, solvated, hydrated, and amorphous materials. Albeit conducting a
polymorph screening is highly recommended by regulatory guidelines38 and is also highly
advisable for other practical reasons, there is no universally applicable directive for how to
proceed5, given that every compound possesses unique properties and can display very
different crystallization behaviour.
Solid form screenings are subject to fewer constraints and limitations than processes in
manufacture,4 in view of the fact that the main target of a screen is to discover new phases,
hunt for seeds and not to find an optimal method. The solvents used in solid form screening
methods are generally chosen from those authorized by the pharmacopeia but the selection can
be extended.70 In general, a solid form screening should not be limited to ICH Class 3
solvents,62 however, only those solvates can be taken into consideration in the development of
a pharmaceutical drug product. Solvates with Class 1 and 2 solvents may be valuable as well,
as these forms may act as precursor to other forms.84,85,86
A solid form screening should involve sufficient diversity applying the combination of a
wide variety of experimental approaches including crystallization from solution (evaporative,
cooling, and antisolvent crystallization), slurry conversions, thermal and moisture dependent
studies, as well as desolvation methods.82,87 For a reliable solid form screening both
crystallization conditions and solvent type have to be varied as broadly as possible.5
The methods applicable for solvate/hydrate generation are a subset of those used in a
conventional polymorph screening (Figure 1).
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Figure 1. Scheme of solvate screening methods
Solvent-based techniques are certainly the standardly used methods for a traditional solid
form screening due to the diversity of solvents and conditions that can be utilized.13,70,78
Crystallization from solution is a particularly important process, as this is the primary means
of purification during drug synthesis. Moreover, solution crystallization may define the final
crystal structure of the compound.70
Solvent-based approaches, particularly solution crystallization methods and slurry
experiments, should encompass a diverse set of solvents and solvent mixtures covering a wide
range of properties (e.g. hydrogen bond acceptors/donors, polarity, dipole moment, dielectric
constant, viscosity, etc.). Solvents potentially used for the development of a crystallization
process or in other unit operations should be also involved in the screen.26 The reason for
using solvents having varying polarities is that molecules in solution often tend to form
different types of hydrogen-bonded aggregates, and these precursors are related to the crystal
structures that develop in supersaturated solution (see 2.4.3).3,88
In case of an effective solvent used for recrystallization purposes the solubility of the solute
should be in the order of 1–100 mg/mL at room temperature. If the solubility exceeds 100
mg/mL, the viscosity of the solution may be too high and a viscuous gel is likely to be
obtained.3
Solvents with wide variety of properties should be used to generate different supersaturation
levels. Various slow and quick crystallization methods from solution are recommended, such
as quick cooling of a hot, saturated solution in an ice bath, slow cooling of a solution applying
controlled cooling rate, antisolvent crystallization, and evaporation. Just as important as the

11

solvent choice is the crystallization method, where both fast and slow methods should be
utilized.5,70
Crystallization from solution might inherently favour metastable forms according to
Ostwald’s rule of stages.89 Depending on the crystallization conditions, a metastable phase
might nucleate prior to the stable phase, meaning that kinetic factors prevail over
thermodynamic factors, as the Ostwald rule of stages dictates. To discover kinetically
preferred solid forms including solvates, it is a good practice to heat the solution to the boiling
point, remove undissolved particles by filtration and then quench cool using an ice bath. Under
such kind of stress conditions kinetics rather than thermodynamics will define the crystal form
and the formation of a metastable solid form will be kinetically favoured. The high
supersaturation induced by quench cooling provides sufficient driving force that a metastable
and more soluble form can crystallize.4
Lyophilization might as well result in (metastable) hydrate formation, as in the case of
mannitol.90 When a solvent mixture is used for freeze-drying, solvates might form as
demonstrated by Otsuka et al., who discovered a dioxane solvate of phenobarbital by
lyophilization.91
Methods to generate stable solid forms typically employ slow crystallization conditions
under thermodynamic rather than kinetic conditions.39 Solvent-mediated polymorphic
transformation (SMPT, competitive slurry experiment, maturation or aging experiment) is a
commonly applied method to determine the relative thermodynamic stability of the solid
phases generated during the screening and to directly obtain stable forms.71,72,92,93,94,95,96
The slurry technique can be considered as an extension of solid form screening, which –
depending on the compound’s characteristics – will result in stable anhydrous and/or solvated
forms. The technique is resource-saving as slurry volumes can be made very small. The
mixture of different solid phases is placed in a saturated, agitated solution and the evolution of
solid forms can be monitored.
These aging experiments rely on the fact that the most stable form of a compound is the least
soluble, therefore a saturated solution of metastable form(s) is supersaturated with respect to
the most stable phase. Given sufficient time, metastable phases will convert to the most stable
form in order to establish thermodynamic equilibrium and relieve supersaturation.39,93,97
Solvent mediated polymorphic transformation consists of three steps:94
1.

partial dissolution of the metastable phase, creating supersaturation of the stable form,

2.

nucleation of the stable phase,

3.

growth of the stable phase combined with continuous dissolution of the metastable
form.
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These three mechanisms are consecutive or concomitant and each step may be rate
limiting.93,97,98,99,100,101,102 For thermodynamic reasons, the most stable solid phase will develop
at the expense of the metastable ones, but for kinetic reasons, this competitive process may
take days or weeks.93 In general, crystallization from solution and solvent mediated
transformation are influenced by the initial solid used as it can alter the solubility and hence
the degree of supersaturation.5
The above discussed types of solid form screening can be performed on salts and co-crystals,
as well. However, additional care must be taken as these compounds may dissociate and
precipitate as the parent compound.78
Comparing the solvent-mediated anhydrate-solvate/hydrate transformation and a solvent
mediated polymorphic transformation in terms of their mechanism, both processes consist of
dissolution of the metastable form and crystallization of the stable form, but the crystallization
of a solvated form requires adequate solvent activity in the surrounding medium. Hydrate
screening is typically carried out using techniques such as crystallization from aqueous solvent
systems, aqueous slurries, temperature cycling in these aqueous systems or exposure to high
humidity.71
Cui and Yao conducted an evaluation of hydrate screening methods and found that slurry and
temperature cycling using solvent mixtures are most likely to provide adequate confidence in
the hydrate screening process.103 Sistla et al. investigated the applicability of the Crystal16 ™
(Technobis Crystallization Systems, Alkmaar, the Netherlands) for studying the potential for
hydrate formation.104 They confirmed the findings of Cui and Yao, stating that slurrying in
water or in water-organic solvent mixtures applying temperature cycles are most likely to
provide a hydrated compound.
Many organic molecules, particularly free acids and free bases, are often not soluble in
water. Poor solubility of the compound often results in low hit rates,77,105,106 as conversion to a
hydrated form may be slow or may not occur in pure water, despite the maximized water
activity level. The use of mixed solvent systems might alleviate the issue of low water
solubility, and at the same time provide sufficiently high water activity to enable the
nucleation of a hydrate.70 Furthermore, the application of solvent mixtures can improve the
wettability of the compound.
Exposing an anhydrous powder to high relative humidity can often lead to hydrate formation.
For this purpose, desiccators containing saturated salt solutions/water and dynamic vapor
sorption analysis are applicable. A major drawback of this approach is the slow nature of solid
state transformation.107 Furthermore, using DVS, the equilibration time for each RH step is
relatively short, may be insufficient to hydrate formation in some cases.103 It must be taken
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into consideration that while the slurry technique is thermodynamically driven, desolvation
and vapor sorption is under kinetic control. Consequently, the outcome may differ.
In slurry experiments, the choice of solvent is crucial, as inadequate solubility might hinder
the solvent-mediated phase transformation of a metastable phase to a stable solid form. Gu et
al. examined the influence of solvent on the rate of solvent mediated polymorphic
transformation and concluded that a solubility of at least 8 mM is required for conversion to a
stable polymorph in a reasonable time frame.94 They showed that the nucleation rate is a
function of the balance between solubility and strength of solvent–solute interactions, and
suggested that solvents providing an optimal compromise between the solubility of the
compound and the solvent-solute interactions provide the fastest transformation.
These findings were confirmed by Miller et al., who observed that the nucleation of the
stable form is less probable in solvents giving lower solubility, as metastable forms can be
kinetically stable in those media.39 Therefore they proposed a stable form screen based on the
“8mM rule” to improve the likelihood of finding the stable polymorph by solvent-mediated
transformation. However, Cui and Yao reported that if the dissolution step is not rate limiting,
the transformation is not hindered by the solubility.103
Possible outcomes of a slurry screen, if performed properly, are confined to polymorphs
and/or solvated/hydrated forms that are more stable than the starting crystal form(s).70
Furthermore, slurry experiments can be utilized to investigate the critical solvent activity in an
anhydrous/hydrate(solvate) system, as it was reported in the case of theophylline,32
ampicillin108, carbamazepine109 and bosutinibA2.
The application of aqueous solvent mixtures with varying water activities can shed light on
the phase boundaries, which help in understanding the solid state stability and identifying
appropriate storage conditions, as water activity is directly related to relative humidity.110
Ideally, a solid form screening should not only result in new phases of a given compound, but
should also give an insight into the crystallization conditions that are responsible for yielding a
particular solid form.111

2.4.2. Solvent selection
In general, the more diverse set of solvents is applied in a solid form screening, the higher
success rate in discovering new phases can be achieved.70 The proper selection of solvents and
solvent systems is even more important in the case of a solvate/hydrate forming compound.
In a study by Gu et al. 96 solvents were grouped by the means of cluster analysis.112 The
analysis was performed considering solvent parameters that are critical for directing
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solvent–solute interactions including dipole moment, dielectric constant, hydrogen bond donor
and acceptor propensity, and polarity/dipolarity. The adequacy of classifying the solvents
based on the above listed properties was confirmed by the work of Rantanen et al., where a
database of 218 organic solvents times 24 property descriptors was explored using principal
component analysis (PCA).113 The first two PCs, explaining 57% of the total variance,
predominantly contained information related to lipophilicity, hydrophilicity, hydrogen bond
formation capabilities, polarity, aromaticity, number of π-bonds and freely rotatable bonds.

2.4.3. Solvent effect
It was reported in the literature that for some compounds it is rather the choice of solvent
than the effect of supersaturation that determines which form crystallizes.114 In principle, the
solubility ratio of polymorphs is independent of the nature of the solvents, provided that
Henry’s law is obeyed, unless solvate formation occurs.99,107,115,116 In contrast, scientists
experienced that the crystal structure of polymorphs may depend on the solvent composition.
The solubility ratio, even the rank order can change in solvents having different properties.
A reasonable explanation is that the solvent influences the solute–solvent interaction, the
solubility of the solute, and the interfacial energy on the crystal surface. Therefore, the solvent
frequently changes the relative nucleation rate, the relative growth rate, and the transformation
rate of polymorphs. Solvent-solute molecular interactions can encourage the formation of
certain inter- or intramolecular assemblies, such as hydrogen bonding, and can explain the
appearance of a specific form in a given solvent.106,117,118,119,120,121,122
This behaviour is not uncommon in the pharmaceutical industry. Koshkhoo and Anwar
reported that some solvents selectively favoured the crystallization of particular sulfathiazole
forms.116 The authors assumed that the apparent dependency of polymorphic outcome on the
crystallization solvent was due to the selective absorption of the solvent to certain faces of
some of the polymorphs, thereby inhibiting their nucleation. Blagden et al. also reported that
sulfathiazole form I selectively nucleated from n-propanol and did not convert to any of the
more thermodynamically stable forms in suspension for up to 1 year at 30 °C.122 Consistent
with the hypothesis of Koshkhoo and Anwar, they proposed a mechanism in which the
apparent selectivity of form I by n-propanol may be explained by solvent directed nucleation
processes. Kitamura et al. observed similar behaviour of 2-(3-cyano-4-isobutyloxyphenyl)-4methyl-5-thiazolecarboxylic acid, that in specific solvents or altering the composition of
methanol-water mixtures, different forms were obtained.123 Hao et al. experienced that the
polymorph of prasugrel hydrochloride directly depended on the solvent used.124 Davey et al.
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investigated the solvent effect on molecular self-assembly during nucleation of 2,6dihydroxybenzoic acid and found that solution crystallization in toluene favoured the
formation of form 1, while crystallization in chloroform favoured the formation of form 2.125
The hydrogen bond donor propensity of the solvents used was found to be the key parameter
in the crystallization of the desired polymorph of ASP3026.126 Kline and coworkers employed
a high-throughput automated solvent screen to identify solvent systems that are effective in
stabilizing the metastable form of a PPAR (peroxisome proliferator-activated receptor)
inhibitor.127 With this screening approach, a suitable solvent was found, and a controlled
seeded, cooling crystallization process was developed that enabled the exclusive manufacture
of the least stable polymorph.
Kelly carried out molecular simulation studies to evaluate the role of specific carbamazepinesolvent interactions directing nucleation events.128 The molecular simulation predicted ethyl
acetate to selectively engage in hydrogen bond with the second amido hydrogen exposed on
carbamazepine form III, which hydrogen bonding interaction was not predicted to occur in 2propanol. This particular interaction of form III lead to selective nucleation in hydrogen bond
accepting solvents.
The effect of solvent is similar to the effect of additives/impurities as they selectively adsorb
on particular faces, retarding the growth in a certain direction.118 The growth synthon
hypothesis129,130 provides some evidence that molecular assembly in the liquid phase can
mirror the packing of certain polymorphs in a system. The nature of the solvent-solute
interactions can play a significant role in determining the viability of these clusters and direct
the outcome of the crystallization. The ability of the solvent to strongly bind the solute
molecules can prevent the geometric requirements necessary for the stable form to nucleate.120
The stronger solvent-solute interactions may then stabilize those growth units and retard the
crystallization of the most stable form.94
It is important to emphasize that the solvent is not changing the relative thermodynamic
stability of the polymorphs. These observations are the result of kinetic and/or molecular
recognition effects on crystallization processes.70 The kinetics of a solvent mediated phase
transformation are governed by the kinetics of dissolution, nucleation, and crystal growth.
These rates will directly depend on the solvent and any step may be rate limiting.70
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2.5. Classification of solvated forms
Crystalline solvates/hydrates can be classified by either structure or stoichiometry. In terms
of composition, they can be either stoichiometric (where a definite, but not necessary integer
ratio of solvent to molecule exists; fractional hydration states can also be encountered) or nonstoichiometric (where the ratio of solvent to molecule may, but not necessarily vary
continuously over a given range).4 The water content of non-stoichiometric hydrates may vary
as a function of relative humidity in the surrounding atmosphere, but not necessarily have to,
they can also cystallise with well-defined host/guest ratios like caffeine 0.8 hydrate.131
While the solvent in stoichiometric solvates is usually an integral part of the crystal structure
and is essential for the maintenance of the molecular network, in the case of nonstoichiometric solvates it might be located in certain structural voids or channels and can act
mostly as space filler. Desolvation of stoichiometric solvates always leads to a different crystal
structure or results in a disordered or amorphous state, while in the case of non-stoichiometric
hydrates, the structure of the parent hydrate can be retained.31
The idea of the structural classification scheme is to divide the solvates into classes that are
discernible by commonly available analytical techniques.3 The main advantage of this
classification is that it can imply practical consequences on the ability of the solid phase to
maintain its integrity4.
The following three categories of crystalline hydrates are recognized:
1) In isolated site hydrates, water molecules are isolated from direct contact with other
water molecules by intervening drug molecules.
2) In channel hydrates, water molecules form channels through the crystal, where they
can interact through relatively weak interactions.
3) In metal ion-associated hydrates, water molecules are bound directly to a metal ion.132
This classification can be applied both on solvates and hydrates, with the exception of metalion coordinated hydrates. However, the behaviour of isostructural solvates is often analogous
to metal ion-coordinated hydrates. The major concern with these classes is that they may
exhibit considerably high desolvation temperature. Despite their similarity, the underlying
factors are essentially different. While in ion-associated hydrates the strength of the metal ionwater interaction leads to high dehydration onset, in isostructural solvates the solvent
molecules are held by specific interactions in the voids created by the host framework and
their removal is retarded from the closely packed structure. There are also cases of so called
mixed solvates in which more than one type of solvent is incorporated, usually of roughly
comparable polarity.4,5
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2.6. Analytical techniques used in solid state characterization
During the course of a solid state development, every concern related to the physical
properties of different solid forms have to be thoroughly investigated.133 Physical properties
and analytical techniques can be classified as being associated with the molecular, particulate
or bulk level.127 Molecular-level techniques, such as spectroscopic methods provide
information about molecular-level interactions. The particulate level comprises properties of
individual particles, such as shape and size. The bulk techniques provide information about
global properties, like flowability or bulk density.133
Each analytical technique can provide unique and complementary information about the
solid form of interest. In this chapter, many of the common analytical techniques used to
characterize pharmaceutical solids will be discussed. No attempt will be made to
comprehensively survey all analytical methods.
X-ray diffraction techniques used for characterizing pharmaceutical solids include the
analysis of single crystals and powders. Since the majority of APIs are obtained as crystalline
powders, researchers commonly use the powder pattern of these substances as a definitive
proof for the existence of distinct solid forms.5 Crystalline solids consist of molecules which
are packed and ordered in a specific, periodic arrangement. This three-dimensional
arrangement of atoms in a crystalline solid is capable of acting as a diffraction grating to light
having wavelength of the same order of magnitude as the spacing between planes in the
crystal. X-rays are scattered by their interaction with electrons in an atom and interference
takes place between X-rays scattered from different parts of the structure.133 The diffraction
pattern for a given substance is a unique fingerprint and compounds (polymorphs) that may
possess very similar vibrational spectra, may exhibit distinguishable powder patterns. On the
other hand, the principal weakness of XRPD is that it can be quite sensitive to the size and
orientation of the analyte crystals. Although grinding the sample and performing capillary
spinning or other sample translational techniques can be very useful to mitigate this problem,
some of these processes may induce form conversion.134 One of the most significant uses of
X-ray crystallography is to determine crystal structures. Elucidating the crystal structure
provides the deepest understanding of crystalline solids.
A

useful

complement

to

conventional

powder

X-ray

diffraction

is

variable

temperature/variable humidity X-ray powder diffraction (VT/VH-XRPD). These techniques
are particularly beneficial in the study of hydrates/solvates and thermally/humidity induced
phenomena.
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Vibrational spectroscopic techniques involve the complementary techniques of infrared (IR)
and Raman spectroscopy. These methods use electromagnetic radiation within the range of
200–4000 cm-1 to create vibrations in chemical species. Vibrational spectroscopy is based on
the measurement of vibrational energy levels which are associated with the chemical bonds in
the compound. A given drug molecule will have (3N − 6) modes of vibration, where N is the
number of atoms in the molecule.4 These fundamental frequencies are characteristic for the
bond and thus permit identification of functional groups. The obtained IR or Raman spectrum
is unique as a fingerprint, consequently these methods can be used for identification,
characterisation, structure elucidation or quality control.5
IR spectroscopy involves the study of scattering, reflection, absorption and transmission of
IR radiation,107 while Raman spectroscopy utilizes inelastically scattered light to gain
knowledge about molecular vibrations. The power of Raman emission increases with the
fourth power of the frequency of the source; however, excitation with a lower wavelength can
increase the probability of decomposition and fluorescence.
Fourier transform (FT) instrumentation for both IR and Raman spectroscopy has excellent
signal-to-noise ratio, frequency precision and stability. Raman spectroscopy has advantages
over IR methods. Measurement of spectra from aqueous solutions is easier in Raman than in
IR because of the rather poor Raman spectrum of water, which thus does not represent serious
interference. The spatial resolution of Raman microspectroscopy can be higher since IR
utilises longer wavelenght. Raman spectroscopy is a complementary technique to IR
spectroscopy. In cases where a chemical compound exhibits a centre of symmetry, certain
normal vibrations will be only Raman active and certain normal vibrations will be only IR
active.134
Solid state NMR spectroscopy is applicable for the study of different solid forms, as small
changes in conformation and/or packing and structural variations that lead to magnetic
nonequivalence cause observable differences in chemical shift.3 Most solid state NMR spectra
of pharmaceutical solids are acquired using cross polarization with magic-angle spinning,
usually with 13C detection. This technique is facilitating magnetization transfer from abundant
spins (1H) to dilute spins (e.g. 13C, 15N). Coupled with highpower 1H decoupling (removal of
proton-proton dipolar interactions), enables acquisition of solid state NMR spectra that
approaches the resolution attainable in solution NMR experiments.135 The difference in
relaxation times between crystalline drugs and amorphous excipients can be used to
selectively remove one component from the spectrum and to study drug products consisting of
API and excipients.5

19

X-ray powder diffraction, IR and Raman spectroscopy and solid state NMR can be used for
the qualitative and quantitative determination of phase composition.
Thermal analysis is the term used to describe all analytical techniques that measure the
physical and chemical properties of a sample as a function of temperature.107 Differential
scanning calorimetry (DSC) is one of the most common analytical techniques used to
characterize pharmaceutical solids. In this technique, the sample is subjected to a controlled
temperature program and the temperature and the heat flow associated with thermally induced
transitions are measured.4 DSC has found widespread use in the pharmaceutical development
for the characterization of phase purity, polymorphism, solvation, degradation, glass transition
and excipient compatibility.107
Thermogravimetry (TG) is utilised to measure the thermally induced weight loss of a
material as a function of the applied temperature, therefore it is most commonly used to study
desolvation processes and decomposition.3 This technique can be used for the quantitative
determination of the total volatile content of a solid. The combination of DSC with TG can be
applied in the assignment of observed thermal events. Desolvation processes are accompanied
by weight loss, while solid-solid phase transformations are not accompanied by any weight
change. This combination enables determining the stoichiometry of solvates/hydrates and can
give an indication of the binding strength of the incorporated solvent molecules (see 5.2.2).5
The water sorption behaviour of a solid form can provide information about the interaction
between water and the solid phase. Dynamic vapour sorption is a commonly used method to
assess the hygroscopicity and moisture sorption behaviour of a compound. In this technique,
the sample is placed on a sensitive microbalance and exposed to an air flow with defined water
content. The mass of the sample is recorded as a function of relative humidity in the
surrounding atmosphere.136 The sample must be allowed to achieve gravimetric equilibrium
before proceeding to the next humidity step. Moisture sorption isotherms are characteristic of
the type of pharmaceutical solids: (anhydrous) crystalline solids usually have low affinities for
water sorption, while amorphous materials show substantial moisture uptake.5 With regard to
hydrates, vapour sorption analysis can provide information on the order of the water molecules
incorporated in the crystal lattice and on the hydration/dehydration behaviour of the phases.
By the means of DVS, one can determine whether the hydrate shows stoichiometric or nonstoichiometric behaviour, which information is not accessible by other techniques.5
Evaluation of the solubility of different solid state forms of an API is of critical importance,
as the drug must be dissolved to have its intended therapeutic effect. The crystal structure can
have a direct impact on the solubility of a solid and thus can determine the bioavailability of
the drug.3
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There are different approaches to study the solubility of a given solid form. One can
investigate the thermodynamic solubility: the maximal concentration of the compound in a
given solvent media after equilibrium has been reached. This study is generally conducted in
relative stability investigations and in preformulation. One can measure the kinetic solubility
curve of a certain solid form, where a certain concentration of solute is heated and cooled in
the selected dissolution media and the dissolution and precipitation is detected by
turbidimetric methods. Kinetic solubility data are commonly applied in crystallization method
development, but rapid solvent-mediated phase transformation might preclude the proper
measurement of the solubility of metastable forms.A3
One of the indirect methods to determine the solubility of metastable phases is the
measurement of intrinsic dissolution rate.70 The use of the intrinsic dissolution method
presumes that the IDR is proportional to the solubility, the proportionality constant being the
transport rate constant, which is constant under identical hydrodynamic conditions in a
transport-controlled dissolution process.137 In this method, the powder of a solid form is
compressed into a die and embedded in a rotational disc immersed into the solvent medium,
where only one face of the compressed solid is exposed to the solvent. Under these
circumstances, the area of the solid-liquid interface remains constant during the dissolution
process, therefore the dissolution rate is independent of particle size and surface area of the
solid.70,107 Due to the close relationship between the intrinsic dissolution rate and solubility,
measuring the IDR is an alternative method for solubility estimation when equilibrium
solubility cannot easily be obtained experimentally.99
Another important tool for the characterization of solid forms is microscopy, however, the
observed crystal habit is not unambiguous and characteristic feature of a crystal structure.
Thermal or hot-stage microscopy is a particularly valuable tool in the characterization of
solvated systems. This technique enables the observation of really small quantities of material
during heating and cooling, and allows the study of phase conversion processes, the loss of
crystallinity (loss of birefringence), or determination of melting point (range).3 Combining
thermal microscopy with Raman spectroscopy allows one to deduce optical and structural
information at the same time. The application of hot-stage Raman microscopy enables
monitoring the Raman spectra of products being generated during the course of temperature
induced solid state transformations.4
Thorough characterization of different solid forms requires a systematic approach and the
interplay of various analytical techniques. Different analytical methods provide a variety of
information, complementing each other and contributing to the overall understanding of the
relationships among various phases.1
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3. AIMS AND OBJECTIVES
The solid state structure is a key quality attribute of a crystalline product. It is crucial to
understand the solid state behaviour and cautiously select the optimal solid form for
development as phase transformations may have severe consequences.
The work presented in this thesis aimed to elaborate an extended screening methodology for
exploring physical form diversity with particular focus on solvated/hydrated forms. The
experimental slurry parameters used in the screen, namely the duration, temperature profile,
influence of starting material and influence of solubility were studied and optimized through
the application of markedly different model compounds. The aim was to establish a
comprehensive screening strategy which enables the discovery of relevant forms and is
applicable to compounds possessing various properties.
Understanding the solid form landscape and the investigation of which patent non-infringing
crystal form meets the requirements serve as a basis for selecting the most suitable candidate.
Different model compounds with diverse properties and solid form landscape were
investigated by various analytical techniques to rationalize the propensity to solvate/hydrate
formation and to assess their stability and pharmaceutical applicability with regard to
solvate/hydrate classification.The study further aimed to gain insight into the structureproperty relationships and explore the stability boundaries as a prerequisite to design a robust
crystallization method of the selected candidate.
In order to ensure robust crystallization, it is essential to adopt process analytical technology
(PAT) and to exploit the gathered analytical information and knowledge of transformation
pathways between various forms. Identifying the optimal conditions of a crystallization
process requires systematic work and the interplay of various analytical techniques.
For scientific, regulatory and intellectual property reasons, an in-depth understanding of the
formation, properties and stability of different solid forms is required. The goal of the thesis
work presented here is to provide an overview of the underlying factors that influence the
screening, solid state properties and stability of solvated/hydrated compounds and to offer an
extended methodology for practical investigations; aiming to broaden and deepen the
knowledge in this scientific field.
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4. MATERIALS AND METHODS
4.1. Model compounds
Five model compounds with markedly different structure, solid form landscape, indication
and BCS classification (Table 1) were selected to maximize the diversity and the gained
knowledge.

Name,
Molecular
formula

Table 1. Properties of the model compounds
Molecular
Chemical structure
weight
HBD/HBA
(g/mol)

Sitagliptin
L-tartrate

logP‡

BCS
class

557.401

4/9

0.94

I/III

530.446

1/8

3.67

IV

386.473

2/4

3.5

IV

415.423

2/8

3.38

II

529.453

3/6

1.62

III

C20H21F6N5O7

Bosutinib
C26H29Cl2N5O3

Axitinib
C22H18N4OS

Idelalisib
C22H18FN7O

Sofosbuvir
C22H29FN3O9P

‡

Determined by potentiometric titration.
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Sitagliptin

(7-[(3R)-3-Amino-1-oxo-4-(2,4,5-trifluorophenyl)butyl]-5,6,7,8-tetrahydro-3-

(trifluoromethyl)-1,2,4-triazolo[4,3-a]pyrazine) is one of the most popular type 2 diabetes
drugs on the market. The original product is marketed by Merck & Co., Inc. under the trade
name Januvia® as sitagliptin phosphate monohydrate. In our work, L-tartaric acid was used as
a salt-forming agent and the obtained hydrogen tartrate salt (SLT) was studied.
It is known from the literature that the ability of solvate formation is lowered among salts,
compared to non-salts, while the number of hydrates increases,5,26 which was confirmed by
SLT, as well. To date, four polymorphs of SLT hemihydrate as well as one tetrahydrate form
have been identifiedA1 and no anhydrous or solvate form was discovered. The hemihydrate
forms possess the same stoichiometry (water content), and as polymorphism denotes systems
with the same chemical composition,4,33 these phases are regarded as true polymorphs. SLT
hemihydrate Phase 1,138 Phase 2U1 and Phase 3U2 are claimed by Zentiva k.s., while the fourth
modification is described in a patent application filed by Merck & Co., Inc.,139 referred to as
hemihydrate that is denoted as Phase M in present work.
Extended polymorph screening (including crystallization from solution and maturation),
followed by comprehensive and thorough analytical investigation,A1,A3 involving thermal
analysis, TG-FTIR, dynamic vapour sorption, critical water activity investigation, intrinsic
dissolution rate measurement, kinetic and thermodynamic solubility measurement, single
crystal X-ray diffraction and powder X-ray diffraction, transmission electron microscopy
(TEM)A1, Raman and infrared spectroscopy, hot-stage microscopy (HSM) and hot-stage
Raman microscopy were performed on SLT during the course of development.
Bosutinib

(4-(2,4-dichloro-5-methoxyanilino)-6-methoxy-7-[3-(4-methylpiperazin-1-yl)

propoxy]quinoline-3-carbonitrile) is a second-generation tyrosine kinase inhibitor used in the
treatment of chronic myelogenous leukemia with resistance or intolerance to prior therapy.
The drug product is marketed under the trade name Bosulif® by Pfizer Inc. as monohydrate
Form I.
Bosutinib possesses a rich solid form landscape composed of one neat, five hydrated forms
and numerous pure and mixed solvates, as well as amorphous phase. It is known to be a
promiscuous solvate former140 and displayed difficulties to crystallize without solvent
incorporation.A2 Six solid forms (Form I to Form VI) are claimed by Pfizer Inc.141: Form I and
Form II are monohydrates (denoted here as 1H2O-I and 1H2O-II); Form III is a mixed solvate
with isopropanol and water (IPA-2H2O), Form IV is most probably a hydrate, Form V is an
anhydrate (AH), while Form VI is a methanol solvate (MeOH).
The non-stoichiometric mixed solvate with methanol and water (MeOH(H2O)) and the
dihydrate (2H2O) forms are claimed by Zentiva k.s.142 Vaidyanathan and coworkers described
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several solvates and a higher order hydrate phase of bosutinib, denoted as hexahydrate.140 As a
result of our investigations and single crystal data, this phase was designated as heptahydrate
(7H2O).A2 The hexahydrate form (6H2O) also exists, but it is probably not identical to the form
described in that paper.A2
Extended polymorph screening (including crystallization from solution and maturation),
followed by comprehensive and thorough analytical investigation, involving thermal analysis,
DVS, critical water activity investigation, IDR, kinetic solubility measurement, XRPD and
SXRD, Raman and IR spectroscopy, HSM and stability testing were performed on
bosutinib. A3
Axitinib

(N-methyl-2-[[3-[(E)-2-pyridin-2-ylethenyl]-1H-indazol-6-yl]sulfanyl]benzamide)

is a small molecule tyrosine kinase inhibitor used for the treatment of advanced renal cell
carcinoma. The original product is marketed by Pfizer Inc. under the trade name Inlyta® as
Form XLI anhydrate.143 Axitinib has shown to have a complex solid form landscape, with five
anhydrous forms, two hydrated and 64 solvated forms reported.144
During the original development of the drug substance the conventional crystallization
methods used in polymorph screening did not lead to the discovery of the most stable form but
a targeted approached: high temperature slurrying the solvates resulted in the formation of the
stable anhydrous form, Form XLI.144,145 Axitinib has a propensity to form relatively stable
solvated structures, as a majority of these solvates were characterized as possessing relatively
high temperatures of desolvation (desolvation temperatures significantly higher than the
boiling point of the corresponding solvent).146 Slurry screening, thermal analysis, single
crystal X-ray diffraction and powder X-ray diffraction as well as Raman and infrared
spectroscopy were performed on axitinib.
Idelalisib

(5-fluoro-3-phenyl-2-[(1S)-1-(7H-purin-6-ylamino)propyl]quinazolin-4-one)

is

used for the treatment of chronic lymphocytic leukemia, follicular B-cell non-Hodgkin
lymphoma and small lymphocytic lymphoma. The original product is marketed by Gilead
Sciences, Inc. under the trade name ZYDELIG® as a mixture of the anhydrous free base
polymorphs Form I and Form II.147 Besides these two anhydrous forms, Form III (2-propanol
solvate dihydrate), Form IV (N,N-dimethylformamide solvate), Form V (dimethyl sulfoxide
solvate), Form VI and Form VII (ethanol solvate dihydrate) forms are reported by the
innovator company.147 Hangzhou Pushai Pharmaceutical Technology Co Ltd extended the
proprietary literature with a patent application disclosing several crystalline forms including
anhydrate, solvate and hydrate forms,148 however, significant overlap can be observed between
these two above mentioned patent applications.
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Extended polymorph screening (including crystallization from solution and maturation),
followed by a thorough analytical investigation, involving thermal analysis, DVS, critical
water activity investigation, IDR, XRPD and SXRD, Raman and IR spectroscopy, and
stability testing were performed on idelalisib.
Sofosbuvir

(propan-2-yl

(2S)-2-{[(S)-{[(3R,4R,5R)-5-(2,4-dioxo-1,2,3,4-

tetrahydropyrimidin-1-yl)-4-fluoro-3-hydroxy-4-methyloxolan-2-yl]methoxy}(phenoxy)
phosphoryl]amino}propanoate) is used for the treatment of hepatitis C. The original product is
marketed by Gilead Sciences, Inc. under the trade name Sovaldi® as an anhydrous free form,
Form VI.149 This thermodynamically stable anhydrate and other five solid forms (including
one anhydrous form denoted as Form I, a dichloromethane solvate, a chloroform solvate and
other metastable forms) are described by the innovator company150. The innovator furthermore
claims another kinetically stable anhydrous form, Form X.151 Multiple different (less stable)
solid forms are claimed by generic companies.152,153,154,155,156,157 The relationship between the
anhydrous forms (Form I, Form VI and Form X) was examined by Ren et al.
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Extended

polymorph screening (including crystallization from solution and maturation), followed by a
thorough analytical investigation, involving thermal analysis, Raman and IR spectroscopy
were performed on sofosbuvir.
Sitagliptin free base and idelalisib Form I were commercially available (Zhejiang Jiuzhou
Pharmaceautical Co., Ltd., China). L-tartaric acid (Alfa Aesar, U.K.) was used for the salt
formation of sitagliptin. Bosutinib free base Form I, axitinib Form IV and sofosbuvir Form I
were prepared in Zentiva, k.s. All APIs had the purity > 99,8%. Organic solvents were
purchased from Penta Chemicals, Prague, Czech Republic and were used without further
purification.

4.2. Tools and instrumentation
Experimental setup of slurry screening
In the slurry technique, excess amount of the starting material is suspended in various solvents
for a given period of time. For practical purposes, the duration of the experiment is usually 1–
4 weeks, but may differ from compound to compound. The samples are charged into 1.5 mL
HPLC glass vials and suspensions are prepared in different pure solvents and aqueous solvent
mixtures. The amount of excess solid (usually 10–50 mg) and the solvent volume
(approximately 0.05 to 1 mL) can vary depending on the solubility of the compound in the
applied media. The suspensions are shaken at 750 rpm in a heating thermoshaker at 25 or 50
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°C or alternating between these two temperatures. The identity of the solid phases can be
determined by Raman spectroscopy or XRPD.
The solvent set selected covered a wide range of polarity to achieve high diversity.
Emphasis was placed on Class 3 solvents and organic solvent-water mixtures with various
relative humidity levels. The list of solvents improved as the development proceeded and
varied to some extent according to the API’s characteristics (Tables 2-8).
Aqueous solvent systems were used to obtain a variety of water activities which can be used
to tailor a crystallization process to obtain specific (also mixed) hydrate forms. Organic
solvent-water mixtures present various water activity levels providing the opportunity to
discover multiple hydration/solvation states. Water activities are constant at a certain
temperature using different organic solvents, but correspond to different water contents in
different solvents.159
The concentrations of the suspensions were tuned to avoid complete dissolution during the
experiment, as the presence of solid material will ensure saturation of the metastable form,
hence supersaturation of the stable form. Complete dissolution may result in crystallization of
metastable forms, thereby confounding the results.104 Therefore the suspensions were
monitored during the first days of the experiment to tune the concentration (by adding more
solvent/more API, if needed). Former determination of solubility in a list of solvents/solvent
mixtures helps in customizing the final slurry concentrations and avoiding dissolution.
Critical water activity
A series of acetone/water, acetonitrile/water, 2-propanol/water and methanol/water binary
mixtures of varying water content were prepared and saturated with the applied compound. A
small amount of all the obtained forms was added to each. The suspensions were shaken at
room temperature (unless otherwise stated) for 2-8 weeks in a thermoshaker, the solids were
collected by filtration and characterized by XRPD and Raman spectroscopy. The water
activity of the binary mixtures was calculated using non random two-liquid (NRTL) model of
vapour liquid equilibrium (VLE) data.
Differential Scanning Calorimetry
DSC measurements were performed using a Mettler-Toledo 822e DSC (Mettler-Toledo,
Greifensee, Switzerland). Samples were placed into standard aluminum pans (40 µL) sealed
with a pierced lid. The sample cell was heated at a rate of 10 °C/min, from 25 °C up to a final
temperature of 300 °C with 50 mL/min nitrogen purge.
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Thermogravimetric analysis
TGA analyses were performed using a NETZSCH TG 209 thermogravimetric analyser
(NETZSCH-Gerätebau GmbH, Germany). Each sample was placed in an aluminum sample
pan and inserted into the TG furnace. The furnace was heated under nitrogen purge at a rate of
10 °C/min, from 25 °C up to a final temperature of 300 °C.

Raman spectroscopy
Raman spectroscopy was performed using FT-Raman Bruker RFS 100/S Spectrometer with a
Nd-YAG laser excitation source (1064 nm), 250 mW laser power, liquid nitrogen cooled Gediode detector (D418-T), 3.5 mm aperture and backscattering geometry (180°). The applied
spectral domain was 4000-200 cm-1 and 128 accumulations were used. The achieved
resolution was 4 cm-1.

Dynamic Vapour Sorption
Gravimetric moisture sorption analysis was carried out in a humidity and temperaturecontrolled microbalance DVS apparatus, DVS Advantage 1 (Surface Measurement Systems,
U.K.) using a Cahn D200 recording ultra-microbalance with a mass resolution of ±0.1 µg.
Samples of approximately 20 mg were dried at 0% RH under a nitrogen stream at 25 °C.
Moisture uptake (reported relative to the dry weight) was monitored over a sorption/desorption
range of 0-90% RH in increments of 10% RH.

Variable Humidity X-ray Powder Diffraction
X-Ray powder diffraction (XRPD) patterns were recorded at room temperature in BraggBrentano geometry using a PANalytical X’Pert Pro diffractometer (X’Pert Pro PANalytical,
the Netherlands). A continuous 2θ scan was performed in the range 2-40° with a step size of
0.01 2θ using an incident beam of CuKα radiation at 40 mA and 45 kV. Anton Paar
temperature-humidity chamber was used to collect in situ XRPD patterns as a function of
relative humidity. The humidity was generated by an RH200 relative humidity generator (VTI
Inc., USA) and carried by a flow of nitrogen gas. Samples were held at 25 °C and the RH was
ramped in steps of 10% RH. To assess the influence of humidity, the measurements were
carried out in the same fashion as the DVS analyses and samples were monitored over a
sorption/desorption range of 5-90% RH in increments of 10%. (5, 10, 20, 30, 40, 50, 60, 70,
80, 90% RH)
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Hot-stage optical microscopy
Nikon Eclipse Ni optical microscope equipped with Camera ProgRes CT3 and Plan Fluor
4x/10x objectives and LTS 420 hot-stage (Linkam, UK) were used to record the data in the
temperature range of 0 °C – 300 °C. Digital data evaluation was performed with NIS AR 4.11
software.

Rotating Disk Intrinsic Dissolution Rates
Disks with a diameter of 3 mm were prepared by compressing ~15 mg of drug in a die with
100 kg (in the case of bosutinib 7H2O 50 kg) for 120 s using a screw press (Sirius Analytical
Instr. Ltd., Forest Row, UK). A USP dissolution set-up maintained at 37 °C was used for the
study of bosutinib, while 22, 37 and 55 °C were applied in the study of SLT. Dissolution
measurements were performed using the Sirius inForm platform (Sirius Analytical Instr. Ltd.,
Forest Row, UK) with built in pH measurement and UV fibre optic spectroscopy. Each
dissolution vessel contained 60 mL of aqueous dissolution medium maintained at a constant
pH (0.1 M, acetate buffer, pH 4.5 in the case of bosutinib and pH 6.8, 0.2 M, phosphate buffer
for SLT). The disk holder (die) was immersed into the dissolution medium and rotated at 100
rpm. Amounts in solution were determined from multi wavelength UV absorption measured
using an in situ dip probe. Spectra were recorded every 30 seconds.

Structure determination– single crystal
Single crystal X-ray diffraction analysis was carried out at a temperature of 120 K using
Xcalibur, Atlas, Gemini ultra diffractometer with a mirror-monochromator and a CCD
detector, applying CuKα radiation with a wavelength of 1.5418 Å. CrysAlisPro program,
Agilent Technologies, version 1.171.36.28 was utilized. An empirical correction for
absorption was performed by a scaling algorithm SCALE3 ABSPACK. The structures were
solved by direct methods (program SIR92160) and refined in the program CRYSTALS
14.40b161. All non-hydrogen atoms were refined anisotropically. The simulated XRPD patterns
were calculated using the MERCURY software162 (version 3.3).

Structure determination from powder data
The samples were ground and placed into 0.3 mm borosilicate glass capillaries and were
measured at room temperature or 120 K in transmission mode on the PANanalytical Empyrean
powder diffractometer from 4° to 80° 2Theta with CuKα1,2 radiation (λ = 1.54184 Å,
focusing mirror, 0.013° 2Theta step size).
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Packing coefficient calculations
Packing coefficients were calculated using the following equation: Ck = Z Vmol Vcell-1,
where Vmol is the molecular volume (Å3), Vcell is the volume of the unit cell (Å3), and Z is the
number of molecules in the unit cell.
Molecular volume was calculated with Hyperchem (Hypercube Inc.), which employs van der
Waals radii in the calculation of molecular volume of 1.75 Å for carbon, 1.78 Å for chlorine,
1.30 Å for fluorine, 1.20 Å for hydrogen, 1.55 Å for nitrogen, 1.52 Å for oxygen, and 1.82 Å
for sulfur atoms.19

Kinetic solubility data
The Crystal16 crystallization system (Technobis Crystallization Systems, Alkmaar, the
Netherlands) was used to determine the kinetic solubility curves in 1 mL scale in glass HPLC
vials. Mixing was facilitated with magnetic stirring bars. The presence or absence of solids
was identified by a turbidity sensor. To ensure that no solvent‐mediated transformation
occurred during the measurements, an additional sample was held under the same conditions,
which was withdrawn during the heating ramp, filtered and analysed by XRPD.
Crystallization
Crystallization experiments were performed using Mettler-Toledo EasyMax workstation
(Mettler-Toledo, Inc., Greifensee, Switzerland) equipped with 100 mL vessels in conjunction
with iControl software. The temperature control was achieved using Huber cc231 chiller.
Mixing was provided by a 4-blade pitched impeller.

In Situ Characterization Techniques
ATR-FTIR spectroscopy has been applied to monitor the liquid-phase concentration. Spectra
were collected using a Thermo Scientific™ Nicolet™ iS™10 FT-IR spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA), equipped with an immersion probe and a
diamond ATR crystal. Spectra were collected in the region of 650-1800 cm-1 and averaged
over 128 scans. Omnic and TQ Analyst softwares (Thermo Fisher Scientific Inc., Waltham,
MA, USA) were used to collect and analyse the data. The background scan was collected in
air at room temperature.
Calibration spectra were collected by keeping the concentration constant while the
temperature was gradually increased/decreased which allowed collection of spectra in
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undersaturated as well as supersaturated regions. The calibration model was constructed using
classical least-squares (CLS) method utilizing the spectrum range of the peak at 1022 cm-1.
Measurements of chord length distributions (CLDs) were carried out using ParticleTrack
G400 Focused Beam Reflectance Measurement (FBRM) probe (Mettler-Toledo, Inc.,
Greifensee, Switzerland), primary chord selection method, and analysed by iCFBRM Control
4.2 interface software.
ParticleView V19 (Mettler-Toledo, Inc., Greifensee, Switzerland) probe with Particle Vision
and Measurement (PVM) technology was applied for real time video monitoring of particle
size, shape and concentration change using front lighting.

Design of Experiment and Statistical Analysis
Modde 11 (Sartorius Stedim Data Analytics AB, Umeå, Sweden) and Statistica 13 (Statistica,
Tulsa, OK, USA) statistical analysis softwares were applied in the preparation of the factorial
design and evaluation of the results.
Filtration
Crystallization experiments were performed using Radleys Reactor-Ready Lab Reactor
(R.B.Radley Co. Ltd, Saffron Walden, UK) equipped with a 1000 mL vessel. The temperature
control was achieved using Huber cc231 chiller. Pressure difference was controlled by a
vacuum pump.
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5. RESULTS
5.1. Comprehensive solid form screening
The effectiveness of a slurry screening depends on several parameters including solvent
selection, duration, temperature profile and starting material. In this chapter, the above
mentioned experimental parameters are investigated and optimized through the previously
introduced model compounds: axitinib, bosutinib, idelalisib, sitagliptin L-tartrate and
sofosbuvir. The goal of this study was to find experimental conditions which facilitate the
discovery of new (stable) solid forms and are applicable to a diverse set of compounds.

5.1.1. Duration
The duration of the slurry experiment was investigated using axitinib as model compound.
This API represents one extreme of the solubility scale: it is practically insoluble (<1 mg/mL)
in almost every solvent with the exceptions of dimethyl sulfoxide, N-methyl-2-pyrrolidone,
N,N-dimethylformamide, acetic acid and ethanol. A metastable anhydrous form, Form IV was
used as starting material of the screening. The results are summarized in Table 2.
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Table 2. Results of axitinib slurry screening performed at 50 °C
Solvent
24 h
72 h
1 week
acetonitrile
Solvate
Solvate
Solvate
butyl acetate
Solvate
Solvate
Solvate
2-butanon
Solvate
Solvate
Solvate
cyclohexane
Form IV
Form IV
Form IV
1,4-dioxane
Solvate
Solvate
Solvate
dimethyl sulfoxide
Solvate
Solvate
Solvate
1,4-dioxane–water 1:1
Solvate
Solvate
Solvate
ethyl acetate
Solvate
Solvate
Solvate
ethanol
Solvate
Solvate
Solvate
ethanol:water 3:1
Solvate
Solvate
Solvate
2-propanol
Solvate
Solvate
Solvate
methanol
Solvate
Solvate
Solvate
4-methyl-2-pentanone
Solvate
Solvate
Solvate
n-hexane
Form IV
Form IV
Form IV
tetrahydrofurane
Solvate
Solvate
Solvate
toluene
Form IV
Form IV
Solvate
xylene
Solvate
Solvate
Solvate
acetic acid
Solvate
Solvate
Solvate
N,N-dimethyl-formamide
Solvate
Solvate
Solvate
1-propanol
Solvate
Solvate
Solvate
1-butanol
Form IV
Partially solvated
Solvate
1-pentanol
Solvate
Solvate
Solvate
heptane
Form IV
Form IV
Form IV
ethanol:water 1:1
Solvate
Solvate
Solvate
methanol:water 1:1
Solvate
Solvate
Solvate
2-propanol:water 1:1
Solvate
Solvate
Solvate
1-propanol:water 1:1
Solvate
Solvate
Solvate
acetone:water 1:1
Solvate
Solvate
Solvate
tetrahydrofuran:water 1:1
Solvate
Solvate
Solvate
isopropyl acetate
Solvate
Solvate
Solvate
propyl acetate
Solvate
Solvate
Solvate
2-propanol:water 8:2
Solvate
Solvate
Solvate
2-butanol
Form IV
Partially solvated
Solvate
isobuthyl acetate
Form IV
Form IV
Form IV
methyl acetate
Solvate
Solvate
Solvate
methyl tert-butyl ether
Form IV
Form IV
Form IV
N-N-Methyl-2-pyrrolidone
Solvate
Solvate
Solvate
dichloromethane -rt
Solvate
Solvate
Solvate
water
Form IV
Partially hydrated
Form XLI
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In the majority of the cases, 1-day slurrying was sufficient for the transformation to a
solvated form at 50 °C, but the suspensions in n-hexane, cyclohexane, n-heptane, isobutanol,
tert-butyl methyl ether, toluene, water, 1-butanol and 2-butanol remained unsolvated.
Dichloromethane was used at room temperature due to its low boiling point. The 3-day slurry
resulted in a similar throughput, however, complete or partial conversion to the corresponding
solvate was observed in some of the solvents that remained unchanged after 1-day slurrying,
indicating a longer induction time for nucleation in these solvents. The samples in these
organic solvents were partially solvated, and the suspension in water partially transformed to
the metastable hydrate form. The 1-week slurry at 50 °C resulted in a solvated phase in almost
every solvent used, except for n-hexane, cyclohexane, n-heptane, isobutyl acetate and methyltert-butyl ether. After one week of slurrying at 50 °C, transformation to the thermodynamically
stable Form XLI anhydrous form was observed in water, exclusively.
It is worthy of note that despite the extremely poor solubility in water (<0.01 mg/mL at 75
°C),146 the API could transform to the thermodynamically most stable form, Form XLI
anhydrate. This behaviour is not completely unusual, high relative humidity can sometimes
trigger the desolvation of a solvate/hydrate to a stable anhydrous form in the lack of a stable
hydrate form.163
Axitinib showed complete conversion in most of the cases even after one day, indicating that
the kinetics of conversion of this compound is fast enough at values lower than the proposed
concentration threshold value, 8 mM (3 mg/mL). According to the literature, the
transformation can be dissolution controlled or crystallization controlled, depending on the
relative kinetics of the dissolution of the metastable form and the crystallization of the stable
form.102 The results indicate that the transformation of axitinib is not dissolution controlled
and the kinetics are fast even in the case of poor solubility.
Despite the observation that the solvent mediated transformation of the poorly soluble
axitinib was surprisingly fast, the following case studies will illustrate that in general, an
extended period of slurrying (minimum 1-2 weeks) is required for complete conversion.
Solubility differences between metastable and stable forms may be small, and thus,
supersaturation with respect to the more stable form will also be small. The relative kinetics of
the dissolution of the metastable form and the crystallization of the stable form also influences
the time requirement.
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5.1.2. Temperature profile
The temperature profile of the slurry experiments was investigated using bosutinib as model
compound. Form I monohydrate, denoted as 1H2O-I, the stable form at ambient conditions
was used as starting material. This substance has moderate solubility, at 25 °C: 6 mg/mL in
acetonitrile, 17 mg/mL in ethanol, 27 mg/mL in 2-propanol, 45 mg/mL in 2-butanone and
<0.02 mg/mL in water.
1H2O-I was subjected to three different temperature profiles: isotherm at 25 °C, isotherm at
50 °C and temperature cycles between 25 and 50 °C, where one temperature was held for 1.5
hours. The duration of the experiment was one week. The results are given in Table 3.
The aging experiment held at 25 °C resulted in 4 distinct phases (Diox-2H2O, ethanol solvate
hydrate, 7H2O and MeOH(H2O)), and a total of 6 hits. The experiment performed at 50 °C
yielded 5 different phases (Diox-2H2O, ethanol solvate hydrate, MeOH(H2O), 1-butanol
solvate and 2-BuOH ) and a total of 6 hits. Whereas temperature cycling gave rise to 6 distinct
phases (Diox-2H2O, ethanol solvate hydrate, MeOH(H2O), 1-butanol solvate, 2-BuOH and
IPA-2H2O), a total of 8 hits. The heptahydrate form, 7H2O owing to its high stoichiometry, is
less stable than 1H2O-I at elevated temperatures, therefore it could exclusively be obtained at
25 °C.
The use of temperature cycles can facilitate the dissolution-(re)crystallization mechanism
leading to the most stable form: the solute can dissolve to a larger extent during the heating
ramp and thereby a higher degree of supersaturation can be achieved in the cooling ramp. As a
result, the transformation can be accelerated.103 Moreover, raising temperature increases the
magnitude of the solubility difference between phases, providing higher driving force for the
transformation. Although, the elevated temperature (50 °C) used might exceed the transition
temperature for anhydrate-solvate systems but the screening aimed not only to find
solvates/hydrates but solvated forms which can be considered suitable for pharmaceutical use.
Hydrates with high stoichiometry, like 7H2O will most likely dehydrate at elevated
temperatures, which indicates that this phase is probably not eligible for further
pharmaceutical development.
The solubility of bosutinib in water is poor, which did not allow a complete conversion to the
heptahydrate form by slurrying in water, even though the water activity was maximized. The
solid form conversion was complete in 2-butanone-water mixture due to the higher solubility
attained, despite the limited miscibility of the phases. This observation demonstrates that
slurrying in mixed, organic solvent-water solvent systems can be more effective in generating
hydrates in case of poorly water-soluble compounds.

35

Table 3. Comparison of bosutinib screening results applying different temperature profiles
Solvent

25 °C isotherm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

acetonitrile
butyl acetate
2-butanon
cyclohexane
1,4-dioxane
1,4-dioxane – water 1:1
ethyl acetate
ethanol
ethanol-water 3:1
2-propanol
methanol
4-methyl-2-pentanone
n-hexane
tetrahydrofurane
toluene
xylene
water
acetic acid
N,N-dimethyl-formamide
1-propanol

1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
Diox-2H2O
1H2O-I
Ethanol solvate hydrate
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
7H2O + 1H2O-I mixture
Yellow jelly
Yellow jelly
1H2O-I

21

1-butanol

1H2O-I

22
23
24
25
26
27
28
29
30
31

1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I

33
34
35
36
37
38
39
40
41
42
43
44

1-pentanol
heptane
ethanol:water 1:1
methanol:water 1:1
2-propanol:water 1:1
1-propanol:water 1:1
acetone:water 1:1
tetrahydrofuran:water 1:1
isopropyl acetate
propyl acetate
4-methyl-2-pentanone:
water 1:1
acetone:water 2:8
2-butanone: water 9:1
acetonitril : water 8:2
acetonitril : water 2:8
methanol : water 2:8
methanol : water 8:2
ethanol : water 2:8
2-propanol : water 2:8
n-propanol : water 2:8
ethyl acetate : water 1:1
isopropyl acetate : water 1:1
2-propanol: water 8:2

1H2O-I
7H2O
1H2O-I
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I

45

2-butanol

1H2O-I

46

acetone-water 8:2

1H2O-I
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1H2O-I

Temperature cycles
25-50 °C
1H2O-I
1H2O-I
1H2O-I
1H2O-I
Diox-2H2O
Diox-2H2O
1H2O-I
Ethanol solvate hydrate
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
Yellow jelly
Yellow jelly
1H2O-I
1H2O-I +
1-butanol solvate mixture
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
IPA-2H2O
1H2O-I
+ 2-BuOH mixture
1H2O-I
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50 °C isotherm
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
Diox-2H2O
1H2O-I
Ethanol solvate hydrate
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
Yellow jelly
Yellow jelly
1H2O-I
1-butanol solvate
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
MeOH(H2O)
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
1H2O-I
2-BuOH
1H2O-I

5.1.3. Influence of starting material
The outcome of a solvent mediated transformation is highly influenced by the initial solid
form used as it can affect the solubility and hence the degree of supersaturation.5 The driving
force of a solvent mediated transformation is the difference in the free energy between
metastable and stable phases, which is reflected in the solubility difference. The higher the
solubility difference, the faster the conversion proceeds.26,39 Therefore, the conversion rate can
be maximized applying amorphous starting material, on the other hand, a low energy starting
material may hinder the solvent mediated transformation.
In order to confirm the influence of starting material, the same slurry screening experiment
was performed using three different bosutinib forms as starting material: Form I monohydrate
(1H2O-I), which was applied in the previous investigations, Form V (AH), a kinetically stable
anhydrate, and a non-stoichiometric mixed solvate with methanol and water (MeOH(H2O)).
The results are summarized in Table 4.
When 1H2O-I was used as starting material, the screening resulted in 6 distinct phases (Diox2H2O, Ethanol solvate hydrate, MeOH(H2O), 1-butanol solvate, 2-BuOH and IPA-2H2O), and
a total of 7 hits. When AH was subjected to the slurry screening, 11 distinct phases were found
(Diox-2H2O, ethanol solvate, MeOH, 1-butanol solvate, 2-BuOH, acetonitrile solvate, acetic
acid solvate, N,N-dimethyl-formamide solvate, 1-propanol solvate, 1-propanol solvate
dihydrate and tetrahydrofuran solvate dihydrate). When MeOH(H2O) was applied as starting
material, conversion to a different solvated form was observed in 17 cases, yielding 14 distinct
phases (Diox-2H2O, ethanol solvate hydrate, MeOH(H2O), 1-butanol solvate, 2-BuOH, IPA2H2O, acetonitrile solvate, acetic acid solvate, N,N-dimethyl-formamide solvate, 1-propanol
solvate, 1-propanol solvate dihydrate, ethanol solvate dihydrate and tetrahydrofuran solvate
dihydrate and 7H2O).
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Table 4. Comparison of bosutinib screening results applying different starting material
Solvent

Temperature cycles 25-50 °C
Starting material:
Starting material:
1H2O-I
AH

Starting material:
MeOH(H2O)

1

acetonitrile

1H2O-I

Acetonitrile solvate

2

butyl acetate

1H2O-I

1H2O-I- AH mixture

1H2O-I

3

2-butanon

1H2O-I

1H2O-I- AH mixture

1H2O-I

4

cyclohexane

1H2O-I

1H2O-I- AH mixture

1H2O-I

5

1,4-dioxane

Diox-2H2O

Diox-2H2O

Diox-2H2O

6

1,4-dioxane –water 1:1

Diox-2H2O

Diox-2H2O

Diox-2H2O

7

ethyl acetate

1H2O-I

1H2O-I- AH mixture

1H2O-I

8

ethanol

Ethanol solvate hydrate

Ethanol solvate

Ethanol solvate hydrate

9

ethanol - water 3:1

1H2O-I

1H2O-I

Ethanol solvate dihydrate

10

2-propanol

1H2O-I

1H2O-I- AH mixture

1H2O-I

11

methanol

MeOH(H2O)

12

4-methyl-2-pentanone

1H2O-I

1H2O-I- AH mixture

1H2O-I

13

n-hexane

1H2O-I

1H2O-I- AH mixture

1H2O-I

14

tetrahydrofurane

1H2O-I

1H2O-I- AH mixture

1H2O-I

15

toluene

1H2O-I

1H2O-I- AH mixture

1H2O-I

16

xylene

1H2O-I

1H2O-I- AH mixture

1H2O-I

17

water

1H2O-I

1H2O-I

7H2O

18

acetic acid

Yellow jelly

Acetic acid solvate

Acetic acid solvate

19

N,N-dimethyl-formamide

Yellow jelly

N,N-dimethyl-formamide solvate

N,N-dimethyl-formamide solvate

20

1-propanol

1-propanol solvate

1-propanol solvate

21

1-butanol

1-butanol solvate

1-butanol solvate

22

1-pentanol

1H2O-I
1H2O-I +
1-butanol solvate mixture
1H2O-I

1H2O-I- AH mixture

1H2O-I

23

heptane

1H2O-I

1H2O-I- AH mixture

1H2O-I

24

ethanol:water 1:1

1H2O-I

1H2O-I

Ethanol solvate dihydrate

25

methanol:water 1:1

1H2O-I

1H2O-I- AH mixture

MeOH(H2O)

26

2-propanol:water 1:1

1H2O-I

1H2O-I

1H2O-I

27

1-propanol:water 1:1

1H2O-I

1-propanol solvate dihydrate

1-propanol solvate dihydrate

28

acetone:water 1:1

1H2O-I

1H2O-I

29

tetrahydrofuran:water 1:1

1H2O-I

Tetrahydrofuran solvate dihydrate

30

isopropyl acetate

1H2O-I

1H2O-I- AH mixture

1H2O-I
Tetrahydrofuran solvate
dihydrate
1H2O-I

31

n-propyl acetate

1H2O-I

1H2O-I- AH mixture

32

2-propanol: water 8:2

IPA-2H2O

1H2O-I

IPA-2H2O

33

2-butanol

1H2O-I + 2-BuOH mixture

2-BuOH

2-BuOH

MeOH

38

Acetonitrile solvate

MeOH(H2O)

1H2O-I

It is noteworthy that applying a mixed solvate as starting material multiple solvation states
were obtained in the case of the ethanol-water mixed solvate. However, it may seem a
reasonable approach not to use different solvates as starting material of a slurry experiment, as
the organic solvent and water present might confound the result, in practice it proved to be
more effective than slurrying a solvent-free form. The application of MeOH(H2O) yielded
numerous solvates, more than the anhydrous form did and more than twice as many as did
1H2O-I, the most stable form at ambient conditions.
Bosutinib has a tendency to form mixed solvatesA2 which can only crystallise when the
required water and solvent activity is present (see 5.2.4.). Some of these mixed hydrates were
obtained in the case of a solvated starting material, but could not convert from 1H2O-I. The
significant difference between the application of metastable and stable starting materials is
apparent: 1H2O-I being at a lower energy state has a higher kinetic barrier for transformation,
therefore it does not convert as readily as do the metastable forms.
The screening approach dicussed above must be evaluated with caution for very stable
hydrates with strongly bound water molecules, as the stable hydrate may form even if only
traces of water are present, masking the existence of other forms. Small portion of water might
be present in the starting material (even if anhydrous form is applied), as well as in the solvent.
This behaviour enabled the formation or sustainability of 1H2O-I in anhydrous media such as
in heptane or hexane.
A metastable solvated/hydrated form should not be observed in a stable form screen,
provided the slurries have reached equilibrium. The dihydrate form, 2H2O which was obtained
by quick cooling during the polymorph screening (see supplementary material, Table S1) or
6H2O were not obtained in the slurry screening, indicating that they are not
thermodynamically stable in the applied media.
Another comparative slurry investigation was performed on idelalisib using the thermodynamically stable form, Form I anhydrate and amorphous phase as input materials. The
results are summarised in Table 5.
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Table 5. Comparison of idelalisib screening result applying different starting material
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Solvent
acetone
butyl acetate
2-butanon
cyclohexane
dioxane
dimethyl sulfoxide
dioxane : water 1:1
ethyl acetate
4-methyl-2-pentanone
n-hexane
tetrahydrofurane
toluene
xylene
water
acetic acid
heptane
acetonitrile
acetonitril:water 98:2
acetonitril:water 9:1
dimethyl sulfoxide
N,N-dimethyl-formamide
methanol
methanol : water 1:1
ethanol
ethanol - water 3:1
ethanol : water 1:1
ethanol - water 9:1
ethanol : water 95:5
2-propanol
2-propanol : water 98:2
2-propanol : water 95:5
2-propanol : water 9:1
2-propanol:water 1:1
acetone:Water 1:1
tetrahydrofuran : water 95:5
isopropyl acetate
n-propyl acetate
1-propanol
1-propanol : water 1:1
1-propanol : water 95:5
1-butanol
2-butanol
1-pentanol
isobuthyl acetate
methyl acetate
methyl-tert-butyl ether
N-N-Methyl-2-pyrrolidone
dichloromethane - rt

Starting material: Form I anhydrate
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
new DMF solvate
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
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Starting material: amorphous
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
new DMF solvate
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I- Form III mixture
Form III
Form III
Form III + Form I adm
Form I
Form I + Form II adm
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I
Form I

The aging experiment resulted in only one new solid form, N,N-dimethyl-formamide solvate,
when the stable Form I anhydrate was subjected to slurry screening. This solvate form is not
identical to the one reported in the patent literature.147 When the amorphous phase was used as
starting material, Form III (2-propanol solvate dihydrate) was obtained as well. For
thermodynamic reasons, the system can only evolve towards more stable forms in suspension,
therefore, if the starting material is amorphous, a higher number of forms may be obtained.
The other idelalisib solvates obtained in the polymorph screening by quick cooling (see
supplementary material, Table S2) from ethanol-water 3-1 V/V mixture and from acetonitrile
were found to be metastable, having higher solubility in their corresponding solvent than does
the stable anhydrous Form I. On the other hand, Form III, 2-propanol solvate dihydrate is
stable in suspension, and the critical solvent and water activity of this form could be estimated
already in the screen by the means of various 2-propanol- water mixtures. Furthermore, it was
observed that the wettability of this compound was really poor in water. The wettability and
solubility issue could be mitigated by the application of organic solvent-water mixtures.

5.1.4. Influence of solubility
The traditional polymorph screening of sitagliptin L-tartrate (see supplementary material,
Table S3) was inefficient due to the low solubility of the compound (<5 mg/mL at the boiling
point of the solvents) in the majority of the applied solvents. Long term maturation
experiments (eight weeks at 25 °C) investigating the stability of the phases demonstrated that
the solvent composition is one of the major factors in determining the crystal structure. The
results are shown in Table 6.
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Table 6. Results of SLT slurry screen
RH (%)
Solvent
acetonitrile
0
dimethyl sulfoxide
0
ethanol
0
water
100
acetone:water 1:1
91
acetonitril:water 9:1
80
ethanol:water 3:1
75
ethanol:water 9:1
50
ethanol:water 95:5
25
2-propanol : water 9:1
67
2-propanol:water 1:1
91
1-propanol:water 95:5
60
methanol:water 1:1
73
methanol:water 3:1
52
methanol:water 9:1
27
methanol
0
acetone
0
2-butanon
0
1,4-dioxane
0
methyl acetate
0
acetone:water 95:5
60
acetone:water 98:2
30
1,4-dioxane: water 1:1
83
80
tetrahydrofuran:water 95:5

Result
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 1
Phase 2
Phase 2
Phase 2
Phase M
Phase 3
Phase 3
Phase 3
Phase 3
Phase 3
Phase 3
Phase 3
Phase 3

Solvent
chloroform
cyclohexane
tetrahydrofurane
o-xylene
methyl tert-butyl ether
toluene
1-pentanol
isopropyl acetate
2-propanol
ethyl acetate
1-butanol
2-butanol
propyl acetate
isobuthyl acetate
1-propanol
2-propanol : water 98:2
2-propanol : water 95:5
1-propanol:water 98:2
butyl acetate
4-methyl-2-pentanone
n-hexane
heptane
dichloromethane - rt
diethyl-ether rt

RH (%)
Result
0
Phase 3 mixture
0
Phase 3 mixture
0
Phase 3 mixture
0
Phase 3 mixture
0
Phase 3 mixture
0
Phase 1 mixture
0
Phase 1-2-3 mixture
0
Phase 1-2-3 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
25
Phase 2 mixture
50
Phase 2 mixture
30
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture
0
Phase 2 mixture

Since SLT hydrates are considered true polymorphs, possessing identical water content,A1 it
is not the water activity which dictates the crystallization of different phases, but the solvent
media, through specific solute-solvent interactions. As it is shown in Table 6, the same
relative humidity level, for instance, 60% RH resulted in Phase 1 in ethanol-water mixture,
Phase 2 in methanol-water mixture and Phase 3 in acetone-water mixture. It is noteworthy that
despite SLT phases are all hemihydrates, they are stable in anhydrous media. It is probably a
consequence of the non-stoichiometric nature of hydration and the high affinity to water (see
5.2.1.2.).
The results of the maturation are in correlation with the 8 mM rule: in solvents providing low
solubility the conversion was not complete during an 8-week agitation at room temperature.
However, the mixture of four polymorphs (Phase 1, Phase 2, Phase 3 and Phase M) was used
as starting material in the experiment, which generally provides faster solid form conversion
towards the thermodynamically stable form (as metastable forms ensure higher solubility,
while the presence of the thermodynamically stable form may act as seed), the outcome did
not reflect the thermodynamic stability but the lack of adequate solubility. The solubility
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difference between the polymorphs present in the mixtures is small (see 5.2.4. and 5.3.1) and
therefore the driving force of solvent-mediated transformation is limited.
The conventional polymorph screening performed on sofosbuvir was unsuccessful (see
supplementary material, Table S4). Compared to axitinib, sofosbuvir represents the other
extreme of the solubility scale: it exhibits very high solubility, hundreds of mg/mL in most of
the solvents at the boiling point of the solvents and >120 mg/mL at room temperature.
Therefore spontaneous crystallization did not occur by cooling and the solutions had to be
evaporated (slowly and quickly) in order to obtain solid material. It mainly resulted in glassy
oils/viscous gels, Form I anhydrate (the input solid form) or amorphous phase.
Slurry screening was carried out using the same starting material, the metastable Form I
anhydrate applying temperature cycles between 25 and 50 °C where one temperature was held
for 1.5 hours. The duration of the experiment was one week. The results are summarised in
Table 7.
Table 7. Results of sofosbuvir slurry screen
Solvent
Result
acetonitrile
Form I
cyclohexane
Form I
diethyl-ether rt
Form I
acetonitril:water 98:2
Form I
acetonitril:water 9:1
Form I
n-hexane
Form I
toluene
Form I
xylene
Form I
heptane
Form I
acetone:water 98:2
Form VI
tetrahydrofuran:water 95:5
Form VI
methyl acetate
Form VI
2-butanon
Form VI
ethyl acetate
Form VI
2-propanol
Form VI
tetrahydrofurane
Form VI
dimethyl sulfoxide
amorphous
dichloromethane-rt
DCM solvate
acetone
Form X
butyl acetate
Form X
1,4-dioxane
Form X
ethanol
Form X
methanol
Form X
4-methyl-2-pentanone
Form X
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Solvent
2-butanol
1-pentanol
isopropyl acetate
propyl acetate
methyl tert-butyl ether
isobuthyl acetate
1-propanol
1-butanol
water
acetone:water 1:1
acetone:water 95:5
water:dioxane 1:1
ethanol:water 3:1
ethanol:water 9:1
ethanol:water 95:5
methanol:water 1:1
methanol:water 3:1
methanol:water 9:1
2-propanol:water 98:2
2-propanol:water 95:5
2-propanol:water 9:1
2-propanol:water 1:1
1-propanol:water 98:2
1-propanol:water 95:5

Result
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X
Form X

The metastable Form I anhydrate did not convert to the more stable Form X or to the
thermodynamically stable Form VI anhydrous phases in the solvents in which the solubility of
the drug substance is poor (e.g., heptane, hexane, toluene); however, it remained unchanged in
acetonitrile, too, in which the compound is highly soluble. The solvent effect described in
2.4.3. might account for the observed behaviour. The corresponding solvate was found in
dichloromethane (identical to the one disclosed in the patent literature).150 Form X anhydrate
was formed in the majority of the cases, especially in polar protic solvents and aqueous
mixtures. The thermodynamically stable anhydrous form, Form VI was obtained only in few
cases. Form I, Form VI and Form X are all anhydrous forms, thus slurry experiments are not
confined to solvate/hydrate formation: the lack of stable solvates/hydrates or conditions
exceeding the desolvation temperature may result in formation of stable anhydrates.
As previously mentioned, Gu et al. concluded that a solubility of at least 8 mM is required
for conversion to a stable form within a reasonable timeframe, demonstrating the practical
influence of solubility on the solvent-mediated transformation.94 In contrast, during the
investigation of axitinib sufficient concentration was only provided in N,N-dimethyl
formamide, ethanol and acetic acid; still the solid form transformation was rapid in almost
each solvent, moreover, the suspension in water gave rise to the thermodynamically stable
form, despite the really poor solubility in water. These results indicated that the solid form
conversion of axitinib is not dissolution controlled and the kinetics are fast even in case of
poor solubility.
With regard to bosutinib, the solubility of the compound did not limit the solid form
transformation as the solubility is decent in the majority of the applied media, except for
water. The discovery of new bosutinib phases was rather hindered by the high affinity of
bosutinib to water, as the monohydrate form showed lower propensity to transformation,
furthermore even the traces of water could induce the (sometimes concomitant) crystallization
of 1H2O-I. This problem was mitigated by the application of metastable starting material.
The solubility and wettability of idelalisib was only a concern in water, which was mitigated
by the application of organic solvent-water mixtures. The low hit rate is owing to the fact that
the solvates obtained exclusively by quick cooling (see supplementary material, Table S2) are
not thermodynamically stable in their corresponding solvent, having higher solubility than the
stable anhydrous form. The existence of solvates which are only attainable by quick cooling, is
a consequence of kinetic factors, rather than thermodynamics. Those solvates are often not
stable in their corresponding media (over the temperature range studied). Therefore despite
having sufficient (>8 mM) solubility in ethanol-water 3-1 V/V mixture or in acetonitrile, those
idelalisib solvates are not attainable in a stable form screen.
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The results of the sitagliptin L-tartrate maturation experiment support the 8 mM rule: the
transformation process between polymorphs was not complete in solvents providing low
solubility. Besides the poor solubility of the API in the majority of solvents, the small
solubility difference between the polymorphs further retarded the conversion to the stable
form.
The very high solubility of sofosbuvir resulted in amorphous, viscous outcomes upon
crystallization from solution. However, the solubility exceeded the proposed threshold value,
8mM, the thermodynamically stable anhydrous form, Form VI was seldom obtained in the
stable form screen and the results suggested that the crystal form has a strong dependence on
the solvent applied. Similar behaviour was observed in the case of SLT, where the results
indicated that a particular polymorph may preferentially crystallise from a specific solvent.
The results must be distinguished based on the underlying mechanism. Concerning axitinib,
bosutinib and idelalisib, anhydrate-solvate/hydrate or hydrate/solvate-solvate transformation
occurred, while in the case of SLT and sofosbuvir polymorphic transformation took place.
Even taking these differences into consideration, no unambiguous correlation was found
between the solubility of the compounds and their transformation rate towards the most stable
solid form.

5.1.5. Conclusion
In accordance with the famous statement of W.C. McCrone “The number of forms known of
a given compound is proportional to the time and energy spent in research on that
compound”.2 No solid form screening approach is universally effective and one can never be
confident that all forms were found in a screen, however, the application of properly designed
maturation experiments can increase the probability of finding the relevant phases. Kinetically
preferred forms will not appear in an aging experiment, which can be used as an indicator of
stability.
Competitive slurry experiments were always used in the development process, but exlusively
to determine the relative thermodynamic stability of the solid forms generated by the screening
methods. This technique was implemented in the routine screening methodology and the
utility of this method was demonstrated for finding the stable anhydrous/hydrate/solvate form
using examples as axitinib, bosutinib, idelalisib, sitagliptin L-tartrate and sofosbuvir. The
parameters of this kind of stable form screening approach were investigated and optimized.
As previously noted, Gu and coworkers grouped solvents by the means of cluster analysis
based on solvent parameters that are critical for directing solvent–solute interactions.112 The
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final set of solvents proposed is listed in Table 8, where 12 out of the 15 groups identified by
Gu et al. are involved, representing a large variety of physical properties including density,
polarity, size, shape, and viscosity. Furthermore, the list contains the typical solvate forming
solvents (except for the Class 1 solvents). Solvents with diverse properties were selected,
however, emphasis was placed on Class 3 solvents considering that only those ones are
applicable as solvates in a final dosage form.
Besides pure solvents, many organic solvent-water mixtures were applied in order to adjust
the solubility of the drug substance and provide various water and solvent activities, as well as
to mitigate the problem of wettability (in comparison with pure water). Furthermore, by the
application of different solvent activity levels, the probability to overlook a stable
solvated/hydrated form (including mixed solvates) is minimized. The solvent and water
activity can be controlled by the composition of the organic solvent–water mixtures. The same
water activity level corresponds to different water contents in different solvents.159 The
composition of the applied aqueous mixtures was set in a way to cover the entire water activity
range and sample the scale at various RH values.
Providing that the whole solvent activity scale is encompassed, one can identify or estimate
the critical activity values of the obtained solvates/hydrates. Considering that every compound
is different, by the means of various solvent mixtures one can gain confidence that adequate
solubility was reached in at least few media.
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Table 8. List of solvents to be applied in a stable (solvated) form screen
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Solvent
1-butanol
1-pentanol
1-propanol
2-butanol
2-butanon
2-propanol
4-methyl-2-pentanone
acetic acid
acetone
acetonitrile
anisole
butyl acetate
chloroform
dimethyl sulfoxide
dioxane
ethanol
ethyl acetate
formic acid
heptane
isopropyl acetate
isobuthyl acetate
methanol
methyl acetate
N,N-Dimethylformamide
n-propyl acetate
tetrahydrofurane
toluene
water
xylene
1-propanol:water 95:5
1-propanol:water 98:2
2-propanol : water 9:1
2-propanol : water 95:5
2-propanol : water 98:2
2-propanol:water 1:1
acetone:water 1:1
acetone:water 95:5
acetone:water 98:2
acetonitril:water 9:1
acetonitril:water 98:2
dioxane:water 1:1
ethanol - water 3:1
ethanol - water 9:1
ethanol:water 95:5
methanol:water 1:1
methanol:water 3:1
methanol:water 9:1
tetrahydrofuran:water 95:5
dichloromethane – 25 °C
diethyl-ether 25 °C

RH (%)
0
0
0
0
0
0
0
n/a
0
0
0
0
0
0
0
0
0
n/a
0
0
0
0
0
0
0
0
0
100
0
60
30
67
50
25
91
91
60
30
80
39
83
75
50
25
73
52
27
80
0
0
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ICH class
3
3
3
3
3
3
3
3
3
2
3
3
2
3
2
3
3
3
3
3
3
2
3
2
3
2
2
2
3
3
3
3
3
3
3
3
3
2
2
2
3
3
3
2
2
2
2
2
3

Boiling point (°C)
117.4
138
97
98
80
81
116
118
55.8
81.6
153.8
126
58
189
101
78.5
77.1
100.8
98.4
89
118
64.5
56.9
153
102
66
110.6
100
136
87
94
80
81
81
81
64
57
56.3
76.9
79.4
89.3
79.7
78.3
77.9
77
72
67
63.78
39.2
34.4

A comprehensive screening strategy should take into consideration the solubility of the
compounds: in slurry experiments, the aim is to maintain a small amount in suspension, while
during crystallization from solution different levels of supersaturation should be generated. It
was shown that it is not practical to use solvents in which the solubility of the compound is so
high that it would inhibit crystallization (e.g. sofosbuvir), and provide amorphous, viscous
outcomes. On the other hand, poor solubility may impede crystallization from solution and
restrain the application of diverse crystallization conditions (e.g. sitagliptin L-tartrate). Thus
different screening techniques should be applied with discretion. Consequently, in order to
save time and resources, a screening strategy is proposed which takes into account the
solubility of the substance. The proposed decision tree is shown in Figure 2.

Figure 2. Solid form screening strategy
Based on the decision tree one can judge whether crystallization from solution is applicable.
In the case of too low or too high solubility, solution crystallization is not feasible or not
practical. In the case of poor solubility, applying amorphous starting material may sufficiently
enhance the solubility to enable crystallization from solution. In the case of a very soluble
compound, antisolvent crystallization might be a viable option. It is worthy of note that the
slurry technique is always feasible, independent on the solubility of the compound.
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An indication as to whether cooling crystallization is a feasible option can be obtained from
two data points: the solubility at boiling point and at room temperature for the solvents under
consideration. Additionally, the solubility data determined during the screening are useful for
process development and for preformulation studies, as well.
The range covered by the operating conditions is wider in the case of crystallization from
solution than in slurry, thus these techniques should be viewed as complementary approaches,
which enable to explore the entire solid form landscape and gain invaluable information about
the behaviour of the compound of interest. The information gathered in the screen can be used
to guide scale-up efforts, and provides data about the potential of process induced
transformations. Beyond the solubility data, crystallization from solution can provide
information about the propensity to amorphization and about the kinetically preferred forms
(evaporation, quick cooling). It is important to determine the solvent activity where solvates
form, and this can be accomplished by maturation experiments covering a wide range of
solvent activities. This technique can reveal the stability boundaries of specific forms and can
give rise to stable phases. The experiments can be tailored based on literature data.
It should be taken into consideration that a negative experimental result of a solvate/hydrate
screening does not necessarily exclude the possibility that a certain solid form exists. There are
many reasons why it just may not have been observed in the specific experimental setup. The
reliability of solvent-mediated polymorphic transformation for generating stable forms
(anhydrate/hydrate/solvate) is not without limitations. The presence of impurities, even in
trace amounts, may inhibit nucleation of certain phases.163 Lack of adequate solubility or
inhibition of nucleation due to solvent-solute interactions, may also preclude transformation to
the stable form.94 The existence of very stable hydrates and their high affinity to water may
also mask the existence of other solvated forms, as it was demonstrated by bosutinib.
Based on the results obtained, it can be concluded that the nucleation and phase
transformation of polymorphs may depend on the hydrogen-bond propensity of the solvent. If
strong solvent-solute interactions are present, specific solvents can favour (and „stabilize”)
metastable forms. This kind of solvent effect is of high importance, particularly in the generic
pharmaceutical industry. The (robust) crystallization of a metastable form is usually
challenging, but according to these findings the proper choice of solvent might enable to
produce the desired (metastable) form. Also, these interactions can help discover new forms
whose nucleation would be otherwise suppressed.
It was demonstrated that the energy state of the starting material can also have a profound
effect on the crystallization by retarding/inhibiting the conversion. By the application of
amorphous starting material, diverse set of solvents and temperature cycles to facilitate the
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dissolution-recrystallization mechanism leading to the stable form, the risk of overlooking a
relevant solid form can be significantly mitigated.

5.2. Classification and solid state characterization of solvated forms
Solid state characterization is one of the most important elements of pharmaceutical
development. A deep understanding of the properties of pharmaceutical compounds is
essential to alleviate formulation problems in later stages of drug development as the stability
of oral dosage forms may depend critically on the physicochemical properties of the selected
solid form and on how thoroughly the solid form is characterized.136 In this chapter, the most
commonly encountered techniques used for solid state characterization of solvated/hydrated
forms will be shortly reviewed through the previously introduced model compounds in an
attempt to broaden and deepen the knowledge in this field. No attempt will be made to
comprehensively survey all analytical methods, but the selected examples will illustrate the
wide range of information that can be derived by the implementation of these techniques.
A thorough characterization of pharmaceutical solvates should include a collective
knowledge about crystal structure, thermodynamic properties and phase diagrams. The
comparison of solvate stability with different amounts and types of solvents is complex due to
the lack of an unambiguous comparison parameter. The stability of solvates can be assessed by
comparing the thermal (kinetic) stability, thermodynamic stability in slurry experiments,
behaviour under stress conditions, intrinsic dissolution rate and packing efficiency.A2

5.2.1. Classification of solvated forms of the model compounds
5.2.1.1. Isolated site solvates
Isolated site solvates represent structures where solvent molecules are entrapped in specific
crystallographic sites and interact exclusively with the host molecules. These structures
usually yield sharp DSC endotherms and narrow TGA weight loss ranges, because solvent
molecules are in a similar energetic environment, resulting in a narrow energy distribution.3
In accordance with these findings, the DSC thermogram of bosutinib 2-butanol solvate, 2BuOH shows that the solvent is released at a temperature where its vapour pressure is
sufficiently high to evaporate the solvent immediately (Figure 3).
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Figure 3. DSC scan (left) and TG curve (right) of bosutinib 2-BuOH measured at 10 °C/min
The onset of desolvation (T=101.3 °C) is close to the boiling point of the pure solvent (99.5
°C). The relative sharpness of the DSC endotherm may be attributed to the location of these
guest molecules in the crystal lattice as they are firmly held by bosutinib molecules, and the
relatively large size of the solvent can result in hindered exit from the closely packed structure.
Upon dehydration, the structure collapses and no subsequent recrystallization is observed upon
further heating.A2
5.2.1.2. Channel Hydrates
The characterization of channel hydrates can be challenging as their behaviour is not
inevitably unambiguous. Depending on the extent and strength of hydrogen bonding and the
diameter of the channels, these hydrates can be either stoichiometric or non-stoichiometric.164
Hydrates in this class contain water in lattice channels, where the water molecules lie next to
each other in a tunnel-like arrangement.3 The DSC curve of sitagliptin L-tartrate hemihydrate
Phase 1 demonstrates some of the general characteristics of channel hydrate dehydration165 as
shown in Figure 4.

Figure 4. DSC scan of SLT Phase 1 measured at 10 °C/min
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The water located in the channels begins to evolve at a relatively low temperature which is a
typical feature of channel hydrates. Especially in the case of low stoichiometry, it is often
challenging to identify whether the released solvent is adsorbed or absorbed. The water
molecules are being released continuously at temperatures up to 115 °C.A1
The vapour sorption isotherm of SLT Phase 1 shows significant moisture uptake at low
partial pressures (Figure 5).

Figure 5. DVS isotherm of SLT Phase 1.
Approximately 63% of the total water uptake takes place between 0 and 10% RH indicating
strong lattice bindings. The initial part of the curve is very steep implying that the interactions
with the firstly adsorbed molecules (~1 w/w%) are stronger therefore these molecules are
more localized. These water molecules do not play only a space filling role and the water-solid
interactions are expected to be relatively strong.133, A1
This substantial mass gain is followed by a progressive sorption at intermediate and high
vapour concentrations. On the basis of the weight change of approximately 1.7% in the
moisture sorption isotherm, SLT Phase 1 contains 0.5 molar equivalents of water when
becomes fully hydrated at 90% RH. The isotherm presents only one plateau, corresponding to
one stable hydration state. The sorption and desorption isotherms coincide and hysteresis is
not observed, confirming that this hydrate does not undergo phase transformation during the
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analysis and water uptake and loss is completely reversible. Dehydration takes place at a very
low RH level (< 10%) in a reversible manner as indicated by the superimposable profiles.A1
The Variable Humidity X-Ray Powder Diffraction results of SLT Phase 1 are shown in
Figure 6.
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Figure 6. VH-XRPD patterns of SLT Phase 1 at various relative humidity values.
The data obtained by VH-XRPD measurements are in accordance with the data obtained by
DVS. The water uptake and loss was found to be completely reversible. During desorption in
the humidity chamber, the structure of SLT Phase 1 did not change, a so-called isomorphic
dehydrate formed without significantly altering the structure. The existence of an isostructural
dehydrate is a typical feature of non-stoichiometric hydrates. The fact that water uptake and
loss is unhindered proves that water is located along channels in the lattice.A1
Upon dehydration, the structure of the parent hydrate is retained and the crystalline lattice
does not collapse. When water is removed, the crystal lattice retains its three-dimensional
order, and the structure created is in a high energy state relative to the original, hydrated
structure. The isostructural dehydrated form of SLT Phase 1 is extremely hygroscopic and
immediate rehydration occurs upon exposure to ambient humidity, which is also manifested in
the very steep, nearly vertical part of the vapour sorption isotherm in the range of 0-10% RH
(Figure 5).A1
The results show that SLT Phase 1 has a fixed host framework and the inclusion and removal
of water molecules do not affect the crystal lattice significantly. Interestingly, all SLT
hemihydrates: Phase 1, Phase 2, Phase 3 and Phase M exhibited the same behaviour.A1
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According to the Gibbs phase rule, the lack of a stable anhydrous form is anticipated for nonstoichiometric hydrates. Since there is a continuous change in the solid phase composition
with partial vapour pressure, the number of solid phases is necessarily one.166,167 Hence
hydration and dehydration of these non-stoichiometric hydrates is not accompanied by phase
transition, all hydration states represent the same crystal form.
Non-stoichiometric hydration is generally undesirable, but the term non-stoichiometric
hydrate does not necessarily reflect continuously changing water content. In exceptional cases,
like the SLT hemihydrates, despite the phase is classified as non-stoichiometric hydrate, still it
can act as a suitable candidate for further development.
Crystal structure determinations were performed to confirm the assumptions derived from
the analytical data. The results are shown in Figure 7.

Figure 7. Packing motif of SLT Phase 1 (left) and Phase 2 (right)
Water-O atoms atoms are represented in spacefill style
The crystal structures of SLT Phase 1 and Phase 2 confirm the findings of the solid state
analytical techniques about their channel hydrate character. Referring to Figure 7, it is easy to
understand that water has an easy exit from the channel type hydrates: it can simply enter and
depart through the tunnels it occupies. The hydrogen tartrate molecules form infinite chains in
the crystal structures with the neighbouring chains crosslinked by hydrogen bonds, generating
a two-dimensional framework. Hydrogen bonded water molecules are located between the
hydrogen tartrate anionic sheets. The tunnel-like structure together with the ionic character
provides optimal conditions for hydrate formation. The water molecules stabilize the
structures by providing additional hydrogen bonds between the cation and anion, explaining
the observed high affinity to water. A1
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In contrast to the sitagliptin L-tartrate hydrates, bosutinib 7H2O is a stoichiometric channel
hydrate. Stoichiometric hydrates show step-shaped vapour sorption isotherms, characterized
by fixed water content over a defined relative humidity range5 as shown in Figure 8.

Figure 8. DVS isotherm of bosutinib 7H2O
Distinct portions of water content are taken up or released in single steps at defined RH
levels which are accompanied by solid phase transition. The DVS curve shows hysteresis as
the compound releases the water molecules at a significantly lower RH level than it gains
them, which is indicative for stoichiometric hydrate formation. The isotherm shows the
transformation between 1H2O-II (metastable monohydrate), a tetrahydrate and 7H2O. With
increasing humidity, 1H2O-II is stable up to 50% RH before transformation takes place to a
previously unknown tetrahydrate phase as indicated by the plateau between 60 and 80% RH.
7H2O forms above 80% RH in accordance with the critical water activity investigations (see
5.2.4.). During dehydration, six water molecules leave the structure involving changes in
hydrogen bonding and one water molecule remains to stabilize the structure. As the crystal
structure confirmed, dehydration is relatively facile due to the high stoichiometry and wide
channels of 7H2O (Figure 9).A2
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Figure 9. Void space in the structure of bosutinib 7H2O viewed along the crystallographic a
and c axis
Although the desolvation of other bosutinib hydrates and solvates results in an amorphous
phase, in the case of 7H2O, it can occur through moderate structural rearrangements in the
crystal lattice leading to a kinetically stabilized metastable form, 1H2O-II.A2

5.2.1.3. Ion associated hydrates and isostructural solvates
Ion-associated hydrates contain metal ion coordinated water molecules, such as risedronate
monosodium monohydrate.168 Specific feature thereof is that dehydration can take place at
very high temperatures.3 The model compounds presented in this thesis work do not involve
an ion associated hydrate, therefore this particular type is not discussed in detail.
Often similar but more difficult is the situation for different solvates of a compound that
crystallizes in essentially identical structures but incorporates different solvents. These
solvates are isostructural, thus the individual solvates cystallize in the same space group with
only small distortions of the unit cell dimensions and the same type of molecular network of
the host molecule.3,169 The formation of isostructural solvates is typically driven by the
presence of specific solvent–host interactions.169,170
Axitinib is a conformationally flexible molecule with many functional groups available for
H-bonding (Table 1). The investigations confirmed that in the isomorphic solvates of axitinib
(see supplementary material, Figure S1), the API molecules form a closely packed host
framework through hydrogen bonds and the guest solvent molecules reside in the resulting
voids in the structure. The isostructural solvates show high thermal stability (desolvation >
120 °C) as it is shown in Figure 10.
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Figure 10. Axitinib DSC curves measured at 10 °C/min, 2-propanol solvate, acetone solvate,
ethyl acetate solvate and tetrahydrofurane solvate
The isomorphic axitinib hemisolvates display very similar desolvation behaviour, the onset
of desolvation was found to be significantly higher than the boiling point of the corresponding
solvents. The considerably high desolvation temperature is a result of capillary effects in the
channels and geometric blocking of solvent release.4 The difference in the individual
desolvation onsets indicates that steric effects play a role in the desolvation kinetics. In all
cases, desolvation yielded the metastable Form IV anhydrate.
5.2.1.4. Mixed solvates
The DSC thermogram of idelalisib Form III (2-propanol solvate dihydrate) shows
incompletely resolved, broad endotherms corresponding to the departure of 2-propanol and
water molecules, as shown in Figure 11.

Figure 11. DSC scan of idelalisib Form III measured at 10 °C/h
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The structure of idelalisib Form III collapses during desolvation and the obtained amorphous
phase recrystallises upon further heating to the stable anhydrous phase, Form I. The melting of
the anhydrous form is observed in the DSC thermogram as an endothermic peak at about 251
°C.
Figure 12 depicts the sorption isotherm of idelalisib Form III.

Figure 12. Sorption isotherm of idelalisib Form III
The primary y-axis displays the molar ratio of water and the secondary vertical axis shows
the percentage change in mass, referenced from the dry mass. The reference mass depends on
the extent how much solvent is lost from the sample during the initial equilibration at 0% RH.
In this particular case, the sample was partially dehydrated under these conditions and
therefore weight corrections for the initial water content were accomplished.
During the first sorption branch, the maximal hydration level reached 1.8 molar equivalents
of water. Upon desorption, there is a relatively small mass change as the humidity decreases
from 90% RH to 10% RH. As humidity reaches 0% RH, the sample loses significant amount
of water, establishing lower starting water content for the second cycle. The two cycles follow
a similar pattern, and the sample is more and more dehydrated as the cycles proceed. At the
end of the second desorption branch the phase contained only 0.4 molar equivalents of water,
but still retained its crystal structure.
The observed behaviour can be rationalized taking the crystal structure into consideration
(Figure 13).
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Figure 13. Crystal structure of idelalisib Form III viewed along the b axis. Water O atoms are
marked in blue, 2-propanol molecules are marked in red. Hydrogens are omitted for clarity.
As it is shown in Figure 13, water molecules are located in a tunnel-like arrangement along
the b axis. However, both 2-propanol and water molecules are bound to the API framework,
water molecules can exit and enter the structure in a reversible manner. The fully dehydrated
‘2-propanol solvate’ of idelalisib is not stable and rehydration occurs on exposure to ambient
humidity, similarly to the SLT hydrates. Interestingly, bosutinib IPA-2H2O behaves in a
similar way (see supplementary material, Figure S2). The water uptake and release occur in a
reversible manner, just like in the case of idelalisib Form III, and pure ‘2-propanol solvate’
structure is not favoured.

5.2.2. Desolvation, binding energy
The previous examples illustrated that thermal analysis is the best technique to determine the
kinetics of solid state transformations and to identify the temperature range over which the
bound solvent can be liberated. The practical consequences of desolvation kinetics may be
found in the activities associated with determination of allowable conditions during
development and processing; proper packaging, tolerable temperature ranges for storage, and
the initial phase selection for development.3
Upon desolvation, the following scenarios might be observed:
1) No phase transition occurs and the packing motif of the parent compound remains
unchanged, such as in the case of the SLT hydrates;
2) The solvated form looses crystallinity, such as bosutinib 2-BuOH;
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3) The solvate undergoes a discrete phase transition to form a non-solvated crystal,
similarly to the axitinib isostructural solvates.
The DSC thermogram of bosutinib 1H2O-I shows two incompletely resolved endotherms
(Figure 14). The strength of the molecular assembly is confirmed by the high dehydration
onset temperature which exceeds the boiling point of water and indicates that the API-water
interactions are strong. 1H2O-II and 2H2O display relatively sharp endotherms, representing
the release of water content at a temperature where its vapour pressure is sufficiently high to
evaporate, close to its boiling point. Upon dehydration, the structures collapse and no
subsequent recrystallization is observed upon further heating. The solvent molecules in tunnellike arrangement, like 6H2O or 7H2O release the solvent molecules in the direction of the
channels with anisotropic dehydration, resulting in smooth desolvation processes. The overlay
of the DSC curves of the above listed solid phases of bosutinib is shown in Figure 14.

Figure 14. DSC scans of bosutinib hydrates and anhydrate
1H2O-I, 1H2O-II, 2H2O, 6H2O, 7H2O, AH
Typically, solvate stability is evaluated by characterizing the desolvation conditions and
observed phase changes. The physical stability of isolated site solvates where the solvent
molecules are strongly bound depends on the solvent−host interactions and the spatial
characteristics.171,172
With regard to channel solvates, physical stability is a function of the strength and extent of
hydrogen bonding and the diameter of the channels. Considering isostructural solvates, the
packing efficiency and steric factors define the kinetic stability.
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The quantitative estimate of the physical stability of solvates/hydrates can be established by
determining the ’binding energy’, the enthalpy of vaporization of the API-bound
solvent.172,173,174,175,176,177
∆H1 = 23∆H145 × 1009/∆m1%< × M1

(4)

According to Eq.(4), the enthalpy of vaporization of the API-bound solvent (∆HS) could be
calculated from the enthalpy of desolvation (∆HSexp, defined by the DSC curve), the
percentage mass loss (∆mS%, defined from TG data) and the molecular mass of the solvent
(MS). The calculated values were compared to the corresponding enthalpy of vaporization of
the pure solvents, in order to determine whether the solvent molecules are strongly/loosely
bound in the host lattice. The calculations were confined to pure solvates/hydrates as the
release of water and organic solvents from the mixed solvates is not resolved, the endotherms
overlap and therefore the computations would not be precise. The results are summarised in
Table 9.
Table 9. Thermal characteristics of solvated forms

API

Bosutinib

Sitagliptin
L-tartrate

Axitinib

1H2O–I

Desolvation
enthalpy by
DSC
(kJ/mol)
solvate
96.46

3.52

Calculated
enthalpy of
vaporization of
bound solvent
(kJ/mol)
89.94

1H2O–II

64.04

3.56

59.04

43.99

2H2O

101.98

5.99

54.10

43.99

6H2O

229.60

16.47

39.30

43.99

7H2O

279.67

24.03

31.91

43.99

2-BuOH

97.44

10.88

109.81

49.72

Phase 1

15.53

1.46

33.79

43.99

Phase 2

15.72

1.44

34.70

43.99

Phase 3

19.47

1.49

41.53

43.99

Phase M

16.28

1.52

34.03

43.99

Acetone solvate

25.04

7.38

44.33

32.10

Ethyl acetate solvate

29.03

10.44

51.63

35.60

Tetrahydrofuran solvate

37.09

11.35

53.38

33.00

2-propanol solvate

37.65

7.85

65.54

45.40

Solid form

Isolated site solvate

Weight loss
by TGA
(%)

Channel solvate
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Enthalpy of
vaporization of
pure solvent at
25 °C (kJ/mol)
43.99

Isostructural solvate

The calculated ’binding energy’ is inversely proportional to the stoichiometry of bosutinib
hydrates. Water molecules are strongly held in the structures of the bosutinib monohydrates
and 2H2O, the calculated values exceed the enthalpy of vaporization of pure water. The
calculations are consistent with the superior stability of 1H2O–I as the enthalpy of vaporization
of bound water is significantly higher than that of 1H2O–II. In the higher order hydrates, the

water molecules are located along channels and this arrangement promotes dehydration.
Therefore the calculated enthalpies of vaporization of the bound water in 6H2O and 7H2O do
not exceed the enthalpy of vaporization of pure water.A2
The 2-butanol molecules in bosutinib 2-BuOH are also very firmly bound, as indicated by
the high calculated enthalpy of vaporization values.A2 The entrapment of guest molecules in
isolated site solvates results in the highest relative heat of vaporization (compared to the
enthalpy of vaporization of pure solvent).
The water-API interactions were found to be less strong for SLT channel hydrates, indicated
by the low ‘binding energy’ values which do not exceed the enthalpy of vaporization of pure
water. These phases readily lose water due to their tunnel-like structure.
With regard to the axitinib isostructural solvates, the calculated enthalpies are substantial, but
lower than that of the isolated site solvates of bosutinib. In contrast to the isolated site
solvates, it is not the strength of the host-guest interactions, but the geometric blocking of the
solvent release which leads to such high desolvation onset. The differences in the calculated
enthalpies of vaporization of bound solvents imply that steric factors play a role to some extent
in the strength of the interactions. In terms of energetics, considering the ease of desolvation,
different types of behaviour is encountered depending on the structural characteristics, i.e.
depending on the solvate class.

5.2.3. Solid state stability
Phase transformations can occur in the solid state as a response to variations in humidity and
temperature. Physical stability testing evaluates the effect of environmental factors on the
quality of the compound. In this chapter, stability testing was applied in order to determine the
phase boundaries, understand the solid state stability and identify appropriate storage
conditions. Investigation of the physical stability of a drug substance is an integral part of the
systematic approach of solid form selection as it contributes to the determination whether the
solid form is suitable for use in pharmaceutical manufacturing.
Bosutinib samples were exposed to different atmospheres for 10 days. Our particular interest
was to investigate the influence of environmental factors on the transformation pathways.
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Desiccators containing various saturated salt solutions were applied to provide a range of
relative humidities. The following salts were selected: phosphorus pentoxide (0% RH)
magnesium chloride (33-26% RH§) and sodium chloride (75% RH).178 The desiccators were
stored at 25, 50 and 80 °C during the study. The results are depicted in Table 10.
Table 10. Solid state stability of bosutinib forms at various temperatures
and relative humidity levels
Temperature
Relative humidity
AH
1H2 O–I

25°C
0%RH

25°C
33%RH

25°C
75%RH

50°C
0%RH

80°C
0%RH

80°C
26%RH

80°C
75%RH
1H2 O–I

A
1H2 O–II + 7H2 O

2H2O

1H2 O–I
A

6H2O

A

A

7H2O

1H2 O–II

1H2 O–II

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

A

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

1H2 O–I

A

A
1H2 O–I

1H2 O–I

A

1H2 O–I

IPA-2H2 O
MeOH(H2O)
2-BuOH
Amorphous

50°C
75%RH
1H2 O–I

1H2 O–II

Diox-2H2O

50°C
31%RH

form unchanged

transformation

A

amorphization

1H2O–I showed the highest physical stability among the investigated forms. This
monohydrate is highly stable in dry atmosphere over a wide range of temperatures, in
accordance with the high calculated ‘binding energy’ of the solvent (Table 9). Amorphization
occurred at 80 °C and 0% RH, but besides this condition, the structure remained unchanged.
The solvates slowly exchange their solvent against water and other forms (hydrates or
amorphous phase) also restructures to 1H2O-I at elevated temperature and relative humidity. A2
The second most resistant form is AH which only converts to 1H2O–I at high RH levels
(≥75%) at elevated temperatures. The amorphous phase showed comparable results, but it
exhibited increased sensitivity to humidity. 2H2O was found to be stable enough for
pharmaceutical use as its structure did not change at 50 °C/75% RH. Amorphization thereof
occured under anhydrous conditions and it transformed to 1H2O–I at high RH levels at 80 °C.
1H2O-II is the high energy polymorph of 1H2O-I, obtained exclusively by dehydrating
7H2O.A2 Owing to the slower kinetics of solid-solid phase transition, 1H2O–II only partially
converted to 7H2O at high relative humidity at 25 °C (the conversion was complete during the

§

Since temperature affects the solubility of saturated MgCl2, temperature difference caused

slight changes in the equilibrium relative humidity values.
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DVS measurement, see Figure 8). 7H2O dehydrates to 1H2O–II under dry conditions, but the
structure remained unchanged up to 50 °C when sufficient moisture was present.
The most stable mixed hydrate is IPA-2H2O, the only mixed solvate where is direct
connection between bosutinib and organic solvent molecules.A2 The packing of bosutinib
molecules in the crystal structures of IPA–2H2O and Diox–2H2O is identicalA2 (see
Supplementary material, Figure S3), but there is substantial difference between the physical
stability of these forms. While IPA–2H2O is the most stable form containing organic solvent,
Diox–2H2O is among the least stable ones. Consequently, analogous structure does not
necessarily infer similar stability, differences in the H-bonding pattern might cause significant
changes in free energy. 2-BuOH is also sensitive to high relative humidity levels and converts
to 1H2O–I.
The following physical stability order can be derived based on the stress test: 1H2O–I > AH >
amorphous > 2H2O > 1H2O–II, IPA-2H2O and 7H2O > 2-BuOH and 6H2O > MeOH(H2O) and
Diox-2H2O. All investigated forms were stable under ambient storage conditions (in the
laboratory cupboard where the conditions are close to the long term stability conditions (25 °C
± 2 °C/60% RH ± 5% RH) for 2 years. Only exceptions are MeOH(H2O) and ethanol water
mixed solvates where slow transformation to 1H2O–I was observed.A2
There is no stability concern in the case of the SLT channel hydrates, as dehydration only
takes place under very anhydrous conditions and is not accompanied by a phase transition:
isostructural dehydrates are formed (see Figure 6).
Regarding the mixed solvate, idelalisib Form III, the risk of form conversion in the solid
state was evaluated by accelerated stability testing. Stability studies on the API showed no
phase transformation in three months at 40 ºC/75% RH when packed in polyethylene bag or in
aluminium foil. Partial solid state conversion to anhydrous Form I was observed after three
months when it was packed under nitrogen and Form I anhydrate appeared during 6 months’
testing independent of the packaging material. The results are summarized in Table 11.
Table 11. Solid state stability of idelalisib Form III under accelerated conditions
XRPD after 3 months
XRPD after 6 months
Package
(3M 40 ºC/75% RH)
(6M 40 ºC/75% RH)
Form III
Al/Al
unchanged
+ admixture of Form I anhydrate
Form III
Form III
Al/Al/N2
+ admixture of Form I anhydrate
+ admixture of Form I anhydrate
Form III
PE/PE
unchanged
+ admixture of Form I anhydrate
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Hydration and dehydration events are influenced by the water activity in the vapour phase.
Polyethylene is permeable to some extent to moisture while aluminum offers a near complete
barrier for water vapour. The ambient air enclosed in the moisture resistant foil enabled
sufficient water activity to retain the crystal structure of idelalisib Form III for three months.
But when air was removed from the high gas-barrier package and was replaced by anhydrous
nitrogen, the water activity decreased below the critical value and phase transformation
occured.
In comparison with pure solvates (incorporating exclusively organic solvents), mixed
solvates might exhibit higher resistance, as their structure can be sustained longer providing
that sufficient water vapor is present (see Figure 12), but will eventually desolvate upon
storage under anhydrous conditions.

5.2.4. Critical solvent activity
Thermodynamics dictates that in order to ensure solvate stability, the solvent activity must be
maintained above a critical activity level, which is characteristic for a given solvate. An
effective method to determine the relative physical stability of anhydrous and solvated forms
is the solvent mediated phase transformation containing mixtures of crystalline forms in
various systems with known solvent activities.32 This method can shed light on the solvent
activity range under which a solvate/hydrate is stable. Sometimes solvent mediated phase
transformation experiments only yield solvated/hydrated forms, providing no information on
the stability or existence of anhydrous forms. A2
The critical water activity investigation of bosutinib in acetonitrile/water showed that 1H2O–I
is stable up to aw~0.8 and 7H2O is stable above this limit, as depicted in Figure 15. The results
are in correlation with the DVS measurement (Figure 8), as 7H2O formed above 80% RH.A2
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Figure 15. Critical water activity results of bosutinib in acetonitrile/water mixtures at room
temperature
The critical water activity investigation of bosutinib performed in methanol/water system
indicates that in the case of the non-stoichiometric mixed solvate, MeOH(H2O), there is a
gradual change in the water and methanol content as certain part of the organic solvent can be
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replaced by water and vice-versa. Therefore the structure of MeOH(H2O) is stable from 0 up
to 0.66 water activity (Figure 16).A2
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1
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Figure 16. Critical water and solvent activity results of bosutinib in methanol/water mixtures
at room temperature
The results imply that there is continuous transition, the structure can incorporate various
ratios of solvents adapting to the surrounding atmosphere/media. The amount of water and
methanol showed significant batch-to-batch variation depending on the crystallization media.
MeOH(H2O) can be considered a host–guest complex in which the amount of the solvent
guest is variable. This kind of solvent exchange with water is plausible, as like water,
methanol can also act both as proton donor or acceptor, hence their substitution is unhindered.
1H2O–I is stable above 0.66 water activity and 7H2O is only obtained in pure water. The
formation of 7H2O is not favoured in methanol/water mixtures.A2
The investigation of bosutinib in 2-propanol/water mixtures shows that the critical water
activity of IPA-2H2O is 0.3, pure 2-propanol solvate was not obtained (Figure 17).
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Figure 17. Critical water and solvent activity results of bosutinib in 2-propanol/water mixtures
at room temperature
IPA-2H2O is stable up to aw~0.87 above which 7H2O is the favoured solid form. Figure 15,
Figure 16 and Figure 17 clearly show that bosutinib has high affinity to water as 1H2O–I is
stable even in anhydrous media. In accordance with the slurry screening results (Table 4),
there is no media in which AH would be thermodynamically stable. The suspended API
contains certain amount of water, but in general, the dissolved drug influences the water
activity to a much smaller extent than does the organic solvent.32 Water was not intentionally
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used during crystallization but was either absorbed from the atmosphere or was introduced in
the organic solvent and starting materials used.
The stability boundaries indicate that the stability of mixed solvates is complex, as both
water and solvent activity can play a significant role depending on the structural
characteristics. In the case of MeOH(H2O), non-stoichiometric mixed solvate, anhydrous
conditions result in a stable solvate and there is gradual change in the composition of the
incorporated solvents. On the other hand, both solvent and water activity was found to be
essential for the maintenance of the structure of the stoichiometric IPA-2H2O, and pure 2propanol solvate structure is not favoured. While bosutinib 1H2O-1 can be stable in pure 2propanol, acetonitrile or acetone, the crystallization of IPA-2H2O requires the presence of
sufficient amount of both water and 2-propanol.A2
Interestingly, the stability range of MeOH(H2O) in suspension is wider than that of IPA2H2O, in contrast to the results of solid state stability testing (Table 10). Owing to the nonstoichiometric nature of MeOH(H2O), removed from its mother liquor the methanol content is
easily replaced by water, therefore this form showed instability under ambient storage
conditions. On the other hand, it could accommodate to various methanol and water activity
levels and retain the structure over a wide solvent activity range in suspension. The observed
differences between IPA-2H2O and MeOH(H2O) demonstrates the main distinction between
stoichiometric and non-stoichiometric behaviour. Stoichiometric solvates can only form above
a critical solvent activity, but can maintain their integrity for a certain period of time removed
from their mother liquor, depending on the strength of the binding interactions. On the
contrary, non-stoichiometric solvates (containing organic solvents) may form at various
solvent activity levels, but as relatively weak interactions hold the incorporated solvent, their
solid state stability is significantly lower.
Competitive slurry experiments investigating the stability of SLT hydrates in different
organic solvent-water mixtures demonstrated that the solvent composition is one of the major
factors in determining the crystal structure.A3 The solute−solvent interaction in pure methanol
accelerates the nucleation and growth rate of Phase M, while Phase 2 is the preferred form in
methanol-water mixtures at moderate water activity levels, and Phase 1 is favoured at elevated
water activity values, as shown in Figure 18.
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Figure 18. Stability results of SLT in methanol-water mixtures as a function of temperature

On the other hand, SLT Phase 3 dominates at higher acetone contents, while Phase 1 prevails
at high RH values when acetone-water mixtures are applied (Figure 19).
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Figure 19. Stability results of SLT in acetone-water mixtures at room temperature
Furthermore, SLT Phase 1 dominates in 2-propanol-water mixtures and Phase 2 was only
observed as admixture, due to the inadequate solubility in the applied media (Figure 20).
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Figure 20. Stability results of SLT in 2-propanol-water mixtures as a function of temperature
The presence of mixtures does not necessarily reflect equilibrium between the phases. In
pure 2-propanol, both the absolute solubility (<0.5 mg/mL at room temperature) and the
solubility difference between the forms are very poor, thus the transformation rate is expected
to be slow.A3 From kinetic considerations, the rate of a solvent-mediated conversion depends
mostly on the absolute and relative solubilities of the forms at a given temperature. The
solubility difference between the phases present in the mixtures is small and therefore the
driving force of solvent-mediated transformation is limited. Thus, at lower temperatures the
conversion was not complete, but at 50 °C the system could reach equilibrium, resulting in
pure Phase 1.A3
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A possible explanation of the limited difference in solubility may be the small difference in
the free energy of Phase 1 and Phase 2, which results only from the packing differences (see
Figure 7).A3 The transformation rate is defined by a balance of solubility and strength of the
solvent-solute interactions, mainly the hydrogen bonding interactions. Both the temperature
and degree of agitation influence the transformation rate.94
Since SLT hydrates are considered true polymorphs, possessing identical water content, it is
not the water activity which directs the crystallization, but the solvent media, through specific
solute-solvent interactions. As it is described in chapter 2.4.3., solvent-solute molecular
interactions can encourage the formation of certain inter- or intramolecular assemblies, and
can explain the appearance of a specific form in a given solvent.
Concerning idelalisib, Form I anhydrate proved to be the most stable form at 0% ≤ RH ≤
30% and when water activity was maximized (Figure 21).
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Figure 21. Stability results of idelalisib in 2-propanol-water mixtures at room temperature
Form III, the mixed solvate with 2-propanol and water, was found to be stable when
sufficient water and 2-propanol acitivity was present. Similarly to bosutinib IPA-2H2O both
solvent and water activity is essential for the maintenance of the structure and pure solvate
structure is not favoured. The results are in agreement with stability testing, as under nitrogen
(at ~0% RH) Form III started to transform to Form I anhydrate (Table 11).
For compounds in the solid state, environmental water activity refers to water vapour
pressure in the surrounding atmosphere. For solids suspended in liquid media, water activity in
the liquid phase defines which form will be produced.103
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5.2.5. Intrinsic dissolution rate
The dissolution rate and solubility in a solvent medium are one of the most important
characteristics of a drug substance, as these values determine the bioavailability of the drug for
its intended therapeutic use. Bosutinib belongs to BCS class IV (having low solubility and low
permeability), consequently solubility was a concern. To assess the potential differences in the
bioavailability and facilitate form selection, intrinsic dissolution rate measurements were
performed to study the relationship between the dissolution rate and the crystal structure as
IDR is independent of the size and the shape of the particles.177
Figure 22 shows the mean, relative intrinsic dissolution rates of the studied bosutinib forms
in the selected dissolution media at pH 4.5. The IDR values were calculated from the initial
linear portion of the dissolution curves and were normalized to 1H2O–I.A2

Figure 22. Relative intrinsic dissolution rate of bosutinib forms at pH 4.5
The hydrates possess lower thermodynamic activity in the applied media and are therefore in
a more stable state than their anhydrous counterpart.179 Solvates exhibit significantly faster
dissolution compared to 1H2O–I. The intrinsic dissolution rate of the forms containing organic
solvent is roughly twice higher than of 1H2O–I, the most stable form at ambient conditions.
The higher intrinsic dissolution rate of the solvates is caused by the negative Gibbs free energy
of mixing of the organic solvent with the aqueous media. The incorporated solvent is released
during dissolution of the solvate and it contributes to the Gibbs free energy of solution by
increasing the thermodynamic driving force for the dissolution process.52,180
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The mixed solvates, Diox-2H2O and IPA-2H2O showed comparable intrinsic dissolution
rates in accordance with their analogous crystal structure.A2 The pure solvate, 2-BuOH
dissolves slightly faster, but the difference between the IDR of mixed and pure solvates is not
significant.
7H2O showed the slowest intrinsic dissolution. One would anticipate that the order of the
hydrates’ IDR is inversely proportional to their stoichiometries, but not necessarily, as
dissolution rate does not reflect only the thermodynamic activity in the applied media, the
crystal lattice forces in the solid state are equally important. Unfortunately, the intrinsic
dissolution rate of 1H2O–II could not be recorded, due to its rapid transformation to 7H2O.
The relative IDRs for 1H2O–II (0.45) and 7H2O (0.44) are identical and the conversion was
confirmed offline by Raman spectroscopy. A2
The intrinsic dissolution rate of the amorphous phase and AH is not accurate. In the case of
the amorphous material slight gel formation was observed which probably hindered the
diffusion from the surface of the disc, and therefore the real intrinsic dissolution rate is
expected to be higher. During the analysis of AH, the initial part of the dissolution curve was
steep, the dissolution was really fast within the first two minutes, then the rate decreased. A2 No
transformation occured, the structure of the solid residue was confirmed offline by Raman
spectroscopy and XRPD. Our assumption is that however, the force used was sufficient to
form a non-disintegrating disk for the majority of solid forms investigated, but the properties
of the AH bulk powder did not enable adequate compaction. The disintegration of the surface
layer of the disc could result in the observed high initial dissolution rate. Therefore the second,
less steep part of the curve was applied in our calculations, which is not precise, as the
smoothness of the surface probably damaged to some extent.
The intrinsic dissolution rates of the solid forms in descending order are: AH >amorphous>
MeOH(H2O)>2-BuOH>IPA-2H2O>Diox-2H2O>2H2O>6H2O>1H2O-I>7H2O.A2
Intrinsic dissolution rate investigations reflect the lattice energies to some extent, but one
must consider the negative Gibbs free energy of mixing the released organic solvent and water
and therefore solvates’ dissolution rate is inevitably higher. The observed high intrinsic
dissolution rate of AH is plausible, as during solvation the previously unsatisfied functional
groups can engage in hydrogen bonding.A2
The dissolution results are in correlation with the water activity results, as in the applied
media 7H2O is the most stable form, hence it showed the slowest dissolution. Interestingly, the
other hydrates exhibit faster intrinsic dissolution than 1H2O-I despite having higher
stoichiometry. 1H2O-II, 2H2O and 6H2O disappeared in the competitive slurry experiments, as
they are in higher energy states (have higher solubility). Consequently, they dissolved and
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were replaced by the stable hydrates, 1H2O-I and 7H2O in suspension. Their higher energy
state compared to 1H2O-I are manifested in their faster dissolution rates.A2

5.2.6. Packing efficiency
Packing efficiency, measured by the packing coefficient, determines how tightly a molecule
packs in a crystal lattice.19,181 This quantity reflects the percentage of void space in molecular
crystals. Packing coefficients were calculated by Eq. (5):
F
C? = ZVBCD VE4DD
,

(5)

where Vmol is the molecular volume, Vcell is the volume of the unit cell, and Z is the number of
formula units in the unit cell. The results of the calculations are summarised in Figure 23.

Figure 23. Packing coefficient and crystal density of bosutinib forms at 120K
1H2O-I exhibits the highest crystal density in accordance with its superior stability. AH
showed the highest packing efficiency and the second highest density. This result is surprising
as bosutinib’s observed inability to form unsolvated crystals from common solvents could
imply that the molecules cannot pack efficiently with themselves. The results indicate that
energetically efficient packing is achieved also for AH, consisting of bosutinib molecules only
and thus, the lattice energy does not rely solely on the presence of strong H-bonds. Bosutinib
cannot readily give rise to unsolvated forms. Only one anhydrous form, AH was discovered,
which can only be obtained by non-traditional methods; offering a loophole to crystallize in
the absence of solvents providing strong H-bonds.A2
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In general, solvents are incorporated to stabilize the structures through decreasing the void
space and/or providing hydrogen bonding to surrounding API molecules. The majority of
compounds have contributions from both of these driving forces.19 In the case of bosutinib, the
stabilization effect of the solvents is not achieved by decreasing the void space as the solventfree structure is closely packed. The solvents are not utilized to fill the void space in the structures, but to satisfy previously unused hydrogen bonding capabilities in the host molecule,
which is further confirmed by the discriminative nature of solvate formation. The API incorporates only specific solvent molecules as essential components of the crystal structure, with
certain host-solvent interactions. The solvate selectivity is based on the solvents’ functionality
to provide strong intermolecular interactions. Multipoint hydrogen bonding is clearly a dominant factor that governs the inclusion of solvent molecules. A2
There is no significant variance in the packing coefficients, the difference between the most
and less efficiently packed structure is just 4.8%. The solvated forms have lower density and
packing efficiency values, but unlike AH, the solvates have a variety of intermolecular
hydrogen bonding motifs. Interestingly, the crystal density of Diox-2H2O is higher than of the
analogous IPA-2H2O, still the latter one exhibited higher physical stability (see 5.2.3). It is
worthy of note that there is no linear correlation between packing efficiency order and the
densities. This is a consequence of the conformational nature of bosutinib’s solid form
diversity, arising from flexible torsions and bond angles.

5.2.7. Conclusion
Following the discovery of solid forms a comprehensive characterization is required to assess
stability boundaries as a prerequisite to design a robust crystallization method of the selected
candidate. Understanding the solid form landscape and the investigation of which patent
non-infringing crystal form meets the requirements in terms of physical and chemical stability,
solubility, hygroscopicity, and mechanical properties will serve as a basis for selecting the
most suitable candidate. In general, the successful characterization of solvated crystal forms
requires additional techniques and strategies, and doubtlessly more effort in comparison with
solvent-free forms.
In this chapter, different solvates of the model compounds were studied by various
techniques aiming at understanding the role of solvent molecules in the structures. Since the
stability of a solvated form is governed by the role played by solvent molecules in the crystal
structure, understanding the desolvation mechanism is essential to rationalize form selection in
drug development. The classification of the phases together with their phase diagram provides
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a rationale for anticipating the direction and likelihood of transitions. Physical and chemical
stability must always be considered, which can be estimated by subjecting the phases to
accelerated stability and stress conditions. Concerning poorly water soluble compounds, the
rate of dissolution can be a critical factor in determining bioavailability.
The number and disposition of the hydrogen bond donors and acceptors in the structure of
bosutinib (see Table 1) do not enable strong hydrogen bonding in the solvent free structure.
The anhydrous form achieves lattice energy minimization by other, weak intermolecular
interactions. Nor the solvated forms possess hydrogen bonds between bosutinib molecules,
they are only connected through the guest molecules.A2 This supports the hypothesis that the
main contributing factor for the solvent inclusion is the effect of the extensive H-bond network
established by the solvent molecules. The stabilization effect of the solvents cannot be
ascribed to decrease the void space in the structures, as the anhydrate is closely packed.A2 The
guest molecules are utilised to satisfy the previously unused hydrogen bonding capabilities in
the host molecule. Bosutinib incorporates only specific solvent molecules as essential
components of the crystal structure, with certain host-solvent interactions. The solvate
selectivity is based on the solvents’ functionality to provide strong intermolecular
interactions.A2 The monohydrate form, 1H2O-I possesses higher stability at ambient conditions
than its anhydrous counterpart, by virtue of the greater number of intermolecular hydrogen
bonds in its crystal structure. Multipoint hydrogen bonding is clearly a dominant factor that
governs the inclusion of specific solvent molecules.A2
On the other hand, axitinib displays indiscriminative solvate formation, the API forms a
diverse set of solvated crystal structures, including numerous isostructural solvates, arising
from the conformational flexibility of the API. Isomorphic solvate formation is driven by the
presence of specific solvent–host interactions. In the cases presented, the role of the solvent is
to fill regular cavities in the lattice, resulting in multicomponent structures with extraordinary
thermal stability. This compound confirms the findings18 that the probability of solvate
formation increases with the lipophilicity of the drug molecule (see Table 1).
A diverse set of analytical investigations provided considerable insight into the structure of
the SLT hydrates.A1 The hydrogen tartrate molecules form infinite chains in the crystal
structures with the neighbouring chains crosslinked by hydrogen bonds, generating a twodimensional framework. Hydrogen bonded water molecules are located between the hydrogen
tartrate anionic sheets.A1 The tunnel-like structure together with the ionic character provides
optimal conditions for hydrate formation. Only hydrates are known, no anhydrous or solvated
form was discovered. The stoichiometric and non-stoichiometric characteristics of SLT
hydrates are contradictory. The fixed API/water ratio at ambient conditions corresponds to
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stoichiometric behaviour. This is further supported by the fact that water molecules stabilize
the crystal structures by providing additional interactions between sitagliptinium cations and
hydrogen tartrate anions. This interaction substantiates the observed high affinity of water
molecules to the API framework. On the other hand, their non-stoichiometric character is
evidenced by the VH-XRPD results and the superimposable sorption/desorption curves. The
existence of the isostructural dehydrates and the non-destructive process of the dehydration is
an unambiguous proof of the non-stoichiometric nature of the studied hydrates of sitagliptin Ltartrate.A1
In comparison with pure solvates containing organic solvents, mixed solvates might exhibit
higher stability, as their structure may be retained as long as sufficient water vapor is present,
but will desolvate upon storage under anhydrous conditions. It was demonstrated that
analogous structure does not necessarily infer similar behaviour and stability, furthermore the
main differences between stoichiometric and non-stoichiometric solvation were revealed.
Unambiguously, hydrates are the safest choice, as they can be the thermodynamically stable
form at ambient conditions, while solvates are always metastable removed from their mother
liquor. The application of mixed solvates might offer a compromise between these two groups,
but additional care must be taken in all cases to ensure physical stability over the entire shelf
life of the drug.
Understanding the underlying factors affecting solvate formation and the thermodynamic and
kinetic factors that dictate the stability of a solvated phase is essential in drug development to
mitigate the risk of unexpected phase transformations. Structural determination of the solvated
crystal lattice can provide valuable insight into the role of solvent in the crystal structure.
Thermal analysis and vapour sorption experiments can shed light on how loosely or tightly the
solvent molecule is bound in the crystal structure, while measurements under non-ambient
conditions will provide information about the stability boundaries. To highlight the potential
risks with each solid phase, a thorough understanding of the solid state properties is required,
which enable to adjust operational and formulation strategies and establish proper stability
protocols.
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5.3. Crystallization
5.3.1. Crystallization method development
Crystallization of pharmaceutical active ingredients, particularly those that possess multiple
polymorphic forms, is among the most critical pharmaceutical manufacturing processes.
Controlling polymorphism is a major issue both for research and for industry, presenting
substantial scientific and economical challenges. Metastable states are frequently encountered
in the crystallization of desired solid state modifications.182
Crystallization affects the efficiency of downstream operations such as filtration, drying, or
formulation, furthermore the efficacy of the drug may be dependent on the final crystal form.
To ensure consistent production of the desired polymorph, better control over the
crystallization process is required. Strategies for obtaining the desired phase include seeding,
choice of solvent, and crystal engineering.183
In the course of the ongoing development, an improved crystallization procedure for SLT
Phase 1 was required. Concomitant crystallization of Phase 1 and Phase 2 was observed in
larger scale and the filtration process was very slow.
The key step towards a robust crystallization process is the knowledge of the solid form
diversity and a detailed solid state characterization and polymorphic investigation which
provides an overview of the phase transformations and the relative thermodynamic stability of
the phases. The polymorphic forms of SLT have been thoroughly investigated and Phase 1
was selected as a lead candidate, because this form possesses the highest density and melting
point and has the lowest solubility in the majority of the solvents, including dissolution
media.A3
Direct design approach was used to determine and control the design space of the
crystallization process. This approach follows a solution concentration trajectory as a function
of temperature.184 During solvent selection of the crystallization process, the toxicity of the
solvent, the thermodynamic stability in the applied media, the solubility as a function of
temperature (the slope of the solubility curve and theoretical yield), and the influence on the
product purity must be taken into consideration. 2-propanol-water 8-2 V/V mixture was
selected for the crystallization of Phase 1, as it enabled better purification of the crude API. In
this media, the metastable zones of Phase 1 and Phase 2 overlap (Figure 24). The
conformation of Phase 1 and 2 is identical (Figure 7), which corresponds to the small
difference in the chemical potential between the polymorphs, resulting in similar solubility
profile and increases the probability of concomitant crystallization.185

76

Figure 24. Kinetic solubility curve of SLT Phase 1 and 2 in 2-propanol-water 8-2 V/V
mixture and the metastable zone limits at different cooling rates
According to Figure 24, the most favourable, seeded, cooling crystallization is feasible as
the slope of the solubility curve allows the application of this method. Designing the seeding
strategy various parameters must be taken into account, including seed size, seed loading and
seeding temperature (supersaturation level). In general, these parameters are defined based on
process kinetics and the targeted particle properties. In this case, sufficient amount of the
desired crystal form was required at the right point in the process in order to change the
previously poorly behaving, inconsistent crystallization process, to one that is reproducible
and produces the desired polymorph.
But while the solubility curve is a thermodynamic property of a given solvent-solute system,
the Metastable Zone Width (MSZW) is a kinetic boundary and can vary depending on process
parameters such as cooling rate, agitation or scale.186 The fast cool down (30 °C/h) produces
the largest metastable zone and the highest supersaturation at the time of spontaneous
nucleation, while the slow cool down (10 °C/h) produces a narrower metastable zone (Figure
24). This is an effect which must be taken into account when designing the seeding
temperature. Seeding should be carried out at a point reasonably close to the middle of the
metastable zone, using appropriate quality and quantity of seed. Typically, the amount used is
in the range of 0.1-5 wt% (with respect to the amount of starting material), although there are
exceptions.187
The application of seeding to control the polymorphic form requires that secondary
nucleation of the desired polymorph occurs with a considerable speed at a lower
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supersaturation than which needed for spontaneous nucleation of the undesired polymorph.
Consequently, the supersaturation is consumed by the nucleation and growth of the seeded
(desired) polymorph.188
Experiments were carried out in an endeavour to determine the most suitable concentration
trajectory for cooling crystallization of SLT Phase 1. The experiments were monitored by
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) and
Focused Beam Reflectance Measurement (FBRM) probes. Due to the low depth of the IR
beam which is in the order of 1-2 μm,189 the ATR probe could be applied to acquire the spectra
of liquid phase even in the presence of solid phase. Temperature variations influence the
baseline of the measured infrared signal, hence a baseline correction was applied to
compensate the temperature effect. An univariate peak area calibration is in principle able to
quantify liquid composition even for nonisothermal processes.190
In order to obtain a calibration model that is applicable over a wide range of process
conditions, an extensive calibration set was designed including samples in under- as well as in
supersaturated regions (Figure 25). According to our investigations, the signal intensity of the
selected band is mainly influenced by the concentration of SLT, and is almost insensitive to
temperature. Therefore a Classical Least Squares (CLS) calibration model (see supplementary
material Figures S4-S5) was built without additional temperature correction by applying the
Lambert-Beer law.4,191,A3

Figure 25. Absorbance of SLT solutions at 1006.6-1033.3 cm-1 of constant concentrations at
different temperatures
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Since concomitant crystallization was frequently encountered, additional care was taken in
choosing the correct seeding protocol. Primarily, 0.5% seed was applied at 60 °C to induce
crystallization (Figure 26, red curve). The relative supersaturation192 of Phase 1, G =

HFH ∗
H∗

,

where C is the actual concentration of SLT and C* is the solubility of SLT at the seeding
point, is 28% at this stage. As it is shown in Figure 26, the relatively small amount of seeds
(0.5% w/w with respect to the amount of SLT) is not sufficient to induce crystallization and
upon further cooling, the concentration remains constant until the metastable boundary is
reached. It is followed by a sudden decrease in the concentration as a result of spontaneous
nucleation, and concomitant crystallization of Phase 1 and Phase 2 is observed.A3 When
spontaneous nucleation occurs, as the Ostwald rule of stages implies, the metastable Phase 2
nucleates prior to the stable phase, meaning that kinetic factors prevail over thermodynamic
factors.
The results from the in-situ techniques, FBRM and FTIR were consistent with each other.
Monitoring the Chord Length Distribution (CLD) trends, it was visible that the seeding
crystals did not dissolve, but could not induce secondary nucleation and uncontrolled
nucleation occurred when the temperature has reached the metastable boundary (see
supplementary material, Figure S6).A3

Figure 26. Solubility curve for SLT Phase 1 in 2-propanol-water 8-2 V/V mixture with
overlaid concentration profiles
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It was found that at this level of supersaturation (σ=28%) 1% seed is around the critical
value, which was sufficient to induce crystallization (Figure 26, blue curve) and the
concentration profile did not reach the metastable zone limit. On the other hand, when 1%
seed was subjected at 55 °C, where the relative supersaturation of Phase 1 is 62.5%, the higher
supersaturation and the application of an isothermal hold period after seeding resulted in
excessive nucleation (Figure 26, green curve). At the beginning of crystallization, the surface
area of the crystals present in the slurry is low – meaning nucleation can dominate over
growth. The liquid concentration decreases rapidly during the isothermal hold period and
gradually approaches the solubility curve upon further cooling.
It is a good practice to implement an isothermal hold period after seeding. The function of
this technique is to allow an appropriate time for the seed to properly disperse and to relieve
the initial solution supersaturation. With decreasing solute concentration, the risk of
spontaneous nucleation diminishes.188 During investigation of the seeding parameters,
different seeding types were applied. Prior to addition, the seeding crystals were suspended in
the crystallization media at room temperature to activate the surface. However, the API under
consideration is not a highly potent drug, suspending the seeding crystals is beneficial at larger
scales (pilot plant and manufacturing) to decrease dust production and exposure. When aging
of the seeds193,194 was employed, the seeding crystals suspended in the applied solvent media
were subjected to Ostwald ripening. This kind of wet seed handling facilitates the introduction
to the crystalliser and is more effectively dispersed in the reactor.A3
When these needle-like particles (see Figure 28) were subjected to mechanical fracture
(sieving), the particles preferentially broke up along their shortest dimension. Hence the dry
application of these fractured particles lead to dendritic growth and agglomeration. The shape
of the square-weighted mean CLD was used as an indicator of agglomeration, A3 as it
emphasizes the coarse end of the distribution.186
All SLT forms show needle-shaped crystal habit which requires caution when interpreting
the chord length distribution measured by the FBRM probe. The CLD is the result of a
convolution between the Particle Size Distribution (PSD) and the particular shape of the
particles. Square-weighted CLD distribution places an emphasis on large chord length
characteristics, while non-weighted values place a similar emphasis on small chord length
characteristics. In this case, the non-weighted median chord length can be associated with
needle
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At the seeding point (marked by an orange triangle) the FBRM counts showed a steep
increase (Figure 27), accompanied by a fast decrease in solute concentration (Figure 26,
green curve).

Figure 27. CLD data during crystallization along with the cooling profile applying 0.5%
sieved, aged seed at 55 °C followed by an 1 hour isothermal hold. Time-averaging occured
over 10 measures. Temperature, Counts no Wt<10 µm, no Wt 10-150 µm, no Wt 150-1000
µm, median No wt, Mean Sqr wt
At the seeding point, the process is rather dominated by nucleation. As the solute
concentration approaches the solubility curve, the process evolves into a growth-dominated
region. Therefore the slope of the FBRM trends decrease as only small changes in the amount
of crystals are detected, implying that the population counts reached equilibrium. A3 At this
temperature plateau the needles can grow significantly, their length can reach 400 μm, as it
was proven by ParticleView V19 probe (Figure 28).
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Figure 28. SLT needles in the crystallization medium during the isothermal hold period
at 55 °C recorded by ParticleView V19
In order to enhance growth, no cooling was applied first (during the isothermal hold period),
when the surface area is limited. This kept supersaturation low for an extended period of time.
After some time, when surface area has been increased, cooling can be initiated, while still
favouring growth.199 This approach aimed to create a rational compromise between controlling
supersaturation and excessive nucleation in order to assure the desired polymorph while
enabling particle size adjustment. The increase in the number of small chord lengths upon
cooling (Figure 27) does not necessarily imply further nucleation. Considering the needle-like
morphology, it can be an indicative of crystal growth. Upon cooling, loosely bound aggregates
can form from the needles, which break up upon further stirring.
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5.3.2. Design of Experiment
Recently, there has been growing interest in the use of statistical modelling and computer
simulation of experiments that enable rapid, cost-effective predictive models for process
development. In screening studies, scientists can input numerous variables into Design of
Experiment (DoE) softwares to determine which factors have the highest impact on the
responses. DoE is a fast and powerful way to screen multiple variables in parallel rather than
testing one factor at a time. Following the screening, DoE can be utilised for optimisation,
where the significant factors identified in the screening can be examined in more detail.200
This allows the analysis of the input variables against output responses, with the aim of
achieving a deeper understanding of the effect of varying crystallization conditions.111
In larger scale there were batch to batch variations in the polymorphic outcome (pure Phase 1
or Phase 1-Phase 2 mixture was obtained), even though the batches were produced using the
same crystallization method. Furthermore, the filtration time of the batches was very long.
Therefore, five process parameters were investigated that affect the product quality in the
crystallization procedure (seed amount: 1-3%, seed quality: sieved or non-sieved (but always
aged), stirring rate: 270-350 rpm, cooling rate: 10-30 °C/h, and the duration of the isothermal
hold period after seeding: 0-120 minutes) and carried out screening experiments. Ranges were
selected based on prior knowledge, realistic manufacturing operability, and desired design
space flexibility. Seeding temperature was set at 55 °C, because it showed better control over
the polymorphic form. The parameters of the experimental design and the results are provided
in Table 12.
In the screening, 20 experiments (25-1 factorial design + 4 centrum points) were performed,
corresponding to a balanced and orthogonal arrangement of experiments. This design enabled
the assessment of one factor independent of other factors.
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Table 12. Experimental conditions and results in screening experiments (entries 1−20),
optimization experiments (entries 21−29) and verification experiments (entries 30-31),
Exp. No

Energy
Filtration
Seed
Cooling Stirring
Filtration
Run
dissipation Isotherm Yield time of the
amount Seed quality
rate
rate
speed Solid form
Order
rate
(min)
(%)
first 30
(%)
°C/h
(rpm)
(cm/min)
(W/m3)
cm3 (s)

1

3

1

Sieved

10

270

121

120

87

78

0,82

Phase 1

2

12

3

Sieved

10

270

121

0

89

79

0,81

Phase 1

3

9

1

Non-sieved

10

270

121

0

88

84

0,76

Phase 1

4

2

3

Non-sieved

10

270

121

120

90

60

1,06

Phase 1

5

18

1

Sieved

30

270

121

0
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It is worthy of note that all experiments yielded pure Phase 1 crystals (Table 12), despite the
various conditions applied. Therefore it can be concluded that the seeding protocol was
selected correctly and is robust enough to avoid concomitant crystallization of the unwanted
polymorph.
The Pareto chart of the screening experiments (see supplementary material, Figure S7)
shows that the stirring rate is statistically insignificant. It is advantageous, because agitation is
notoriously challenging to scale-up.201
According to Figure 29, the cooling rate and isothermal hold period after seeding has the
highest impact on the filtration speed, followed by the seed quality and quantity.

Figure 29. Profiles of desirability of the factors applied in the screening
For a growth dominated crystallization, the seed material is often milled/sieved, but these
sieved crystals may possess multiple fractured edges that can act as nucleation and growth
sites, resulting in dendritic crystal growth, yielding agglomerated structures202 (Figure 30 and
supplementary material Figure S8), therefore the application of sieved seeding crystals was
excluded from the optimization.
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Figure 30. SLT agglomerates in the crystallization media recorded by ParticleView V19
Stirring rate appeared to have minimal effect on filtration properties. It is probably due to the
fact that the applied range was selected to satisfy the criteria of sufficient micromixing. The
reactor was agitated by a four-blade impeller (diameter 0.038 m), which was set to 270-350
rpm. The required stirrer speed was calculated from the power number, Np so as to achieve
energy dissipation rate around 120 W/m3 (see Table 12), which is recommended in order to
obtain sufficient micromixing.203 The power number, Np204 is defined as Eq. (6):

N =

KL

(6)

MN OP Q

where n is the rate of agitation (rpm), d is the diameter of agitator (m), ρ is the solution density
(kg/m3), P is the energy dissipation rate per volume (W/m3), and V is the volume of the liquid
phase (m3). For the type of impeller used, the value of Np is 1.3. However, even the lowest
applied stirring rate (270 rpm) satisfies the criteria of sufficient micromixing and did not affect
the filtration properties significantly, it was observed that especially with higher cooling rates,
a viscous suspension formed which required elevated agitation. Therefore the stirring rate was
set at 310 rpm in the optimization.
Based on Figure 29, longer isothermal hold period is favoured to improve the filtration rate.
The length of the isothermal hold period was fixed at 120 minutes in the optimization
experiments, not to result in uneconomically long batch times when low cooling rate was
applied. The quality of the seeding crystals was kept non-sieved in order to mitigate
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agglomeration. The seeding amount was kept in the same range, but the experimental range of
cooling rate has been modified to 5-10 °C/h, as the screening results indicated that lower
cooling rate yields higher filtration speed. The optimisation corresponded to a composite
central design.
Response surface models were created to determine the optimal conditions for the process
parameters identified in the optimization stage. The response surface plot (Figure 31) shows
that the highest filtration rate is achieved applying the lowest cooling rate and lowest amount
of seeding crystals.

Figure 31. Response surface plot: filtration speed as a function of seed amount and cooling
rate
The results (Figure 29 and 31) indicate that the parameters enhancing crystal growth
improves the filtration rate. During the isothermal hold period, supersaturation is maintained
low for a longer period of time which provides good conditions for crystal growth. The
cooling profile determines whether nucleation or growth dominates. Rapid cooling and the
lack of an isothermal hold results in more fines, while slow cooling facilitates growth. In
general, smaller crystals are produced when a higher seed load is used.202 The applied
isothermal hold period after seeding followed by slow cooling provides optimal conditions for
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crystal growth as it was shown in Figure 28. This enabled the growth of the particles and
therefore improved the filterability.
Verification experiments were performed under the derived optimal conditions in the same
scale as screening and optimization experiments (100 mL), and in 1L scale. The quality of a
crystallization process is defined by the following downstream operations such as filtration.
Therefore the original crystallization method and the new, improved method were compared in
terms of filtration properties to assess and quantify the achieved improvement.

5.3.3. Filtration
In an attempt to compare the filtration properties of the crystallization methods, the
experiments were performed in 1 liter scale and constant pressure cake filtration was applied
by means of a vacuum pump. The basic filtration equation, Eq. (7)205 can be solved
analytically if one parameter is held constant.
+R
" +S

=

"∆T
U VWRX"Y-

(7)

where A is the filter area, dV/dt is the volume flow rate of filtrate, ∆p is the pressure
difference, α is the specific cake resistance, x is the mass of solids per unit volume of liquid, V
is the volume of filtrate, and Rm is the resistance of the filter medium. Using vacuum filtration
at a constant pressure, plotting t/V against V leads to a straight line (Figure 32). From the
intercept and the slope, the cake resistance and the medium resistance can be determined by
linear regression.205
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Figure 32. t/V –V relationship of constant pressure data for the old and new crystallization
method
The specific cake resistance, α was calculated according to Eq. (8):208

Z=

∗"% ∗∆T∗H

(8)

W∗U

Based on the calculations, both filtrations are moderately easy as characterised by the
magnitude of the specific cake resistance (Table 13).
Table 13. Measured and calculated filtration parameters
Old method
4

New method
2*104

Pressure difference, ∆p (Pa)

2*10

Filter area, A (m2)

6.36 *10-3

6.36 *10-3

Filtrate viscosity, μ (Pas)

2.53*10-3

2.57*10-3

845

855

62.48

62.16

Slope of t/V-V relationship, c (s/m6)

7.42*109

5.91*109

Specific cake resistance, α (m/kg)

7.58*1010

5.98*1010

Medium resistance, Rm (1/m)

4*1010

3.7*1010

Filtrate density, ρf (kg/m3)
3

Solid concentration, x (kg/m )
(mass of dry cake/volume of filtrate)

The new method is considerably, 15% faster (see supplementary information Figure S9) and
the specific resistance of the cake is lower, 5.98*1010 m/kg instead of 7.58*1010 m/kg, which
corresponds to the lower amount of fines in the suspension. The material crystallised by the
new, improved method has bigger particle size that shortens the time required for deliquoring
and increases cake permeability. The compressibility factor was also determined when the
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applied pressure was increased incrementally during filtration. The compression index, s for
the old method is 0.11 and 0.22 for the new method. When n~1, the cake is regarded as very
compressible, while n ≥ 0.2 suggests that the cake is almost incompressible.207 Thus both
materials are regarded as incompressible.
The observed differences account for the differences in the particle size. Sitagliptin has been
designated as highly soluble drug according to the Biopharmaceutics Classification System
and is not a low dose API, which alleviated any concerns that bioavailability might be
adversely affected by changes in drug substance’s particle size distribution. In order to achieve
bigger differences in the filtration properties, the solvent media should be exchanged in an
attempt to change the morphology (and aspect ratio) of the crystals. An appropriate choice of
solvent can have a dramatic effect on the outcome of a crystallization process. Needle-like
particles of very low aspect ratio, like in this particular case, tend to ball up during filtration
which can lead to handling problems and reduced rates of filtration.208

5.3.4. Conclusion
The goal of this chapter was to highlight the complexity of crystallization method
development. The presented case study points out the importance of seeding strategy to ensure
polymorphic purity of the compound. Knowledge of the phase diagram of a solvent-solute
system with different polymorphs is necessary but often insufficient for the development of a
crystallization process enabling a specific polymorph to be obtained.
A systematic procedure was applied for identifying the operating conditions for a seeded,
cooling crystallization process which minimizes the risk of concomitant crystallization and
offers higher filtration rate. This involved the determination of the solubility curve and
metastable limit by a turbidity sensor and using the metastable zone as a guide, crystallization
experiments with varying seeding protocols were conducted and monitored. The evolution of
the solution concentration and chord length distribution was determined by ATR-FTIR and
FBRM probes, respectively. The experimental work described demonstrates the use of process
analytical techniques: FBRM, PVM and ATR-FTIR probes in real-time monitoring and
control of a pharmaceutical crystallization process.A3
During the initial development, the point of seeding was set quite arbitrarily. The conditions
used for the crystallization were reworked to ensure a stable process. The process parameters
for crystallization of SLT Phase 1 were screened and optimized, verification experiments were
performed, and an improved process was established, which ensured polymorphic purity and
15% higher filtration rate.
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6. SUMMARY
A primary goal of this work was to achieve deeper understanding of solvated/hydrated
crystal forms in terms of discovery, characterization and crystallization thereof.
The work presented in this thesis aimed to elaborate an extended screening methodology for
exploring physical form diversity with particular focus on solvated/hydrated forms.
Competitive slurry experiments were implemented in the conventional screening strategy. The
experimental slurry parameters used in the screen were studied and optimized by means of
various model compounds. The application of this extended screening methodology showed
improved applicability, and led to the discovery of numerous (solvated) solid forms.U1,U2
A screening strategy should take into consideration the solubility of the compound. In
general, it is not practical to use solvents in which the solubility of the compound is so high
that it would inhibit crystallization and provide amorphous, viscous outcomes. On the other
hand, poor solubility may impede crystallization from solution and restrain the application of
diverse crystallization conditions. Therefore, in order to save time and resources, a screening
strategy, a decision tree was proposed which takes into account the solubility of the substance.
The range covered by the operating conditions is wider in the case of crystallization from
solution than in slurry, thus these techniques should be viewed as complementary approaches,
which enables to explore the entire solid form landscape and gain invaluable information
about the behaviour of the compound of interest.
The reliability of solvent-mediated polymorphic transformation for generating stable forms
(anhydrate/hydrate/solvate) is not without limitations. The presence of impurities, even in
trace amounts, may inhibit nucleation of certain phases.163 Lack of adequate solubility or
inhibition of nucleation due to solvent-solute interactions, may also preclude transformation to
the stable form.94 By the application of amorphous starting material, diverse set of solvents,
and temperature cycles to facilitate the dissolution-recrystallization mechanism leading to the
stable form, the risk of overlooking a relevant solid form can be significantly mitigated.
Following the discovery of solid forms, a comprehensive characterization is required.
Different model compounds with diverse properties and solid form landscape were
investigated by various analytical techniques including thermal analysis, dynamic vapour
sorption, critical water activity investigation, stability testing, intrinsic dissolution rate
measurement, variable humidity powder X-ray diffraction and single crystal X-ray diffraction
to rationalize the propensity to solvate/hydrate formation and to assess their stability and
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pharmaceutical applicability with regard to the solvate/hydrate classification.A1,A2 The applied
diverse set of analytical techniques shed light on the arrangement of solvent molecules in the
structures and contributed to the understanding of the structure-property relationships.
Since the stability of a solvated form is governed by the role played by solvent molecules in
the crystal structure, understanding the underlying factors affecting solvate formation and the
thermodynamic and kinetic factors that dictate the stability of a solvated phase is essential in
drug development to mitigate the risk of unexpected phase transformations and rationalize
form selection.
It is important to emphasize that stability boundaries and potential transformation pathways
of solid forms are defined by the solid form landscape, which is different from compound to
compound. This necessitates the application of a comprehensive screening method, as the
identification of all relevant forms contributes to the overall understanding of solid form
diversity and behaviour, allows the determination of key parameters for designing the final
crystallization procedure, and ensures to obtain the best possible intellectual property
protection.
Elucidating the propensity to solvate formation is a challenging task and requires the
interplay of various analytical techniques. The number and disposition of the hydrogen bond
donors and acceptors in the structure of bosutinib do not enable strong hydrogen bonding in
the solvent-free structure. The stabilization effect of the solvents cannot be ascribed to
decrease the void space in the structures, as the anhydrate is closely packed. The solvent
molecules are utilised to satisfy the previously unused hydrogen bonding capabilities in the
host molecule. The solvent selectivity of bosutinib is based on the solvents’ functionality to
provide strong intermolecular interactions. Multipoint hydrogen bonding is clearly a dominant
factor that governs the inclusion of specific solvent molecules. A2
Numerous solvated compounds were investigated by various analytical methods including
thermal analysis, calculated binding energy, intrinsic dissolution rate, packing efficiency,
critical solvent activity and physical stability in order to assess their stability and behaviour. It
was demonstrated that solvate stability is a really complex phenomenon, and the combination
of various solid state analytical techniques is required in order to select a suitable solid form. It
was shown that analogous structure does not necessarily infer analogous stability and that even
a kinetically preferred form may act as suitable candidate. Unambiguously, hydrates possess
higher physical stability, compared to solvates, but mixed solvates might offer a rational
compromise between physical stability and dissolution rate enhancement.A2
The differences between distinct solvate classes and between stoichiometric and nonstoichiometric solvation were highlighted. It was demonstrated that the strongest binding
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interactions are present in isolated site solvates. On the contrary, in the case of isostructural
solvates it is not the strength of the host-guest interactions, rather the geometric blocking of
the solvent release which results in substantial thermal stability. With regard to channel
solvates, the binding energy is a function of the channel diameter and the strength of the hostguest interactions. The physical stability of these solvates in the solid state is defined by the
binding interactions and packing efficiency (diameter of the channel), therefore stoichiometric
solvates usually exhibit increased physical stability compared to non-stoichiometric ones. On
the other hand, a non-stoichiometric solvate might accomodate to various solvent activity
levels, thus may form over a wide range of solvent activity levels. Solvates incorporating
organic solvents are always metastable removed from their mother liquor. As opposed to
solvates containing organic solvent, hydrates are often the most stable form at ambient
conditions. It was demonstrated that both stoichiometric (bosutinib) and non-stoichiometric
(sitagliptin L-tartrate) hydrates might be eligible for pharmaceutical development.
A diverse set of analytical investigations provided considerable insight into the structure of
the SLT hydrates. The tunnel-like structure together with the ionic character provides optimal
conditions for hydrate formation. The high affinity of water to the API framework is
demonstrated by the fixed API/water ratio at ambient conditions and by the nearly vertical
vapour sorption isotherm at low RH levels. The crystal structures showed that water molecules
stabilize the crystal lattices by providing additional interactions between sitagliptinium cations
and hydrogen tartrate anions. On the other hand, their non-stoichiometric character is
evidenced by the VH-XRPD results and the superimposable sorption/desorption curves. The
existence of isostructural dehydrates and the non-destructive process of dehydration is an
unambiguous proof of the non-stoichiometric nature of the studied hydrates of sitagliptin Ltartrate.A1
Once a solid form has been selected, a crystallization method is required to produce the
desired form in a consistent and reproducible manner. In order to ensure robust crystallization
of the selected candidate, it is essential to adopt process analytical techniques and to exploit
the gathered analytical information and knowledge of transformation pathways between
various forms.
A systematic procedure was applied for identifying the operating conditions for a seeded,
cooling crystallization process of sitagliptin L-tartrate Phase 1. A3 This involved the
determination of the solubility curve and metastable limit by a turbidity sensor and using the
metastable zone as a guide, crystallization experiments with varying seeding protocols were
conducted and monitored. FTIR calibration was established which allowed concentration
monitoring of SLT in the crystallization media. The evolution of the chord length distribution
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was monitored by FBRM probe, while the particle size and shape was followed by
ParticleView V19 probe. A cooling, seeded crystallization process was developed which
reproducibly provides the selected polymorph with 15% higher filtration rate.A3
The goal of the thesis work presented here was to provide an overview of the underlying
factors that influence the screening, solid state properties and stability of solvated/hydrated
compounds and to highlight the complexity of solid state development. A deep understanding
of the crystal form landscape, physicochemical properties, crystallization process parameters
and their influence on the following unit operations contributes to a comprehensive overview
of solid state development and facilitates pieces of the drug development puzzle falling into
place.
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7. NOVEL SCIENTIFIC FINDINGS
1. An extended solid form screening methodology was elaborated aiming to explore the entire
solid form landscape of an API including thermodynamically as well as kinetically
favoured phases, with particular focus on solvated forms. Crystallization from solution, the
main technique used in conventional solid form screening was complemented by slurry
(maturation) experiments in order to increase the hit rate of the screening. The experimental
slurry parameters were investigated and optimized. A screening strategy, a decision tree
was proposed, which takes into account the solubility of the API. The application of this
extended screening methodology showed improved applicability, and led to the discovery
of more solid forms, manifested in two utility models.U1,U2
2. I rationalized Bosutinib’s high propensity to solvate formation. The number and disposition
of the hydrogen bond donors and acceptors do not enable strong hydrogen bonding in the
solvent free structure. The stabilization effect of the solvents cannot be ascribed to decrease
the void space in the structures, the solvents are utilised to satisfy the previously unused
hydrogen bonding capabilities in the host molecule. Discriminative solvate formation is
clearly governed by multipoint hydrogen bonding established by the solvent molecules. A2
3. It was revealed by means of thermal analysis, intrinsic dissolution rate, packing efficiency,
critical solvent activity and physical stability testing that analogous structure does not
necessarily infer analogous stability, furthermore the main differences between
stoichiometric and non-stoichiometric solvation and between individual solvate classes
were highlighted. Unambiguously, hydrates possess higher physical stability compared to
solvates, but it was revealed that mixed solvates might offer a rational compromise between
physical stability and dissolution rate enhancement.A2
4. I elucidated that sitagliptin L-tartrate hydrates are by definition non-stoichiometric
hydrates. Despite their fixed water content and high affinity to water, the existence of
isostructural dehydrates and the non-destructive process of the dehydration is an
unambiguous proof of their non-stoichiometric nature. Non-stoichiometric hydration is
generally undesirable in the pharmaceutical industry, but I have demonstrated that in
exceptional cases, non-stoichiometric hydrates can also act as suitable candidates for
further development.A1
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5. A systematic procedure and process analytical techniques (FBRM, PVM and ATR-FTIR
probes) were applied for identifying the operating conditions for a seeded, cooling crystallization process of sitagliptin L-tartrate Phase 1, which reproducibly provides the selected
polymorph with 15% higher filtration rate than the original, not optimized process.A3
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SUPPLEMENTARY MATERIAL
Table S1. Conventional polymorph screening results of bosutinib
Polymorph screening
Bosutinib

slurrying
SL

slow cooling

shock cooling

slow evaporation

quick evaporation

SC

QC

SE

QE

AE

aceton

Mixture

Mixture

Mixture

Amorphous + Mixture

AN

acetonitrile

Mixture

Mixture

Mixture

Mixture

BA

butyl acetate

Mixture

Mixture

Mixture

Phase 5

BU

2-butanon

Mixture

Mixture

Mixture

Form V

CF

chloroform

Mixture

Amorphous

CH

cyclohexane

Amorphous + Mixture

DE

diethyl ether

Mixture

DI

dioxane

Mixture

Mixture

DM

dichloromethane

Mixture

Dihydrate (Phase 6)

Mixture

Amorphous

DS

dimethyl sulfoxide

Mixture

Mixture

DW

water –dioxane (1-1)

Mixture

Mixture

Mixture

Mixture

EA

ethyl acetate

Mixture

Mixture

Mixture

Phase 4

ET

ethanol

Phase 3

Phase 3

Phase 3

Mixture

EW

75% ethanol

Mixture

Mixture

Mixture

Mixture

IP

2-propanol

Mixture

Mixture

Mixture

Amorphous

ME

methanol

Phase 2

Phase 2

Phase 2

Phase 2

MP

4-methyl-2-pentanone

Mixture

Mixture

Mixture

Phase 4

NH

n-hexane

TH

tetrahydrofurane

Mixture

Mixture

Mixture

Amorphous

TO

toluene

Mixture

Mixture

Mixture

Amorphous

XY

xylene

Mixture

Mixture

Mixture

Amorphous

WA

water

Mixture

Heptahydrate + Form I

Table S2. Conventional polymorph screening results of idelalisib
Polymorph screening
Idelalisib

slurrying

slow cooling

shock cooling

slow evaporation

quick evaporation

SL

SC

QC

SE

QE

AE aceton

Form I

Form I

Form I

amorphous+Form I

Form I + II

amorphous

amorphous

amorphous

BA butyl acetate

Form I

Acetonitrile-water
mixed solvate
amorphous

BU 2-butanon

Form I

Form I

Form I

amorph + Form I

amorphous

amorphous

amorphous

amorphous

Form VI

amorphous

Form VI with
crystalline admix

amorphous + adm
(Form I + Form VI)

amorphous

amorphous

amorphous

Form VI

Form I

amorphous

Form II

Form I

Form VI with
crystalline admix
amorphous

amorphous + adm
(Form I + Form VI)
amorphous

AN acetonitrile

Form I + II

CF chloroform
CH cyclohexane

Form I

DE diethyl ether

Form I

DI 1,4-dioxane
DM dichloromethane
DS dimethyl sulfoxide
DW water:1,4-dioxane 1:1
EA ethyl acetate

Form I + Form VI

amorphous

Form I

amorphous

ET ethanol

Form I

Form I

Form I + II

amorphous

EW ethanol:water 1:1

Form I

Form VII

amorphous

Form I

Form I

Form I

amorphous

amorphous

IP 2-propanol
ME methanol
MP 4-methyl-2-pentanone
NH n-hexane

Form I + II

amorphous

Form I + II

amorphous

Form I

amorphous

amorphous

amorphous

amorphous

amorphous

Form VI

Form VI

Form I

TH tetrahydrofurane
TO toluene

Form I

XY xylene

Form I

WA water

Form I
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Table S3. Conventional polymorph screening results of sitagliptin L-tartrate
Polymorph screening
Sitagliptin L-tartrate
AE

slurrying

slow cooling

shock cooling

slow evaporation

quick evaporation

SL

SC

QC

SE

QE

aceton

Phase 1

AN

acetonitrile

Phase 1

BA

butyl acetate

Phase 1

BU

2-butanon

Phase 1

CF

chloroform

Phase 1

CH

cyclohexane

Phase 1

DE

diethyl ether

Phase 1

DI

dioxane

Phase 1

DM

dichloromethane

Phase 1

DS

dimethyl sulfoxide

DW

water:1,4-dioxane 1:1

EA

ethyl acetate

Phase 1

ET

ethanol

Phase 1

EW

ethanol:water 3:1

IP

2-propanol

Phase 1

ME

methanol

Phase 1

MP

4-methyl-2-pentanone

Phase 1

NH

n-hexane

Phase 1
Phase 1

Phase 2 +
admixture Phase 1

TH

tetrahydrofurane

TO

toluene

Phase 1

XY

xylene

Phase 1

WA

water

Phase 3

Phase 2 + adm
Phase 1, Phase 3

Phase 1

Phase 1

Phase 1

Phase 2

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Table S4. Conventional polymorph screening results of sofosbuvir

AE

aceton

slow
cooling
SC
Amorphous

AN

acetonitrile

Amorphous

BA
BU
CF
CH
DE
DI
DM
DS
DW
EA
ET
EW
IP
ME
MP
NH
TH
TO
XY
WA

butyl acetate
2-butanon
chloroform
Amorphous
cyclohexane
Form 1
diethyl ether
dioxane
dichloromethane
dimethyl sulfoxide
water –dioxane (1-1)
ethyl acetate
ethanol
75% ethanol
2-propanol
methanol
4-methyl-2-pentanone
Form 1
n-hexane
tetrahydrofurane
Form 1
toluene
Form 1
xylene
water

Polymorph screening
Sofosbuvir

slurrying
SL

quick
cooling
QC

Amorphous
Amorphous

Form 1
Amorphous
Amorphous

Amorphous

Amorphous
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Form 1

slow
evaporation
SE
Amorphous
Form 1 +
Amorphous
Amorphous
Amorphous
Amorphous

quick
evaporation
QE
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous

Form 1

Amorphous
Form 1

Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous

Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous

Amorphous

Amorphous

Figure S1. Comparison of XRPD patterns of axitinib phases

Figure S2. Vapour sorption isotherm of bosutinib IPA-2H2O
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Figure S3. Overlay of bosutinib structures of IPA-2H2O, Diox-2H2O and DMSO-3H2O
showing their identical packing (left) and overlay of the asymmetric part of the unit cells
showing the identical position of host molecules (right)

Figure S4. IR spectrum of SLT in 2-propanol-water 8-2 V/V mixture, the applied peak is
marked with an arrow
Details of the CLS calibration:
Number of samples: 16 calibration spectra, 2 validation spectra
Applied spectrum range: 1006.6-1033.3 cm-1
Baseline type: two points: 1004.7-1006.6 and 1033.3-1035.6 cm-1, minimum in range
Concentration range: 0-80 mg/mL
RMSEC= 0.714 and RMSEP=0.143
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Calibration was performed using various concentrations including spectra of the same
concentrations, measured at different temperatures. The spectrum range was applied after

83

baseline correction of the original spectra. Excellent linearity was obtained (Figure 14).

Calculated

SLT
RMSEC: 0.714 Corr. Coeff.: 0.9996
RMSEP: 0.143 Corr. Coeff.: 1.0000

-2

Calibration
Validation
Correction
Cross-correction
Ignore

-2

Actual
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Figure S5.IR calibration curve for SLT: concentration versus spectrum range in the 10061033cm -1 wavenumber region measured in 2-propanol-water 8-2 V/V mixture

Figure S6. CLD data during crystallization along with the cooling profile applying 0.5% nonsieved seed at 60 °C, seeding is marked with an orange triangle
Counts no Wt<10 µm, no Wt 10-100 µm, , median No wt, Mean Sqr wt
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Figure S7. Pareto chart of DOE screening

Figure S8. CLD data during crystallization along with the cooling profile applying 0.5%
sieved, aged seed at 55 °C followed by an 1 hour isotherm
Temperature, Counts no Wt<10 µm, no Wt 10-100 µm, no Wt 100-1000 µm, median
No wt, Mean Sqr wt
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Figure S9. V-t relationship for the old and new crystallization method
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