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                                                     ABSTRACT 

 

SUPRAMOLECULAR SYNTHESIS AND CHARACTERIZATION OF NEW 

MULTICOMPONENT FORMS OF FLUCONAZOLE 

Active Pharmaceutical Ingredient (API) is the therapeutic constituent that defines the 

pharmacological properties and performance of the drug. Their qualities vary due to 

their respective physicochemical and pharmacological properties/parameters like 

solubility, dissolution rate, bioavailability and stability. Orally administered must 

present adequate parameters for an effective absorption into the systemic circulation 

for an optimal pharmacological response. Crystal engineering is an established route 

through which the problematic physicochemical and pharmacological properties of 

an API is optimized and re-addressed by using a new solid form, which is reached 

via supramolecular synthesis through synthon interactions of an API and a 

conformer molecule. Therefore, the selection of complementary API/coformer for the 

design of multicomponent structures via intermolecular interactions is achieved 

using tools like multicomponent screening wizard of MERCURY program and the 

pKa rule. This thesis presents a reproducible crystallization route for the synthesis 

of new pharmaceutical cocrystals and a salt of fluconazole (FLZ), an antifungal 

multifunctional drug. The selected coformers were the dicarboxylic acids adipic, 

dipicolinic, oxalic, fumaric and malic, which showed strong intermolecular 

interactions like O−H∙∙∙N and O−H∙∙∙O (hydrogen bond) between FLZ molecule and 

the dicarboxylic acid. Herein, we reported four new pharmaceutical cocrystal forms; 

(1:1:1) fluconazole-fumaric acid monohydrate, (1:1) fluconazole-malic acid, (1:1) 

fluconazole-dipicolinic acid and (1:1) fluconazole-adipic acid. In addition, a stable 

(1:1) fluconazolium oxalate salt was synthesized through protonation (H+) of API, i.e. 

a FLZ cation with an oxalate anion through N+‒H∙∙∙O− ionic bond and O–H∙∙∙O 

hydrogen bond. All these new structures present better solubility compared to the 

commercialized form. The combination of spectroscopy techniques (Raman/FTIR) 

and principal component analysis (PCA) was employed as tool for visualizing and 

screening the spectra obtained from the products of the supramolecular synthesis, 

therefore, facilitate the discrimination of physical mixtures of API and coformers from 
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new desired crystal structures. The structural properties characterizations of all 

these reported structures was performed using X-ray diffraction (powder and single 

crystal), Spectroscopy (Raman and FTIR) and thermal analysis (DSC, TGA, and 

HSM). UV-vis spectrophotometry was employed for the determination of aqueous 

solubility of new crystalline structures. The results in this thesis will be present as the 

published papers, and annexed at the end of this thesis: Annex I – Fluconazolium 

oxalate: synthesis and structural characterization of a highly soluble crystalline form, 

CrystEngComm, 21, 1114 - 1121, 2019; Annex II – Fluconazole: Synthesis and 

Structural Characterization of Four New Pharmaceutical Cocrystal Forms, Crystal 

Growth & Design, 19, 648 - 657, 2019. 
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                                                        RESUMO 

 

SÍNTESE SUPRAMOLECULAR E CARACTERIZAÇÃO DE NOVAS FORMAS 

MULTICOMPONENTES DE FLUCONAZOL 

O Ingrediente Farmacêutico Ativo (API) é o constituinte terapêutico que define as 

propriedades farmacológicas e o desempenho de uma droga. Suas qualidades 

variam devido as suas respectivas propriedades físico-químicas e farmacológicas e 

parâmetros como a solubilidade, taxa de dissolução, biodisponibilidade e 

estabilidade. A administração oral deve apresentar parâmetros adequados para 

uma absorção eficaz na circulação sistêmica para obter uma resposta farmacológica 

ótima. A engenharia de cristais é uma rota estabelecida através da qual as 

propriedades físico-químicas e farmacológicas desfavoráveis de uma API são 

otimizadas e modificadas utilizando uma nova forma sólida, a qual é obtida via 

síntese supramolecular através das interações entre síntons de um API e de uma 

molécula coformadora. Portanto, a seleção de API/coformador complementares 

para o design de estruturas multicomponentes por meio de interações 

intermoleculares é obtida usando ferramentas como o assistente de triagem 

multicomponente do programa MERCURY e a regra do pKa. Esta tese apresenta 

rotas de cristalização reprodutíveis para a síntese de novos cocristais e um sal de 

fluconazol (FLZ), um fármaco antifúngico. Os coformadores selecionados foram os 

ácidos dicarboxílicos adípico, dipicolínico, oxálico, fumárico e málico, os quais 

formaram fortes ligações intermoleculares através de interações como O−H∙∙∙N e 

O−H∙∙∙O (ligações de hidrogênio) entre o FLZ e os ácidos dicarboxílicos. Aqui, 

relatamos quatro formas farmacêuticas de cocristal; (1:1:1) ácido fumárico-

fluconazol monohidrato, (1:1) ácido málico-fluconazol, (1:1) ácido dipicolínico-

fluconazol e (1:1) ácido adípico-fluconazol. Além disso, um sal estável de oxalato 

de fluconazol (1:1) foi sintetizado por meio da protonação do API, isto é, um cátion 

FLZ e ânion oxalato através da ligação iônica N+‒H∙∙∙O- e de hidrogênio O‒H∙∙∙O. 

Todas essas novas estruturas apresentam melhor solubilidade em relação à forma 

comercializada. A combinação de técnicas de espectroscopia (Raman / FTIR) e 

análise de componentes principais (PCA) foi empregada como ferramenta para 
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visualizar e rastrear os espectros obtidos a partir dos produtos da síntese 

supramolecular, facilitando a discriminação de misturas físicas de API e 

coformadores de novas estruturas cristalinas desejadas. As caracterizações das 

propriedades destas novas estruturas foram realizadas por difração de raios-X (pó 

e monocristal), espectroscopia (Raman e FTIR), análise térmica (DSC, TGA e 

HSM). A espectrofotometria UV-vis foi utilizada para avaliação da solubilidade 

aquosa das novas estruturas cristalinas. Os resultados desta tese estarão presentes 

como artigos publicados e anexados ao final desta tese: Anexo I – Fluconazolium 

oxalate: synthesis and structural characterization of a highly soluble crystalline form, 

CrystEngComm, 21, 1114 - 1121, 2019; Anexo II – Fluconazole: Synthesis and 

Structural Characterization of Four New Pharmaceutical Cocrystal Forms, Crystal 

Growth & Design, 19, 648 - 657, 2019. 
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1. Introduction 

 

1.1. Pharmaceutical industry and drugs 

Pharmaceutical industries are licensed (authorized) and assigned with the 

responsibility to research, develop, and market approved quality drugs products that 

meet stated standard and requirements of governmental agencies like the United 

States Food and Drug Administration (USFDA),1 European Medicines Agency 

(EMA),2 Brazilian Health Regulatory Agency (ANVISA)3 and World Health 

Organization (WHO) guidelines for drugs.4 Therefore, development/manufacturing 

of drugs with quick/effective therapeutic responses for maintaining health, preventing 

and curing infections/diseases are the objectives of the pharmaceutical industry.5 

Generally, medicines contain active pharmaceutical ingredient (APIs) and excipients 

that are added to the API during formulation processes to enhance therapeutic 

efficiency, improve crystalline drug flowability, and aid vitro stability/expected shelf 

life.6 

Unfortunately, more than 40% of new chemical entities (NCEs) formulated by 

pharmaceutical industries, especially drugs for oral administration, present low 

therapeutic response due to physicochemical and pharmacokinetic property, mainly 

low aqueous solubility, slow dissolution rate and low permeability that causes low 

bioavailability.7  

The introduction Bio-pharmaceutics Classification System (BCS)8 in 1995 by 

Amidon et al., as an excellent scientific framework for classifying drug substances 

based on their aqueous solubility and permeability was excellent.9 Governmental 

agencies and stakeholders like FDA, EMA, ANVISA and WHO, quickly adopt it as 

guideline for drug classification by considered the highest dose that have direct effect 

on the in vivo drug pharmacokinetic performances.10 FDA made available BCS-

biowaiver guidelines for Classes I/III drugs for the purposes of validating and release 

new pharmaceutical products (CDER/FDA, 2000).11 This approach excludes in vivo 

bioequivalence studies considering that it provides an alternate for in vivo 

bioequivalence when the drug substance(s) in test and reference products are 

identical.12 
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However, the BCS model classify pharmaceutical drugs into four classes 

(Figure 1.1) and presents/elucidates the pharmacokinetics of drug process in the 

gastrointestinal (GI) tract. Hence, the criteria/basis for establishing a drug as highly 

soluble drugs/highly permeable depends on two conditions. (1) The highest dose 

strength must be soluble in less than 250 ml water and over a pH range of 1 to 7.5; 

and (2) the absorption in humans must be higher than 90% of an administered dose, 

based on mass-balance or intravenous dose comparison.13  

 

 

 

 

 

 

 

 

 

 

FIGURE 1.1–The Bio-pharmaceutical Classification System (BCS) for drugs. 

 

As mentioned earlier, many approved and marketed pharmaceutical drugs 

like Carbamazepine,14 Ritonavir15 and Furosemide16 present low aqueous solubility 

and are classified to the BCS classes II or IV of drugs. Therefore, the formulation of 

low solubility drugs for oral delivery among other drug property issues is a challenge 

for pharmaceutical industry. 

 

1.2     Pharmaceutical polymorphism  

Crystal materials (such as APIs) have the tendency to exist in more than one 

crystalline forms.17 Hence, in terms of regulatory approval, the crystalline forms of 

an active ingredient is limited to polymorphs, salt, stoichiometric solvate and hydrate, 

and cocrystal forms (Figure 1.2).18 However, APIs have the tendency to become 

solvates/hydrates by interacting/bonding with solvent/water molecule(s), or form a 

 

BCS CLASS I 

High Solubility 

High Permeability 

 

BCS CLASS II 

Low Solubility 

High Permeability 

 

BCS CLASS III 

High Solubility 

Low Permeability 

 

BCS CLASS IV 

Low Solubility 

Low Permeability 
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salt through proton transfer, or multicomponent cocrystal forms through interactions 

with coformer(s) that are usually FDA approved substances Generally Recognized 

as Safe (GRAS).19 Therefore, the inclusion of solvent/water molecule(s) in the 

molecular structure of a cocrystal will change their solid-state structure and 

physicochemical properties, such as dissolution profile and thermal stability. 

 

 

 

FIGURE 1.2 – Different classes of crystalline solid system into which an API can 

exist.20 

 

Crystal materials with less desired physical property may be readdressed and 

rechanneled into other desired crystalline stable states. The tendency of a crystalline 

material such as API to exist in different phases of the solid form with same chemical 

composition, but observable diversities in structure arrangement and potentially 

differences in their properties is termed polymorphism.21 The multiplicity of structures 

or forms is either enantiotropic (reversible) or monotropic (nonreversible) in solid-
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state, in addition, the more stable polymorph will show slower dissolution profile than 

less stable forms, which are more soluble.22 This phenomenon became important to 

the formulation scientists/researchers in the pharmaceutical industries and research 

institutes/centers because it presents the opportunity to alter/reduce undesired 

properties such as dissolution profile, bioavailability and stability of API at low cost.23  

Polymorphs frequently occurs extemporaneously in most crystalline solid 

materials, such as pharmaceutical materials, minerals, metals and proteins 

complexes. The polymorphism (not including salts or cocrystals) may occur due to: 

the crystal packing/molecular arrangement (packing polymorphism); the existence 

of different conformers of the same molecule (conformational polymorphism); the 

effect of hydration/solvation that is referred as pseudo-polymorphism or better as 

solvomorphism, since different solvates will present varying chemical formulae.24  

Polymorphism unveil advanced understanding of the importance of structural 

variations due to molecular packing and especially the possibility of interconversion 

among polymorphic forms, that can influence every aspect of the solid state 

properties of drugs. However, more than 50% of active ingredients are observed to 

present more than one polymorphic form in the Cambridge Structural Database 

(CSD).25 McCrone (1965) humorously commented that the discovery of polymorphs 

is correlated with the energy and time invested into researching for the compound.26 

Therefore, polymorphic studies/research is a crucial and important pharmaceutical 

industry activity because a particular polymorph can present a particular property, 

which is not present in the other forms. In many cases, a polymorph form of a drug 

can suffer crystalline transition for a more stable form, promoting changes in the drug 

efficacy, in the bioavailability and may even exhibit toxicity.27 Nevertheless, the most 

stable polymorph (thermodynamically) is preferred for making marketed formulations 

to prevent polymorphic transformation that may occur during drug manufacturing and 

post manufacturing processes (delivery and storage).28 Chloramphenicol,29 

Ranitidine hydrochloride (GSK’s Zantac®)30, Fluconazole31, Cefdinir32, 

Carbamazepine14, and Diflunisal33 are examples of pharmaceutical drugs with two 

or more reported polymorphic forms.34 
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1.3   Crystallization and Co-crystallization techniques 

In “general chemistry”, crystallization is a separation/purification process and 

technique through which solid phase of pure crystallinity is obtained from saturated 

solutions.35 This process just like recrystallization36 is a route/channel through which 

the physicochemical/particle properties of a crystalline solid material, such as purity, 

particle size, crystal shape, solubility, form stability, and degree of agglomeration is 

addresses through polymorphism or the incorporation of coformer substance(s) or 

solvent molecule(s).37 The “industrial crystallization” is a complex processing 

technique for specific solid crystal formation under carefully controlled conditions, to 

yield pure and homogenous form of the corresponding product.38 In the 

pharmaceutical industries, products passed through process development of 

crystallization process that enables the initial designing, modelling, process control, 

and final product analysis using analytical tools.39 Herein, the process and conditions 

leading to the desired product yield is monitored, controlled and optimized when 

necessary, to upgrade the properties and qualities of the solid product.40 

 Co-crystallization technique41 is defined in the context of crystal engineering42 

concept as a well-designed approach for modification and optimization of the 

physicochemical property issues of crystalline materials (APIs) such as low 

solubility/bioavailability, and instability through intermolecular interactions like 

hydrogen bond (X‒H···Y)43, dipole forces44, π-π interactions45 and ionic bonds46 

between selected API and coformer(s).47 Interestingly, co-crystallization process 

presents diverse advantages of generating array of solid-state forms with stable and 

physically improved properties in cocrystal forms.48 Furthermore, co-crystallization 

offers the potential flexibility for designing novel pharmaceutical cocrystal and 

resolve crystallization problems even when traditional approaches such as salt 

formation fails.49 However, other drug delivery approaches for enhancing the 

dissolution profile of an API, like amorphous solid dispersions50, nanoparticle51 and 

lipid-based52 approaches have proven to optimize the above-mentioned drug 

issues.53 Even though these methods increases dissolution profile of the APIs, they 

not assure a sufficient bioavailability and stability for all cases.54 While the co-

crystallization process involves weak interactions between API and coformer(s) for 
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cocrystal formation, the formation of a salt involves strong ionic interaction that 

requires proton (H+) transfer between oppositely charged counterions, and can be 

predicted using the pKa rule.55 

Although different co-crystallization techniques, such as, supercritical and 

compressed fluids techniques,56 melting and slurry cocrystallization,57 and 

ultrasound-assisted technology58 are described/discussed in the literature, the 

mechanochemical and solution-based crystallization/cocrystallization methods59 

sketched in Figure.1.3 are the prevalent, most reliable and commonly used methods 

for cocrystal/salt synthesis.60 The solvent evaporation techniques can be fast/slow 

evaporation,61 cooling crystallization and antisolvent precipitation approach.62 

Herein, stoichiometric ratio(s) of API and coformer(s) is dissolve in a suitable solvent 

that will evaporate. The API/coformer(s) are expected to undergo intermolecular 

interactions such as hydrogen bonding and pi-pi interactions between their functional 

groups, thereafter, producing a thermodynamically favored cocrystal product (high 

quality and purity).63  

The mechanochemical methods are solid-state grinding technique or neat 

grinding, and liquid-assisted or solvent-drop grinding techniques.64 These methods 

involves mixing/crushing of stoichiometric amount of API/coformer(s) with and 

without solvent. The neat grinding technique reducing the API/coformer particle size 

and increases their specific surface area for intermolecular interaction, improving the 

efficiency compared to the cocrystallization through dissolution.65 Even when the 

solution based method fails to present evidence of intermolecular interactions, the 

neat grinding technique is reported to present evidence of cocrystal, e.g., caffeine-

trifluoroacetic acid66 and pterostilbene-caffeine cocrystals67 were obtained by 

grinding.68 The solvent assisted grinding method offers catalytic modification to neat 

grinding by adding drops of solvent to the grinding process. The inclusion of solvent 

present advantageous increase in cocrystallization rate and performance, it also 

controls polymorph production with improved crystallinity, and aid the selective 

synthesis of polymorphic forms of cocrystals.69  
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FIGURE 1.3 – Cocrystallization/salt synthesis techniques. 

 

 The limitations of neat and liquid-assisting grinding techniques is observed in 

its small-scale techniques that require high-energy consumption and present a low 

performance in terms of product purity.70 In addition, many times, these methods fail 

to yield crystals suitable for the structural characterization analysis. 

The Figure 1.4 present a novel (1:1) drug-drug cocrystal involving 5-

Fluorocytosine71 (5FC) – an antifungal drug – and Aspirin72 (AAS) – a non-steroidal 

anti-inflammatory drug – designed and synthesized by our research group. 

Interestingly, this cocrystal was obtained through the mechanochemical methods 

(solid-state grinding/liquid-assisted grinding techniques), and synthesized through 

slow solvent evaporation method. Therefore, it serves as a typical example of 
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pharmaceutical cocrystal that is producible by both mechanochemical and solution 

methods. 

 

 

FIGURE 1.4 – 5-Fluorocytosine (5FC) and Aspirin (AAS) cocrystal.  

 

 

1.4   Cocrystal and pharmaceutical cocrystals 

Cocrystals73 are established class of well-designed single-phase crystalline 

material in which the molecular and/or ionic compounds are present in a definite 

stoichiometric ratio, and bonded together by intermolecular interactions.74 This 

definition was accepted after a series of debate and speculations at an organized 

Indo-US Bilateral Meeting in Delhi, India, titled “The Evolving Role of Solid State 

Chemistry in Pharmaceutical Science”  attended by 46 scientists/stakeholders.75  

Although initial emphasis in the hydrogen bonding in cocrystal design 

(Etter76), the deep intuitive understanding and insight on the application of 

supramolecular synthon concept/approach for hydrogen bond architecture, 

prediction and formation in polar functionalities was proposed/established by 

Desiraju.77 Thus, in addition to his work, pharmaceutical cocrystal78 (a subclass of 

cocrystals) was established and defined as a distinct class of pharmaceutical 

crystalline materials in which the less desired physicochemical properties of an API 

could be optimized by lattice rearrangement through weak intermolecular interaction 

with a coformer.79 Thus, the physical properties of crystalline materials depends on 

their molecular packing, and alterations of this molecular packing usually promote a 

direct effect on these properties. Hence, different forms of pharmaceutical crystals, 
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such as cocrystals, hydrates80 and solvates81 can present better or worst properties 

when compared to the an API.82 

Cocrystals are classified into either molecular or ionic cocrystal based on the 

nature of coformers according to Duggirala and coworker.83 The ionic cocrystal is 

obtained from a stoichiometric ratio of an API and ionized coformers in a charge 

assisted hydrogen bonds and/or ion dipole bonds, while a neutral or non-ionized 

coformer dictates the commonly reported molecular cocrystal formation.84 

It is however important to comment about the increasing of commercial 

pharmaceutical cocrystal and the recent development of drug-drug pharmaceutical 

cocrystals.85 Important drugs such as Entresto® (sacubitril-valsartan) for the 

treatment heart failure,86 Lexapro® (escitalopram-oxalate) for the treatment of 

depression and anxiety,87 and Depakote® (valproate sodium-valproic acid) for the 

treatment of seizure disorders, manic depression, and to prevent disorders,88 are 

examples of drug-drug pharmaceutical cocrystal that was approved by FDA.89  

The design of 5-Fluorocytosine (5FC)71 and Aspirin (AAS)90 cocrystal, and 

cocrystals of Fluconazole (FLZ)91 with non-steroidal anti-inflammatory drugs 

(NSAIDs)92 like Aspirin, Caffeine (CAF)93 and Ibuprofen (IBP),94 will fits perfectly as 

drug-drug pharmaceutical cocrystals of important APIs.95 Although cocrystals suffers 

limitations in the scale-up process and general classification by FDA as “intermediate 

medicinal products”, regarding the coformer as an excipient,60 the application of 

cocrystals for drug formulations remains an ongoing promising development in the 

pharmaceutical industry/research institutes.96 

 

1.5   Crystal Engineering and Supramolecular chemistry 

The term “crystal engineering” (CE) was coined in 1955 by Pepinsky,97 and 

later implemented by Schmidt during his photodimerisation reactions study.98 CE is 

defined as the design and synthesis of molecular solid-state structures with desired 

properties, through the understanding and use of intermolecular interactions such as 

hydrogen bonding and coordination bonding, thus, within the conceptual and 

theoretical understanding of supramolecular synthon and secondary building unit.99 

That is, the molecular self-assembly that involves the direct interaction between 
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complementary hydrogen bond, metal-ligand interactions observed in 

organometallic and coordination compounds, halogen bonds and intermolecular 

forces such as pi...pi and Au...Au interactions are the basis of crystal engineering.100 

In 1995 Gautam Desiraju, a leading stakeholder in crystal engineering field, 

coined the term "supramolecular synthon” to describe the building blocks of organic 

structures for ordering specific groups in the solid state.77 Desiraju define crystal 

engineering as "the understanding of intermolecular interactions in the context of 

crystal packing and the utilization of such understanding in the design of new solids 

with desired physical and chemical properties.”42 He further emphasized the 

potentials of CE concepts as a design strategy for molecular crystal structures in 

pharmaceutical multicomponent system and in metal organic species.101 

Interestingly, CE has broadened considerably and continue to incorporate many 

aspects/application of solid-state supramolecular chemistry such as the spatial 

molecular organization, variations in the strength of intermolecular forces like 

hydrogen bond (X-H•••Y), dipole forces, pi-pi interactions and the ionic bonds.102  

 

Crystal engineering relies on non-covalent organization of molecules and ions 

i.e. molecular self-assembly through design of desired multicomponent structures 

and this is achieved using weak intermolecular interactions that can be categorized 

into the following classes, considering their relative strength (Figure 1.5).  

(1) Electrostatic interactions (1-40 kcal/mol) are forces that electric charges exert on 

each other and is based on the coulombic attraction of ions/molecules with full 

permanent charges such as: ion-ion (non-directional), ion dipole and dipole-dipole 

interactions (directional) are examples of these ionic interactions (Figure 1.5-a-c). In 

addition, hydrogen bonds (Figure 1.5-e) and halogen bonds are other two examples 

of electrostatic interactions that supramolecular chemists usually use for achieving 

strong bonding.103 The hydrogen bond is a partial intermolecular bonding interaction 

between a lone pair on an electron rich donor atom (Dn), and the antibonding 

molecular orbital of a bond between hydrogen (H) attached to a more electronegative 

acceptor atom (Ac) like nitrogen (N), oxygen (O), or fluorine (F) in a Dn–H···Ac 

fashion. This bond is stronger than van der Waals forces, and weaker than covalent 
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or ionic bonds. Likewise, weaker “non-classical” H-bonds (~1 kcal/mol) involving 

donor other than N, O, or F and/or acceptor Ac with electronegativity approaching 

that of hydrogen (less electronegative) exist, and carbon (C) as a good example.104 

 

FIGURE 1.5 – Types of non-covalent interaction. 

 

(2) Van der Waals forces are promoted by permanent or induced dipoles and a 

special class of electrostatic interactions that consist of three types; dipole-dipole 

interactions (Keesom force), dipole-induced dipole interactions (Debye force) and 

induced dipole induced dipole interactions (London dispersion forces, Figure. 1.5-

d).99 They are topographically dependent, i.e., the stronger the contact between two 

particles the greater is the Van der Waals force of attraction.105 Pi–pi stacking force 

(Figure. 1.5-f) is another type of Van der Waals force where electrostatic attractive 

forces occur in aromatic ring systems. The pi-effect is linked with the interactions of 

molecules with pi-systems of conjugated molecules. Herein, the interactions occur 
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in different format like “face-to-face‟, “edge-to-face‟ or in an “offset‟ manner. Also, 

cation–pi interaction between face of an electron-rich pi system such as benzene, 

ethylene, acetylene and an adjacent cation such as Li+ and Na+, have demonstrated 

to be useful non-covalent bonds in molecular recognition.106 

(4) Hydrophobic effect is the force that promote separation of non-polar molecules 

in an aqueous solution. It presents the tendency for nonpolar substances to 

aggregate in an aqueous solution and exclude water molecules.107  

 

However, the ionic bond in salt formation results from replacement of part or 

all of the replaceable acid hydrogen (nH+, n = 1, 2 ,3....) of an acid by a metal or a 

radical acting like a metal as presented in Figure 1.6. This process is predictable via 

the multicomponent screening tools (molecular complementarity) available in the 

Mercury program of the Cambridge Structures Database, and using the pKa rule; 

i.e., (ΔpKa = pKa (base) – pKa (acid), when ΔpKa ≥ 3, that salt will be produced). 

Hence, salt (ionic bond via electron (H+) transfer) is different from multicomponent 

cocrystal forms (weak intermolecular interactions) on this regard.82 

FIGURE 1.6 – Salt and cocrystal formation through ionic and hydrogen bond. 

 

In crystal engineering, hydrogen bond is the most important intermolecular 

non-covalent force by virtue of its directionality, specificity and biological relevance. 

The fundamental principles and objectives of crystal engineering have made easier 

to develop strategies that employ hydrogen bonding as a tool for designing and 

incorporating predictable structural aggregates into crystalline materials, also 

allowing to explore reasonable correlations between their molecular structures, 
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morphology, and physicochemical properties.108 The CE concept is employed in 

many researches to optimize the less desired properties of APIs belonging to the 

BCS class II/IV in the solid state, thus resulting into different stable multicomponent 

cocrystal and salt forms of the selected APIs.109  The challenges of CE remains its 

insufficient scalability, the unpredictability of crystals morphology and reaction path.   

Supramolecular chemistry110 as a discipline is concerned with the study of 

molecular recognition and self-assemblage via intermolecular bonds, and entails 

complete understanding of the factors responsible for varied dimensions observed 

with “supermolecules”, complexes and molecular assemblies.102 Therefore, in line 

with crystal engineering concept, the prerequisite for non-covalent bonding is the 

intermolecular association through supramolecular synthon interactions, which 

represent the molecular building unit and starting point for non-covalent bonding in 

all CE syntheses.77 

The contributions of Jean-Marie Lehn,111 Charles J. Pedersen112 and Donald 

J. Cram113 to supramolecular chemistry,114 that is, host–guest supramolecular 

assemblies, was appreciated and awarded the Nobel Prize in chemistry in 1987.115 

In his words, Lehn define supramolecular chemistry “as the chemistry of the 

intermolecular bond, covering the structures and functions of the entities formed by 

the association of two or more chemical species.”111 In few words, he defined it as 

“the chemistry beyond the molecule” or “the chemistry of non-covalent bond”.116  

 In supramolecular chemistry, synthons are the recognized molecular unit of 

functionalities that establish or initiate motifs/patters of “host–guest” network in a 

non-covalent interactions to produce a complex or supramolecular entity.117 

However, the probability of designing a particular synthon interaction depends on 

the presence of multiple interaction site for complementary non-covalent interaction, 

steric complementarity, medium effects, high selectivity and sensitivity, and free 

energy for formation of non-covalent interactions. Nevertheless, synthon can be 

homo or heterosynthon depending dimer interactions they present as shown in 

Figure 1.7.118 The carboxylic acid and imides dimers synthon in (a) are examples of 
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homosynthon interaction, while the carboxylic acid-pyridine (b) are good examples 

of heterosynthon dimers respectively.119    

 

FIGURE 1.7 - Supramolecular synthons adopted by imides and carboxylic acids 

showing (a) homosynthon and (b) heterosynthon interaction. 

 

The possibility of modeling or designing a desired cocrystal structure through 

API/coformer hydrogen bond synthon dimer interaction can be evaluated/checked 

using the Mercury software of the Cambridge crystallographic database. The 

competition between homosynthon and heterosynthon was set up using their 

frequency of occurrence as a percentage of the number of structures in which the 

functional group is present. Interestingly, the result indicated that motif search 

observed for heterosynthon structures outnumbered homosynthon, thus indicating 

the higher probability (likelihood) of obtaining a structure through heterosynthon 

motif.120 

In supramolecular chemistry, the significance of non-covalent interactions like 

hydrogen bond and coordination bond are established and demonstrate to affect 

physicochemical and biological properties of supramolecules and coordination 

complexes in the solid state.121 Crystal-engineering concept and other retrosynthetic 

approach to organic synthesis in the solid state absolutely relies on supramolecular 

chemistry (non-covalent interactions) as a powerful tool to design and synthesize 

improved drug forms.122 Hence, supramolecular chemistry and crystal engineering 

disciplines continues to enjoy growth, expansion and publicity through important 

international scientific journals like CrystEngComm from the Royal Society of 

Chemistry and Crystal Growth and Design from the American Chemical Society.  
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1.6   Screening and Characterization techniques/tools 

Screening is an important procedure for investigating the feasibility of reactions 

through designed hit and trial approach that identify desired conditions and 

coformers from complex numbers of evaluated samples, using designed and 

selective approaches that consider the most desired results thereby saving time and 

experimental costs.123  

In crystal engineering, screening techniques have proven to be an important 

and useful tool in crystallization processes for predicting, identifying, and detecting 

desired conditions, especially in some complex crystallization processes such as in 

cocrystal screening. Therefore, in cocrystallization/salt synthesis, screening provide 

an insight into the feasibility of achieving intramolecular interactions or ionic bond 

prior to the crystallization or co-crystallization process.124  

However, different screening methods and approaches such as hydrogen-

bond125 and supramolecular propensity simulation using MERCURY126 software 

from the Cambridge Structural Database (CSD),127 pKa based model,128 Lattice 

energy calculation,129 Hansen solubility parameter,130 and the virtual cocrystal 

screening (molecular electrostatic potential surfaces-MEPS),131 have been 

reported.132 In addition, the combination of multivariate analysis such as the principal 

component analysis (PCA) and cluster analysis (CA)133 with analytical tool like 

Raman/FTIR spectroscopy for screening was considered effective for detecting new 

cocrystals, polymorphs, and differentiate between similar multicomponent forms.134 

Also, this combination aids better screening/selection of different supramolecular 

synthesis routes from complex cocrystallization experiments that lead to robust 

cocrystal and salt formation in this thesis report.135 

Screening may be classified as “pre- or post-screening” processes based on 

the instant of crystallization activities. The “pre-screening” activities involves finding 

suitable components and conditions for achieving improved solid-state properties, 

while “post-screening” activities involve the investigation for evidences of 

intermolecular interactions and construction of new multicomponent materials.136 

The aforementioned cocrystal and salt screening approaches like hydrogen-bond 

propensity and pKa-based model provide insight on experimental feasibility and 
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outcome of selected experimental conditions such as API/coformer and solvent 

selection, and crystallization methods. However, the “post-screening” activities 

include the cocrystal/salt screening and characterization that is achieved through 

different known approaches and use of analytical equipment such as Raman/FT-IR 

spectroscopy and X-ray diffraction studies. 

 

 The Figure 1.8 shows the stages and events/processes performed for the 

cocrystal/salt screening and characterization, starting from the pre-screening (stage 

1), to screening (stage 3), and post-screening processes (stage 4). These stages of 

events are the important methodologies that are in line with the crystal engineering 

concept for API optimization, and was applied in the course of this research work.  

 

 

 
FIGURE 1.8 - Screening and characterization stages for cocrystal/salt synthesis.  

 

Therefore, this employed solid-state screening and characterization methods 

and techniques will result into the synthesis and detection of multicomponent forms 

and polymorphs of the API with optimized physicochemical and pharmacokinetic 

properties like physical stability, aqueous solubility, dissolution rate, bioavailability, 

phase homogeneity, morphology, formulation performance, and processability.137 

 In addition, screening and characterization activities can detect evidences of 

phenomenon like polymorphism in solid-state materials,138 and generate/present the 
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complete information and resolution on molecular structure patterns using the most 

sophisticated software such as the multivariate tool (principal component analysis) 

that is capable to provide visual discrimination for intermolecular interactions, detect 

polymorphs and the formation of new multicomponent structures.139  

 

1.6.1  Principal component analysis (PCA). 

Principal component analysis (PCA) is a multivariate analysis method that uses 

orthogonal transformation to reduced data of high dimensionality into linearly 

uncorrelated variables called the principal components (PCs) thereby unveiling 

latent variations within the decomposed dataset and indiscriminately presents their 

projections in linear space.140 PCA is the basis for most multivariate methods, and it 

aims to find the direction of greater dispersion within data in the space of the studied 

variables, based on the hypothesis testing that the greatest variability contains the 

most relevant information.141 

 The PCA is able to pick/contain the most relevant information in a reduced 

number of new variables, discriminating (discarding) irrelevant data describe within 

the system. The reduction of variables is obtained when there is collinearity between 

the variables in the data matrix, if there is correlation and presence of the same 

information in some variables. The application of PCA to recognize patterns, select 

samples, build multivariate calibration models and obtain a quick and easy 

view/projection of similar traits in groups/samples or anomalies is observed in the 

reduced variables.142 
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FIGURE 1.9 - Graphical representations of Principal Component Analysis. 

 

The PCA methodology is based on the transformation of the coordinates of the 

original variables of a data matrix (samples x variables) in a new axis of orthogonal 

variables, that is, not correlated. The new axis, known as the principal component 

(PC), explains the greater amount of information in the data obtained as illustrated 

by Figure 1.9. Herein, the transformation of a data set that presents values for three 

original variables: x, y and z. This distribution is easily explained in a new two-

dimensional space projection formed by the new variables (PC1 and PC2, with PC2 

being orthogonal to PC1), reducing the number of factors analyzed, without losing 

relevant information in the set.  

Mathematically, the PCA obtains a relationship between the original data (X) 

and the data obtained in this new dimension of variables from the weights given by 

each variable (P) and sample projection in the new dimension of variables (T) 

according to the equation 1.1 that expresses the PCA in a matrix terms: 

 

                                           X = TPT + E                                                 (1.1) 

 

Herein, the PCA decomposes the original data matrix, X (n,m) into two new 

matrices T (n,d) and PT (d,m) alongside with the matrices of residual E (n,m) as 

described in Figure 1.10. Herein, n is the number of samples (rows), m is the number 
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of variables (columns) of the original matrix, and d is the number of PCs calculated 

for the model.143 

 

 

FIGURE 1.10 – Schematic decomposition of data matrix X. 

 

 

The equation 1.2 is better simplified and written as: 

 

                    X = t1p1
T + t2p2

T + ... + tdpd
T                          (1.2) 

 

where PCA decomposes X as the sum of the product of ti and pi, where d is the rank 

of the matrix X. Herein, d must be less or equal to the smaller dimension of X, i.e., d 

≤ min (m,n). The ti, pi pairs are ordered by the amount of variance they capture. The 

ti vectors are known as scores that present observation on how samples in the new 

axis system relates to each other, and each sample will have a score value for each 

PC. Since, every column of T or row of PT are orthogonal to each other (Figure 1.10), 

that is, we have piTpj = 0 and tiTtj = 0, for i ≠ j. The pi vectors are known as loadings 

and contain information on how the variables relates to each other in the principal 

component (PC).144 Each element of the matrix P is mathematically equal to the 

cosine of the angle between the axis of each original variable and the PC. The closer 

to ± 1, the greater the influence that the variable has on the description of the main 

component for an average-centered data matrix. Since the PCA model is truncated 

after k components, the extra/remaining variance factors are added into the residual 

matrix E, according equation 1.3: 
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                    X = t1p1
T + t2p2

T + … + tkpk
T + E                                    (1.3) 

 

The residual matrix (matrix E) is the amount of information not relevant or not 

explained by the main components. Generally, in spectroscopic data, the residual 

matrix is attributed to the unwanted noised factors obtained alongside the 

analysis.145 

In this way, PCA can be effectively combined with important analytical methods 

and tools/instruments that generates an extraordinary amount of high-quality data, 

such as Raman, FT-IR, and NIR spectrophotometer, X-ray diffractiometer, and mass 

spectrometer, in order to help in the screening and characterization process.146 

Hence, multivariate tools like PCA have demonstrated its potentials as a strong data 

processing/decomposing tool for understanding complex data systems, and thereby 

serving as an analytical screening, modeling, predicting and quantification tool.147 

 In crystal engineering and especially in crystallization processes, PCA enables 

the decomposition of complex spectra data set for the simultaneous visualization of 

scores/loadings plot projections, better understanding the crystallization result, and 

aids better selection of different synthesis routes leading to robust and homogenous 

cocrystals/salt synthesis. 

As an example, the PCA scores plot of 100 processed Raman spectra and 6 

selected screened spectra obtained from different stoichiometric combinations of 

fluconazole and adipic acid (FLZ-ADP) is presented in the Figure 1.11 A and B, 

respectively. Herein, Figure 1.11-A shows the PC1 (43.04%) and PC2 (22.27%) that 

explain trends/variations in the model and class/group samples according to their 

purity/contaminants, while Figure 1.11-B present the Raman spectra of the best PCA 

assist-selected supramolecular routes. Herein, the best routes will be the ones that 

generate different spectra when compared with the conformer and API. This spectral 

evaluation of the dataset is easily achieved utilizing PCA, which will find differences 

in functionalities/groups vibration modes of the crystallization products. 
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1.6.2  Raman Spectroscopy. 

Raman spectroscopy is a molecular spectroscopic technique that utilizes the 

interaction of radiation and matter to induce light scattering phenomenon that occur 

from the absorption, emission, or scattering of photons, and presents qualitative 

A 

B 

FIGURE 1.11 - (A) PCA score plots for crystallization process (B) Raman spectra of 

different supramolecular synthesis route selected through PCA screening. 
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measurements of the characteristic vibrational modes of functionalities observed and 

present in the compounds.148 In this way, the Raman spectroscopy generates data 

on the molecular structure and some important physical information regarding the 

determined compound through lower frequency modes/vibrations. Therefore, it is 

serves as a characterization technique (similar and complementary to infrared 

spectroscopy), to identify substances (or set of compounds) from a spectral pattern 

(“fingerprint”), or for quantitative or semi-quantitative measurements analysis of wide 

range of materials.149 

 Raman spectroscopy provide intra- and inter-molecular vibrational information 

of specific molecular vibrations modes, and for this reason it can be used as a 

“fingerprint” technique for identification of materials. Hence, conformational 

properties and phenomenon like polymorphism and the nature of intermolecular 

interactions are mostly identified by using the vibrational information. Since Raman 

spectroscopy generates spectral data set from the result of various screening tests, 

this technique can be combined with multivariate tools like PCA to serve as analytical 

screening and characterization tool to analyze the results of complex crystallization 

processes.150 

In Raman scattering (Figure 1.12), a laser photon of energy hν0 interacts with 

electron cloud of the molecule generating a distortion in the electron cloud and 

scattering the incident radiation with a higher or lower energy. This electron cloud 

distortion promotes a polarization of the bond that are shortly excited to a higher 

energy state called “virtual state”. Here, the excited molecule have extremely short 

lifespan in this unobservable intermediate electronic/quantum state and changes in 

the energy and geometry of the electron clouds is observed without interfering with 

affecting core electrons of the molecule. For radiation scattering effects, the photon 

of energy (hν0) that interacts with molecule needs not to have equal energy as the 

energy differences between the two states. The scattered photons can be result of 

an elastic (Rayleigh scattering, incident and scattered photon have some energy hv0) 

or inelastic (Stokes and anti-Stokes scattering, where scattered photon present lower 

or higher energy, respectively -h(ν0 ± νv)). The elastic scattering occurs when 

scattered photons have the same energy and, therefore, the same wavelength as 
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the incident photons. Inelastic scattering is a fraction of about 1/10000000 of photons 

that have a higher or lower energy in relation to the incident photon, and scatter at 

different frequency than the incident photon.151    

 

FIGURE 1.12 – Energy-level diagram showing the states in Raman/IR spectra. 

 

While Rayleigh scattering produce no exchange of energy between incident 

and scattered photons, higher vibrational energy is obtained in the case of Stokes -

h(ν0 - νv) and lower vibrational energy in the anti-Stokes scattering -h(ν0 + νv). This 

indicates that the wavelength of the scattered light depends of the difference of 

energy among different vibrational states. Chandrasekara Venkata Raman proved 

the Raman effect and won the Nobel Prize in Physics in the year 1930.152 

Raman spectrometers allow the acquisition of several spectra in a short time, 

improving their sensitivity, especially the signal to noise ratio. Different types of 

lasers with wavelengths ranging from 200 to 1064 nm are used as radiation sources, 

such as lasers in the UV-visible region (argon or krypton ions) that generate large 

Raman scattering but promote fluorescence in some molecules, which is very 

undesirable in Raman spectroscopy. Another example is the lasers in the near 

infrared region like the diode Nd:YAG with emission at 1064 nm, that generates low 

Raman scattering but is virtually free of fluorescence.153  
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In the Raman spectrum, it is conventional to use 'Raman Shift (cm-1)' as the 

abscissa axis and the “Scattering Intensity” in the ordinate. The Raman Shift is 

obtained by converting the difference of energy between the incident and scattered 

photons to cm-1. Therefore, peaks always have the same Raman Shift value 

regardless of the wavelength of the incident radiation, because the difference of 

energy between the incident and scattered photon will be always the difference 

among two vibrational states. It is noteworthy that the wavenumber was selected as 

a reference measure for the practicality of correlate the peaks present in a Raman 

spectrum with the infrared spectrum, such that a C=C stretch in a molecule will 

present a Raman Shift value very close to the wavenumber of its infrared spectrum, 

thus facilitating the characterization of the peaks.154 

Most Raman spectroscopy are coupled with optical microscope usually with the 

charged-coupled device (CCD) camera, the laser employed at the source is focused 

through the microscope lenses, with possibility to target selected single points in the 

sample. This approach allows a spatial analysis of the sample, both visually (through 

the microscope) and by spectral representation (Fig. 1.13-A). Therefore, it is possible 

to obtain chemical information from specific points within the sample or even an 

spectroscopic image (hyperspectral analysis), where each pixel has a Raman 

spectrum linked to it, being used in several fields of analysis, such as imaging, 

homogeneity studies, and characterization of pharmaceutical materials.155 

 

 

FIGURE 1.13 – Photos of (A) Raman spectrometer setup (B) FTIR spectrometer 

device. 
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1.6.3  Fourier-transform infrared (FTIR) spectroscopy 

Like Raman, ultraviolet-visible, NMR and other spectroscopy techniques, the 

infrared (IR) spectroscopy is a powerful technique that exploits the absorption of 

infrared light by functionalities in molecules. When IR of specific frequencies 

(energy) matches the frequencies of infrared active bonds in a molecule, the 

radiation is absorbed. The measurement/processing of the wavelength and intensity 

of the absorbed IR by sample is presented in the form of spectra, using the Fourier 

transform conversion, an inbuilt mathematical and data processing computer 

software that convert signals into the sample's IR spectra.156  

The IR spectroscopy technology was improved by the development of the 

Fourier Transform method and the performance of an FTIR is superior to that of 

conventional IR instruments. The principles of IR spectroscopy based on infrared 

absorption by matter when infrared radiation of specified energy passes through an 

interferometer and channeled through sample, movable mirror inside the apparatus 

alters the distribution of the light that passes through the interferometer. The 

recorded signal (interferogram) represents light output as a function of mirror 

position. The data-processing technique (Fourier transform) turns this raw data to a 

spectrum, i.e., the obtained signal at the detector is transformed into a spectrum 

representing the molecular “fingerprint” of the sample. Therefore, the absorption 

peaks correspond to the frequencies of vibrations between the bonds of the atoms 

of the sample.157 

FTIR (Fig. 1.13-B) serves as characterization tool for investigating/detecting the 

absorption and vibrational modes of molecules or bonded atoms rather than solid-

state properties. It has been one of the most widely used methods for investigating 

polymorphism and to observe the thermodynamic details such as transition point and 

number of components existing in samples.158 Nevertheless, Raman, FTIR and other 

spectroscopy techniques like NMR, UV-Vis are strong complementary techniques 

for both qualitative and quantitative analysis. 

IR spectroscopies are divided in three: near-, mid- and far- infrared. The higher-

energy ‘’near-IR’’ approximately 14000–4000 cm−1 (0.7–2.5 μm wavelength) can 

excite overtones (harmonic molecular vibrations) and combination of vibrations. The 
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mid- infrared, approximately 4000–400 cm−1 (2.5–25 μm) may be used to study the 

fundamental vibrations and associated rotational-vibrational energy. The far infrared, 

approximately 400–10 cm−1 (25–1000 μm), lying adjacent to the microwave region, 

has low energy and may be used for rotational spectroscopy and to analyze 

inorganic compounds, due to the low  frequency of vibration of bonds between heavy 

atoms.159 

Raman spectroscopy provides vibrational information about bands that are 

weak or inactive in FTIR, such as the stretching vibrations of functional groups like 

C=C, C≡C, C≡N, N=N, C-S, O-O, and medium to strong skeletal vibrations of 

symmetrical molecules/groups. Likewise, the FTIR provides absorption information 

about Raman inactive/weak vibrational modes (polar functionalities) such as the C-

O, N-O and O-H (obviously, not in all Raman inactive molecules). However, Raman 

spectrometers are capable of covering lower wavenumbers like 100 cm-1 or lower, 

whereas most spectra provided by FTIR stop at 400 or 200 cm-1. For these reasons, 

Raman and FTIR spectroscopy serve as complementary tools/techniques to cover 

wider wavenumbers range and provide information on the fundamental vibrations 

bands of functionalities that are either Raman or FTIR active.160 

 

1.6.4  X-ray diffraction (XRD) 

X-ray diffraction analysis is an important crystallographic characterization tool 

for molecular structure identification and resolution. It differentiates between solid 

material forms especially the crystalline, amorphous, and semi crystalline materials. 

It is a principal tool for polymorphic identification, analysis of material purity and 

crystallinity. Single-crystal XRD (SCXRD) can estimate the chemical composition, 

find the absolute configuration and determine some properties of materials. It 

generate information about the packing of atoms/molecules and full structural details 

(geometrical parameters) such as molecular connectivity, bond lengths and 

angles.161 Unlike molecular spectroscopy that provide information on the vibrational 

modes of functionalities when they interact with radiation, the X-ray diffraction and 

crystallography studies provide complete and undisputed information on the elastic 

scattering of X-ray photons by atoms in a periodic lattice.162 
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 In XRD equipment, X-rays are produced in a tube when high-velocity electrons 

decelerate as a consequence of an impact on a metal target (commonly copper or 

molybdenum) in an evacuated enclosure. Also intense X-rays are produced in 

synchrotron rings, in which electrons moving at relativistic speed are contained by 

magnetic fields.162 

 

FIGURE 1.14 – A sketch of X-ray interaction with crystal to generate diffractions. 

 

Therefore, when these X-rays interact with electrons clouds of the positioned 

crystal sample as demonstrated in Figure 1.14, the measurement of electron density 

within a unit cell of the crystalline system is obtained via scattered X-rays that present 

the same frequency as the incident beam. These scattered X-rays are collected on 

detector as diffractions patterns. Each atom in the crystal serves as a center for wave 

scattering, and thus, the magnitude and phase of the waves added by atoms to the 

interference pattern is a function of their respective atomic numbers and positions 

(x, y, z) in relation to each other. 

Historically, in 1912, Max von Laue (a German physicist) discovered the X-ray 

phenomenon while studying the interaction between light and crystalline solids and 

he observed that crystals could act as diffraction grating for X-rays. Herein, he 

suggested that electromagnetic radiation of shorter wavelength is needed to observe 

crystalline solids and proposed that X-rays might have a wavelength comparable to 

the unit-cell spacing in crystals. He further demonstrated mathematically the 

diffraction of incident beams through laws that connects the scattering angles and 
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the size and orientation of the unit-cell spacing in the crystal, and established that X-

rays are electromagnetic in nature through the interaction of X-rays beam with 

crystalline materials. Max von Laue was awarded the Nobel Prize in Physics in 

1914.163  

However, subsequent work by Sirs William and Lawrence Bragg established 

theories on crystal structure by the means of X-ray diffraction and discovered the 

precise three dimensional crystal structures of molecular solids. The Bragg proved 

that an incident electromagnetic radiation (X-rays) with a wavelength similar to an 

inter-planar distance (d) in crystal planes (of the order of 1Å), results in X-rays being 

scattered and presenting constructive (Figure 1.15) and destructive interference. 

The scattered monochromatic x-rays in phase will present constructive interference 

when the additional distance travelled by the radiation is a multiple of the X-ray 

wavelength.164 This condition is expressed in equation 1.4 by Bragg's law, where θ 

is the incident angle, d is the distance between the planes, λ is the wavelength and 

n is a integer number, as follow: 

                                       

                                               nλ = 2d sin θ                                               (1.4) 

 

FIGURE 1.15 - Bragg diffraction of X-rays by crystal planes. 

 

The X-ray powder diffraction pattern of a crystalline material is the plot of the 

diffraction intensity as a function of 2θ value (or equivalently, d spacings) and may 

be considered to be the fingerprint of the crystal. Nevertheless, the value of the d 
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spacings reflects the dimensions of the unit cell, while the contents of the unit cell 

and the arrangement of atoms/molecules therein presents the intensities.165 

The unit cell (Figure 1.16 a) is often reduced to sub-units known as the 

asymmetric unit, where each asymmetric unit is related to others by symmetry 

elements (rotation, reflection, inversion and so on), to form the complete crystal 

structure. The planes within a set of asymmetric units are parallel and equidistant 

(interplanar distance known as d-spacing) and are labelled by integer values which 

are mathematically related to the unit cell parameters called the Miller indices (h,k,l). 

In crystallography, the Miller indices form a notation system for planes in crystal 

lattice (Bravais), i.e., an infinite array of discrete points generated by a set of discrete 

translation operations described in three dimensional space.166 

  

 

FIGURE 1.16 - (a) Sketch of a unit cell in three-dimensional parameters (b) The four 

of the fourteen Bravais lattice. 

                  

        A crystal structure is assigned to a space group that represents its symmetry 

elements within the system using the combination of possible symmetry elements, 

the seven crystal systems and the fourteen types of unit cells or Bravais lattices 

(Table 1.1). The possible symmetry elements include inversion, rotation, reflection, 

screw axes and glide planes. Figure 1.16b shows the common four of the fourteen 
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Bravais lattice. Therefore, only 230 different space groups are available into which a 

crystal structure can possibly be assigned.  

 

TABLE 1.1 – Showing the relationship between different crystal systems, unit cell 

and Bravais types. 

 

Crystal System 
Restriction on Unit Cell 

Parameter 
Possible Bravais Types 

Cubic 
a = b = c 

α = β = γ = 90° 
P, I, F 

Hexagonal 
a = b ≠ c 

α = β, γ = 120° 
P 

Trigonal 
a = b = c 

α = β = γ ≠ 90° 
R 

Tetragonal 
a = b ≠ c 

α = β = γ = 90° 
P, I 

Orthorhombic 
a ≠ b ≠ c 

α = β = γ = 90° 
P, I, F, C 

Monoclinic 
a ≠ b ≠ c 

α = γ = 90°, β ≠ 90° 
P, C 

Triclinic 
a ≠ b ≠ c 

α ≠ β ≠ γ ≠ 90° 
P 

 

 

The molecular structure determination is achieved using single crystal 

methods.167 Traditionally, the powder XRD is used for the qualitative identification of 

individual polymorphic phases, phase purity, and percentage crystallinity of a 

sample, while the single crystal method provides undoubtable details on molecular 

and crystal structure. However, these methods are employed complementarily to 

generate detailed structural information.168 Nevertheless, the single crystal XRD 

serves as the ultimate crystallographic data source for complete structure 

determination and structure refinement software such as CrysAlisPro,169 F2 
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(SHELXTL-97),170 Olex2,171  ORTEP-3,172 WinGX173 and MERCURY174 are used for 

data integration, corrections, model refinement, crystal structure analysis and 

visualization, and preparation of the crystallographic information files (CIF). 

 

1.6.5.  Differential scanning calorimetric (DSC) 

Thermal techniques generally provide quantitative information about the 

material thermal behaviors such as melting point, heat capacity, heat of 

fusion/transition, relative stability of polymorphic forms, and determination of phase 

transition energies. The methods are based on the principle that phase changes in 

the physical state of materials or even chemical reactions/decomposition are 

accompanied by the liberation or absorption of heat (exothermic and endothermic 

events).175  

The differential scanning calorimetric (DSC) is a thermal analysis technique that 

detects the temperatures and heat flows caused by changes in heat capacity or by 

endothermic and exothermic processes of materials as a function of time and 

temperature. This technique serves as an important screening and characterization 

tool for studying and monitoring materials thermal properties, especially to 

differentiate between polymorphic materials.176 

Figure 1.17 shows a typical chamber in a “heat flow” DSC, a temperature-

controlled furnace that contain two cells for the sample and the inert reference 

material. The pan made of Al, Cu, Au, Pt, alumina, or graphite is selected to avoid 

reactions with samples, while the thermocouple measures the temperature flowing 

into both cell. However, the cells are heated (or cooled) at a controlled heating (or 

cooling) rate. The DSC account for difference in the heat energy required to increase 

the temperature of both sample and reference when they are heated cooled at the 

same rate.177 
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FIGURE 1.17 – Schematic diagram of a typical chamber setup in a “heat flow” DSC. 

 

Generally, the temperature program for a typical DSC is designed to allow the 

sample temperature to increase linearly as a function of time. Therefore, when a 

sample undergo physical transformation such as phase transition, crystallization, or 

melting, more or less heat will be required to flow into the sample compared to the 

reference material to maintain both at the same temperature. Therefore, thermal 

event i.e., exothermic or endothermic transitions, thus depending on the thermal 

properties of the sample, is measured as a function of temperature or time.   

  

FIGURE 1.18 – DSC curve showing thermal events. 
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Figure 1.18 shows a typical DSC heating transition (heat flow) for endothermic 

and exothermic transition and the information that is obtained in the direction of heat 

flow when performing DSC analysis. DSC is used to ascertain the melting point 

(melting temperature), differentiate polymorphic forms and thermal stability of 

different multicomponent cocrystal/salt forms synthesized in this project.24  

         

1.6.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a method that measures the amount and 

rate of change in the material weight as a function of temperature or time under a 

controlled atmosphere. This equipment determines the composition of materials by 

predicting their thermal stability at every increase in the temperature, and it 

determines material weight loss or gain due to the decomposition, oxidation, or 

dehydration. Based on this, it provides information about physical phenomena, such 

as second-order phase transitions, including vaporization, sublimation, absorption, 

adsorption, and desorption. Also, information about chemical phenomena including 

chemisorption, desolvation (especially dehydration), decomposition, and solid gas 

reactions (e.g., oxidation or reduction) are obtained.178 

Unlike the DCS that detects the heat flows (energy variation) in thermal events, 

the TGA device is used mainly to measure the mass loss of a material as a function 

of temperature. These techniques are used complementarily as characterization 

tools for the determination of thermal stability, composition of multicomponent 

systems, and moisture/volatile content.177  
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 FIGURE 1.19 – Schematic diagram of a typical TGA chamber. 

 

Figure 1.19 shows a typical TGA chamber with the sample placed in a pan 

suspended by the thermally isolated balance that accurately monitors the changes 

in the mass of the sample. Likewise, the heating rate and material weight change 

are continuously monitored over the entire thermal analysis period, while the 

temperature-scanning rate and the purge gas flow-rate can be changed. This 

analysis is achieved through gradual raising of temperature and plotting the sample’s 

weight against temperature. For that, it is used computer programs to control the 

instrument and to process the data temperature vs. weight, as presented in Figure 

1.20. Herein, the characteristics of the sample changes due to loss of volatiles (such 

as moisture), decomposition, and oxidation.179 
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FIGURE 1.20 – A TGA curve indicating stages of thermal events. 

 

 

1.6.7  Optical/Hot-Stage Microscopy 

Hot-stage microscopy (HSM) is an analytical technique that combines the best 

properties of microscopy and thermal analysis to enable the comprehensive study 

and characterization of the physical properties of solid-state materials as a function 

of temperature and time.180 It generates information (visual/video) about particle size 

and particle morphology, visual monitoring of thermal changes to obtain valuable 

information on material purity and melting point, recrystallization, decomposition and 

other transformations during heating.181 In addition, USM provides information on 

phase transformations (solid-solid or solid-liquid), like evaporation, sublimation, 

evidences of molecular interactions (crystal growth), and the study of polymorphic 

transitions.182  
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This thermo-optical technique is credited to Ludwig/Adelheid Kofler (founders 

of the Innsbruck group), Otto Lehman, and Maria Kuhnert-Brandstätter.24 Maria 

Kuhnert-Brandstätter worked extensively using HSM for the solid-state 

characterization of pharmaceutical compounds and this technique with other thermal 

devices have become a well-established screening and characterization tool.183 

FIGURE 1.21 – A photo of an Optical/Hot-Stage Microscopy setup.  

 

The Figure 1.21 shows the picture of an optical hot-stage photomicroscope 

(polarizing microscope) setup with programmed temperature controller. The staged 

compartments include the optical video-enhanced microscope, polarizer, hot-stage 

chamber, computer with image manipulation software, and high-resolution color 

digital camera that offers even greater possibilities for the characterization of 

materials. Herein, heating temperature from 0.1 °C/min up to ~350 °C is applied 

thermoelectrically, and cooling is achieved through high-pressure pumps or purge 

gas. The system allows the control of the heating process and observation of thermal 

events as high-resolution photomicrography. The generated data is imported into a 

computer to provide a real-time presentation of the temperature dependent 

transitions. The Figure 1.22 shows typical photomicrograph images obtained from 

HSM, collected at different temperatures and magnification using crossed 

polarizers.184 
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FIGURE 1.22 - Images obtained from HSM. 

 

 

         1.6.8  UV Spectrophotometry 

Aqueous solubility plays important role in the pharmacokinetic properties of 

pharmaceutical materials and especially the bioavailability parameters.185 The use 

of UV Spectrophotometer for solubility determination is based on the principle that 

molecules containing bonding and non-bonding electrons can absorb energy in the 

form of ultraviolet or visible light to excite these electrons to higher anti-bonding 

molecular orbitals. Hence, it presents an efficient method for the identification and 

quantification of the amount (quantity) of a solute in solution, especially, in the quality 

control of drugs. This concept is based on the Beer-Lamberts law that establish the 

relationship between light absorption and solute concentration under suitable 

conditions.177  

  Figure 1.23 shows a UV light source with an initial intensity (Io) passing 

through a solution in a cuvette of length (l) and the intensity (I) after some light 

absorption by the sample. The ratio of (I/Io) is the transmittance (T), and is usually 
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expressed as percentage transmittance (%T). Thus, the absorbance (A), which is 

based on the transmittance, is expressed as follows: 

 

                    A = - log10 T = -log10 (I/Io).                                                (1.5) 

                               1/T = 10(A)                                                                           (1.6)    

 

 

FIGURE 1.23 - UV light absorption by a sample. 

   

The Figure 1.24 shows the basic parts of a typical UV spectrophotometer with 

a radiation source like Tungsten filament (300–2500 nm), deuterium arc lamp, which 

is continuous over the ultraviolet region (190–400 nm), Xenon arc lamp, which is 

continuous from 160 to 2,000 nm; or more recently, light emitting diodes (LED) for 

the entire visible wavelengths (390-780 nm). The monochromator filters 

degenerated light and only a short band (single wavelength) passes through the 

samples/reference where specific wavelengths are absorbed by the sample. The 

detector can be a photomultiplier tube, photodiode, photodiode array or charge-

coupled device (CCD).186 
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FIGURE 1.24 - The basic parts of a UV spectrophotometer. 

 

 

 

1.7    Fluconazole 

Fluconazole91 (2-(2,4-difluorophenyl)-1,3-bis(1H-1,2,4triazole-1-yl)-propan-2-

ol) is a first-generation triazole antifungal medication reported to be a slightly soluble 

multifunction drug sold as Diflucan® for preventing and curing fungal infections such 

as candidiasis,187 blastomycosis,188 coccidiodomycosis,189 pityriasis versicolor,190 

cryptococcosis,191 histoplasmosis,192 and dermatophytosis.193 It an important drug 

against candidiasis infection for immunocompromised patients with advanced 

acquired immune-deficiency syndrome (AIDS),194 cancer patients undergoing some 

chemotherapy or radiation therapy treatment,195 and patients with high infections risk 

following organ transplantation.196  

Pharmacologically,197 FLZ presents potential and competence to destroy 

yeast and fungal cell membranes like other imidazole- and triazole-class antifungals, 

by inhibits the synthesis of ergosterol, the component in the fungal cell membrane.198 

However, FLZ continuous usage is required to achieve the appropriate dosage 

concentration required for an effective biological activity due to its low aqueous 

solubility issue.199  
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FIGURE 1.25 – Molecular structure of Fluconazole. 

 

The Figure 1.25 presents the chemical structure of FLZ that differs from earlier 

azole antifungals such as ketoconazole200 in that FLZ structure contains a triazole 

ring instead of an imidazole ring, and serves for systemic treatment because of their 

improved safety and predictable absorption when administered orally compared to 

other azole antifungal that are topically administered.201 However, the bioavailability 

of FLZ is as high as 90%, and the plasma protein binding is very low (12%).202 It was 

observed to present low solubility, about 4-5 mg/L at 25 °C for its polymorphs,203 and 

will require about 50-400 mg for plasma concentration via continuous oral 

administration.204  

However, due to the low aqueous solubility observed with this multifunction 

drug, there is a need to improve this property. Hence, different research and studies 

have reported successful breakthroughs with the syntheses of different 

multicomponent solid forms and polymorphs of FLZ.205 The work of Alkhamis et al., 

detailed a report/summary on the syntheses of different multicomponent solid forms 

of FLZ, including solvates, salt and polymorphs.31 In this contribution, four 

pharmaceutical cocrystals, a salt and a polymorph of FLZ with improved 

physicochemical properties such as aqueous solubility and stability were 

synthesized and characterized in line with the CE methodology.203 These cocrystals 

and salt present improved and higher equilibrium solubility in different folds when 

compared to the reported solubility of commercialized FLZ forms. Interestingly, this 



42 

 

 

 

thesis presents the first structurally reported salt of the antifungal drug fluconazole 

with the highest reported solubility. 
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2 AIMS AND OBJECTIVES  

 

2.2    Aims 

The discovery and development/manufacturing of therapeutically effective 

drugs is a challenging, expensive, and complex process to the pharmaceutical 

industries, in that, pharmaceutical industries seek high therapeutic and clinical 

potential drugs with preferable pharmacokinetic and physicochemical properties. 

Unfortunately, high percentage of important commercialized drugs present low 

therapeutic activity due to less desired physicochemical and pharmacokinetic 

property issues, such as low aqueous solubility, low bioavailability and chemical 

instability. 

 This research aims to optimize the pharmacokinetic and physicochemical 

properties of active pharmaceutical ingredients (APIs) belonging to the 

Biopharmaceutical Classification System (BCS) class II and IV, through the 

understanding of intermolecular interactions in the context of crystal engineering 

(CE) concept to design and synthesize new multicomponent solid-state functional 

structures, such pharmaceutical cocrystals and salts. 

 

2.3   Objectives 

The objectives of this research (thesis) are in line with the crystal-engineering 

concept for improving physicochemical properties APIs. Therefore, towards 

achieving our ultimate aim, the following are the objectives of this work: 

(1) To design the selections of API/coformer(s) that present high possibility of 

achieving intermolecular interactions (hydrogen bond propensities) using the 

multicomponent screening wizard of MERCURY program of the CSD package 

and the supramolecular synthon interactions; 

(2) To design simple crystallization experimental for synthesize new and 

physicochemically improved solid forms of APIs, in the forms of cocrystals/salt, 

with emphasis on their solubility and stability, using crystal engineering concept; 
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(3) To develop an efficient analytical method for screening/monitoring phases of 

supramolecular interactions such as different polymorphic phases, obtained from 

complex crystallization processes using the Raman/FTIR spectroscopy 

(vibrational and absorption modes) with a multivariate tool (PCA) as a 

complementary tools for data analysis. 

(4) To recommend the importance of multivariate analysis (analytical data analysis) 

into crystal engineering concepts as a reliable tool/methodology for screening, 

monitoring and detecting new supramolecular synthesis routes, and especially 

the screening of new polymorphic phases.   

(5) To perform structural property characterization for all obtained structure using 

Raman/FTIR spectroscopy, X-ray diffraction (powder/single crystal), thermal 

analysis; Differential scanning calorimeter, thermogravimetric analysis and 

optical/hot-Stage microscopy, using UV spectrophotometry to determine their 

equilibrium solubility.  
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       REPORTED RESULTS IN THE MANUSCRIPTS                  
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 According to the rules of the Programa de Pós-Graduação em 

Química of Universidade Federal de São Carlos, the Ph.D. candidate 

can present and use his published papers, which bring the obtained 

results during the thesis development, for the thesis defense. To do that, 

the sum of the impact factors of the published papers need to be higher 

than 6.0. 

 In this way, the obtained results and conclusions will be presented 

as papers in Annexes. 

 Annex I brings the first paper, Fluconazolium oxalate: synthesis 

and structural characterization of a highly soluble crystalline form, 

published in the journal CrystEngComm, volume 21, pages 1114 to 

1121, 2019. Impact factor: 3.382. 

 Annex II brings the second paper, Fluconazole: Synthesis and 

Structural Characterization of Four New Pharmaceutical Cocrystal 

Forms, published in the journal Crystal Growth & Design, volume 19, 

pages 648 to 657, 2019. Impact factor: 4.153. 
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4 CONCLUSIONS AND FUTURE PERSPECTIVE 

 

4.1 Conclusions 

This doctorate thesis re-presents the importance and potentials of crystal 

engineering as a dependable, established, and rapidly expanding discipline that aid 

the optimization of less desired physicochemical and pharmacokinetic properties of 

active pharmaceutical ingredients like solubility, dissolution rate and bioavailability. 

This practice of crystal lattice modification through design/screening, intermolecular 

interactions, supramolecular synthesis, monitoring and evaluation, quantification, 

and characterization result into novel (optimized form) multicomponent solid forms 

of previous APIs, which is eligible for patency approval under standard (regulations) 

and requirements of drug control governmental agencies.  

However, considering the FDA directive 2001/83/EC reports and reflection 

paper published by EMEA that new generic medicinal products can contain APIs that 

deviate from the originator, and therefore, the polymorphic forms of the mentioned 

API variations are suitable for a generic application. It is however justifiable to say 

that the four (4) new cocrystals of fluconazole, the oxalate salt of fluconazole, the 

imidazolium hydrated salt of Diclofenac and the new polymorph of FLZ reported in 

this report stand the chance to be candidates for generic drugs. In as much as salts 

and pharmaceutical cocrystals are classified alongside polymorphs of an API, they 

are therefore eligible candidates for generic applications as laid out in Article 10 (2) 

(b) of directive 2001/83/EC.  

In addition, the potential advantages of employing chemometric tool; principal 

component analysis (PCA), tool to monitor, visualize, detect and investigate the 

molecular properties of materials through decomposition of Raman/FTIR vibrational 

modes (data analysis) was rewarded with a new polymorph of FLZ as reported 

herein. Therefore, the credibility of this combination is its ability/potential to detect 

latent trends in complex crystallization processes and aid the selection of desired 

supramolecular synthesis routes compared to the conventional method of spectra 

superimposition. 
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4.2 Future perspective 

In this thesis, crystal engineering and supramolecular chemistry present the 

opportunity to redefine the physicochemical and indirectly the pharmacokinetic 

properties of less desired APIs through non-covalent intermolecular interactions that 

manipulates crystal lattice arrangement without altering their therapeutic/biological 

activities, thus resulting into new and physicochemically improved pharmaceutical 

cocrystals/salts forms with patentability right under legal guidelines. Likewise, the 

application/combination of chemometric tools such as PCA for analytical purposes 

was demonstrated and justified. 

The recent FDA directive 2001/83/EC and reflection by EMA suggested that 

new generic medicinal products can contain APIs that deviate from the originator, 

and therefore, the polymorphic forms of the said API are suitable for a generic 

application. In as much as pharmaceutical cocrystals are classified alongside 

polymorphs of an API, the former and likes (hydrates/solvates) are therefore eligible 

candidates for generic applications as explained in the Article 10 (2)(b) of directive 

2001/83/EC, and the compliance of agencies like EMA and ANVISA as suggested 

in their recent reflections. In addition, the approval of biowaiver approach, serves the 

advantages of using salts, polymorphs, cocrystals and their diversities in generic 

pharmaceutical products. However fixed dose combinations of important APIs like 

Combivir (lamivudine-zidovudine)206 and Dovato (dolutegravir-lamivudine)207 for HIV 

and HIV-1 infections respectively, Tukysa (tucatinib, trastuzumab and 

capecitabine)208 for HER2-positive breast cancer, to mention a few, have recently 

been approved.   

Considering the aforementioned developments, the future perspectives and 

trends in the application crystal engineering and supramolecular chemistry will focus 

on the advantages and benefits of multidrug chemotherapy scheme that aim at using 

existing synergistic interactions between (related/selected) APIs to design/achieve 

pharmaceutical multidrug cocrystals and salts with optimized properties for diverse 

multi-actions therapy against resistance strains of diseases/infections 

. 
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