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General introduction 

Polymorphism is a common phenomenon in pharmaceutical compounds; it has been 

confirmed to exist in the majority of small molecular pharmaceutical compounds.[1] Because 

many physicochemical properties vary with its crystal arrangement, a chemical compound 

may not exhibit the same activity as a pharmaceutical or an agrochemical depending on the 

polymorph. Therefore, polymorphism has attracted attention from researchers not only to 

avoid problems caused by the behavior of different polymorphs, but also to make use of 

them. One of the important challenges is the control over crystallization and persistence of 

polymorphs in production, storage, and during its use. 

A previous study has shown that 1,3-dimethylurea appears to inhibit the phase 

transformation of the  polymorph of pyrazinamide into a more stable form when obtained 

by spray drying.[2, 3] However, other tested urea derivatives, such as urea, N-methylurea, 1,1-

diethylurea, and trimethylurea, did not appear to cause the same effect as 1,3-dimethylurea.[4] 

This result leaves us with a number of questions: Is 1,3-dimethylurea the only additive that 

can extend the persistence time of spray dried  pyrazinamide? How does it work? The 

answers to these questions will not only help us to understand the effects of additives on the 

crystallization process and the final product but also provide new solutions for stabilizing 

metastable polymorphs.  

Therefore, this thesis focusses on the polymorphism of pyrazinamide and the effect of 1,3-

dimethylurea and of other additives with a structure similar to 1,3-dimethylurea. This 

objective has led to the exploration of the phase behavior of pyrazinamide, the interactions 

between pyrazinamide and additives, and the crystallization behavior in the spray drying 

process. Especially, the interactions between pyrazinamide and a number of urea derivatives 

have been studied in detail in solution as well as in the vapor phase. 

Various crystallization methods have been applied to prepare the four known polymorphs of 

pyrazinamide. The thermal expansion and the compression of the four polymorphs have 

been analyzed and the relation between the observed behavior and the structures is discussed. 

This part is presented in chapter III. The phase behavior of the four polymorphs and the 

liquid phase has been investigated by differential scanning calorimetry and powder X-ray 

diffraction. The effects of the heating rate of the differential scanning calorimeter and of the 

sublimation on the phase transitions have been studied in detail. A pressure-temperature 
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phase diagram involving forms  and , the liquid, and the vapor phase has been constructed 

using thermal analysis, specific volumes, and the vapor pressure. The stable domain for the 

 form has been determined. This will be described in detail in chapter IV. 

Chapters V and VI focus on the investigation into the interactions between pyrazinamide 

and the urea derivatives. The interactions in solution have been studied by proton nuclear 

magnetic resonance (NMR). The charge distributions and the electrostatic potential 

distributions have been calculated for pyrazinamide, the solvents, and the urea derivatives 

to reinforce the analysis of the NMR observations. The effect of the urea derivatives on the 

crystallization process of pyrazinamide in the vapor phase has been explored in the induction 

time, complete sublimation time of the  form and the morphologies of the  form crystals 

obtained in the absence and the presence of the urea derivatives.  

In chapter VII, pyrazinamide crystallization during spray drying in the absence and the 

presence of the urea derivatives is discussed. In addition, the eutectic temperatures and the 

recrystallization temperatures of mixtures of pyrazinamide and the urea derivatives have 

been determined. Solubilities of pyrazinamide and the urea derivatives have been 

determined and ternary phase diagrams have been constructed to analyze the effect of the 

various urea related molecules on the crystallization behavior of pyrazinamide. 
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Chapter I: Generalities 

I.1 The crystalline state 

The states of matter can be solid, liquid, and gas. Among the condensed phases, what 

differentiates the solid from the liquid is the lack of three types of large-amplitude molecular 

motion: translation, rotation, and internal rotation or conformational motion.[5] Solids can be 

crystalline or amorphous, which can be differentiated by the presence or absence of long 

range order, respectively. Crystals exhibit three-dimensional long-range order as the 

molecules are arranged in a three-dimensional tri-periodic crystal lattice; however, disorder 

can exist in crystals compatible with the crystalline nature.[6, 7] Disorder can induce 

distortions or fluctuations in crystal lattices. Structural disorder may be either static or 

dynamic. Static disorder is temperature-independent, whereas dynamic disorder tends to 

increase with the temperature. The two types of disorder can be distinguished by 

temperature-dependent analysis using solid-state nuclear magnetic resonance (NMR) 

spectroscopy or single-crystal X-ray diffraction (XRD).[8]  

Molecules, ions, atoms etc. can be found in different crystalline assemblies: polymorphs, 

solvates, hydrates, salts, co-crystals and so on. Figure I.1 exhibits several common 

crystalline assemblies. ‘Polymorph’ refers to the capacity of a single type of molecule (or 

other chemical entity) to exist in more than one crystal arrangement.[9, 10] A solvate is defined 

by the presence of solvent molecules in the crystal lattice of a given molecule. They can be 

divided into stoichiometric (including a fixed ratio between the solvent molecule and the 

host molecule) and non-stoichiometric solvates (with variable ratio between the solvent 

molecule and the host molecule).[10] A hydrate is a special case of solvate in which the 

solvent molecule is water, ubiquitous in many industrial environments. A salt can be in terms 

of a well-defined separation of charges due to the presence of metal ions, strong acids, or 

the pKa balance between different constituents in the crystal..[11, 12] G. Patrick Stahly has 

defined a cocrystal as: ‘co-crystals consist of two or more components that form a unique 

crystalline structure having unique properties’.[13] In this thesis, we placed an emphasis on 

crystalline solids, especially on their polymorphism.
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Figure I.1 Schematic depiction of several common types of solid forms 

I.1.1 Polymorphism 

Polymorphism is a common phenomenon in inorganic and organic systems. Different 

polymorphs of same chemical species exhibit different physicochemical properties, such as 

melting point, solubility, optical and electrical properties. For pharmaceuticals, it is 

important to understand their polymorphic behavior in order to choose the polymorph with 

the desired solubility, dissolution rate, and relative stability to achieve the appropriate level 

of bio-availability and drug stability.[14, 15]  

Polymorphism can be classified into three categories based on the molecule and 

arrangement[16] (Figure I.2): 1) conformational polymorphism: differences in molecular 

conformation leading to different crystal structures, for example tolfenamic acid[17]; 2) 

packing polymorphism: the arrangement of rigid molecules, or of flexible molecules in the 

same conformation, differs, for instance the polymorphs of benzamide[18]; 3) synthon 

polymorphism: hydrogen bonding or supramolecular synthon may be differently positioned 

in crystal structures of the same chemical species, such as sulfathiazole[19, 20] and cocrystals 

of temozolomide[21]. These three categories can overlap.  
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Figure I.2 Types of polymorphs 

 

There are many characterization methods to investigate polymorphism and their 

transformations. X-ray diffraction (XRD) patterns are unique to specific crystalline 

arrangements and make XRD one of the most important techniques for identifying 

polymorphs. Single-crystal XRD is the most effective technique to determine crystal 

structures. Powder XRD can be used to quantify the relative composition of different 

polymorphs and in favorable conditions, solve their crystal structures if single crystals are 

hard to obtain. Differential scanning calorimetry (DSC) and thermal gravimetric analysis 

(TGA) can be used to measure thermal data to determine phase transformations. Infrared 

and Raman spectroscopy are other methods that can be used to distinguish polymorphs.[22]  

I.1.2 Crystal morphology 

The crystal morphology is defined by the set of crystallographic planes that describes the 

entire crystal surface, which is therefore inherently determined by the crystal structure.[23] 

Any factor that affects the molecular deposition rate will affect the crystal habit.[24] Those 

factors can be classified in two categories: internal and external. Internal factors include 

crystal defects for example, whereas external factors are related to experimental conditions 

and involve the solvent, the level of supersaturation, and impurities among others.[25, 26] 

Therefore, the same polymorph of a given compound may have different habits depending 

on the crystallization conditions. The crystal morphology and the crystal habit not only affect 

processes such as filtration, washing, and drying, but also product properties like bulk 
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density and flowability.[27] A few models have been developed to predict the crystal 

morphology and habit from the crystal structure. 

 

The Bravais-Friedel-Donnay-Harker (BFDH) model 

Morphology prediction based on the crystal lattice geometry was firstly proposed by Bravais 

in 1866.[28] The basis of the relationship between morphology and internal structure was 

subsequently discussed by Friedel.[29] This theory was further developed by Donnay and 

Harker[30] resulting in the BFDH model. It can be summarized as ‘taking into account 

submultiples of the interplanar spacing dhkl due to space-group symmetry, the most important 

crystallographic forms will have the greatest interplanar spacings’.[31] Thus in the BFDH 

model, the crystal morphology is predicted using only the unit-cell parameters and the space 

group it belongs to. 

 

The periodic bond chains (PBC) model 

The periodic bond chains (PBC) model was developed by Hartman and Perdok.[32-34] In this 

model, it is assumed that crystal growth can be considered as the formation of bonds between 

the crystallizing molecules.[35] This theory applies if 1) crystal growth is controlled by the 

surface, 2) defects have no effect on the growth process, and 3) the growth process is carried 

out through the formation of relatively strong intermolecular interactions.  

 

Attachment-energy (AE) model 

The attachment-energy model is based on the PBC theory and was developed by Bennema 

and Hartman.[36] It takes into account the anisotropic energy in the unit cell.[37] The model 

assumes that the faces with higher attachment energies Eatt should have a higher growth rate. 

𝐸𝑎𝑡𝑡 = 𝐸𝑙𝑎𝑡𝑡 − 𝐸𝑠𝑙𝑖𝑐𝑒 (I.1) 

 

with 𝐸𝑙𝑎𝑡𝑡 the lattice energy and 𝐸𝑠𝑙𝑖𝑐𝑒 the energy of a growth slice of thickness dhkl. Rhkl, 

the relative growth rate of the crystal face in vacuum is assumed to be proportional to Eatt. 

𝑅ℎ𝑘𝑙 ∝ 𝐸𝑎𝑡𝑡 (I.2) 

 

The AE model is usually used to predict the morphology of crystals obtained in the vapor 

phase. 
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I.1.3 Twinning 

Twinning is an aggregation or intergrowth phenomenon of at least two crystals of the same 

molecular species joined together in a defined crystallographic orientation.[7, 25] Twins can 

be classified in different ways. 1) By morphology, including contact twins, sector twins, 

polysynthetic twins, penetration twins and so on. 2) By lattice domain overlap, including 

merohedral twins (twins with parallel axes) with full, three-dimensional lattice coincidence 

and nonmerohedral twins (twins with inclined axes) with two or one-dimensional lattice 

coincidence. 3) By their origin, including growth, transformation, mechanical, or 

deformation twins.[25]  

Two formation mechanisms are hypothesized for twinning: either it appears during 

nucleation or during the growth process. Buerger proposed that twinning occurs during the 

first stage of spontaneous nucleation, before the nucleus reaches the critical size.[38] 

Penetration twins and sector twins point to twinning during nucleation. A number of models 

describe twinning during the crystal growth process. 1) A two-dimensional nucleus appears 

in twin position on a face of a macroscopic single crystal.[38] This type of twinning will be 

promoted by defects on the crystal face. 2) The twinning domains appear as ‘inserts’ and 

extend from the initiating defects into the direction of the growth of the face. These are 

merohedral twins.[39] 3) In melt or solution crystallization, small crystals may accidentally 

stick to each other with analogous faces (hkl)1 and (hkl)2 in twin position and then grow 

further as a twin.[40] 4) In some cases, the morphology of twinned crystals may be drastically 

modified compared to single crystals.[41, 42]  

The twin boundary is the plane of contact between the faces of the two twin domains, and is 

also called twin interface, contact plane, composition plane, domain boundary or domain 

wall.[43] The twin boundary implies a reduction of the mutual surface energies. The 

occurrence of twinning and the shape and arrangement of a twinned crystal are governed by 

the twin interface, its structure, preferred orientation, and interfacial energy.[25, 43]  

I.2 Crystallization methods 

Crystallization is one of the oldest batch operations to obtain crystalline solids and which is 

widely applied in the pharmaceutical, chemical, and food industries for example.[44-46] Its 

widespread application is not only on the account of achieving both separation and 

purification in a single batch process, but also on the account of producing particles with 
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well-defined qualities such as homogeneous particle size and level of purity. Interrelations 

between the crystallization process, the phenomena it invokes, its functions and the final 

product are presented in Figure I.3.[47] Kitamura published a paper about polymorph control 

in which various substances, crystallization methods, and processes have been 

investigated.[48] Lerond et al. studied the effect of the cooling profile in cooling 

crystallization on the filterability of the crystals demonstrating the influence of size and 

shape.[49] Lyophilization can produce high surface area powders with high dissolution 

rates.[50] Crystallization from solution is the most common method, including cooling 

crystallization, evaporation crystallization, antisolvent crystallization, reaction 

crystallization and so on. Some crystallization methods are solvent-free, such as melt 

crystallization and sublimation crystallization. There are other crystallization methods, like 

spray drying and freeze-drying. Cooling crystallization, evaporation crystallization, spray 

drying, and sublimation crystallization have been used in this study.  

 

 

Figure I.3 Interrelations in crystallization 

I.2.1 Crystallization from solution 

Crystallization from solution includes different crystallization methods, and its 

thermodynamic driving force is supersaturation. The flows of material and energy and 

crystallization kinetics (nucleation and growth) determine the accessible degrees of 

supersaturation, which can be expressed as  = (c − c)/ c. c is the real concentration. c is 
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the saturation concentration, which is also known as the solubility. It is an important 

thermodynamic parameter in crystallization. 

I.2.1.1 Solubility 

Solubility is an important parameter in solvent screening. It is the main factor affecting 

product quality and yield. The difference in solubility between polymorphs can be used to 

study their relative stability. Solubility is defined as the equilibrium concentration of a solute 

in a solvent in the presence of its solid phase at a given temperature and a given pressure. It 

is the maximum stable amount of solute dissolved in a given quantity of solvent. Solubility 

is commonly expressed in terms of molar fraction:  

𝑥 =
𝑛𝑠𝑜𝑙𝑢𝑡𝑒

𝑛𝑠𝑜𝑙𝑢𝑡𝑒 + 𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 (I.3) 

 

Where, x is molar solubility and n the number of moles of the respective constituent. 

Solubility is determined with two experimental methods: thermodynamic and kinetic.[51] The 

two methods will be presented in section II.4.6. 

I.2.1.2 Cooling crystallization 

Cooling crystallization is generally applied for compounds whose solubility greatly 

increases with temperature.[52] Supersaturation is generated by cooling down the solution. 

Various operating conditions can affect the final crystals.  

Important parameters are solubility and solvent. Solubility differs depending on the solvent. 

Hilfiker pointed out that the solubility used in cooling crystallization should be in the range 

of 10-100 mg mL−1.[1] Too low or too high solubility is not conducive to yield good quality 

crystals. Khoshkhoo et al. investigated the effect of solvent on the polymorphs of 

sulphathiazole and it was concluded that some solvents selectively cause the crystallization 

of specific polymorphs, which was ascribed to kinetic effects.[53] The effect of the solvent 

on morphology was studied by Martino et al..[54] It was demonstrated that the polarity of a 

solvent may affect the solvent-solute interactions on certain crystal faces more than others 

resulting in different morphologies.  

The cooling rate and the overall cooling profile are important operational factors that have 

a large influence on crystallization kinetics and thus on the final crystals. Cooling profiles 

can be linear or more sophisticated.[49] Mohameed et al. investigated the effect of cooling 

profiles on the crystallization kinetics and the mean final particle size of KCl and the natural 
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cooling profile produces the smaller crystal size distribution than  other cooling profiles 

used in the literature.[55] The cooling rate effect on polymorphs of pyrazinamide have been 

studied.[56] Metastable polymorphs are obtained at higher cooling rates, which can be 

explained by the Ostwald “Rule of Stages”. This rule implies that the least stable polymorph 

should be crystallized first in the crystallization.[57] 

Seeding is widely used in cooling crystallization. Polymorphism of seeds, seed loading and 

seed size affect the obtained polymorphs and the properties of the final crystals, such as the 

crystal size distribution.[58-60] 

In addition to the factors mentioned above, others like stirring rate[61] and additives[62] can 

have an influence on the crystallization process and the final crystals.  

I.2.1.3 Evaporation 

Evaporation crystallization is suitable for substances whose solubility increases slightly, 

remains almost invariable, or even decreases with temperature.[52] The solute concentration 

increases and reaches supersaturation by evaporation. Solvent, evaporation temperature, 

evaporation rate and other parameters can affect the crystallization process and the product. 

Evaporation at ambient condition is a commonly used method to prepare single crystals and 

to screen for polymorphs.  

I.2.2 Spray drying 

Spray drying is defined as “the transformation of feed from a fluid state into a dried 

particulate form by spraying the feed into a hot drying medium.”[63] The method was first 

mentioned in 1860 and the first patent about spray drying was registered in 1872 in the US.[64] 

Until World War II the spray drying technology continuously increased in process 

performance, efficiency, and safety. The demand of reducing the weight of food for transport 

strongly promoted the development of the technology. Milk powder was the first industrial 

spray-dried product.[65, 66] After a series of improvements, spray drying has become a widely 

used technology in fields of fertilizer, food, ceramics, detergent, and pharmaceutical 

processing.[67-71] The spray drying process involves four main stages: Atomization of the 

feed solution into a spray, spray-air contact, droplets drying and particle separation. Many 

parameters can be adjusted in spray drying to influence the properties of the final particles 

(see Table I.1). 
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Table I.1 Parameters and their influence during spray drying 

Parameters Influence Ref. 

Gas humidity Higher humidity, moist particles can be obtained  [72] 

Spray gas rate 
Low flow rates of atomizing air increase mean particle size, 

enhances powder flowability 

[73] 

Feed concentration 

Drying gas is dehumidified gas. The higher the feed 

concentration, the more rapid surface formation of particle,  

the larger the particle size and the higher the product yield  

[72, 74] 

The feed flow rate The higher the flow rate the larger the droplet size [75] 

Inlet temperature The higher the inlet temperature the lower the residual moisture [75] 

Aspirator speed 
Lower aspirator speeds lead to lower residual moisture content 

and a lower degree of separation in the cyclone 

[75] 

I.2.3 Sublimation crystallization 

Sublimation refers to transformation from the solid phase to the vapor phase: solid→vapor. 

For sublimation crystallization a condensation step is involved to grow the crystals; thus, 

the substance undergoes a solid → vapor → solid sequence of transformations. The principle 

of sublimation crystallization can be explained by the pressure-temperature phase diagram 

shown in Figure I.4. The three phases of a chemical compound are presented in their 

respective stability domains: solid, liquid, and vapor. These three phases are separated by 

the solid-vapor equilibrium curve (A-T), the solid-liquid equilibrium curve and the liquid-

vapor equilibrium curve. The intersection of the three curves is the triple point T in the figure. 

In sublimation crystallization experiments, the solid is heated up to for example point B, 

which is below the triple point. Only solid and vapor will be present in the system. In some 

cases, solid may be heated up to point B’ and the system will consist of liquid and vapor. 

Assuming that at point B, the vapor is not entirely in equilibrium with the solid, its vapor 

pressure will be lower. This lower pressure will be in equilibrium with the solid at a lower 

temperature. Thus within a temperature gradient, crystallization will take place once the 

vapor pressure finds its equilibrium temperature with the solid, as indicated by the dashed 

line B – D – E in Figure I.4.[76] Although sublimation crystallization is not as widely used as 

solution crystallization, it has a few advantages. Compared to cooling crystallization, the 

loss of material in sublimation is in principle negligible. The process is free from solvents 

and the final product is dry.[77] A major limitation of sublimation crystallization, however, is 

decomposition that may occur during sublimation. 
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Figure I.4 Sublimation crystallization cycles under a temperature gradient 

 

Sublimation crystallization equipment usually consists of a closed environment in the form 

of a tube with at one side a heating source to sublimate the raw material and at the other side 

a colder part for the condensation of the final crystals.[78] Gases or vacuum can be used to 

vary the sublimation and condensation conditions such as diffusion.[79] Commonly used 

sublimation crystallization equipment are a cold-finger[78], horizontal tubes attached to 

furnaces[80] and various in-house-constructed sublimators[79, 81]. Sublimation and 

condensation temperature[82], temperature gradient[83], vapor pressure[84], gaseous medium 

or additives[82] and the deposition surface or template[85] can affect the crystallization 

outcome. Shen et al. prepared different polymorphs of 5-methoxy-salicylaldhyde azine by 

sublimation crystallization at different temperatures.[86] Low temperature gradient 

sublimation in vacuo technique can be used to prepare high quality crystals.[81] 

I.3 Phase transitions in the solid state 

I.3.1 Direct and indirect solid-solid phase transition mechanisms 

Solid-solid phase transitions, the transformation from one crystalline form into another, can 

be divided into direct and indirect transitions. The direct phase transition occurs 

spontaneously under the effect of temperature or pressure. Indirectly, the initial solid phase 

may transform into a different solid phase by the intervention of a third phase, such as 

solution-mediated or melt-induced transformations or as discussed just before 
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transformations through the vapor phase.[10, 87, 88] 

I.3.2 Mechanisms of solid-state phase transitions 

Nucleation and growth have been used to explain certain solid-state phase transitions.[89] 

Two distinct mechanisms of this type can be discerned. In the first case, nucleation of the 

final phase appears at voids in the microstructure of the initial phase followed by crystal 

growth in a ‘molecule-by-molecule’ transformation. No particular orientational relationship 

needs to exist between the two phases. In the second case, nucleation appears at cracks with 

a specific orientational relationship with the second phase, such a mechanism is called 

‘epitaxial’. Other mechanisms exists related to cooperativity, packing frustration, concerted 

movements, microstructure and mosaicity, modulated structures, zip-like mechanisms, 

anomalous thermal expansion, lattice strains, internal molecular motions, and mesoscopic 

effects, that have been proposed recently in relation to molecular motion in the mechanisms 

of solid-state phase transitions.[8] 

I.3.3 Thermodynamics 

Polymorphs of a given chemical compound may exhibit different properties and therefore 

their relative stability is of importance for industrial applications, such as in pharmacy. The 

polymorph with the lowest free energy is thermodynamically the most stable polymorph, 

while the other polymorphs with higher free energies may be metastable. The cause of the 

different free energies lies mainly in the interactions between the molecules, resulting in 

different internal energies and densities; in other words, if the molecular configuration or 

crystal configuration is not the same, the free energy must be different. 

Polymorphs can exhibit enantiotropic or monotropic behavior. In a monotropic relationship, 

only one of the two polymorphs is stable, that is, the Gibbs free energy of one polymorph is 

always lower below its melting point than the free energy of the other polymorph. In an 

enantiotropic relationship, an intersection of the Gibbs free energy curves of the two 

polymorphs exists before the melting point of the two polymorphs. The temperature 

corresponding to the intersection is called the equilibrium temperature and the relative 

stability between the two polymorphs is inverted on either side of the equilibrium 

temperature. 
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I.3.3.1 Pressure-temperature phase diagram 

Pressure-temperature (P-T) phase diagrams provide information on the relative stability 

between crystalline polymorphs as a function of the thermodynamic variables, characteristic 

of the Gibbs energy function, temperature and pressure. Such phase diagrams can be 

obtained by direct measurement, but due to experimental limitations, it is often easier to use 

the Clapeyron equation (eq. I.4) to construct or complete the phase diagram: 

𝑑𝑝

𝑑𝑇
=

∆𝑆

∆𝑉
=

∆𝐻

𝑇∆𝑆
 (I.4) 

 

in which, ∆S is the entropy change between the two phases, ∆H is the enthalpy change, ∆V 

represents the volume change, and T is the equilibrium temperature at which the enthalpy 

change has been obtained. Eq. I.4 provides the slope of a two-phase equilibrium as a function 

of the temperature and the pressure and phase diagrams obtained through extrapolation are 

called topological phase diagrams, because the positions of the equilibria will be 

qualitatively correct, but the uncertainty over their position may be larger than in the case of 

experimentally obtained equilibrium information. 

I.3.3.2 Thermal expansion and compressibility 

Thermal expansion of a solid is the result of an increase in the lattice vibrations with an 

increase in temperature. In 1929, Grüneisen proposed a simple theory for the thermal 

expansion of crystals with the expansion coefficient decreasing to zero if the temperature 

tends to absolute zero.[90] In general, the volumetric coefficient of thermal expansion V is 

used to express the volume change of a substance due to a temperature change[91] and it is 

expressed as:  

𝛼𝑉 =
1

𝑉
(

𝜕𝑉

𝜕𝑇
)

𝑝
 (I.5) 

 

where V is the volume and T is temperature. 

In general, solids exhibit a positive thermal expansion, i.e. their volume increases upon 

heating. Some solids exhibit negative thermal expansion, although uniaxial negative thermal 

expansion is more common.[92] 

Corresponding to the thermal expansion, the compressibility is used to express the relative 

volume change of a solid with a pressure change and the volumetric coefficient 

compressibility βV can be expressed as:  
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𝛽𝑉 = −
1

𝑉
(

𝜕𝑉

𝜕𝑝
)

𝑇

 (I.6) 

 

where p is pressure. 

Like thermal expansion, the compressibility usually is positive, which means the volume 

decreases with the increase of pressure. However, the compressibility could be negative in 

some conditions.[93] 

I.4 Effect of additives on crystallization and phase transition 

processes 

Additives play an important role in crystallization processes, like nucleation and growth 

processes, and can lead to the change of polymorph, morphology and so on.[94] Additives 

can be divided into solid and dissolved additives. Solid additives can serve as a template or 

substrate to guide the crystallization process. Caridi et al.[95] investigated the crystallization 

of isonicotinamide in the presence of templates, for example synthetic zeolite ZSM-5, that 

exhibit porous and regular surface structures in the nanometer range. These heterogeneous 

templates enhance the nucleation rate. One of the templates consisting of TiO2 also induced 

the nucleation of a metastable polymorph of isonicotinamide.[95] The crystallization 

mechanism induced by templates can be related to epitaxial growth.[96] Epitaxial growth 

occurs through a geometrical match of the crystallizing molecules and the substrate. Ledge-

directed epitaxy was proposed by Ward and his colleagues and this mechanism can be 

described as crystal nucleation sites created by a substrate ledge with similar dimensions to 

a step plane of the nucleating crystal.[97, 98] Intermolecular interactions between solute and 

additives can play an important role in crystallization.[62, 99] The functional group on 

additives can strengthen interactions between additives and solutes and hence influence the 

nucleation process. In some cases, functional groups of the substrate may have an important 

effect on epitaxial growth.[100] 

Dissolved additives can influence crystallization processes in different ways. They can 

control the crystallization process during nucleation and during growth. The influence of 

additives on nucleation can be studied through the changes of the metastable zone width in 

relation to the nucleation induction time in the presence of additives.[101] An additive can 
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inhibit, delay, or enhance crystal nucleation. 

Dissolved additives serving as an inhibitor in the nucleation process has been studied by 

many researchers. Peng and coworkers investigated the crystallization process of borax 

decahydrate in the presence of Cl− and SO4
2− ions.[102] The solubility increased in the 

presence of additives, the metastable zone was widened, and the induction period prolonged, 

thus slowing down the nucleation. In some research papers, the inhibition mechanism is 

explained by a solute removal mechanism. It can be presented as a complex set of molecular 

interactions that hinder the prenucleation aggregates from being formed.[103] Myerson and 

coworkers investigated the inhibition effect of a weakly hydrogen-bonding molecular 

additive on nucleation.[104] They proposed an inhibition mechanism in which the solute and 

the additives form intermolecular complexes, which hinder molecular aggregates to form 

and delay nucleation. Addadi et al.[105] compared the etch pits at preselected crystal faces in 

the absence and presence of inhibitors. They suggested that etching with additives can 

increase the surface area of crystals and this should influence the dissolution rate.[105]  

There are many different ways in which additives can enhance nucleation. Han and co-

workers investigated the influence of electrolytes on DL-alanine nucleation by measuring 

induction times.[106] They found that all electrolytes used in their research decreased the 

induction time. It means that the presence of electrolytes enhances nucleation of DL-alanine. 

They suggested that electrolytes may promote the formation of head-to-tail chains during 

prenucleation. These chains structurally match the crystalline packing of DL-alanine and act 

as crystal precursors, thus promoting DL-alanine nucleation. In another study, Han and co-

workers studied the effect of inorganic acids and bases on nucleation of the polymorphs of 

glycine.[107] Nucleation rates of both -glycine and -glycine accelerate in acidic and basic 

solutions and the acceleration for -glycine is larger. Their analysis suggests that glycine 

head-to-tail chains can form based on the glycine ions existing in acidic and basic solutions. 

These chains match -glycine crystalline packing, thus favoring -glycine nucleation over 

-glycine nucleation. Such approaches can be applied to controlled crystallization of a 

specific polymorph. 

Dalvi and Dave studied crystallization of four poorly water-soluble APIs in the presence of 

hydroxypropyl methyl cellulose (HPMC) while undergoing an ultrasound treatment.[108] The 

nucleation rate was estimated through population densities based on particle size distribution 

data. They thought that HPMC increases the viscosity of the solution and thus decreasing its 

diffusivity. In addition, HPMC could decrease the solid–liquid interface tension, which may 

act to reduce the energy barrier for nucleation. Hence, HPMC increases the nucleation rate 
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of the APIs. Kim and coworkers explored the influence of amphiphilic additives on the 

nucleation process of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by analyzing induction 

time and by molecular simulation.[109] The molecular simulation supports the idea that the 

additives could interact with the surface of an RDX cluster, and thus decreases the interfacial 

energy.   

Some papers have investigated both nucleation and crystal growth and the general 

conclusion that can be drawn is that nucleation inhibition is often more efficient than 

inhibition of crystal growth.[110, 111]  

Besides influencing the nucleation and crystallization processes, additives have been 

reported to influence phase transitions, in particular the transition rate and the transition 

temperature. In some studies, additives can decrease the phase transition rate. Mukuta et 

al.[112] studied the solution-mediated phase transformation of one API in the presence of 

tailor-made impurities and the result indicated that the transition rate of metastable form to 

stable form decreased. They thought that the kinetic stabilization of the metastable form in 

the presence of additives was caused by the incorporation of the impurity into the stable 

form impeding its nucleation and growth. Kamali et al. investigated the influence of 

additives on the sublimation temperature and polymorph control.[113] In their study, 

temperature reduction and polymorph control were observed in the sublimation of 

carbamazepine in the presence of acetamide. Form III of carbamazepine sublimated at 

120 °C leads to the crystallization of a mixture of forms I and III. In the presence of 

acetamide, pure form I could be obtained at 100 °C. The sublimation rate had increased as 

well. The authors proposed that the mechanism involves the formation of a more volatile 

hydrogen bonded adduct ‘carbamazepine-additive’. They also investigated the effect of 

polycrystalline powder templates on polymorph control.[85, 113] By using polycrystalline 

powder templates, the same polymorph as the template could be obtained for different 

polymorphs of carbamazepine, paracetamol, metaxalone, mefenamic for example.  

I.5 Pyrazinamide 

I.5.1 Introduction 

Pyrazinamide (PZA, CAS: 98-96-4) was synthesized for the first time by Dalmer et al. in 

the 1930s.[114] However, it raised a lot of attention in the 1950s due to its remarkable anti-

mycobacterium (tuberculosis) activity in mice.[115, 116] It was immediately used to treat 
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tuberculous patients without further investigation and found to be effective.[117] It could 

shorten the treatment time of tuberculosis patients.[118] Presently, it is a first-line drug against 

tuberculosis.[119] Pyrazinamide has a formula of C5H5N3O, and its molecular weight is 

123.11 g mol-1. Its molecular structure is shown in Figure I.5.  

 

Figure I.5 Molecular structure of pyrazinamide 

I.5.2 Polymorphs of pyrazinamide 

I.5.2.1 Crystal structure of the four polymorphs of pyrazinamide 

Pyrazinamide possesses at least four polymorphs, named , , , and . The crystallographic 

data of the four polymorphs found in the literature are presented in Table I.2. ,  and  

forms are monoclinic with space groups P21/n, P21/c , and Pc, respectively while δ form is 

triclinic with space group P1̅.[120-132] Comparing the crystal packing of the four forms shown 

in Figure I.6, the  form exhibits a different hydrogen-bond pattern than the other three 

polymorphs. In the  form, intermolecular hydrogen bonds link the amide group and the top 

of the pyrazine ring forming linear molecular chains. However, the polymorphs , , and  

contain dimers with two N-HO hydrogen bonds between the facing amide groups. 

 

Figure I.6 Crystal packing of the four polymorphs of pyrazinamide
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Table I.2 Crystallographic data of the four polymorphs of pyrazinamide in the literature 

Polymorph 
Space 

group 

T / 

K 

Unit cell parameters 

Va /Å3 

Specific 

volumeb 

/cm3 g-1 

Ref.c 
a b c    

 

P21/a RTd 23.072  6.727 3.725 90 101.0 90 567.518 0.69403 
PYRZIN 

[120] 

P21/c RTd 3.73(1)  6.84(3) 22.76(2) 90 101.1(5) 90 569.817 0.69684 
PYRZIN04 

[124] 

P21/a RTd 23.20(4)  6.77(1) 3.75(1) 90 101.2 90 577.773 0.70657 
PYRZIN14 

[131] 

P21/n 100 3.6147(4)  6.7384(8) 22.464(3) 90 92.499(2) 90 546.642 0.66850 
PYRZIN15 

[126] 

P21/n 180 3.6541(2)  6.7358(3) 22.537(2) 90 92.225(2) 90 554.291 0.67785 
PYRZIN21 

[127] 

P21/n 100 3.6173 6.7413 22.4625 90 92.395 90 547.276 0.66927 
PYRZIN22 

[130] 

 

P21/c RTd 14.372(7)  3.711(3) 10.726(5) 90 101.92(5) 90 559.730 0.68450 
PYRZIN01 

[122] 

P21/c 90 14.3396(7)  3.6211(2) 10.6131(5) 90 101.0440(7) 90 540.881 0.66145 
PYRZIN23 

[132] 

P21/c 100 14.315(2)  3.6238(5) 10.6158(15) 90 101.119(2) 90 540.354 0.66081 PYRZIN18 
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[129] 

 

P1̅ RTd 5.728(2)  5.221(3) 9.945(6) 96.81(5)  97.27(4) 106.22(4) 279.557 0.68375 
PYRZIN02 

[123] 

P1̅ 100 5.1186(10)  5.7053(11) 9.857(2) 97.46(3)  98.17(3) 106.47(3) 268.818 0.65749 
PYRZIN16 

[126] 

 

Pa RTd 10.84 3.75 7.2 90 106.9 90 280.040 0.68493 
PYRZIN03 

[121] 

Pa RTd 10.72 3.73 7.185 90 106.73 90 275.136 0.67294 
PYRZIN05 

[125] 

Pc 293 7.1830(4) 3.7291(2) 10.7581(5) 90 106.767(2) 90 275.917 0.67485 
PYRZIN17 

[128] 

Pc 

(with 

disorder)e 

100 7.1756(14)  3.6508(7) 10.663(2) 90 106.337(3) 90 268.057 0.65562 
PYRZIN19 

[129] 

Pc 

(without 

disorder)f 

100 7.170(3) 3.6477(15) 10.648(4) 90 106.350(6) 90 267.226 0.65359 
PYRZIN20 

[129] 
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I.5.2.2 Preparation methods of the polymorphs 

Preparation methods of the pyrazinamide polymorphs have been described in the literature. 

Solution crystallization is in particular a common method. The  form can be obtained by 

slow evaporation in water and a mixture of water and ethanol.[128] Cooling crystallization in 

aqueous and organic solution is another method to prepare .[56, 96, 133] The  form can be 

prepared by slow evaporation from certain organic solvents, including tetrahydrofuran 

(THF), nitromethane, methanol, acetone, acetic acid and dichloromethane.[128, 134] By 

controlling certain process parameters (solvent, cooling rate, seeds) in cooling 

crystallization, the  form can be obtained in methanol, in 1,4-dioxane and in their 

mixtures.[56] Co-spray drying pyrazinamide and PVP in a mixture of water and acetone 

results in the  form.[2, 4] The  form can be prepared by solvent-free processes, in particular 

by sublimation and by direct transition at high temperature from other forms.[128, 134] 

Lyophilization in aqueous solution also results in the  form.[128] Spray drying in water, 

ethanol, or acetone or a mixture of water and ethanol or water and acetone results in the  

form.[2, 4] In addition to the above-mentioned methods for the preparation of pure  form, 

additives or templates can be added in solution to prepare the  form. Urea and its derivatives 

and some other excipients approved by the FDA can be used as additive to prepare the  

form by spray drying.[2] Sulfonamide and purine templates can be used through hetero-

nucleation of the  form in aqueous solution.[62, 96] The  form has so far not been obtained 

as a pure polymorph powder either by evaporation or by cooling crystallization; It has 

always been obtained in a mixture with other polymorphs.[96, 128] However, single crystals 

have been obtained in some experiments.[122, 132, 134] The preparation methods for the four 

polymorphs of pyrazinamide are summarized in Table A.1 in Appendix A. 

Cooling crystallization from solution specifically targeting the  form has been published 

by Hermanto et al.[56]. Solubilities of , , and  in water and solubilities of  in four organic 

solvents and in one mixture of solvents have been determined. The results indicate that the 

solubility of pyrazinamide increases with increasing temperature and the solubility data in 

water from about 287 K to 316 K possess the following solubility ranking  >  > . The 

solubility of  in various solvents has been obtained by Zhang et al.[135]. 

I.5.3 The phase relationships between the four polymorphs of pyrazinamide 

The relative stability of the four pyrazinamide polymorphs has been investigated in a number 

of papers. Cherukuvada et al. reported on polymorph transition temperatures and enthalpies, 
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relative stabilities and crystal structure data obtained at 100 K.[129] A schematic energy-

temperature diagram has been established resulting in the following stability hierarchy at 

room temperature  >  >  >  with  the thermodynamically stable polymorph.[129] Castro 

et al. reached similar conclusions with a stability hierarchy of  >  >  at low temperature, 

which may or may not include room temperature.[128] Including pressure into the analysis, 

Tan et al. found crystallographic indications that  transforms into  at a pressure of about 4 

GPa at room temperature.[136] It implies that form  would be more stable than  above 4 

GPa. For α and , no transformations under pressure have been observed up to 13 GPa.[136] 

Smets et al. investigated the transformation mechanism of pyrazinamide and concluded that 

the transition from the  form to the low temperature  and  forms include a vapor-mediated 

recrystallization process, while the transition from the low temperature forms to the  form 

during heating included nucleation and growth within the crystal.[3]  is the stable form at 

high temperature in all references. Calorimetric data available in the literature on the 

different polymorphs have been compiled in Table I.3. The average melting temperature of 

form  observed in the literature is 462(2) K1  with very little variation in the data. The 

melting enthalpy exhibits a larger spread around the average value of 221(10) J g-1, while 

the value of 177 J g-1 has been omitted as a clear outlier (Table I.3). The average solid-solid 

transition temperature observed for - is 421(4) K with an enthalpy of 11(4) J g-1. However, 

Castro et al. carried out thorough investigations on the phase behavior of pyrazinamide using 

differential scanning calorimetry (DSC) and thermal stage microscopy, supported by powder 

X-ray diffraction (PXRD) and infrared spectroscopy and they observed that the - 

transition depends on the heating rate of the DSC.[128] This makes it rather doubtful that the 

average observed solid-solid transition temperature between  and  is the equilibrium 

temperature. Pyrazinamide is prone to crystallize and the vitreous state is very difficult to 

reach. Borba et al. prepared the vitreous state by depositing vapor at 10 K and they observed 

recrystallisation into the  phase at 260 K while heating,[137] which is the closest observation 

to a glass transition temperature reported in the literature, if one assumes that pyrazinamide 

crystallizes immediately once it reaches Tg on heating the glass.  

 

 

 

 

 
1 The number in parentheses is the uncertainty in the last digit of the value, i.e. 1.23(4) equals 1.23 ±0.04. 
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Table I.3 Calorimetric and crystallographic data of the different phase transitions of 

pyrazinamide in the literaturea 

Phase transition T /K ∆H /J g-1 Heating rate /K min-1 References 

 →L 

461.4(5) 228(5) 10 [128] 

461.5(1) 228(3) 10 [138] 

461.8(2) 213(5) 5 [129] 

462.5(2) 220(5) 2 [139] 

462.25 221.6 10 [140] 

465.7(2) 220(5) 2 [141] 

463.15  10 [142] 

461.15 177 10 [143] 

461.4(5) 229(3) 5 [144] 

462.2(1)  10 [145] 

461.5(1) 217(24) 5 [2] 

→ 

418.15-419.15   [146] 

420.1(5) 13.2(7) 10 [128] 

428.25 10.6 5 [129] 

420.15 5 10 [143] 

420.4(5) 13.3(2) 5 [144] 

420.65 11.35 5 [2] 

→ 
408(5) 17(2) 10 [128] 

404.35 13.5 5 [129] 

→ 395(1) ∆H > 0b 10 [128] 

→ 
368.15 ∆H > 0b 10 [128] 

372.55 6.3 5 [129] 

pyrazinamide→vap  829(18)c  [147] 

→vap  915(13)d  [141] 

→vap  715(44)e  [148, 149] 

a Values from the literature reported in °C or in J mol-1 are modified by adding 273.15 K or are divided 

by 123.11 g mol-1, respectively; an average value is used in this table when multiple values have been 

reported in the same paper; values are rounded to the number of reported digits in the respective reference. 

b Enthalpy values have not been mentioned in reference[128] but DSC curves in the figures indicate 

endothermic transitions with increasing temperature. 

c Most likely form  as the temperature of measurement is 421 K, however the enthalpy has been adjusted 
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by the authors to the value expected at 298.15 K. 

d The temperature range is from 359.15 K to 383.15 K. 

e The temperature range is from 353.15 K to 383.15 K. 

 

A number of simulation studies involving pyrazinamide have been published. The most 

extensive is that of Wahlberg et al. demonstrating and quantifying disorder in the structure 

of the  form[134] as mentioned before by Cherukuvada et al.[129]. Computational studies 

specifically targeting the  form of pyrazinamide have been published by Jarzembska et 

al.[132]. The - phase transformation has been investigated by in situ Raman and density 

functional theory (DFT) leading to a transition temperature of 418.15-419.15 K.[146]   

A few studies have been published on vapor pressure of pyrazinamide. Blokhina et al. 

provided the vapor pressure as a function of the temperature from 359.15 K to 383.15 K: 

ln(p /Pa) = −13360(178) /T (/K) + 38.3(5), which was verified to belong to the alpha 

phase.[141] Negoro et al. reported the vapor pressure of the  form as a function of 

temperature from 353.15 K to 383.15 K as well.[149] Ribeiro et al. obtained the vapor pressure 

of most likely the  form, considering the measurement temperature, but the authors did not 

verify the polymorph under study.[147] The sublimation enthalpy values from the different 

vapor pressure measurements vary too much to draw any solid conclusions about the 

stability and the equilibrium temperature between the  and  phases (Table I.3). 

I.5.4 Pyrazinamide in cocrystals 

Besides the polymorphs, a lot of crystallographic work has been carried out on mixtures of 

pyrazinamide with excipients or other APIs. Cocrystals containing pyrazinamide with 

carboxylic acids[142, 150-152], haloperfluorinated compounds[133], hydrochlorothiazide[153], 

pyrogallol[154] and diflunisal[155] have been described. Several polymorphs of cocrystals of 

pyrazinamide with succinic acid[142, 156], malonic acid[157] and theophylline[158] have been 

investigated. Different binary mixtures leading to either cocrystals or eutectic systems have 

been described by Rajbongshi et al.[159] A ternary cocrystal has been designed by using a 

“drug-bridge-drug” strategy involving pyrazinamide combined with another first-line 

antitubercular drug isoniazid using fumaric acid as the bridge.[160] Forty-six different co-

crystal or solvate structures with pyrazinamide are reported in the Cambridge Structural 

Database (CSD), including some polymorphic cocrystals. 

Pyrazinamide contains one hydrogen bond donor and three hydrogen bond acceptors and all 

hydrogen bond donors and acceptors are involved in hydrogen bonds in the co-crystals. The 
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amide group of pyrazinamide and the two nitrogen atoms of the pyrazine ring form hydrogen 

bonds with coformers or pyrazinamide molecules. In all of co-crystal or solvate structures, 

only three coformers have amide groups, two of them form double N-HO hydrogen bonds 

with pyrazinamide like pyrazinamide dimers.[161-163] Twenty-three structures contain only 

interactions between pyrazinamide and the coformers, whereas twenty-two structures show 

interactions between pyrazinamide molecules themselves. Among the twenty-two structures, 

nineteen exhibit dimers involving two pyrazinamide molecules with a double hydrogen bond 

linking the amide groups, as found in the crystal structures of polymorphs , , and  (Figure 

I.7a). One crystal structure contains a dimer structure with mutual hydrogen bonds between 

the NH of the amide group and an N in the pyrazine ring (Figure I.7b).[164] Another structure 

possesses a linear chain of hydrogen bonds between the NH at the amide group and an N at 

the pyrazine ring, like in the  form (Figure I.7c).[165] And finally, one crystal structure 

contains a linear hydrogen bond chain based on N-HO contacts between the amide groups 

(Figure I.7d).[166] 

 

Figure I.7 Various hydrogen bonding assemblies in the cocrystals with pyrazinamide 

I.6 Urea derivatives 

Urea was isolated for the first time from urine by Rouelle in 1773 and it was the first organic 

compound that was synthesized from inorganic substances (ammonia and cyanic acid) by 

Wöhler in 1828.[167, 168] Although urea is a very simple and small molecule, it is a 
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multifaceted functional group which exhibits a wide range of biological activities.[169] 

Therefore, urea and its derivatives are well-studied materials and they have been applied to 

many fields. In agriculture, urea is an important nitrogen fertilizer.[170] Because of its 

herbicidal activity, urea derivatives can be used as agricultural pesticides.[171, 172] In animal 

farming, urea is used as a nonprotein nitrogen compound in ruminant rations.[173-175] In 

manufacture, urea can be used as a raw material for preparing urea–formaldehyde resins.[176] 

Urea plays an important role in the pharmaceutical industry, because of its biological and 

pharmacological activities, such as antiviral[177], antimicrobial[178], antimalarial[179] and 

anticancer activities[180] to mention a few. 

In this thesis, acetamide, urea, N-methylurea, 1,1-dimethylurea (1,1-DMU), 1,3-

dimethylurea (1,3-DMU), trimethylurea, 1,1-diethylurea (1,1-DEU), 1,3-diethylurea (1,3-

DEU) and tetramethylurea are studied as additives to the crystallization process of 

pyrazinamide and they are collectively called urea derivatives in this work and their 

structures are presented in Figure I.8.   

 

Figure I.8 Molecular structures of the urea derivatives 
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1.6.1 Acetamide 

Acetamide (C2H5NO, 59.07 g mol-1 CAS: 60-35-5) can be used as raw material for medicine 

or as a solvent.[181] It has four known polymorphs. Form I is rhombohedral with space group 

R3c. It can be obtained by crystallization from organic solvents.[182] Form II is orthorhombic 

with space group Pccn. This polymorph is obtained by slow cooling of molten acetamide.[183] 

Form III is a monoclinic structure with space group P21/n. Single crystals have been 

obtained under pressure by Fabbiani et al.[184] Bridgeman proposed a pressure-temperature 

phase diagram of the four polymorphs of acetamide.[185] However, form IV has not been 

reported by any other researcher. Each molecule of acetamide possesses four hydrogen 

bonds and in forms II and III, two molecules form a dimer with the double O···H-N 

hydrogen bond (Figure I.9). Acetamide has been reported in many cocrystals and solvates; 

there are fifty-five different co-crystals or solvates listed in the CSD.  

 

Figure I.9 Hydrogen bonds in different polymorphs of acetamide 

I.6.2 Urea 

Urea (CH4N2O, 60.06 g mol-1, CAS: 57-13-6), a typical hydrogen-bonded molecular crystal, 

was one of the earliest organic compounds studied by X-ray diffraction.[186-189] At least four 

polymorphs have been observed, form I (tetragonal P4̅ 21m)[190], form III (orthorhombic 

P212121), form IV (which Bridgman named phase II[185], orthorhombic P21212)[191] and form 
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V (orthorhombic Pmcn)[192, 193]. Rich polymorphic behavior is observed under pressure.[191] 

In forms I and IV, each urea molecule possesses eight hydrogen bonds and the oxygen in the 

carbonyl group interacts with the hydrogens in the amino groups, forming four O···H-N 

hydrogen bonds with three different molecules (Figure I.10). In phase III, each urea 

molecule forms six hydrogen bonds and the oxygen possesses three O···H-N hydrogen 

bonds with two different molecules (Figure I.10). 

Because urea has four hydrogen bond donors and one acceptor, it is often used in crystal 

engineering studies. Anna Olejniczak et al. reported 477 cocrystals containing urea.[191] In a 

number of cocrystals, the urea molecules themselves did not share any hydrogen bonds. In 

most cocrystals in which interactions between urea molecules exist, urea exhibits a double 

hydrogen bond involving O···H-N forming a dimer with two urea molecules. 

 

Figure I.10 Hydrogen bonds in different polymorphs of urea 

I.6.3 N-Methylurea 

N-Methylurea (C2H6N2O, 74.08 g mol-1 CAS: 598-50-5) is an ultraviolet nonlinear optical 

material.[194-197] It has three known polymorphs, forms I, II, and III.[198] Form I is the most 

stable polymorph. It has an orthorhombic structure with space group P212121. The other two 
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polymorphs are obtained by melt crystallization and their structures have been solved with 

powder X-ray diffraction. Both structures are monoclinic with space group P21/c. In forms 

I and II, as is shown in Figure I.11 each molecule possesses six O···H-N hydrogen bonds 

between the oxygen and the amino groups. In phase III, each molecule is linked by four 

O···H-N hydrogen bonds and molecules form a linear chain.  

 

 

Figure I.11 Hydrogen bonds in different polymorphs of N-methylurea 

 

Seven co-crystals, salts, or solvates with N-methylurea are reported in the CSD.[199-204] Only 

one coformer has an amide group.[201] Three co-crystals exhibit hydrogen bonding between 

the N-methylurea molecules. Two co-crystals exhibit a dimer with a double O···H-N 

hydrogen bond involving two methylamino groups of N-methylurea.[200] When N-

methylurea forms dimers in a co-crystal, the conformation of N-methylurea changes (Figure 

I.12a). One crystal structure contains a linear hydrogen bond chain connecting N-methylurea 

molecules through the O···H-N hydrogen bond[199] (Figure I.12b). 
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Figure I.12 Hydrogen bonds between N-methylurea molecules in co-crystals 

I.6.4 1,1-Dimethylurea 

For 1,1-dimethylurea (C3H8N2O, 88.11 g mol-1 CAS: 598-94-7) only one crystal structure 

has been found, which has been solved in 1994 by Pathirana et al.[205] The structure is 

monoclinic with space group P21/n. In this crystal structure, each molecule possesses four 

N-H···O hydrogen bonds (Figure I.13). It has both dimers and linear chains in this crystal 

packing. There are some co-crystals reported in the CSD. In all of these co-crystal structures, 

1,1-dimethylurea interacts with other compound molecules by forming N-H···O and O···H-

O hydrogen bonds.[200, 206, 207] These compounds do not have amide groups.  

 

 

Figure I.13 Hydrogen bonds in 1,1-dimethylurea 

I.6.5 1,3-Dimethylurea 

1,3-Dimethylurea (C3H8N2O, 88.11 g mol-1 CAS: 96-31-1) has two hydrogen bond donors 

and one hydrogen bond acceptor, however in contrast to 1,1-dimethylurea, the hydrogen 

bond donors are spread over two amino groups. 1,3-dimethylurea is used as an intermediate 
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in the pharmaceutical industry.[208] The molecule has two polymorphs: form I (orthorhombic, 

space group Fdd2) and form II (orthorhombic, space group P21212). Form I is more stable 

than form II at high temperature.[209] In both polymorphs, the oxygen atom interacts with 

two hydrogens on the two amino groups of another molecule and form a linear chain similar 

to N-methylurea form III (Figure I.14). A number of co-crystals have been found. In these 

cocrystals, 1,3-dimethylurea interacts with other compound molecules by forming hydrogen 

bonds.[207, 210-217] These compounds do not have amide groups. In most cases, the 

conformation of 1,3-dimethylurea is as presented in Figure I.15a, however in the cocrystal 

1,3-dimethylurea – oxalic acid[207], the conformation of 1,3-dimethylurea is rotated, which 

appears to be uncommon, as presented in Figure I.15b.  

  

Figure I.14 Hydrogen bonds in the 1,3-dimethylurea structure 

 

 

Figure I.15 (a) the common conformation of 1,3-dimethylurea and (b) a rarely observed 

conformation found in the 1,3-dimethylurea-oxalic acid cocrystal 

I.6.6 Trimethylurea 

The structure of trimethylurea (C4H10N2O, 102.14 g mol-1 CAS: 632-14-4) was first reported 

in 2012.[218] It is orthorhombic with space group Cmc21. Each molecule possesses two 

O···H-N hydrogen bonds, forming chains with other molecules (Figure I.16). Four cocrystal 

structures have been reported in the CSD.[219-221] In these cocrystals, carbonyl oxygen of 

trimethylurea forms O···H-N hydrogen bond with other compounds. 
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Figure I.16 Hydrogen bonds in trimethylurea 

I.6.7 1,1-Diethylurea 

1,1-Diethylurea (C5H12N2O, 116.16 g mol-1 CAS: 634-95-7) is an unsymmetrically 

substituted urea, its structure has been reported in 2000 by Smith et al.[222] It is monoclinic 

with space group C2/c.[222] Each 1,1-diethylurea molecule forms two O···H-N hydrogen 

bonds with two different molecules (Figure I.17a). All co-crystals of 1,1-diethylurea so far 

consist of acidic coformers and the amide group of 1,1-diethylurea interact with the 

carboxylic acid group of coformers (Figure I.17b).[222, 223]  

 

Figure I.17 Hydrogen bonds in 1,1-diethylurea and its cocrystals 

I.6.8 1,3-Diethylurea 

Structure data of 1,3-diethylurea (C5H12N2O, 116.16 g mol-1 CAS: 623-76-7) have not been 

reported in the literature. It possesses two polymorphs which are mentioned in the 

literature.[224]  

I.6.9 Tetramethylurea 

A molecule of tetramethylurea (C5H12N2O, 116.16 g mol-1 CAS: 632-22-4) exhibits twofold 

symmetry. Its crystal structure is monoclinic with space group C2/c.[225] Tetramethylurea is 
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liquid at room temperature and can be used as a solvent. In cocrystals or solvates with 

tetramethylurea, the oxygen atom of tetramethylurea forms O···H-N or O···H-O hydrogen 

bonds.[226-233] It indicates that oxygen of tetramethylurea is a good hydrogen-bond acceptor. 
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Chapter II: Materials and methods 

II.1 Introduction 

Materials, experimental techniques and experimental methods applied in this work are 

presented in this chapter, which consists of four parts. In the first part, the materials used in 

this study will be introduced. In the second part, the analytical characterization techniques 

most used in this work will be presented and the principles of these techniques will be 

explained as well. The third part is devoted to the description of the experiments carried out 

and/or developed in this work. The calculation methods used in this thesis will be detailed 

in the last part.  

II.2 Materials 

II.2.1 Pyrazinamide 

Pyrazinamide (purity ≥97.5%) was purchased from Sigma-Aldrich (France) and used 

without further purification. The crystal structure of commercial pyrazinamide has been 

verified by powder X-ray diffraction and is consistently found to be the  polymorph. The 

molecular structure is shown in Figure I.5.  

II.2.2 Urea derivatives 

Nine urea derivatives were used in this study without further purification. The purity and 

suppliers are listed in Table II.1 and their molecular structures are provided in Figure I.8. 
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Table II.1 Information on the urea derivatives 

Urea derivatives 
Chemical 

formula 
Purity Supplier 

Acetamide C2H5NO ≥99 % Acros Organics 

Urea CH4N2O ≥99 % Alfa Aesar 

N-Methylurea C2H6N2O ≥97 % Acros Organics 

1,1-Dimethylurea (1,1-DMU) C3H8N2O ≥99 % Sigma Aldrich 

1,3-Dimethylurea (1,3-DMU) C3H8N2O ≥98 % Merck KGaA 

Trimethylurea C4H10N2O - Alfa Aesar 

1,1-Diethylurea (1,1-DEU) C5H12N2O ≥97 % Acros Organics 

1,3-Diethylurea (1,3-DEU) C5H12N2O ≥97 % Sigma Aldrich 

Tetramethylurea C5H12N2O ≥99% Alfa Aesar 

II.2.3 Solvents 

The solvents used in this work are acetone, chloroform, 1,4-dioxane, methanol, 

demineralized water and deuterated solvents used for NMR analysis. The solvent 

information is listed in Table II.2 and all solvents were used as received. 

 

Table II.2 Purity and supplier list of the solvents 

Solvents 
Chemical 

formula 
Purity Supplier 

Acetone C3H6O ≥99.8 % Fisher Chemical 

Chloroform CHCl3 ≥99.8 % Fisher Chemical 

1,4-dioxane C4H8O2 ≥99.8 % Sigma-Aldrich 

Methanol CH4O ≥99.8 % Fisher Chemical 

Demineralized water H2O - Laboratory 

Deuterated acetone C3D6O ≥99.8 % D - Acros Organics 

Deuterated chloroform CDCl3 ≥99.8 % D VWR Chemicals 

Deuterated dimethyl sulfoxide C2D6SO ≥99.8 % D VWR Chemicals 

Deuterated water D2O ≥99.9% D Sigma-Aldrich 
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II.3 Analytical characterization methods 

The techniques that have been mostly used are X-ray diffraction (XRD), differential 

scanning calorimetry (DSC), differential thermal analysis (DTA), nuclear magnetic 

resonance (NMR) spectroscopy, infrared (IR) spectroscopy, microscopic analysis and gas 

chromatography (GC). Various types of XRD equipment were used for specific experimental 

purposes. Powder X-ray diffraction (PXRD) is mainly used for identifying the polymorphs 

of the investigated samples. IR was also used in certain cases for the same purpose in this 

work. Unit cell parameters of the four polymorphs of pyrazinamide as a function of the 

temperature and as a function of pressure were obtained based on the PXRD patterns 

measured by high-resolution powder XRD using either a laboratory source or synchrotron 

powder XRD diffraction. Single crystal XRD was used to investigate the crystal structure of 

the  form. DSC was used for determining transition temperatures and enthalpies of the 

phase transitions of pyrazinamide. In addition, it was used to determine the eutectic points 

of mixtures of pyrazinamide and additives (50:50 w%) as well. The - phase transition as 

a function of pressure was studied by DTA. Both polarized-light optical microscopy and 

scanning electron microscopy (SEM) were used to analyze the morphology of crystals 

obtained under different conditions. Polarized-light optical microscopy is a powerful 

technique to differentiate twinned crystals from single crystals. SEM is more suitable for 

observing the morphology of fine powder prepared by spray drying. GC was used to 

investigate the presence of additives in inclusions and as solid solutions in crystals of the  

form. 

II.3.1 X-ray diffraction 

X-rays were discovered in 1895 by Röntgen, a German physicist. Because the nature of the 

radiation was unknown at that time, they were called X-ray[234], although the name Röntgen 

radiation was and is still used too. In 1912, Max von Laue et al. discovered the phenomenon 

of X-ray diffraction by crystals and proved that X-rays are electromagnetic waves[235]. 

Currently, X-ray diffraction is a frequently used nondestructive technique for characterizing 

crystalline materials. This technique can provide detailed information about the crystal 

structure (qualitative and quantitative), physical properties such as crystallinity and crystal 

defects, and it can help in quantifying material composition or phase composition provided 

the crystal structure of the different solid phases is known. 
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A laboratory X-ray diffractometer is normally comprised of three basic components: an X-

ray tube, a sample holder and an X-ray detector[236] [237]. X-rays are commonly generated by 

an X-ray tube composed of a cathode and an anode submitted to a high voltage (several tens 

of kilovolts typically). By filtering (metal filters or monochromators), monochromatic 

radiation is produced. Then the X-rays are collimated by optics and directed to the sample. 

When Bragg’s law (eq. II.1) is satisfied, the X-rays of wavelength  scattered by a specific 

family of reticular planes (hkl) interfere constructively with each other leading to diffraction 

patterns of those rays at specific angles. The X-ray detectors are photon counters and they 

register an intensity which is expressed in counts or counts per sec, that is, the number of X-

ray photons counted. 

Bragg’s law is a relationship between the lattice spacing and the X-ray wavelength: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆 (II.1) 

 

where 𝑑ℎ𝑘𝑙 represents the interplanar distance within the family of reticular planes (hkl), 

𝜃ℎ𝑘𝑙 is the diffraction angle, n is the diffraction order, and λ is the wavelength of the incident 

X-rays.  

II.3.1.1 Powder X-ray diffraction (PXRD) 

Polymorph identification is an important part of this study. Polymorphs of a chemical 

substance are mainly identified by PXRD prior to subsequent analysis and characterization. 

PXRD patterns of the samples in this study were obtained by a D8 DISCOVER (Bruker) 

diffractometer with a Bragg-Brentano geometry. The instrument is equipped with a copper 

anode (Cu Kα radiation, λ = 1.5418 Å), and a Lynx Eye linear detector. Samples without 

grinding have been measured under ambient conditions with a scan step of 0.04° (2) in the 

angular range of 3-30° (2) and an intensity collection time of 4 s per step.  

II.3.1.2 High-resolution powder X-ray diffraction as a function of the temperature 

High-resolution PXRD was used to determine the unit cell parameters of the four 

polymorphs of pyrazinamide as a function of the temperature. Powdered specimens were 

placed in capillaries of 0.5 mm diameter. The measurements were carried out with a 

vertically mounted INEL CPS-120 diffractometer in Debye–Scherrer geometry and 

equipped with a cylindrical position sensitive detector (containing 4096 channels). 

Monochromatic Cu K1 radiation (1.54056 Å) applying an asymmetrically focusing 

incident-beam curved germanium monochromator was used and diffraction intensities were 
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registered simultaneously over a 2 range from 3.0° to 111.878° with a step size of 0.029°. 

The temperature was controlled by a liquid nitrogen 700 series Cryostream Cooler (Oxford 

Cryosystems). The PXRD patterns were refined by FullProf software to refine the unit cell 

parameters and calculate the specific volumes [238]. 

II.3.1.3 Synchrotron powder X-ray diffraction 

The unit cell parameters of four polymorphs of pyrazinamide as a function of the pressure 

at room temperature were obtained using PXRD data measured on the high-pressure 

diffraction beamline PSICHE at the synchrotron SOLEIL (Gif sur Yvette, France) using a 

focused monochromatic mode and a Ge solid state detector. High pressure was controlled 

by a membrane driven diamond anvil cell with an upper pressure limit of 2 GPa. Silicon oil 

was used as a pressure transmitting medium. NaCl was used as an internal reference to 

determine the pressure. The wavelength used for the experiments was 0.4859 Å. Pawley fits 

and Rietveld refinements were carried out using TOPAS-Academic V4.1 software to 

determine the lattice constants. 

II.3.1.4 Single Crystal X-ray diffraction (SCXRD) 

Single crystals of the  form used for SCXRD were obtained by sublimation in the presence 

of 1,3-dimethylurea. These crystals are overall of better quality than crystals obtained by 

sublimation in the absence of additives. Diffraction measurements were carried out at 

different temperatures. A Bruker D8 Venture 4-circle diffractometer with a Photon II 

detector (Germany) was used with monochromatic Mo K radiation (λ = 0.71073 Å) 

equipped with an Oxford cooling device (UK). Heating was carried out by placing the 

diffracting crystal inside an oven. The C, O and N atoms were located using direct methods 

with the program Apex 3 of Bruker.[239] The H atoms were localized by successive difference 

Fourier maps with SHELXL implemented in the WinGX software package.[240, 241]  

II.3.2 Thermal Analysis 

II.3.2.1 Differential Scanning Calorimetry (DSC) 

The accurate definition of differential scanning calorimetry (DSC) is “the measurement of 

the change of the difference between the heat flow rate to the sample and to a reference 

while they are subjected to the same controlled temperature program”.[242] The name was 

given by Perkin - Elmer in 1963 to equipment that they had developed.[243] DSC is a very 
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popular thermal analysis technique which can provide calorimetric properties of the sample. 

It can be used to achieve different goals, such as: characterization of a substance, 

construction and evaluation of phase diagrams, stability investigations and so on.[242]  

Two basic types of differential scanning calorimeters (DSCs) exist: power compensation 

DSCs and heat flux DSCs. The schematic diagram of these two devices is provided in Figure 

II.1. Power compensation DSCs have two individual holders, each with its own heater and 

sensor. Both holders are kept at the same temperature. Temperature equilibrium is 

maintained by varying the required heat. This energy difference is displayed as a function 

of the program temperature and shown as a DSC curve. Compared to the power 

compensation DSCs, the heat flux DSCs possess only one chamber that includes sample and 

reference holders. Holders are separated by the thermoelectric disk which provides heat 

flows into both sample and reference. The difference of heat flows between the sample and 

the reference is determined based on the output of the two thermocouple junctions. Both 

types of DSCs display advantages: Power compensation DSCs benefit isothermal 

measurements. Their heating rate is faster, thus unwanted thermal phenomena can be more 

easily avoided. Heat flux DSCs result in flat and probably more reproducible baselines.[243, 

244]  

Calibration, DSC settings ( purge gas, gas flow rate, heating rate), sample conditions (sample 

mass, sample structure (powder, granulates), sample purity, its thermal history and so on) 

can affect the  accuracy of the analytical DSC results.[242] Therefore, in DSC measurements, 

all settings should be kept as similar as possible to obtain accurate, comparable experimental 

results.  

 

 

Figure II.1 Schematics of (a) the power compensation and (b) the heat flux differential scanning 

calorimeter 

 

In this work, the thermal behavior of pyrazinamide was studied with two different 

calorimeters: a TA Q100 thermal analyzer and a DSC 214 from Netzsch. They are both heat 

flux DSCs.  
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The transition temperatures of pyrazinamide as a function of the heating rate were measured 

with the TA Q100 thermal analyzer. It was calibrated with indium and nitrogen gas was used 

to create an inert atmosphere around the sample. Different polymorphs of pyrazinamide 

were measured using heating rates from 0.05 K min-1 up to 200 K min-1 and DSC curves 

were treated using the TA universal analysis software.  

The melting enthalpy of form  as a function of the amount of material was investigated with 

the DSC 214 from Netzsch. Mercury, indium, tin, bismuth and zinc were used for calibration. 

Different quantities of material from 0.01 mg up to 15 mg were weighed in 45 μL aluminum 

pans and heated at 10 K min-1 under an inert atmosphere of nitrogen gas. Netzsch Proteus 

analysis software was used for data processing and DSC curve analysis. 

II.3.2.2 High-Pressure Differential Thermal Analysis (HP-DTA) 

Aside from differential scanning calorimeters (DSCs), there is another commercially 

available differential thermal instrument called differential thermal analyzers (DTA). Both 

techniques measure the difference between sample and reference, however, the difference 

between DSC and DTA is that DSC determines energy differences and DTA determines 

temperature differences (Figure II.2a).[244, 245] A DTA instrument usually consists of the 

following components: a furnace or a heater, a temperature programmer, sample and 

reference holders, a differential temperature detector, a controlled atmosphere, an amplifier, 

and a recorder.[245] 

Transition temperatures as a function of pressure were measured using an in-house 

constructed high-pressure differential thermal analyzer similar to the design by 

Würflinger.[246] A schematic diagram of the HP-DTA instrument is presented in Figure II.2b. 

Therm240 oil from Lauda was used as the pressure-transmitting medium. Pyrazinamide was 

mixed with Galden perfluorinated liquid from Bioblock scientific to avoid the presence of 

air in the measurement pan, which may affect the thermodynamic equilibrium. DSC runs on 

the TA Q100 (see above) were carried out to verify that the perfluorinated liquid is inert in 

the presence of pyrazinamide. The HP-DTA has a temperature range of 298 to 473 K, a 

pressure range of 0 to 250 MPa and the heating rate was 2 K min-1. 
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Figure II.2 Schematics of (a) a differential thermal analyzer measurement cell and (b) the high-

pressure differential thermal analyzer used in this study 

II.3.2.3 Thermogravimetric Analysis (TGA) 

Sublimation of pyrazinamide was confirmed by thermogravimetric analysis (TGA). It was 

performed using a Netzsch STA 449 C instrument, simultaneously with DSC analysis. The 

sample was heated at a heating rate of 5 K min-1 under an inert atmosphere of helium gas. 

Mass loss was registered by the internal balances of the equipment and the results were 

analyzed using the Netzsch Proteus analysis software.  

II.3.3 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy was explored in 1945/1946 by two groups 

of physicists.[247, 248] Now, it is one of the most powerful analytical techniques for the 

elucidation and characterization of the molecular structure of chemical compounds and it is 

widely used in many fields, such as physics, chemistry and medicine.[249] 1H and 13C NMR 

spectroscopy are commonly used methods. In addition, 15N, 19F and 31P NMR spectroscopy 

are complementary applied to complete molecular structure elucidation. Two-dimensional 

nuclear magnetic resonance (2D NMR) spectroscopy refers to NMR methods with two 

interrelated frequency sampling series.[250] 2D NMR spectroscopy can provide coupling 

effects between atoms and their spatial interactions, thus, the interatomic bonds and their 

configuration in space can be determined.[251] Correlated spectroscopy (COSY) and nuclear 

overhauser effect spectroscopy (NOESY) are commonly used 2D NMR techniques. COSY 

spectra can be used to identify atomic spins coupled to each other, and determine signals 

related to neighboring protons (usually up to four bonds).[252] It is the most widely used 2D 
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NMR spectroscopy method. The spectrogram of a NOESY experiment looks similar to that 

of a COSY experiment, but the cross peaks in a NOESY spectrogram are related to the cross 

relaxation of the spins.[253] NOESY spectroscopy is a powerful method to determine the 

spatial distance between two protons within a molecule for example, while the number of 

chemical bonds between those protons is irrelevant. Thus, NOESY is important for the 

identification of the stereochemistry of biomolecules such as proteins.[253, 254] 

The chemical shift, indicated with the symbol , is the resonance frequency of a nucleus 

relative to a standard substance in the magnetic field.[249, 255] It is the abscissa of the NMR 

spectrum and its unit is ppm. Structure elucidation is based on the position, the number and 

the integration of the frequency peaks. Factors that can affect the chemical shift are: electron 

density, mesomerism and steric effects.[255]  

In the current thesis, NMR spectra were used to study possible interactions including 

hydrogen bonds and other weak interactions between pyrazinamide and additives in solution. 

The 1H NMR, 1H−1H COSY and 1H−1H NOESY were used to follow the chemical shifts of 

protons of the pyrazinamide molecule and the urea derivatives. The change in chemical shift 

as a function of the concentration was associated with the interactions between pyrazinamide 

and the derivatives. The spectra were recorded at room temperature on a 300 MHz Bruker 

Avance-300 spectrometer equipped with a 5mm BBO ATM Z axis gradient probe. The 

relaxation delay is 1 sec for 1H NMR and 2 sec for 1H−1H COSY and 1H−1H NOESY. 

Pyrazinamide and/or additives were dissolved in deuterated solvents with different 

concentrations from 0.006 to 0.32 mmol mL-1. NMR chemical shifts () were calibrated on 

the residual proton resonance of CDCl3 ( = 7.26 ppm), (CD3)2SO ( = 2.50 ppm) or acetone 

( = 2.05 ppm).  

II.3.4 Infrared spectroscopy 

Infrared (IR) spectroscopy is an analytical technique that can be applied to a large diversity 

of sample species, from solid to liquid to gas. It is based on the interactions of molecular 

vibrations with infrared light. Frequency, intensity and band shape can be used to 

characterize the IR vibrational peaks. These parameters reflect the vibrational energy, 

polarizability, and environments of interatomic bonds. The frequencies of molecular 

vibrations are related to the geometric arrangement of the atoms in the molecules and the 

strength of the bonds, for example. The regions from 800 and up reflect mainly molecular 

vibrations, whereas below 800 cm-1 the spectra contain mainly lattice vibrations. Thus, IR 

spectra display plenty of information about the molecular structure.[256, 257] The difficulty is 
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often to extract the information that one is interested in. 

In this thesis, IR was used as an alternative to PXRD to distinguish the polymorphs  and . 

IR spectra of  and  are presented in Figure II.3 and they are consistent with the IR spectra 

reported in the literature.[128] The characteristic peaks marked by arrows were used to 

distinguish polymorphs  and . IR spectra were recorded in the 375-4000 cm-1 range at a 4 

cm-1 resolution using the ALPHA FT-IR spectrometer from Bruker dedicated to the study of 

powder samples. Both sample and background measurements consist of 24 scans. The OPUS 

software was used for data processing.  

 

Figure II.3 The IR spectra of  and  at room temperature 

II.3.5 Microscopy analysis 

II.3.5.1 Polarized-light optical microscopy 

The Nikon Eclipse LV100 microscope with polarized light was used in this work for two 

main purposes. The first one is to differentiate twinned and single crystals. When the 

vibration directions and the extinction positions are not parallel in the domains of twinned 

crystals, they can be easily discerned as showing a different contrast on the microscope 

image.[258] The second one is to determine the morphology of the crystals. The details on the 

morphology analysis are described in section II.4.2.4 and section II.4.3. 

II.3.5.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was employed to study the microscopic aspect of 

pyrazinamide powder obtained by spray drying using a JEOL JCM-5000 NeoScope 

instrument with an electron acceleration voltage of 10 or 15 kV. The powder sample was 
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coated with gold in a NeoCoater MP-19020NCTR before the SEM measurements.  

II.3.6 Gas chromatography (GC) 

Gas chromatography-hydrogen flame ionization detector (GC-FID) was applied to analyze 

the presence of additives in  crystals grown by co-sublimation with urea derivatives (see 

section II.4.2.4). GC 6890 Agilent with a flame ionization detector (FID) was used in this 

work. The inlet temperature was 523 K with a sample injection volume of 0.2 µL. A DB-

35MS (30m  0.25mm  0.25µm) column was used with nitrogen as the carrier gas at a 

constant flow rate of 1.2 mL min-1 (average velocity 30 cm s-1). A split ratio of 1:30 was 

used with a temperature ramp of 15 K min-1 from 353 K to 483 K (run time 8.66 min). The 

detector temperature was 573 K.  

Single crystals with and without inclusions were selected by microscopy. Before preparing 

the sample for GC analysis, crystals were washed in saturated pyrazinamide solutions in 

acetone to dissolve additive left on the surface. 

II.4 Experimental methods 

II.4.1 Solution crystallization 

II.4.1.1 Evaporation crystallization 

Evaporation crystallization was used to prepare the  form of pyrazinamide. Excess 

commercial pyrazinamide was dissolved in chloroform, methanol or acetone. The saturated 

solutions were filtered with a 0.2 µm filter to remove any solid residue. The solutions were 

covered by a watch-glass and left to evaporate at room temperature. When the solvent had 

completely evaporated, a filter paper was used to dry the powder immediately. The 

polymorphic purity was determined by PXRD. 

II.4.1.2 Cooling crystallization 

Cooling crystallization in this study was applied to the preparation of the polymorphs  and 

. The detailed preparation method is as follows: 

 form preparation method: Solutions of pyrazinamide ranging in concentration from 5.8 to 

8.3 mg g-1 were prepared in chloroform. The solutions were heated up to 328 K and once 

clear allowed to cool down at different cooling rates (1 to 4.5 K min-1) until crystallization 
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using a Crystalline (Technobis, NL).  

 form preparation method: Clear saturated pyrazinamide solutions were obtained at 318 K 

in 1,4-dioxane by filtering the hot solution with a preheated filter. The solutions were cooled 

from 318 K to 288 K with a cooling rate of 1 K min-1. The crystals were filtered and dried 

at room temperature.[56]  

II.4.2 Sublimation 

II.4.2.1 Sublimation with temperature gradients 

A specifically manufactured sublimation setup (Cerhec, France) with a controlled 

temperature gradient was used in the sublimation experiments; the equipment is presented 

in Figure II.4. The temperature gradient is maintained by six independent heating elements 

indicated by Z1 to Z6. The Z6 heating element is used as the sublimation location. The glass 

tubes containing the sample inside the oven consists of an inner and an outer part. The inner 

part is the sectioned sublimating tube (Figure II.5) made up of sectioned glass tubes with on 

the right-hand side, section 0, the sample holder for sublimation. The outer tube, which is of 

a larger diameter and encloses the inner tube, can be connected to a vacuum pump to 

maintain a specifically chosen atmosphere (type of gas and pressure). 

0.1 g of pyrazinamide powder was put into section 0. The sublimation temperature was set 

at 433 K (160 °C, Z6), the temperatures from Z5 to Z1 were 417 K (144 °C), 401 K (128 °C), 

385 K (112 °C), 369 K (96 °C) and 353 K (80 °C).  form crystals could be found in sections 

0 to 3 (Z6 – Z3) and  form crystals could be obtained in the remaining sections. This method 

was mainly used to prepare  form single crystals.  

 

 

Figure II.4 Sublimation equipment with temperature gradients 
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Figure II.5 Inner sectioned sublimating tubes 

II.4.2.2 The - transition temperature 

A glass tube with 0.1 g of pyrazinamide was placed in the oven (Figure II.4) under 

atmospheric pressure. The six heating elements were set at the same temperature, and this 

temperature ranged from 353 K to 403 K (± 0.5 K). The polymorph of the sample was 

identified by PXRD. The time for sublimation experiments ranged from 2 days to 2 weeks 

depending on the sublimation temperature. 

II.4.2.3 crystallization rate of the  form 

The effect of additives on the crystallization rate of the  form during sublimation was 

studied in the following way. 30 mg of pyrazinamide and a small amount of additive were 

put into the set-up which is shown in Figure II.6. The set-up contains two vials of different 

size. Pyrazinamide powder was put in the larger vial and the additive was put in the smaller 

vial inside the larger one. This set-up avoids mixing before sublimation starts. Details on the 

different samples are provided in Table II.3. Samples were put in an oven whose temperature 

was set at 397 K (124 °C). After a time interval of 0.5 h or 1 h, the samples were analyzed 

by optical microscopy and IR. The results of three samples were averaged to determine the 

average nucleation rate of  form in presence of different additives. 

 

 

Figure II.6 Schematic setup for the sublimation experiments in the presence of additives 
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Table II.3 Experimental parameters for the crystallization rate investigation 

No.  Mass of 

pyrazinamide /mg 
Urea derivatives Mas / mg 

1 

30 

-  

2 Acetamide 10 

3 Urea 30 

4 N-methylurea 30 

5 1,1-Dimethylurea 30 

6 1,3-Dimethylurea 30 

7 Trimethylurea 30 

8 1,1-Diethylurea 30 

9 1,3-Diethylurea 30 

10 Tetramethylurea 15 

II.4.2.4  form single crystals 

Single crystals of the  form were grown by sublimation using the same method as in section 

II.4.2.3. Details about the sublimation temperature and the duration varied with the additive 

and are indicated in Table II.4. Crystals were selected using optical microscopy. 

 

Table II.4 Experimental parameters for pyrazinamide crystals obtained by sublimation 

Mass of 

pyrazinamide 

/mg 

Additive 
Mass of additives 

/mg 

Sublimation 

temperature /K 
Time /h 

30  

- - 397 96 

Acetamide 10 393 8 

Urea 30 397 24 

1,3-Dimethylurea 30 393 24 

1,3-Diethylurea 30 397 24 

Tetramethyl urea 15 397 24 

II.4.3 Morphology determination of the  form crystals 

A polarized-light microscope was used to determine the morphology of the crystals obtained 

in II.4.2.4. For each sublimation condition (Table II.3), more than 100 crystals were analyzed. 

The length, width, and the diagonal of a number of faces as indicated in Figure II.7 by the 
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dashed lines, have been measured and the face indexing of the most important faces has 

been indicated. 

 

Figure II.7 Relevant distances within crystal faces of a  form single crystal (the above 

represented crystal morphology has been calculated from the attachment energy theory –see 

below-) which are measured by optical microscopy 

II.4.4 Spray drying 

All of the spray drying experiments were carried out using the mini spray dryer B-290 from 

BUCHI and the equipment is shown in Figure II.8. The spray drying method has been 

presented in Chapter I. The concentration of pyrazinamide used in the feedstock was 5 mg 

mL-1 (solvent). For co-spray drying experiments in which the solution consists of a mixture 

of pyrazinamide and a urea derivative, the concentration of the additive is the same as that 

of pyrazinamide. The solvent used in all spray drying experiments was a (50:50 (v:v)) water-

acetone mixture. The feedstock was filtered with a pore size of 0.20 m before use. The feed 

flow rate was 6-8 mL min-1, the removal pump rate 35 m3 h-1, the nitrogen flow rate 473 L 

h-1 and the inlet temperature was set at 353 K (80 °C), 373 K (100 °C), 393 K (120 °C), 403 

K (140 °C), and 413 K (150 °C). The powder obtained by spray drying was analyzed by 

PXRD and observed by SEM. 
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Figure II.8 BUCHI B-290 mini spray dryer used in this thesis 

II.4.5 Pyrazinamide sublimation pressure measurements 

Sublimation pressure measurements have been carried out in the Analytics Laboratory of 

Early Development of Sanofi R&D in Vitry sur Seine. The measurements were done 

isothermally in the temperature range of 293.15 K-383.15 K with a DVS Vacuum apparatus 

from Surface Measurements Systems, London, U.K., using a Knudsen cell whose orifice 

had a diameter of 440 micrometers and using benzoic acid as a standard. 

II.4.6 Solubility measurements 

Solubility was determined with two experimental methods: thermodynamic and kinetic.[51] 

1) The thermodynamic or shake-flask method was proposed by Higuchi and Connors.[259] 

It is the most widely used method to measure solubility. The experimental procedure is as 

follows. In the first step an excess amount of solute is added to the solvent to prepare a 

suspension. In the second step, it is made sure that the suspension is in equilibrium, while 

the time for the equilibrium to establish is related to the dissolution rate. In the third step, 

the saturated solution is separated from the suspension in equilibrium. Filtration and 

centrifugation are two commonly used methods. In the last step, the mass or the 

concentration of the solute is determined. 

(1) The solvent is evaporated from the saturated solution to obtain a solid. The solid 

mass divided by the solution mass before evaporation is the mass fraction solubility. 
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(2) Some analytical techniques such as UV, HPLC, or a refractometer can be used to 

determine the concentration of the solution using a standard curve or straight line obtained 

through solutions of known concentration. 

The thermodynamic method is easy to execute, but some disadvantages exist. In particular, 

large quantities of compound are needed especially when they are highly soluble in the given 

solvent. Furthermore, in the case of compounds that decompose rapidly in solution or 

metastable polymorphs that rapidly transform into the stable polymorph, the suspension may 

not be in equilibrium and in that case the solubility is not reliable. 

2) Kinetic methods are used to measure the so-called kinetic solubility. A given 

concentration of solution is prepared. Then solvent or solute is added little by little until 

equilibrium which means the solute no longer dissolves or that begin to precipitate and do 

not dissolve. Alternatively, a certain amount of suspension can be prepared that is then 

heated until the solution become clear.  

II.4.6.1  and  form solubility 

The solubility of polymorphs  and  were measured by the kinetic method. The solubility 

in water has been measured in the temperature range of 283 K to 313 K. A vial with water, 

which had been weighed beforehand, was placed in a jacketed vessel, while the temperature 

was controlled by a thermostat bath (CF41 Julabo). A predetermined mass of pyrazinamide 

weighed with a balance with a precision of 0.1 mg was added step by step to the solution. 

When the suspension remains visible in the solution for more than one hour, the solution 

was considered to be saturated. The final weight of pyrazinamide divided by the total amount 

of water is taken as the solubility (m:m) at the set temperature. 

II.4.6.2 Solubility of urea and its derivatives 

The thermodynamic method was used for the solubility measurement of urea and its 

derivatives in water. An excess amount of material was introduced in a known quantity of 

water resulting in a suspension. The suspension was kept at constant temperature while 

stirring for more than 12 hours using a Crystal16 (Technobis, NL) to ensure solid-liquid 

equilibrium. The suspension was filtered with a preheated syringe and filter (0.20 m). The 

concentration of the clear solution, i.e. the solubility of the urea derivatives, was measured 

by an RFM840 refractometer (Bellingham-Stanley Ltd., Kent, UK). The experimental steps 

for the determination of the concentration by refractometer are as follows: 

1) Standard line: Standard solutions with different known concentrations of urea or a 
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derivative were prepared in water. The refractive index of pure water and the standard 

solutions were measured at 293 K. A straight line was obtained by fitting the refractive index 

against the concentration.  

2) Solubility measurements: The saturated solution was weighed immediately after filtering. 

The solution was diluted to an appropriate concentration using a set weight of pure water 

after which the refractive index was measured. The solubility was determined with the 

standard line.  

II.4.7 Ternary phase diagrams 

Ternary phase diagrams of PZA-1,3-DMU-H2O and PZA-1,3-DEU-H2O were constructed 

using a kinetic method with the aid of a Crystal16 (Technobis, NL). Different proportions 

of pyrazinamide and 1,3-dimethylurea (or 1,3-diethylurea) were added into a set quantity of 

water resulting in suspensions of about 1 g in total at room temperature. The measurement 

temperature range was from room temperature to about 323 K. The heating rate was 0.1 K 

min-1 and the stirring rate was 600 rpm. The clear point detected by the Crystal16 was 

considered to be the saturation temperature of the mixture. The saturation concentration 

versus the measured temperature at a given composition of pyrazinamide and 1,3-

dimethylurea (or 1,3-diethylurea) (pyrazinamide: additive 1:0, 1:1, 1:2, 1:3, 1:4, 1:6, 1:8, 

1:10, 1:12, 1:50 and 0:1 (w%)) was fitted by a polynomial equation. The concentrations of 

pyrazinamide and the additive at the temperature of the ternary phase diagram were 

determined by interpolation. 

II.5 Simulations and calculations 

II.5.1 Morphology calculations 

The  form morphology was calculated using the Bravais-Friedel-Donnay-Harker or BFDH 

[28-30, 32] and the AE (attachment energy) methods[36] implemented in the morphology module 

package of Materials Studio (2019)[260] using the COMPASS II forcefield[261] and the 

recommended settings by Materials Studio at the ultra-fine computation level. The  form 

crystal structure used for the calculations was published by Castro et al.[128] and obtained 

from the CSD (Cambridge Structural Database, refcode PYRZIN17). 
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II.5.2 Electrostatic potential calculations 

The electron density and electrostatic potential (ESP) distribution were calculated using 

DFT/B3LYP with the B3LYP/6-31+G(d,p) basis setting in the Gaussian-09 software.[262] 

First the geometry of the molecular structure was optimized followed by the electron density 

and electrostatic potential calculations using the same computational settings. The results 

have been visualized and interpreted with Gauss View 6.[263]  
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Chapter III: Preparation and characterization of 

the four pyrazinamide polymorphs 

III.1 Introduction 

For pyrazinamide, four polymorphs have been reported in the literature, called , , , and 

. In this chapter, the stability of pyrazinamide at high temperature was studied by DSC and 

its sublimation was observed by TG-DSC. The four polymorphs used in this work were 

characterized by XRD and optical microscopy. PXRD as a function of the temperature and 

the pressure has been carried out and the unit cell parameters of the four polymorphs have 

been determined. Isobaric thermal expansion and isothermal compression have been 

determined based on the unit cell parameters. 

III.2 Properties of pyrazinamide 

III.2.1 Thermal stability of pyrazinamide 

In order to investigate the thermal stability of pyrazinamide, a sample of commercial 

pyrazinamide underwent five subsequent heating-cooling cycles by DSC from 293 K to 493 

K with a heating rate at 10 K min-1. The result is provided in Figure III.1. Except for the 

melting peak that appeared in each heating cycle, a second transition peak could be observed 

only in the first heating cycle, which was ascribed to the - transition. As shown in Figure 

III.1, the melting point and the enthalpy of fusion do not change significantly with each 

consecutive cycle. It indicates that there is no significant degradation taking place below 

493 K. 
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Figure III.1 Five subsequent DSC cycles of commercial pyrazinamide at a heating and cooling 

rate of 10 K min-1 

III.2.2 Sublimation 

TG-DSC was used to observe the sublimation of pyrazinamide and the result is shown in 

Figure III.2. It shows that sublimation starts at about 400 K resulting in a significant weight 

loss. It can be concluded that sublimation is important in the pyrazinamide system. On the 

one hand, it will be possible to use sublimation in the study of pyrazinamide and on the other 

hand it may cause experimental error in the thermodynamic analysis, in particular for the 

melting enthalpy.[264] 

 

 

Figure III.2 TG-DSC curve of commercial pyrazinamide with a heating rate of 5 K min-1 
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III.3 Identification and characterization of the four polymorphs 

of pyrazinamide 

III.3.1 Polymorph crystallization 

The polymorphs were prepared by different methods. Commercial pyrazinamide is mostly 

form , and this was confirmed in our case by PXRD. The common method of preparing 

single crystals of form  is by slow evaporation such as in water, which yields needlelike 

crystals.[120, 126, 130] This crystallization method usually takes a considerable amount of time 

and sometimes the quality of the crystals is not good enough to obtain an exploitable 

diffraction pattern by SCXRD. In order to obtain single crystals of form  of good quality 

and of a larger size than by solution crystallization, the sublimation method with temperature 

gradients was used. Details of the experiments have been provided in section II.4.2.1. The 

result shows that pure  form crystals appeared at high temperature (section 0 to section 2 

of the glass tube, see II.4.2.1), and at lower temperature in glass-tube sections 5 and 6, pure 

 form crystals of good quality can be obtained. The characterization of single crystals of 

form  will be presented in the next chapter of the thesis. 

Despite the fact that form  is not stable under ambient conditions, single crystals were 

obtained from solutions of alcohol at about 273 K[121, 122] or by slow evaporation in other 

organic solvents[129] and its crystal structure has been solved successfully in the literature. 

Until now, no mention of a reproducible method to prepare pure  form powder has been 

made in the literature, to the best of our knowledge.[128, 129] Solvent evaporation is one of the 

methods used to prepare  form powder in this work. Different solvents such as methanol, 

acetone and chloroform were used for slow evaporation at about 277 K or at room 

temperature. Although the evaporation process is difficult to control accurately, the 

structural purity of form  could still be improved by optimizing the method mentioned in 

section II.4.1.1. The improvement depends on the evaporation time of the used solvents. 

Due to their strong volatility, solvent-mediated transformation from  form to other forms 

is limited. Both increasing the evaporation area and drying the obtained powder immediately 

by filter paper rather than natural air drying may decrease transition of  into other forms. 

Nevertheless, a small amount of  form often remains among the  form crystals. Cooling 

crystallization is an alternative method to prepare pure  form. Chloroform was chosen as 
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the solvent based on the evaporation experiments. The cooling rate had a significant effect 

on the experimental results. Cooling at a rate of 1 K min-1 produces  form. A faster cooling 

rate of 4.5 K min-1 produces  form, however, concomitant crystallization of  occurs. The 

reproducibility of both methods to obtain pure  was not 100%, but in a number of samples 

other polymorphs could not be detected by PXRD.

The  form was obtained by cooling crystallization in 1,4-dioxane with a cooling rate of 1 

K min-1, which had already been reported in the literature.[56]  

The  form was prepared by a number of different methods in this work.  form powder used 

in PXRD and DSC measurements was produced by heating other polymorphs above the 

transition temperature. Spray drying is also a way to prepare  form powder. In addition,  

form crystals were prepared by sublimation, for example under a temperature gradient. 

Sublimation under vacuum only resulted in a mixture of different pyrazinamide polymorphs, 

while under atmospheric pressure  and  crystals were obtained, however, the quality of 

the single  form crystals was not good enough for morphological characterization. While 

investigating the transition temperature between  and , it was found that the sublimation 

method presented in section II.4.2.4 provides good quality  form crystals with suitable size 

and shape for subsequent crystal morphology analysis. 

III.3.2 Characterization of the four polymorphs 

III.3.2.1 PXRD results 

All four polymorphs have been characterized by PXRD. The patterns are presented in Figure 

III.3. They are consistent with the patterns found in the literature for each polymorph[126, 129] 

and it can be concluded that the tested batches consist of pure polymorphs. The first, 

characteristic peak for each form , , , or  is found at 7.9°, 12.6°, 12.8°, or 9.2° in 2, 

respectively. 
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Figure III.3 PXRD patterns of the , , , and  polymorphs prepared according to protocols 

detailed in section III.3.1 

III.3.2.2 Characterization by microscopy 

The crystals of the four polymorphs exhibit different shapes and sizes which also depend on 

the crystallization method used. The microscopy photographs are presented in Figure III.4. 

 form crystals obtained from water are needlelike (Figure III.4a), while those obtained by 

sublimation are rather blocky (Figure III.4b). The remarkable difference in the crystal habit 

of  obtained by different methods indicates that the solvent exerts a clear influence on its 

crystal habit. -form crystals obtained by cooling crystallization and evaporation are 

rectangular plate crystals (Figure III.4c and 4d).  crystals are blocky (Figure III.4e). -form 

crystals are parallelogram plate crystals (Figure III.4f). Sublimation is one of the main 

crystallization methods used in this study. Indeed, single crystals of both  and  could be 

obtained in this way. The clear morphological differences shown in Figure III.4b and 4e 

reveal that  and  crystals can be distinguished upon visual inspection by microscope. 
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Figure III.4 Microscopy photographs of crystals of the four polymorphs of pyrazinamide: (a)  

form obtained by solution crystallization in water, (b)  form obtained by sublimation, (c)  form 

prepared from evaporation of a methanol solution, (d)  form obtained by cooling crystallization, 

(e)  form prepared by sublimation, (f)  form obtained by cooling crystallization 

III.3.3 Unit cell parameters as a function of the temperature of the polymorphs , , 

, and  at atmospheric pressure 

The PXRD patterns measured as a function of the temperature for the four polymorphs of 

pyrazinamide are provided in Figure III.5. Some peaks shift notably with the temperature. 

Unit cell parameters as a function of the temperature were determined from De Baille fits 

of the experimental data and the results are presented in Figure III.6 and Table A.1. For , 

the a and c parameters increase with increasing temperature, whereas b decreases. For  and 

, all four unit-cell parameters increase with increasing temperature. For , a, b, and c 

increase with increasing temperature, while the angles , , and  decrease with increasing 

temperature. The specific volumes of the four forms are presented in Figure III.7a. They all 

increase with increasing temperature.  possesses the largest specific volume and  is the 

densest polymorph.  
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Figure III.5 Powder X-ray diffraction patterns (λ = 0.71073 Å) of the (a) , (b) , (c)  and (d)  

forms of pyrazinamide as a function of the temperature 

 

Figure III.6 The unit cell parameters of the pyrazinamide polymorphs (a) , (b) , (c) , and (d)  

as a function of the temperature 
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Figure III.7 The specific volumes of pyrazinamide forms , , , and  as a function of the (a) 

temperature (at atmospheric pressure), (b) pressure (at room temperature). (●) form , (▲) 

form , (■) form  and (◆) form  

III.3.4 Unit cell parameters as a function of the pressure of the polymorphs , , , 

and  at room temperature 

The PXRD patterns as a function of the pressure of the four polymorphs of pyrazinamide 

were obtained at room temperature. They are shown in Figure III.8 and it can be seen that 

the diffraction peaks shift with pressure. The resulting unit cell parameters obtained with 

Pawley fits are presented in Figure III.9. Parameters a, b, and c of form  as a function of 

the pressure decrease with increasing pressure. For the forms  and , parameters a, b, c and 

 decrease with the increase of pressure. For form , parameters a, b, and c decrease with 

increasing pressure, while the angles  and  are relatively unaffected. The angle , however 

increases with increasing pressure. The specific volume of the four forms is presented in 

Figure III.7b. The specific volume decreases with increasing pressure. However, the  form 

becomes the densest polymorph above 250 MPa.  
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Figure III.8 Powder X-ray diffraction patterns (λ = 0.4859 Å) of the , , , and  forms of 

pyrazinamide as a function of the pressure at 294 K 

 

Figure III.9 Unit cell parameters of the pyrazinamide polymorphs (a) , (b) , (c) , and (d)  as a 

function of the pressure at 294 K
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III3.5 Thermal expansion and compressibility of polymorphs , , , and  

III3.5.1 The thermal expansion and compressibility tensor 

The isobaric thermal expansion tensor and the isothermal compressibility tensor of 

pyrazinamide polymorphs , , , and  have been calculated with PASCal.[265] The input 

data for PASCal are temperature or pressure, volumes, and lattice parameters a, b, c, , , 

and . PASCal calculates the isobaric thermal expansion tensor or the isothermal 

compressibility tensor and presents it with its orthogonal coordinate system. The orthogonal 

axes are indicated with Ei and their orientations follow the convention of the Institute of 

Radio Engineers, in which E1 is parallel to the a crystallographic axis, E3 is parallel to c 

and E2 is the vector product of E1 and E3. The transformation between crystallographic axes 

Ci to orthogonal axes Ei is represented by the square matrix M: 

𝑴 × 𝑪 = 𝑬 (III.1) 

The definition of strain  is illustrated by eq. III.2 corresponding to both initial and final 

temperature or pressure conditions.  

𝜺 =
1

2
(𝒆 + 𝒆𝑻) (III.2) 

𝒆 = 𝑴𝑓𝑖𝑛𝑎𝑙
−1 × 𝑴𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑰 (III.3) 

 

The eigenvalues i of the matrix  are defined as the principal strain and the eigenvectors ei 

represent the principal axes. The principal coefficients of the thermal expansion and 

compressibility are thermodynamically expressed as:  

 

𝜶𝒊 = (
𝜕𝜀𝑖

𝜕𝑇
)

𝑝
 (III.4) 

𝑲𝒊 = (
𝜕𝜀𝑖

𝜕𝑝
)

𝑇

 
(III.5) 

To better appreciate the relationship between the tensor directions and the crystallographic 

axes, the normalized components of the principal tensor axes projected onto the 

crystallographic axes have been presented in the result. 

III3.5.2 Thermal expansion and compressibility of polymorph  

The thermal expansion and compressibility of polymorph  are shown in Table III.1, and 

Figure III.10. Negative thermal expansion (NTE) is observed along e1,T (thermal expansion 
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tensor) and the minimum compression direction is found parallel to e3,p (compression tensor). 

Both are approximately parallel to the [010] crystallographic axis. The maximum thermal 

expansion direction is parallel to e3,T, which is approximately in the direction of the  

crystallographic axis [-100]. For the unit cell shown in Figure III.11, a varies significantly 

with both temperature and pressure. It indicates that the crystal deforms significantly along 

[-100]. The change in the b axis is the smallest; it exhibits negative thermal expansion when 

heated, while under pressure and up to 1000 MPa, this axis does not change in length. 

 

Table III.1 Principal coefficients of the isobaric thermal expansion tensor, the isothermal 

compressibility tensor and the corresponding principal axes of form  of pyrazinamide 

Thermal expansion tensor 

Principal axis, ei,T i (MK-1)  

Component of ei,T along the 

crystallographic axes 

a b c 

1 -23.1(6) 0.0000 1.0000 0.0000 

2 31 (2) 0.7588 0.0000 -0.6514 

3 161(3) -0.9993 0.0000 -0.0368 

V 170(4)    

Compressibility tensor 

Principal axis, ei,p Ki (TPa-1) 

Component of ei,p along the 

crystallographic axes 

a b c 

1 40.9(8) -0.9994 0.0000 -0.0333 

2 13.2(2) 0.7227 0.0000 -0.6911 

3 2.7(2) 0.0000 1.0000 0.0000 

V 55(2)    
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Figure III.10 The isobaric thermal expansion tensor (a) and isothermal compressibility tensor (b) 

of the  form. Positive thermal expansion is shown in red and negative thermal expansion is 

shown in blue. It can be observed that both types of behavior are very similar, when related to the 

unit cell parameters. 

 

Figure III.11 Relative change in the axis lengths of form  as a function of (a) temperature and (b) 

pressure 

Due to the interactions between the pyrazinamide molecules in form  an expansion in the 

direction of the red arrow (Figure III.12a) causes the structure to contract in the direction of 

the blue arrow. This can be explained as follows. Within the structure, four planes can be 

defined marked by yellow, pink, gray and light green, respectively. Molecules in the same 

plane interact with each other by N-HN and N-HO hydrogen bonds marked by blue 

dashed lines. The plane is interconnected with another plane with which it makes an angle 

of about 40° by C-HN hydrogen bonds marked in magenta dashed lines. - interactions 



Preparation and characterization of the four pyrazinamide polymorphs 

67 

 

exist between the parallel planes. The softest direction in the crystal is marked by the red 

arrow in Figure III.12a; as mentioned above, there are no strong hydrogen bonds present 

between the molecular planes in this direction except for the C-HN interactions. The 3D 

structure is simplified to a 2D schematic shown in Figure III.12c. With increasing 

temperature, the crystal expands along the softer directions, while due to the “trellis”-like 

constraints, the [010] direction exhibits a negative thermal expansion. Under pressure, the 

soft direction exhibits maximum compressibility, while the hard direction [010] exhibits 

very limited compressibility at room temperature below 1000 MPa as it is resisting 

compression due to the same trellis effect.  

 

Figure III.12 (a) Projection of the crystal structure of form  on the (a, b) plane. The soft 

direction is marked by a red arrow and the hard (negative thermal expansion and minimum 

compression) direction is marked by a blue arrow, (b) short contacts in form , (c) schematic to 

demonstrate the uniaxial negative thermal expansion in the system2

 
2 The structure file is used PYRZIN15 in CSD. 
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III3.5.3 Thermal expansion and compressibility of polymorph  

The coefficients of the expansion and compression tensors of polymorph  are shown in 

Table III.2, and Figure III.13. Negative thermal expansion and compression are found in one 

direction which is approximately parallel to the [-10-1] crystallographic axis. The maximum 

thermal expansion is parallel to e3,T and the [0-10] crystallographic axis. The results shown 

in Figure III.14 indicate that the unit-cell changes are similar but opposite under temperature 

and pressure. The change of the b axis is bigger than that of the other two axes. The value 

of K1 has a large error and it is close to the value of K2. It means that the compressibility in 

the [0-10] and [-102] directions are very close (Figure III.13). Thus, the [0-10] direction can 

be considered the maximum compressibility direction. In fact, in directions [0-10] and [-

102], the compressibility is relatively small, while in the third direction it is negative. So, 

overall, the  form appears to be rather resistant to pressure.  

 

Table III.2 Principal coefficients of the isobaric thermal expansion tensor, the isothermal 

compressibility tensor and the corresponding principal axes of form  of pyrazinamide 

Thermal expansion tensor 

Principal axis, ei,T i (MK-1)  

Component of ei,T along the 

crystallographic axes 

a b c 

1 -22.1(10) -0.7464 0.0000 -0.6655 

2 64(2) -0.3690 0.0000 0.9294 

3 119(2) 0.0000 -1.0000 0.0000 

V 161(3)    

Compressibility tensor 

Principal axis, ei,p Ki (TPa-1) 

Component of ei,p along the 

crystallographic axes 

a b c 

1 13(8) 0.0000 -1.0000 0.0000 

2 20(2) -0.4839 0.0000 0.8751 

3 -0.3(8) -0.6727 0.0000 -0.7399 

V 60(5)    
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Figure III.13 The isobaric thermal expansion tensor (a) and isothermal compressibility tensor (b) 

of the  form. Positive thermal expansion is shown in red and negative thermal expansion is 

shown in blue. 

 

 

Figure III.14 Change in axis length of unit cell of  form as a function of (a) temperature and (b) 

pressure 

 

The O-HN hydrogen bonds, C-HO, and C-HN hydrogen bonds in form  create a tight 

network as shown in Figure III.15. Two planes can be distinguished with an angle between 

each other of 46°. These two planes interact through C-HO and C-HN hydrogen bonds 

marked with magenta dashed lines (Figure III.15a). The projection of the  form structure 

on the (a, b) plane shown in Figure III.15b is similar to the projection of the  form structure 

on the (a, b) plane. The thermal expansion of form  in the softest direction is smaller than 

the thermal expansion in form . Like form , the crystal expands along the [0-10] direction 

(that is, perpendicular to the molecular planes) when increasing the temperature, while the 

two interconnected planes form a trellis resulting in negative thermal expansion and 
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compressibility along [-10-1]. 

Figure III.15 Projection of the crystal structure of form  on (a) the ac plane, and (b) the ab 

plane. The blue arrow represents the negative thermal expansion and the negative compressibility 

of this structure, the red arrow indicates the maximum positive thermal expansion and the 

maximum compressibility3 

III3.5.4 Thermal expansion and compressibility of polymorph  

The thermal expansion and compressibility of polymorph  are shown in Table III.3 and 

Figure III.16. Negative or zero thermal expansion was found along e1,T, which is 

approximately parallel to the [-100] direction. The minimum compression direction is almost 

parallel to the [-100] crystallographic axis as well. In the Figure III.17, it can be seen that 

the a axis changes little with temperature or pressure. The maximum thermal expansion and 

compression direction is parallel to the [0-10] crystallographic axis as can be seen in Figure 

III.17. 

Compared to the other polymorphs, the molecular packing in form  is different (Figure 

III.18). Molecules form linear chains through N-HN hydrogen bonds. Other molecules are 

connected by C-HO, C-HN or N-HO interactions. Figure III.18b shows that the 

structure projected on the ab plane is similar to that of form  on the same plane. The thermal 

expansion and compression exhibit a similar result as in the case of form  under 

temperature and pressure as well.  

 

 

 
3 The structure file used here is PYRZIN18 (CSD). 



Preparation and characterization of the four pyrazinamide polymorphs 

71 

 

Table III.3 Principal coefficients of the isobaric thermal expansion tensor, the isothermal 

compressibility tensor and the corresponding principal axes of form  of pyrazinamide 

Thermal expansion tensor 

Principal axis, ei,T i (MK-1)  

Component of ei,T along the 

crystallographic axes 

a b c 

1 -1.86(7) -0.9593 0.0000 -0.2823 

2 44(2) -0.2507 0.0000 0.9681 

3 137(3) 0.0000 -1.0000 0.0000 

V 183(5)    

Compressibility tensor 

Principal axis, ei,p Ki (TPa-1) 

Component of ei,p along the 

crystallographic axes 

a b c 

1 34.6(7) 0.0000 -1.0000 0.0000 

2 11.3(2) 0.3839 0.0000 0.9234 

3 3(2) -1.0000 0.0000 -0.0058 

V 51(3)    

 

 

Figure III.16 The isobaric thermal expansion tensor (a) and isothermal compressibility tensor (b) 

of the  form. Positive thermal expansion is shown in red and negative thermal expansion is 

shown in blue 
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Figure III.17 Change in axis length of unit cell of  form as a function of (a) temperature and (b) 

pressure 

 

Figure III.18 Projection of the crystal structure of form  (a) in the ac plane and (b) in the ab 

plane. The red arrow represents the maximum thermal expansion and compression of this 

structure, the blue arrow represents the negative thermal expansion and minimum compression4

 
4 The structure file used here is PYRZIN17 (CSD). 
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III3.5.5 Thermal expansion and compressibility of polymorph  

The thermal expansion and compressibility of polymorph  are shown in Tables III.4 and 

Figure III.19. Negative thermal expansion was found along e1,T, which is approximately 

parallel to the direction of [11-1]. The maximum thermal expansion and compression 

direction is approximately parallel to the [311] direction. The compression in the direction 

of e2,p and e3,p are very similar. The changes in the a, b and c axes as a function of the 

temperature and pressure shown in Figure III.20 indicates that the c axis exhibits a better 

resistance to the temperature than to the pressure. 

 

Table III.4 Principal coefficients of the isobaric thermal expansion tensor, the isothermal 

compressibility tensor and the corresponding principal axes of form  of pyrazinamide 

Thermal expansion tensor 

Principal axis, ei,T i (MK-1)  

Component of ei,T along the 

crystallographic axes 

a b c 

1 -6.1(9) 0.5860 0.6391 -0.4981 

2 17.1(7) 0.3459 -0.9099 -0.2290 

3 178(6) 0.8848 0.3337 0.3252 

V 192(7)    

Compressibility tensor 

Principal axis, ei,p Ki (TPa-1) 

Component of ei,p along the 

crystallographic axes 

a b c 

1 82.0(8) -0.8460 -0.2871 -0.4493 

2 15(2) -0.5175 -0.8242 0.2301 

3 13.4(4) 0.6627 -0.6701 -0.3343 

V 73(4)    
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Figure III.19 The isobaric thermal expansion tensor (a) and isothermal compressibility tensor (b) 

of the  form. Positive thermal expansion is shown in red and negative thermal expansion is 

shown in blue 

 

 

Figure III.20 Relative change in the unit-cell axes of form δ as a function of (a) temperature and 

(b) pressure 

 

In form , pyrazinamide forms hydrogen bonded dimers, like in  and . The dimers connect 

to each other through N-HO and C-HN hydrogen bonds. They form layered structures 

as shown in Figure III.21. The layer is approximately parallel to the b axis. The molecular 

arrangement and interactions in the same layer are shown in the Figure III.21a. Four pyrazine 

rings form an interaction square involving C-HN interactions marked by magenta dashed 

lines. The maximum expansion and compression direction is along [311], which is almost 

perpendicular to the layer. In the direction of the negative thermal expansion the hydrogens 

on the two rings would be brought closer together. But all together, considering the electron 

density calculated later on, this unusual tetramer might be relatively strong. The rest of this 
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direction is basically controlled by the twofold hydrogen dimer. Form  exhibits the largest 

compression in comparison to the other polymorphs and it becomes the densest polymorph 

under pressure. 

  

Figure III.21 (a) interactions between form  molecules, (b) projection of the crystal structure of 

form  in the ac plane. The red arrow represents the maximum thermal expansion5  

III.4 Conclusion 

In this chapter, chemical stability and the sublimation of pyrazinamide have been studied by 

thermal analysis. The results indicate that pyrazinamide is stable below 493 K. Sublimation 

of pyrazinamide is observed above 400 K. It provides the basis for the sublimation 

crystallization experiments in this chapter. Preparation methods of the , , , and  

polymorphs have been discussed. Preparing pure  form is still a challenge, but the trials 

with cooling crystallization in chloroform indicate that this could be a promising method to 

obtain pure  form. Thermal expansion and compression of , , , and  polymorphs have 

been investigated using the unit cell parameters obtained by fitting the XRD patterns 

 
5 The structure file is used PYRZIN16 in CSD. 
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measured as a function of the temperature and the pressure. Uniaxial negative thermal 

expansion has been observed in all four polymorphs, although the values for  and  are 

close to 0. The hard and soft directions in the thermal expansion and the compression depend 

on the molecular interactions in the crystal structure. Form , form  and form  exhibit 

similar “trellis”-like constraints in the structure. The soft direction for the thermal expansion 

and the compression in form  coincides; it is parallel to the [-100] crystallographic axis. 

The hard direction for the thermal expansion and compression is parallel to the [010] 

crystallographic axis. In form  and form , the soft direction for the thermal expansion and 

compression is almost parallel to the [0-10] crystallographic axis. The hard direction for the 

thermal expansion and compression in form  is almost parallel to the [010] crystallographic 

axis and in form , it is almost parallel to the [-100] crystallographic axis. In form , the soft 

direction for the thermal expansion and compression is approximately parallel to the [311] 

crystallographic axis. The results reported in this chapter will support the study of the phase 

behavior of the polymorphs of pyrazinamide in the next chapter. 
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Chapter IV: The phase behavior of the four 

polymorphs , , , and  

IV.1 Introduction 

Physicochemical properties such as solubility and dissolution rate are different between 

polymorphs of the same molecule. Because metastable forms have a higher solubility, which 

is intrinsically connected with their lower stability, they are sometimes selected for the 

marketed drug product in the pharmaceutical industry. Therefore, having a full control over 

the stabilization of a metastable polymorph can be of significant pharmaceutical importance. 

A preliminary requirement for control is a solid understanding of the phase behavior of the 

drug molecule in question. 

In this chapter, the phase relationships between the , , , and  polymorphs of 

pyrazinamide are discussed. In particular, the phase relationship between the polymorphs  

and  has been extensively studied by DSC, PXRD, synchrotron PXRD and HP-DTA. The 

melting temperature and enthalpy of  have been reviewed and those of  have been 

determined. In addition, a thorough study of the - transition temperature and enthalpy has 

been carried out. The melting equilibrium of  and the transition between  and  have been 

measured by HP-DTA. The vapor pressure and the solubility of the  and  forms have been 

obtained. All the data have been combined to construct a topological phase diagram 

demonstrating the stability hierarchy of the two polymorphs as a function of pressure and 

temperature. The phase relationships between  and the other polymorphs and between  

and the other polymorphs have been studied by DSC and PXRD and some preliminary 

conclusions have been drawn. 
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IV.2 The phase behavior between  and  

IV.2.1 The melting equilibria of  and  

IV.2.1.1 The melting of form  

A typical DSC curve of commercial pyrazinamide (form ) can be found in Figure IV.1. At 

a scanning rate of 10 K min-1,  transforms into  at around 425 K followed by the melting 

peak of  at around 462 K (Figure IV.1). To determine the enthalpy and the temperature of 

fusion of , measurements have been carried out at 10 K min-1 for 28 samples of different 

mass and the result is presented in Table C.1 in appendix C. During the measurements, it 

became clear that the enthalpy of fusion depends on the amount of material in the DSC 

capsule, similar to the cases of camphor[264] and adamantane[266]. Therefore, the enthalpy of 

fusion was plotted as a function of the “specific volume” of the sample as shown in Figure 

IV.2. The “specific volume” of the sample in a DSC experiment (Vpan/msample) is the volume 

of a sealed DSC pan (Vpan), which includes its dead volume not taken up by solid 

pyrazinamide, divided by the mass of the weighed-in sample (msample). In most cases, when 

the vapor pressure of the solid is low, no consistent variation in the melting enthalpy will be 

observed; however, for pyrazinamide, a clear decrease of the measured specific enthalpy of 

fusion is observed with increasing “specific volume” (i.e. with decreasing mass, see Figure 

IV.2). This sublimation can in fact be observed by DSC, as illustrated in Figure IV.1 

illustrated by two DSC curves of samples with a large difference in mass. The bottom curve 

exhibits a regular melting peak observed for a sample with a weight of 5.88 mg, whereas the 

top DSC curve represents a sample of 0.01 mg. In the inset, an upward shift from the baseline 

can be observed as a result of sublimation. Only a small peak-like drop to the baseline is 

observed at 449 K below the recorded melting temperature indicating that the sample has 

completely sublimated before it could have melted. Obviously, this rise of the baseline is 

also present in the curves with clear melting peaks, but in that case this baseline effect is 

dwarfed by the melting peak. 
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Figure IV.1 DSC curve (10 K min-1) of commercial pyrazinamide form  transforming into  at 

around 425 K, which melts at around 462 K (black line) and a DSC curve of a sample with a very 

large specific volume (Vpan/mPZA) of which only the end of sublimation can be observed (449 K, 

red line). Inset: a close-up of the DSC curve of the 0.01 mg sample illustrating the end of 

sublimation before the melting point of  is reached. The extension of the baseline is indicated by 

the blue dashed line 

 

 

Figure IV.2 The enthalpy of fusion of form  as a function of the specific volume available to 

pyrazinamide in the DSC capsule (see text). Inset: close-up on the evolution of the enthalpy of 

fusion at low specific volume; an upward curvature of the line can be observed 

 

Taking the enthalpy data in Table C.1 in Appendix C and Figure IV.2, one can establish a 

linear relationship with the specific volume in the DSC pan: ∆→LH (Vpan/msample) = −0.130(3) 

Vpan/msample+ 236.1(9) leading to an enthalpy of fusion for a fully filled pan in the order of 
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236 J g-1. However, it can be seen in the inset of Figure IV.2 that at the lowest specific 

volumes (i.e. fully filled DSC capsules), the enthalpy of fusion tends to even higher values 

in the order of 240 J g-1. In fact, in the inset of Figure IV.2 at its lower range, one can observe 

a slight upward curvature in the line. For this reason, only the points up to a specific volume 

of 20 cm3 g-1 have been used for the extrapolation, leading to the expression for the melting 

enthalpy, ∆→LH (/J g-1), as a function of the “specific volume”, Vpan/msample (/cm3 g-1):  

 

∆→LH (Vpan/msample) = −0.623(10) Vpan/msample+ 241.0(1.0) (IV.1) 

 

Extrapolating this line to the specific volume of the  form at its melting temperature (this 

translates to a capsule filled entirely with pyrazinamide without dead volume and is equal 

to 0.7003(31) cm3 g-1 as reported in section IV.3.4) leads to an enthalpy of fusion of 240.6(1.0) 

J g-1. 

Considering the scatter over the enthalpy of fusion of form , the enthalpies and temperatures 

of fusion of three single crystals have been determined too; in particular because the surface 

to bulk ratio is much smaller than in the case of powder, it may diminish the effect of 

sublimation. The data can be found in Table VI.1; there is still a considerable scatter over 

the melting enthalpy data and it is not clear whether the relation between the weighed-in 

mass and the enthalpy (Table IV.1) is accidental or not, but the average of 240(5) J g-1 

confirms the results obtained with capsules tightly filled with powder. 

 

Table IV.1 The melting point and the enthalpy of fusion of single crystals of polymorphs  and  

measured by DSC a  

Sample 
   

Tfus /K ΔH /J g-1 m /mg  Tfus /K ΔH /J g-1 m /mg 

1 457.05 250.6 0.98  462.35 244 2.69 

2 456.65 255.7 0.66  462.55 239.9 2.12 

3     462.65 235.9 1.69 

Average  457(1) 253(4)   462.5(5) 240(5)  

a heating rate is 100 K min-1 for  and . 

 

The overall behavior of the melting enthalpy increasing with an increasing amount of 

pyrazinamide is clearly caused by the tendency of pyrazinamide to sublimate as is shown in 

Figure IV.2. It is not entirely clear why, at very high loads, the enthalpy appears to curve 



The phase behavior of the four polymorphs , , , and  

81 

 

slightly upwards. How this curvature comes about with powder samples could possibly be 

explained by a combination of sublimation and disorder reported for the  form.[129, 134] 

The melting temperature, which does not vary with sample mass, is much easier to determine. 

The average over 27 points is equal to 462.0(5) K (n = 27). This value is in accordance with 

the literature data. 

IV.2.1.2 The melting of form  

The temperature and enthalpy of fusion of form  have been obtained using single crystals 

subjected to DSC measurements at 100 K min-1 (See Table VI.1). The high scanning rate 

was necessary to outrun the solid-solid transition from form  to form . The DSC has been 

specially calibrated for these measurements at 100 K min-1 with the four calibrants listed for 

the DSC 214 from Netzsch (See section II.3.2.1). The melting point has been found to be 

457(1) K and the enthalpy of fusion equals 253(4) J g-1. It was not possible to investigate 

the influence of sublimation on the melting properties of , due to the inaccuracy of the DSC 

at 100 K min-1 and because changing to smaller crystals would cause them to turn into  

before melting. However, the high scanning speed and the fact that the sample was a single 

crystal, which decreases the surface to bulk ratio, may have limited the effect of sublimation 

considerably. 

IV.2.2 The - equilibrium temperature 

The transition temperature of  to  had been previously shown to depend on the heating 

rate of the DSC.[128] However, the value at infinitely low heating rate remains unknown. In 

the current study, once again different heating rates have been used to investigate the 

temperature of conversion of form  into  and the results are presented in Figure IV.3 and 

the values can be found in Table C.2 in Appendix C. It is clear from Figure IV.3 that the 

transition temperature decreases with decreasing heating rate and there is no visible levelling 

off at very low heating rates even if the values observed are still lower than those reported 

by Castro et al.[128]. DSC appears not to be the most appropriate method to determine the 

transition temperature between forms  and  due to this particular kinetic behavior of the 

transition. Therefore, each polymorph has been kept in an oven in separate experiments at a 

decreasing series of temperatures starting roughly at the lowest transition temperature 

observed by DSC. The results are presented in Table IV.2. It can be seen that at 392 K initial 

form  turns into form . Moreover, subjecting  to a temperature of 391 K, a single crystal 

of form  is grown, while at 390 K, several  crystals can be observed. It can be concluded 
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that the most likely equilibrium temperature between  and  can be found between 391 and 

392 K. Lacking any further precision, the average between these values will be rounded off 

to the nearest digit: T→ = 392(1) K. 

 

 

Figure IV.3 The temperature of the  to  transition obtained by DSC at different heating rates 

(○). No conclusive equilibrium temperature can be obtained from this behavior. The dot-dashed 

line is the observed equilibrium temperature (Table IV.2) 

 

Table IV.2 The stability of the polymorphs  and  at constant temperature 

T /K Initial polymorph Final polymorph Comments 

403    

398    

394    

392  +  is a single crystal 

391  + One single crystal of  

390  + Few crystals of  

373    

353    

 

The enthalpy change associated to the - transition has been determined at a scanning rate 

of 10 K min-1. It did not depend on the sample mass as in the case of the melting point of , 

most likely because the lower temperature did not result in as much sublimation. 

Interestingly, the enthalpy difference between the two polymorphs remained constant even 

if the transition temperature ranged from 405 to 440 K (the result can be found in Table C.3 

in Appendix C and Figure IV.4). The average over 83 samples of the - transition enthalpy 
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has been found to be ∆→H = 13.2(6) J g-1. 

 

 

Figure IV.4 Transition enthalpy of  to  form at different transition temperatures 

 

The constant transition enthalpy between  and  indicates that their difference in heat 

capacity does not change much with the temperature. For thermodynamic reasons, the sum 

of the enthalpies of the cycle  to  to liquid to  must be equal to zero: ∆→H + ∆→LH − 

∆→LH = 13.2 + 240 − 253 = 0.2  0. The fact that this sum indeed equals zero indicates that 

the enthalpy differences between phases , , and the liquid appear to be consistent. One 

may therefore conclude that most likely the enthalpy difference between  and  is 

temperature independent between their equilibrium temperature and the melting point of 

pyrazinamide. The transition enthalpy is equal to the values reported in the literature.[128, 267] 

However, the transition temperature between the two solids at 392 K appears to be at least 

20 degrees lower, than previously reported in the literature[128]. 

IV.2.3 The - transition and the fusion of  under pressure 

High-pressure differential thermal analysis curves containing the peaks for the  to  

transition and the fusion of  are shown in Figure IV.5a. The observed transitions have been 

plotted as a function of the pressure and the temperature and are presented in Figure IV.5b. 

The values can be found in Appendix C (fusion of : Table C.3 and the - transition: Table 

C.4). The solid-solid transition was difficult to measure and only a few points could be 

obtained. In both cases the data have been fitted to a straight line in the form of the pressure 

P(/MPa) as a function of the temperature T(/K): 
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→L: P = 3.5(3) T – 1623(100)   (IV.2) 

  

→: P = -3.6(7) T + 1510(283)   (IV.3) 

 

Figure IV.5 (a) High-pressure differential thermal analysis curves and (b) the transition pressure 

of  to  (■) and the melting pressure of  (●) as a function of the temperature 

IV.2.4 The temperature dependence of the specific volume 

The specific volumes of forms  and  as a function of the temperature have been obtained 

by high-resolution PXRD. The resulting specific volumes are presented in Tables A.1 and 

A.3 in Appendix A and Figure IV.6. The data has been fitted to the following expressions of 

the specific volume Vi (/cm3 g-1) as a function of the temperature T (/K): 

Vα = 0.6624(7) + 6.8(6) ×10-5 T + 8.44 (1.06) ×10-8 T2 (IV.4) 

  

V = 0.6520(7) + 4.8(5) ×10-5 T+ 1.22(9) ×10-7 T2  (IV.5) 

 

Comparing the specific volume of forms  and  measured in this work and the literature 

(see Figure IV.6), it can be seen that the specific volume of form  is larger than that of form 

 in the entire measured temperature range: V > V. In other words, the density of  is lower 

than that of form : d < d. Interestingly, the difference in specific volume hardly changes 

from 100 K up to 400 K: ∆→V(T) = −0.01242(23) − 1.1(9) ×10-6 T and the average 

difference in volume between  and  is ∆→V = −0.0127(4) cm3 g-1 with an error of less 

than 2.5% (see also Figure IV.6). Although the literature data appears to be somewhat 

scattered in Figure IV.6, the  form is clearly denser than . 
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Figure IV.6 The specific volume of pyrazinamide form  and form  at different temperatures. 

(■)  this work, (●)  this work, (□)  from the literature[120, 124, 126, 127, 130, 131], (○)  from the 

literature[121, 125, 128, 129] 

IV.2.5 The vapor pressure of  and  

A few papers contain data on the vapor pressure of the  form[141, 148, 149], however, data 

obtained by different methods are difficult to compare. Thus, the vapor pressure of  and  

as a function of the temperature is measured in this work using the method described in 

section II.4.5 and the result is shown in Table C.5 in Appendix C. Using the Clausius–

Clapeyron equation (ln p = −∆S→VapH/RT + B, ∆S→VapH is the enthalpy of sublimation, B is 

a constant), the vapor pressure P(/Pa) can be expressed as a function of the temperature 

T(/K): 

 

→Vap: ln p = −94945(1024) / RT + 32.3(4)

  

(R2 = 0.9991)  (IV.6) 

 

→Vap: ln p = −92192(2024) / RT + 31.5(7) (R2 = 0.9986)   (IV.7) 

 

with the numerator being the enthalpy of sublimation in J mol-1 and R the gas constant, 

8.3145 J K-1 mol-1. The sublimation enthalpies from eqs. IV.6 and IV.7 reflect the differences 

in enthalpy between the respective polymorph and the vapor phase. It implies that the 

difference between these two enthalpies must be similar to the transition enthalpy between 

the two solid phases: ∆→H = ∆→VapH − ∆→VapH = 94945−92192 = 2.75(2.27) kJ mol-1 or 

22(19) J g-1. Obviously, the error over the large enthalpy values is considerable, which is 
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reflected in the large error over the transition enthalpy of 22 J g−1; however, the value is 

equal within error with that of the DSC even if the vapor pressure is simply not precise 

enough to determine an accurate enthalpy difference. In comparison with the literature 

values in Table I.5 in Chapter I, the enthalpies of vaporization found here, 771 J g-1 for  

and 749 J g-1 for , are similar; however, the spread in the values in Table I.5 is large and it 

seems essential that data for different polymorphs are obtained with a single apparatus for 

reliable comparison.  

The intersection between the two lines described by eqs. IV.6 and IV.7, where the vapor 

pressure of the two polymorphs is equal, should coincide with the equilibrium temperature 

of - transition. It is found at about 398 K, which is somewhat higher than 392 K, the result 

obtained in Table IV.2. 

IV.2.6 The solubility of  and  

The solubilities in water of the  and  polymorphs measured at different temperatures and 

those found in the literature[56, 135] are provided in Table C.6 (Appendix C) and Figure IV.7. 

The solubility of  is higher than the solubility of  in the investigated temperature domain. 

The solubility of  measured in this work is similar to the data measured in the literature, 

but the solubility of  is lower than the data in the literature. This may be explained by the 

metastability of , which may cause a larger error over the result. The solubility data can be 

fitted using the van’t Hoff equation: 

𝑙𝑛𝑥𝑖 = −
∆𝑑(𝑖)𝐻

𝑅𝑇
+

∆𝑑(𝑖)𝑆

𝑅
 (IV.8) 

 

where 𝑥𝑖  is the mole fraction solubility of form 𝑖  (/mmol mol-1), ∆𝑑(𝑖)𝐻  (/J mol-1) and 

∆𝑑(𝑖)𝑆  (/J mol-1 K-1) represent the dissolution enthalpy and entropy of form 𝑖  in water, 

respectively. 𝑇 is the temperature (/K), and 𝑅 is the gas constant. 

 

: ln x = −28917(643) / RT + 12.5(3)  (R2 = 0.9985)   (IV.9) 

 

: ln x = −26714(1034) / RT + 11.7(5)   (R2 = 0.9955)   (IV.10) 
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Figure IV.7 The solubility of polymorphs  and  at different temperatures in water. (■)  (this 

work), (●)  (this work), (▲)  obtained by Hermanto et al., (◆)  obtained by Zhang et al. (▼) 

 obtained by Hermanto et al.. The error bars for the data obtained in this work are smaller than 

the symbols 

 

Like the enthalpy of sublimation, the transition enthalpy can be calculated: ∆→H = ∆d()H 

− ∆d()H = 28.917 − 26.714 = 2.21(1.3) kJ mol-1 or 18 (10) J g-1. Errors are again large due 

to the comparison between two large values; however, the overall difference in enthalpy 

between the two polymorphs is not far from the value of 13.2 J g-1 obtained by DSC. The 

equilibrium transition temperature between  and  in the presence of water can be 

calculated using eqs. IV.9 and IV.10, the intersection of these two lines being the transition 

temperature. It is found at 330(4) K. This temperature is lower than that obtained through 

the oven and the vapor pressure experiments. This could be due to the difficulties in 

interpreting the solubility data due to metastability of the  form. Nonetheless, it could also 

be due to the interaction between the solvent and the solute, which may affect the chemical 

potentials of the polymorphs as described by the Gibbs-Duhem equation. 

IV.2.7 The pressure-temperature phase diagram involving , , and the liquid 

Using the data presented above, a pressure-temperature phase diagram can be constructed 

describing the behavior of the three condensed phases that have been investigated. Eq. IV.2 

describes the pressure-temperature behavior of the melting equilibrium of . Considering 

that this transition is observed in the direction of a solid-liquid transformation and thus no 

significant kinetic barrier exists for the transition, there is little doubt that the obtained 

equation reflects the equilibrium behavior within error. 
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The same cannot be said about the - transition, as is very clear from Figure IV.3, where 

the transition temperature decreases as the heating rate decreases. This implies that p(T)→, 

should be shifted to lower temperatures assuming that the slope will stay the same. In fact, 

the slope of the - equilibrium can be verified with the Clapeyron equation, using the 

calorimetric and volumetric data discussed above: T→ = 392(1) K, ∆→H = 13.2(6) J g-1, 

and with ∆→v (392 K) = −0.0124 (38) cm3g-1, as v (392 K) = 0.7021(29) cm3g-1and v 

(392 K) = 0.6897(25) cm3g-1. This leads to a slope of −2.7(9) MPa K-1. Even if the values of 

the slopes (−3.6(7) MPa K-1 in eq. IV.3) overlap within error, it is most likely that the slope 

of the - equilibrium is closer to −2.7 MPa K-1, because the transition points obtained by 

HP-DTA may suffer an overestimation in temperature as observed in the regular DSC 

measurements for this solid-solid transition. Thus, the pressure (p /MPa) of the - 

equilibrium can be expressed as a function of the temperature (T /K) in the following 

adjusted way: 

→: p = −2.7(9) T + 1064(327) (IV.11) 

 

In which the line is shifted to pass through 392 K at 0 MPa (representing the vapor pressure 

of pyrazinamide in megapascal). 

Taking the intersection of eqs. IV.2 and IV.11, one finds the triple point where the phases , 

, and the liquid are in equilibrium, leading to 431 K and −105 MPa. Using this triple point 

in turn with the melting temperature of form , 457 K at 0 MPa, the relation of the pressure 

(p /MPa) for the melting equilibrium of form  as a function of temperature (T /K) can be 

obtained: 

→L: p = 4.0 T − 1823 (IV.12) 

 

It can be seen that this melting equilibrium is the steepest in the phase diagram as expected 

for the three diverging equilibria, -, -L, and -L, with increasing pressure. 

For statistical reasons, it is of interest to study the change in the specific volume of the 

melting solid. In particular for cases for which it is not possible to have experimental access 

to the slope of the melting equilibrium using statistical data, an estimate of the slope can be 

obtained and a topological phase diagram can be constructed through thermodynamic 

reasoning. 

In the case of pyrazinamide, the slope of the melting of the  phase has been found to be 

3.5(3) MPa K-1 based on the HP-DTA data. Taking the melting enthalpy of 240(5) J g-1 

obtained above, the melting temperature of 462.0(5) K and the specific volume of the  form 
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at the melting temperature, V (462.0 K) = 0.7003(31) cm3 g-1, one obtains through the 

Clapeyron equation the volume change on melting, ∆→LV = 0.1473(92) cm3 g-1, and the 

specific volume of the liquid at the melting point: VL (462.0 K) = 0.8476(97) cm3g-1. 

For the melting of form , information on the thermal expansion of the liquid can be used. 

From the results in this paper and from those of Borba et al., it can be concluded that the 

glass transition temperature can be found around at 260 K.[268] Because at the glass transition, 

the liquid turns into a glass, by approximation its density can be set equal to that of the least 

dense polymorph of pyrazinamide, which is form . At 260 K, form  will have a specific 

volume of V (260 K) = 0.6858 cm3 g-1. With the specific volume of the liquid at the melting 

point of the  form, the specific volume of the liquid (VL /cm3g-1) as a function of the 

temperature (T /K) can be described by a straight line (see Figure IV.8): 

 

VL = 0.47756 + 8.0101 10-4T (IV.13) 

 

Using the known data on the melting of the  form, T→L = 457(1) K, ∆→LH = 253(4) J·g−1, 

V (T→L) = 0.7112(35) cm3 g-1 and VL (T→L) = 0.8435(3) cm3 g-1 a change in the volume 

on the melting of  can be determined ∆→LV = 0.1323(36) cm3 g-1. This leads to a slope for 

the melting equilibrium of 4.2(2) MPa K-1. Comparing this to the slope in eq. 14 of 4.0 MPa 

K-1, which has been obtained by extrapolation of the -L equilibrium and the - equilibrium, 

demonstrates the strength of the topological method and the redundancy in the data due to 

the thermodynamic requirements they need to fulfill. 

The ratio of the volume of the liquid by that of the melting solid form is VL/V = 1.21 for  

and VL/V = 1.19 for . These values are large in comparison with most small organic 

molecules and only form III of piracetam with a ratio of 1.18 comes anywhere near these 

values.[269] Goodman et al.[270] found an average expansion on melting of about 12% for 

small organic molecules based on 21 compounds. Based on different distributions of small 

pharmaceutical molecules, similar expansions with an average in the order of 11% have been 

recorded.[271, 272] The reason for the large difference in the specific volume between the solid 

state and the liquid state must lie in the flatness of the molecule, which makes efficient 

stacking possible in the solid, but which is obviously lost in the liquid state. The density of 

the  form is indeed rather high for an organic substance with 1.43 g cm-3 at its melting point 

and 1.48 g cm-3 at room temperature. 
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Figure IV.8 Schematic representation of the thermal expansion of the liquid in relation to the 

thermal expansion of the solids 

 

The resulting topological pressure-temperature phase diagram of --L-V is presented in 

Figure IV.9. This phase diagram is constructed based on eqs. IV.2, IV.11, and IV.12 for the 

condensed phases and eqs. IV.6 and IV.7 for the vapor phases. The final liquid-vapor (L-V) 

equilibrium curve can be calculated as follows. The enthalpy of vaporization is ∆L→VH = 

∆→VH − ∆→LH; ∆→VH can be obtained from eq. IV.14 and amounts to 749(17) J g-1 and 

∆→LH is 240(5) J g-1, so that ∆L→VH is 509(17) J g-1. Eqs. IV.2 and IV.7 can be used to 

calculate the triple point of -L-V through which the L-V equilibrium curve must pass 

leading to the expression (with p in Pa and T in K): 

 

 

L→V: ln p = −7535 / T +23.8 (IV.14). 
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Figure IV.9 The two-panel pressure-temperature phase diagram of the  and  polymorphs, the 

liquid, L, and the vapor phase, V. High pressure panel (Top): Two-phase equilibria: black (line + 

points (■)): -, blue line: -L, red (line + points (■)): -L. (◑) is metastable triple point --L, 

(●) is stable triple point --V, (◑) is metastable triple point -L-V and (●) is stable triple point 

-L-V. Low pressure panel (below): Zoom on the vapor phase with orange line: L-V equilibrium, 

purple line: -V equilibrium and green line -V equilibrium. Solid lines: stable equilibria, dashed 

lines: metastable equilibria, dotted lines: super-metastable equilibria. Solid circle: stable triple 

point, semi-solid circle: metastable triple point 

IV.3 Phase relationships between form  and the other 

polymorphs 

DSC measurements of form δ samples with different heating rates have been carried out and 

the result is provided in Figure IV.10 (see also Table D.1 in Appendix D). It can be seen in 

the figure that the transition of δ to  depends on the heating rate. When the heating rate is 

higher than 2 K min−1, δ transforms into , because no other transition other than melting is 

observed. The observed transition temperature increases with increasing heating rate. For a 

heating rate lower than 2 K min-1, δ transforms into  instead as two consecutive peaks are 

observed (see Figure IV.10b). Considering the difficulty in determining the equilibrium 

temperature between  and , it is likely that the observed transition temperatures related to 

δ are also not the equilibrium temperatures, which are expected to be lower than the observed 
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ones. Nonetheless, it is clear from the data that at 385 K, δ is less stable than  and at 400 

K, δ must be less stable than . The mean enthalpy of the δ- transition at 10 K min-1 was 

found to be ∆δ→H = 17.1(7) J g-1. The mean enthalpy of the δ- transition (∆δ→H) is 5.7(5) 

J g-1.  

 

Figure IV.10 (a) Observed transition temperatures for δ to  and δ to  as a function of the 

heating rate and (b) DSC curves at different heating rates. (■)  - transition(for comparison 

from Figure IV.3), (▲) δ - transition, (▼+◆) combined δ- and δ - transitions, (▼) δ - 

transition followed by a separate  - transition (◆) 

IV.4 Phase relationships between form  and the other 

polymorphs 

Time-resolved PXRD of form  was measured. Some PXRD patterns are presented in Figure 

IV.11. The data demonstrate that  starts to transform into  at about 340 K. A typical DSC 

curve of form  is shown in Figure IV.12. Two endothermic peaks appear before the melting 

transition of form . Based on the transition behavior of  observed in the PXRD 

measurements, it is inferred that the two observed endothermic peaks are a transition peak 

of  to  (T→δ = 368 K, ∆→δH = 7.8 J g-1) followed by the transition of  to , which may 

pass through  too considering the observations above for  (observed Tδ→ or  = 393 K, ∆H 

for this peak is 7.2 J g-1 which is much lower than 17.1(7) J g-1 obtained in section IV.3 above 

for δ→, but this is probably due to the lack of a well-defined baseline). The enthalpy of the 

transition of  to  can be obtained by other enthalpies: ∆→H = ∆→δH + ∆δ→H= 7.8 + 
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5.7 = 13.5 J g-1. These observations imply that  is possibly stable at very low temperatures, 

because it turns into the other forms with an endothermic transition. It can be concluded that 

 is less stable than  at 340 K.  

 

 

Figure IV.11 Powder x-ray diffraction (PXRD) patterns of form  at different temperatures 

 

 

Figure IV.12 DSC curve of form  (heating rate 10 K min-1) 

IV.5 Conclusion 

This chapter gives a clear demonstration of the fact that it can be very hard to obtain 

equilibrium data for molecular systems. Pyrazinamide demonstrates two important problems: 

a high sublimation pressure at high temperatures and extremely slow solid-solid phase 
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transformations between almost all solid forms. 

The high vapor pressure of pyrazinamide at elevated temperatures affects the melting 

enthalpy. Only single crystals and fully packed DSC capsules appear to approach the ideal 

melting enthalpy. Finding the proper transition temperature between two solid phases, if it 

occurs, at even lower temperatures when decreasing the scanning rate of the DSC is not an 

easy endeavor.[273, 274] In the present case, only keeping samples in an oven for weeks appears 

to have provided the temperature of the solid-solid equilibrium between forms  and . 

Whether this approach will deliver any equilibrium temperature in relation to the other solid 

forms is not clear yet. The vapor pressure data confirmed the equilibrium temperature; the 

solubility data, however, resulted in an estimate that is 60 K lower. Nonetheless, 

extrapolation and the uncertainties over the vapor pressure and solubility data give rise to a 

rather large error margin for the equilibrium temperature. The pressure-temperature phase 

diagram presented in this thesis only contains information in relation to the phases  and , 

the two most studied phases of pyrazinamide. Transformation behaviors of  and  have 

been investigated by PXRD and DSC. Based on the experimental results at about 340 K the 

stability ranking of the polymorphs is likely to be  >  > , while  is less stable than , 

but its relation towards  and  is not known at this temperature. Above 393 K, the stability 

ranking is  >  >  > . 
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Chapter V: Investigation into the intermolecular 

interactions between pyrazinamide and urea 

derivatives by nuclear magnetic resonance 

spectroscopy and electrostatic potential 

calculations 

V.1 Introduction 

Control over polymorphism and morphology is important in the pharmaceutical 

industry to obtain crystals with the desired properties. The pharmaceutical dosage form 

is a combination of an API together with a number of excipients. One of the functions 

of the excipients is to stabilize the API such as reducing the degradation rate of the API 

or stabilizing the chosen polymorph of the API. As the effects of excipients are related 

to their interactions with the API, understanding these interactions is key to explaining 

the effects.  

In this chapter, we explore the interaction between pyrazinamide and a number of urea 

derivatives including 1,3-dimethylurea in solution by nuclear magnetic resonance 

(NMR). The deuterated solvents DMSO, chloroform, and acetone have been selected 

for the experiments. Pure pyrazinamide, urea derivatives, and mixtures of pyrazinamide 

and urea derivatives have been analyzed by 1H-NMR at different concentrations and 

the resulting changes of the chemical shifts have been linked to interactions between 

pyrazinamide and the urea derivatives and also with the solvents. In addition, the charge 

distribution and the electrostatic potential (ESP) distributions have been calculated for 

pyrazinamide, solvents and the urea derivatives. They have been used to interpret the 

observed interactions in the NMR experiments. 
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V.2 Solvent selection 

For solution NMR, the solvent[275], the sample concentration[276], and the 

temperature[277] among other factors have an influence on the chemical shift. The 

solvent effect on the chemical shift is attributed to the solute-solvent interactions.[278] 

Buckingham et al.[279] classified the solvent effects in four types of interaction: 

hydrogen bonding, the anisotropy of the solvent molecules, the polar effect and the van 

der Waals effect. Moreover, the concentration dependence of the chemical shifts can be 

ascribed to aggregation phenomena and the self-association of the solute molecules.[280, 

281] Thus, interactions between solvent and solute molecules and between the solute 

molecules themselves affect their chemical shift and the change in chemical shift can 

therefore be used to evaluate intra- and inter- molecular interactions occurring through 

noncovalent bonding.[282] 

A suitable solvent for the investigation of interactions between pyrazinamide and urea 

derivatives should possess the following characteristics: 

1) The hydrogen atoms of the amide group of pyrazinamide are very mobile and 

their excitation will be lost on exchange with solvent protons. Therefore, the solvent 

should limit any hydrogen exchange. 

2) pyrazinamide and the urea derivatives need to be soluble in the solvent, so that 

the concentration dependence between pyrazinamide and the urea derivatives can be 

explored. 

Three deuterated solvents have been chosen for this study: DMSO (DMSO-d6 hereafter), 

chloroform (CDCl3 hereafter) and acetone (acetone-d6 hereafter). The results are 

presented below. 

V.3 1H-NMR measurements of pyrazinamide in solution 

V.3.1 In DMSO-d6 

The experimental 1H NMR spectrum of pyrazinamide in DMSO-d6 has been reported 

by Cox et al. and Chis et al.[283] Chis et al. measured the 1H-1H COSY NMR spectrum 

of pyrazinamide in DMSO-d6 and they published a calculated proton NMR spectrum 
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of pyrazinamide.[283] With the experimental and simulation results, the authors 

concluded that[283]: 

1) The conformation presented in Figure V.1(a) is the only one existing in solution 

at room temperature.  

2) In solution, pyrazinamide molecules tend to form the dimer that also exists in 

the solid forms , , and  (Figure V.3a).  

1H NMR spectra of different concentrations of pyrazinamide in DMSO-d6 have been 

obtained and the chemical shifts are provided in Figure V.2 and Table V.1. The chemical 

shifts do not change within the solubility range and the data is consistent with the result 

reported in the literature[283]. DMSO-d6 is a hydrogen bond acceptor, and it has been 

reported, using NMR measurements, that it interacts with water and alcohols.[284-286] 

The amide group of pyrazinamide contains both a hydrogen-bond acceptor, the 

carbonyl oxygen, and a donor, the amine group. In solution, the sp2 oxygens of DMSO-

d6 and pyrazinamide will compete as a hydrogen-bond acceptor for an amine group of 

a second pyrazinamide molecule. The most likely hydrogen-bond conformations are 

presented in Figure V.3. In Table V.1, it can be seen that the concentration dependence 

of the chemical shifts of pyrazinamide in DMSO-d6 is insignificant indicating that self-

association of the solute is weak. In fact, the enormous quantity of DMSO-d6 molecules 

present as solvent reduces the chances to a very high extent that pyrazinamide 

molecules will interact with each other. Therefore, the interaction shown in Figure V.3c 

is expected to be by far the major one in solution, contrary to the conclusion in the 

literature[283]. 

 

Figure V.1 Molecular structure and hydrogen numbering schemes of the two pyrazinamide 

conformations 
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Figure V.2 1H NMR spectrum of pyrazinamide in DMSO-d6 (0.677 mol L-1) 

 

Table V.1 Chemical shifts of hydrogen atoms of pyrazinamide in DMSO-d6 

Ref. Concentration  
Chemical shift/ ppm 

H1 H2 H3 H4 H5 

[283] - - 9.20 8.72 8.85 7.90 8.30 

[287] 5 mol% 9.253 8.756 8.896 7.900 8.280 

This 

work 

Saturated 

mol L-1 

9.19,9.18 8.69,8.69,8.69,8.68 8.84,8.83 7.89 8.28 

0.677 9.19,9.18 8.71,8.70,8.70,8.69 8.85,8.84 7.89 8.28 

0.135 9.19,9.18 8.72,8.72,8.71,8.71 8.86,8.85 7.88 8.28 

0.068 9.19,9.18 8.72,8.72,8.72,8.71 8.86,8.85 7.87 8.27 

0.034 9.19,9.18 8.73,8.72,8.72,8.71 8.86,8.85 7.87 8.27 

 

Figure V.3 Schematic representations of (a), (b) pyrazinamide dimers and (c) a DMSO-d6 – 

pyrazinamide dimer
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V.3.2 In CDCl3 

The results of the NMR measurements of pyrazinamide in DMSO-d6 indicate that the 

solvent-solute interaction overwhelms all other interactions, as no effect of a change in 

pyrazinamide concentration is observed in the chemical shift. Thus, DMSO does not 

lend itself as a useful solvent for the study of the interaction between pyrazinamide and 

the urea derivatives. Therefore CDCl3, another common solvent used in NMR, was 

chosen for this study. 

The chemical shifts of the pyrazinamide protons at different concentration in CDCl3 

have been determined and they are shown in Table V.2 and Figure V.4. Compared to the 

chemical shifts in DMSO-d6 at a concentration of 0.034 mol L-1, the chemical shifts in 

CDCl3 at the same concentration exhibit a large difference. This large chemical shift 

difference between the solvents CDCl3 and DMSO-d6 has been reported by Raymond 

et al.[275] The chemical shift of each pyrazinamide proton in CDCl3 needs to be 

determined for the analysis of the interaction between the pyrazinamide molecules. 

Next to 1H NMR, 1H–1H COSY and 1H–1H NOESY have been used to determine the 

chemical shift positions. 

The 1H–1H COSY spectrum is shown in Figure V.5. The proton with a chemical shift at 

about 8.56 ppm shows couplings with the other two protons at about 8.78 ppm and 9.43 

ppm, respectively. The intensity of the off-diagonal peaks in the red box shown in 

Figure V.5 is stronger than that of the peaks in the blue box. Thus, the off-diagonal 

peaks in the red box should be the coupling between H2 and H3 (atom numbering 

shown in Figure V.1a), which are only one C-C bond away, and the weaker off-diagonal 

peaks relate to the coupling between H2 and H1, which are two C-C bonds away. This 

result was also reported in the literature.[283] Thus, in CDCl3 the chemical shift of H1 is 

9.43, the chemical shift of H2 is 8.56 and the chemical shift of H3 is 8.78 (at a 

concentration of 0.041 mol L-1). These chemical shifts are comparable to those obtained 

in DMSO-d6. However, the chemical shifts of H4 and H5 cannot be distinguished by 

1H–1H COSY NMR, because they belong to the same nitrogen atom. As shown in 

Figure V.1a, the spatial distance between H4 and H3 may be within the NOESY NMR 

experimental range and the same could be stated for H1 and H4 for the conformation 

in Figure V.1b. However, experimental results only showed off-diagonal peaks between 

H4 and H5 from the same amide group (Figure V.6), which did not lead to a clear 

indication of the chemical shift of H4; however, it does confirm that the conformation 
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in Figure V.1.b does not occur in solution, otherwise a clear interaction between H4 and 

H1 would have been observed. 

It is clear that only one chemical shift at around 5-6 ppm changes significantly, which 

therefore must be a proton that is affected by the pyrazinamide concentration through a 

possible exchange or interaction with other pyrazinamide molecules. This can only be 

the free H5 proton in the amide group (Figure V.1a), as mentioned in the literature.[283] 

Therefore, the chemical shift of H4 must be 7.65 and the chemical shift of H5 is 5.86 

at a concentration of 0.041 mol L-1. The large difference in chemical shift of H5 between 

DMSO-d6 and CDCl3 can be explained by the interaction between H5 and the oxygen 

of DMSO-d6. The interaction will cause a decrease in electron density on the proton, 

which will cause the atom to change to low field, then increasing its chemical shift. H4 

on the other hand must be strongly interacting with the nitrogen on the pyrazine ring 

(through intramolecular hydrogen bonding), because it is not affected at all by 

concentration changes in pyrazinamide. 

 

Figure V.4 1H NMR spectrum of pyrazinamide in CDCl3 (0.041 mol L-1) 

  

Table V.2 Chemical shifts of pyrazinamide hydrogen atoms in CDCl3 at different 

concentrations 

Concentration /mol L-1 
Chemical shift /ppm 

H1 H2 H3 H4 H5 

saturated 9.42,9.42 8.57,8.56,8.56,8.55 8.78,8.77 7.65 5.93 

0.041 9.43,9.43 8.57,8.57,8.56, 8.56 8.79,8.78 7.65 5.88 

0.034 9.43,9.42 8.57,8.56,8.56,8.55 8.78,8.78 7.65 5.86 

0.027 9.43,9.42 8.57,8.56,8.56,8.56 8.79,8.78 7.64 5.78 

0.014 9.43,9.42 8.57,8.56,8.56,8.56 8.79,8.78 7.64 5.70 
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Figure V.5 1H–1H COSY NMR spectrum of pyrazinamide in CDCl3 (0.041 mol L-1) 

 

 

Figure V.6 1H–1H NOESY NMR spectrum of pyrazinamide in CDCl3 (0.041 mol L-1)
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V.3.3 In acetone-d6 

An 1H NMR spectrum of pyrazinamide in acetone-d6 is provided in Figure V.7 and the 

chemical shifts are listed in Table V.3. The values for H1 to H4 in acetone-d6 are very 

close to those in DMSO-d6. It can be inferred that the interactions between of 

pyrazinamide and solvent molecules in DMSO-d6 and in acetone-d6 are very similar. 

The only difference is that the sulfur atom in DMSO-d6 is substituted by a carbon atom 

in acetone. The large difference in chemical shift for H5 is most likely due to the 

interactions between pyrazinamide and acetone molecules as acetone, like DMSO, 

possesses an oxygen atom which can interact with H5 (Figure V.8). The charge 

distribution over the atoms of DMSO and acetone is presented in Figure V.9. It 

demonstrates that the oxygen of DMSO has more negative charge causing a stronger 

deshielding effect than acetone under the same conditions. A stronger deshielding effect 

gives rise to a larger chemical shift of H5 in DMSO. Thus, the interactions between 

pyrazinamide and DMSO appear to be stronger than the interactions between 

pyrazinamide and acetone. 

 

 

Figure V.7 1H NMR spectrum of pyrazinamide in acetone-d6 (0.067 mol L-1) 
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Table V.3 Chemical shift of pyrazinamide hydrogen atoms in acetone-d6 

Concentration /mol L-1 
Chemical shift /ppm 

H1 H2 H3 H4 H5 

0.067 9.26,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.94 7.06 

0.009 9.25,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.94 7.03 

 

 

Figure V.8 Schematic representation of a pyrazinamide-acetone dimer in acetone-d6 solution 

 

 

Figure V.9 Atomic charge distribution of (a) DMSO and (b) acetone 
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V.4 1H-NMR of urea derivatives in different concentrations 

Different concentrations of tetramethylurea, acetamide, and 1,3-dimethylurea in CDCl3, 

1,3-dimethylurea in DMSO-d6 and urea in acetone (due to its low solubility in CDCl3) 

have been investigated to analyze the interactions between pyrazinamide and the 

respective urea derivatives.  

V.4.1 Tetramethylurea in CDCl3 

The NMR results of tetramethylurea are presented in Figure V.10 and Table V.4. The 

difference of tetramethylurea compared to the other urea derivatives studied in this 

work is that all of hydrogen atoms in the amide groups are replaced by methyl groups, 

thus, only one peak belonging to the methyl groups can be observed in the NMR 

spectrogram at about 2.80 ppm. It can be used for comparison with the protons in the 

methyl groups of the other urea derivatives. For about a tenfold increase in 

concentration, the chemical shift can be seen to decrease with 0.04 ppm.   

 

Figure V.10 1H NMR spectrum of tetramethylurea in CDCl3 (0.041 mol L-1) 

 

Table V.4 Chemical shift of tetramethyl urea in CDCl3 

Concentration /mol L-1 
Chemical shift /ppm 

CH3 

0.325 2.76 

0.041 2.80 
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V.4.2 Acetamide in CDCl3 

1H NMR data on acetamide at different concentrations in CDCl3 were measured. The 

1H NMR spectrum is presented in Figure V.11 and the chemical shifts are listed in Table 

V.5. It appears that the chemical shift of the NH2 group of acetamide increases with 

increasing concentration at low concentration. Moreover, a single wide peak 

corresponding to these protons is observed while it splits into two peaks at high 

concentration. It indicates that acetamide molecules self-associate with increasing 

concentration. As reported in the literature, it is likely that acetamide is mainly forming 

dimers through two symmetrical hydrogen bonds between the amide groups as shown 

in Figure V.12.[288] The chemical shift of the methyl group is smaller than for 

tetramethylurea, which is probably due to the fact that the methyl group of acetamide 

is not directly bound to a nitrogen atom, but to the carbon of the carbonyl. 

 

Figure V.11 1H NMR spectrum of acetamide in CDCl3 

 

Table V.5 Chemical shift of acetamide hydrogen atoms in CDCl3 

Concentration /mol L-1 
Chemical shift /ppm 

CH3 NH2 

0.325 1.98 5.80,6.03 

0.041 2.02 5.43 

0.006 2.02 5.31 
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Figure V.12 Schematic representation of an acetamide dimer in CDCl3 solution 

V.4.3 1,3-Dimethylurea in CDCl3 and in DMSO-d6 

1,3-Dimethylurea in CDCl3 has been studied by 1H NMR and the results are presented 

in Figure V.13 and Table V.6. The chemical shift of the methyl group of 1,3-

dimethylurea is really close to that of tetramethylurea. A significant concentration 

dependence of the chemical shift of the N-H protons of 1,3-dimethylurea in CDCl3 is 

observed, which has been reported previously by Karl et al.[289] In the literature, the 

chemical shift at high concentration is reported to be 5.75 ppm.[289] 1,3-Dimethylurea 

samples in DMSO-d6 have been studied with two different concentrations. The 1H 

NMR spectrum is shown in Figure V.14 and the chemical shifts are listed in Table V.7. 

The chemical shifts of 1,3-dimethylurea do not change significantly with concentration. 

The chemical shift of the NH proton in DMSO-d6 is found to be 5.74 ppm. In the 

literature, if 1,3-dimethylurea is dissolved in solvents that act as good hydrogen-bond 

acceptors such as DMF and DMSO, the chemical shift was reported to be rather close 

at a value of about 5.8 ppm.[289] This result indicates that the interactions between the 

1,3-dimethylurea molecules themselves and between 1,3-dimethylurea and hydrogen-

bond accepting solvent molecules are basically the same. They are related to the N-H 

proton of 1,3-dimethylurea and the sp2 oxygen on 1,3-dimethylurea, DMF, or DMSO. 

The atomic charge distribution of 1,3-dimethylurea is shown in Figure V.15. The 

negative charge on the oxygen of 1,3-dimethylurea is less than that of DMSO and it is 

the same for other urea derivatives (shown in Figure E.1 in appendix E) Thus, it can be 

expected that DMSO will strongly compete with 1,3-dimethylurea in interacting with 

pyrazinamide molecules. It will likely drown out any effect of intermolecular 

interaction between the two solute molecules.  
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Figure V.13 1H NMR spectrum of 1,3-dimethylurea in CDCl3 

  

Table V.6 Chemical shift of 1,3-dimethylurea hydrogen atoms in CDCl3 

Concentration /mol L-1 
Chemical shift /ppm 

CH3 NH 

0.330 2.73, 2.72 5.36 

0.161 2.76,2.74 5.01 

0.081 2.78,2.77 4.70 

0.081 2.77,2.76 4.73 

0.081 2.77,2.76 4.73 

0.042 2.79 4.42 

0.042 2.78 4.49 

0.042 2.78 4.49 

0.021 2.79 4.26 

0.021 2.79 4.28 

0.021 2.79 4.29 
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Figure V.14 1H NMR spectrum of 1,3-dimethylurea in DMSO-d6 

 

Table V.7 Chemical shift of 1,3-dimethylurea hydrogen atoms in DMSO-d6 

Concentration /mol L-1 
Chemical shift /ppm 

CH3 NH 

1.084 2.52 5.75 

0.135 2.52 5.73 

 

 

Figure V.15 Atomic charge distribution for 1,3-dimethylurea 
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V.4.4 Urea in acetone-d6 

Urea is not soluble in chloroform; therefore, acetone was used for the NMR studies of 

urea. Two different concentrations of urea were studied and the results are presented in 

Table V.8. As is shown in Table V.8, the chemical shift of the protons of the amine group 

displays a small difference for the two concentrations: a threefold increase in 

concentration changes the chemical shift of +0.05 ppm, which can indicate an increase 

in deshielding due to increased interaction. Nevertheless, due to the low solubility of 

urea in acetone-d6, the interactions between urea and acetone and between urea 

molecules themselves are difficult to study. In addition, similar behavior with the 

oxygen of acetone as observed for DMSO will play a role in the limited change of the 

chemical shift with concentration. 

 

Table V.8 Chemical shift of urea hydrogen atoms in acetone-d6 

Concentration /mol L-1 
Chemical shift /ppm 

NH2 

0.036 5.19 

0.013 5.14 

V.5 1H-NMR of pyrazinamide and urea derivatives mixtures 

V.5.1 Pyrazinamide and tetramethylurea in CDCl3 

The chemical shifts of pyrazinamide in mixtures with tetramethylurea are presented in 

Table V.9. The chemical shift of H5 increases with the concentration of tetramethylurea, 

while the chemical shifts of the other hydrogens do not change. Thus, in the presence 

of tetramethylurea in solution, H5 of pyrazinamide interacts with the oxygen of the 

carbonyl group of tetramethylurea like in acetone and DMSO. 
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Table V.9 NMR results of pyrazinamide mixture with tetramethylurea in CDCl3 

(concentration of pyrazinamide is 0.041 mol L-1) 

P:T 

(mol:mol) 

Chemical shift /ppm 

Pyrazinamide (P) 
Tetramethylurea 

(T) 

H1 H2 H3 H4 H5 CH3 

1:8 9.38,9.37 8.53,8.52,8.52 8.73,8.74 7.64 6.14 2.76 

1:1 9.42 8.56,8.56,8.55 8.78,8.78 7.65 5.95 2.79 

1:0 9.43,9.43 8.57,8.57,8.56, 8.56 8.79,8.78 7.65 5.88 - 

0:1 - - - - - 2.80 

V.5.2 Pyrazinamide and acetamide in CDCl3 

The chemical shifts of pyrazinamide mixtures with acetamide are presented in Table 

V.10. In the presence of acetamide, the chemical shift of H5 increases with the increase 

in acetamide concentration. The chemical shift of NH2 of acetamide increases with the 

increase of the concentration of pyrazinamide as well.  

 

Table V.10 NMR results of mixtures of pyrazinamide and acetamide in CDCl3 

P:A 

(mol:mol) 

Chemical shift /ppm 

Pyrazinamide (P) Acetamide (A) 

H1 H2 H3 H4 H5 NH2 CH3 

concentration of pyrazinamide constant at 0.041 mol L-1 

1:8 9.36,9.37 
8.55, 8.54, 8.54, 

8.54 
8.75, 8.74 7.65 6.75 5.82,6.09 1.98 

1:1 9.42,9.41 
8.57, 8.56, 8.56, 

8.55 
8.78, 8.77 7.65 6.04 5.54 2.02 

1:0 9.43,9.43 
8.57, 8.57, 8.56, 

8.56 
8.79,8.78 7.65 5.88 - - 

concentration of acetamide constant at 0.006 mol L-1 

7:1 9.42, 9.42 
8.57, 8.56, 8.56, 

8.55 
8.78, 8.77 7.64 5.92 5.57 2.03 

1:1 9.43, 9.42 
8.57, 8.56, 8.56, 

8.55 
8.78, 8.78 7.61 5.68 5.44 2.03 

0:1 - - - - - 5.31 2.02 
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V.5.3 Pyrazinamide and 1,3-dimethylurea in CDCl3 

Mixtures of pyrazinamide and 1,3-dimethylurea in CDCl3 have been investigated by 1H 

NMR. The results are shown in Table V.11. The changes are comparable to the changes 

in the mixture of pyrazinamide and acetamide. The chemical shift of H5 of 

pyrazinamide increases with the increase in concentration of 1,3-dimethylurea and the 

chemical shift of the NH groups of 1,3-dimethylurea increases with the increase of the 

concentration of pyrazinamide.  

 

Table V.11 NMR results of mixture of pyrazinamide-1,3-dimethylurea in CDCl3  

P:D 

Chemical shift /ppm 

Pyrazinamide (P) 
1,3-Dimethylurea 

(D) 

H1 H2 H3 H4 H5 NH   CH3 

concentration of pyrazinamide constant at 0.041 mol L-1 

1:8 9.38,9.37 8.55,8.55,8.54 8.76,8.75 7.67 6.41 5.35 2.73,2.72 

1:4 9.40,9.39 8.56,8.56,8.55,8.55 8.77,8.76 7.66 6.25 5.00 2.76,2.74 

1:2 9.41,9.41 8.57,8.56,8.56,8.55 8.78,8.77 7.66 6.15 4.74 2.77,2.76 

1:2 9.41,9.40 8.56,8.56 8.77,8.76 7.66 6.15 4.74 2.76 

1:2 9.41,9.40 8.56,8.56,8.55 8.77,8.76 7.66 6.15 4.75 2.76 

1:1 9.43,9.42 8.56,8.56,8.55 8.78,8.77 7.66 6.05 4.55 2.78 

1:1 9.42,9.41 8.56,8.56,8.56,8.55 8.78,8.77 7.65 6.04 4.49 2.78 

1:1 9.42,9.41 8.56,8.56,8.56,8.55 8.78,8.77 7.65 6.04 4.49 2.78 

1:0.5 9.43,9.42 8.57,8.56,8.55 8.78,8.77 7.65 5.93 4.36 2.79 

1:0.5 9.42,9.42 8.57,8356,8.56,8.55 8.78,8.77 7.65 5.98 4.39 2.78 

1:0 9.43,9.43 8.57, 8.57, 8.56, 8.56 8.79,8.78 7.65 5.88 - - 

concentration of 1,3-dimethylurea constant at 0.008 mol L-1 

5:1 9.42,9.42 8.56, 8.56, 8.56, 8.55 8.78,8.77 7.65 5.92 4.34 2.79 

1:1 9.43,9.42 8.57, 8.56, 8.55 8.78,8.78 7.63 5.72 4.26 2.79 

0:1 - - - - - 4.24 2.79 

V.5.4 Pyrazinamide and urea in acetone-d6 

1H NMR spectra have been measured for pyrazinamide-urea mixtures in acetone-d6 at 

different compositions. The results are shown in Table V.12. Because the oxygen of 

acetone interferes, there is no large change of the chemical shift neither in pyrazinamide 
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nor in urea, but a small change can anyway be observed for H5 suggesting a likely 

interaction between pyrazinamide and urea.  

 

Table V.12 NMR results of pyrazinamide-urea in acetone-d6 (concentration of pyrazinamide 

is 0.009 mol L-1(1:1)) 

P: U 

(mol:mol) 

Chemical shift /ppm 

Pyrazinamide (P) Urea (U) 

H1 H2 H3 H4 H5 NH2 

1:4 9.25,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.92 7.17 5.19 

6:1 9.25,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.94 7.09 5.16 

1:1 9.25,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.94 7.07 5.12 

1:0 9.25,9.25 8.67,8.67,8.66,8.66 8.83,8.82 7.94 7.03 - 

V.6 Interaction between pyrazinamide and urea derivatives 

The results presented above demonstrate that urea-type molecules interact in solution 

with the H5 proton of pyrazinamide and that pyrazinamide interacts with the protons 

on the nitrogen atoms in the urea derivatives. In order to analyze these interactions 

further, the molecular electrostatic potentials (ESP) have been calculated. The 

molecules with a color-coded electrostatic potential are presented in Figure V.16, while 

the ESPs of other urea derivatives including N-methylurea, 1,1-dimethylurea, 1,1-

diethylurea, 1,3-diethylurea and trimethylurea are presented in Figure E.2 of Appendix 

E. The calculated ESP of pyrazinamide presented in Figure V.16 demonstrates that the 

highest electron density is found around the oxygen of the amide group; the same can 

be seen for the carbonyl oxygens of the urea derivatives. Locations with high electron 

density are attracted to regions with low electron density. The lowest electron density 

in pyrazinamide can be found at the hydrogens of the amide group. The same is true for 

the amine moieties in acetamide, urea, and 1,3-dimethylurea, whereas in 

tetramethylurea, the methyl groups are lowest in electron density, although not as low 

as the aforementioned amine groups. The carbonyl oxygen of tetramethylurea, like the 

other urea derivatives, interacts with H5 of pyrazinamide, and this could be verified by 

the NMR result. The interactions between pyrazinamide-acetamide and pyrazinamide-

urea may involve dimers with a double hydrogen bond, because of the proximity of 
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high and low electron density in either molecule. For 1,3-dimethylurea, the amine group 

of pyrazinamide with the lowest electron density region will most likely interact with 

the carbonyl oxygen of 1,3-dimethylurea as is consistent with the NMR result. Just as 

the carbonyl oxygen of pyrazinamide interacts with the NH of 1,3-dimethylurea.  

The chemical shift of H5 in the presence of different concentrations of acetamide, 1,3-

dimethylurea and tetramethylurea is plotted in Figure V.17. The result indicates that 

acetamide has the strongest effect on the chemical shift of H5, while tetramethylurea 

shows the weakest effect. The main interactions in these mixtures are similar, the urea 

derivatives compete with other pyrazinamide molecules to form pyrazinamide-additive 

complexes. So, the change in chemical shift of H5 can be considered as a reflection of 

the strength of the interaction between pyrazinamide and the additive. The stronger the 

interaction the larger the change in the chemical shift of H5. Therefore, the order of the 

interaction strength is pyrazinamide-acetamide  pyrazinamide-1,3-dimethylurea  

pyrazinamide-tetramethylurea. This order is also clearly repeated by the protons on the 

nitrogen of the urea derivatives with in particular acetamide showing a clear effect on 

the chemical shift of its amine protons, whereas the effect on 1,3-dimethylurea is 

already much weaker. The strong shift of H5 in the presence of acetamide may therefore 

point in the direction of the formation of double bounded dimers that form on the fly 

due to the flexibility of acetamide and the proximity of the necessary hydrogen bond 

donors and acceptors. The main pyrazinamide-urea derivative dimers that may exist in 

the solution are presented in Figure V.18. 
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Figure V.16 Electrostatic potential distribution maps of (a) pyrazinamide, (b) acetamide, (c) 

urea, (d) 1,3-dimethylurea, and (e) tetramethylurea 

 

 

Figure V.17 The chemical shift of H5 of pyrazinamide in CDCl3 solvent with urea derivatives 

(■) acetamide, (●) 1,3-dimethylurea, (▲) tetramethylurea 
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Figure V.18 The main pyrazinamide-urea derivative dimers that may exist in the solution (a) 

acetamide, (b) and (c) 1,3-dimethylurea, (d) tetramethylurea 

V.8 Conclusion 

The interactions between pyrazinamide and a number of urea derivatives have been 

investigated with the support of NMR, charge distributions and ESP maps. The results 

from 1H-1H COSY and 1H NMR at different pyrazinamide concentrations confirmed 

the positions of the 1H chemical shifts for pyrazinamide in CDCl3. Two off-diagonal 

peaks in the COSY spectrum reflect the couplings between the three protons on the 

pyrazine ring. Only one proton changes with the concentration, which must be H5 on 

the pyrazinamide molecule and which indicates that only H5 is prone to exchange. 

Chemical shifts listed for H1 to H5 are 9.43, 8.57-8.56, 8.79-8.78, 7.65 and 5.86 

respectively at a concentration of 0.041 mol L-1. The chemical shift of H5, the free 

proton in the amide group, changes to low field when urea derivatives are added to the 

solution. Combining NMR results with the ESP maps, it is clear that the amide protons 

with the lowest electron density on pyrazinamide interact with the carbonyl oxygen 

with the highest electron density on the urea derivatives. This conclusion can also be 

confirmed by the experimental result obtained in DMSO-d6 and acetone-d6. The 
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corresponding chemical shifts of all protons of pyrazinamide in DMSO-d6 and acetone-

d6 showed no concentration dependence within the experimental concentration range. 

This indicates that the interactions between pyrazinamide and these solvent molecules 

are ubiquitous. Both solvents have electronegative double bonded oxygens and are 

similar in structure to tetramethylurea. The H5 proton of pyrazinamide interacts with 

the oxygen of DMSO-d6 or acetone-d6 and its chemical shift is much higher than in 

CDCl3. 

Moreover, the chemical shifts of the nitrogen protons of acetamide and 1,3-

dimethylurea increase with the addition of pyrazinamide. It indicates that those protons 

interact with the carbonyl group of pyrazinamide as well, in particular acetamide 

interacts strongly. Based on the changes in chemical shift of pyrazinamide in the 

presence of the different urea derivatives in CDCl3, the order of the interaction strengths 

is: pyrazinamide-acetamide  pyrazinamide-1,3-dimethylurea  pyrazinamide-

tetramethylurea. The result of urea is less clear, because it could not be studied in the 

same solvent. 

The work in this chapter clearly demonstrates the interactions between pyrazinamide 

and the urea derivatives in solution and also with the solvent molecules themselves. 

This result can be used to interpret the crystallization behavior of pyrazinamide in the 

next chapters. 
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Chapter VI: The effect of urea derivatives on 

the crystallization of pyrazinamide from the 

vapor phase 

VI.1 Introduction 

Smets et al.[3] studied the effect of 1,3-dimethylurea on spray-dried pyrazinamide 

samples in more detail and high-energy ball milling of form γ crystals obtained by 

sublimation. They think that 1,3-dimethylurea may reduce the vapor pressure of 

pyrazinamide and then reduce the transition rate, thus, it could stabilize the surface of 

form γ. Alternatively, DMU could prevent nucleation of low temperature forms of PZA. 

This chapter focuses on the interactions between pyrazinamide and several urea 

derivatives which are used as additives in the vapor phase. Because investigating 

molecular interactions in the vapor phase is difficult, they are inferred by analyzing the 

macroscopic experimental results, while keeping in mind the results obtained in the 

previous chapter on interactions in solution studied by NMR. Two aspects of the effects 

of the urea derivatives on the crystallization of the  form of pyrazinamide are looked 

at in particular. The first aspect involves the influence of the urea derivatives on the 

nucleation rate of the  form by determining the ‘induction time’ (defined here as the 

time interval between the start of the sublimation experiment and the first observation 

of  form crystals) in the presence of a urea derivative (a total of 9 molecules were 

considered, see below). The second aspect involves the effect of urea derivatives on the 

morphology of  form crystals. The crystal morphologies of more than five hundred 

crystals have been studied by careful inspection. They were prepared with and without 

urea derivatives. The nine urea derivatives used as additives were acetamide, urea, N-

methylurea, 1,1-dimethylurea, 1,3-dimethylurea, trimethylurea, 1,1-diethylurea, 1,3-

diethylurea and tetramethylurea. Disorder and twinning are frequently observed 

phenomena in the  form.[129, 134] The nature of the disorder will be discussed in this 

chapter. Twinned crystals are often observed in sublimation experiments. The 

relationship between disorder and twinning will be discussed at the end of the chapter. 
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VI.2 Characterization of the urea derivatives 

VI.2.1 Powder X-ray diffraction 

Except tetramethylurea, which is liquid at room temperature, all the other urea 

derivatives have been characterized by PXRD. The PXRD patterns are presented in 

Figure VI.1. Using the PXRD patterns in the CCDC, the crystal structures of the urea 

derivatives have been identified, except for 1,3-diethylurea, which was identified 

through a publication.[224] The information is presented in Table VI.1. The differences 

in the PXRD pattern of trimethylurea between this work and the literature are caused 

by a difference in measurement temperature. Preferential orientation occurred in some 

cases and caused differences in relative peak intensities between the experimental and 

reference PXRD patterns. 

 

Table VI.1 Polymorphs of commercial urea derivatives used in this work 

Compound Polymorph Space group Ref. 

Acetamide Rhombohedral R3c [290] 

Urea I P4̅21m [291] 

N-Methylurea I P212121 [292] 

1,1-Dimethylurea - P21/n [293] 

1,3-Dimethylurea I Fdd2 [209] 

Trimethylurea - Cmc21 [218] 

1,1-Diethylurea - C2/c [223] 

1,3-Diethylurea  - [224] 

VI.2.2 Thermal analysis 

DSC curves obtained at a heating rate of 10 K min-1 are provided in Figure F.1 in 

Appendix F. As shown in Table VI.2, the melting point difference between the 

experimental data obtained in this work and the literature data[294] is within 5%.  
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Table VI.2 Melting points of the urea derivatives measured in this work and in the literature 

Name 
Melting point /K 

This work literature[294] 

Acetamide 353.6 354(1) 

Urea 406.9 406.5(9) 

N-Methylurea 371.4 375(3) 

1,1-Dimethylurea 455.0 454.6(9) 

1,3-Dimethylurea 376.9 379(3) 

Trimethylurea 337.4 344.4 

1,1-Diethylurea 336.6 342.3 

1,3-Diethylurea 375.2 383.4 

Tetramethylurea 267.4 271(2) 

 

 

Figure VI.1 Powder X-ray diffraction patterns of the crystalline urea derivatives used in this 

work and in the literature
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VI.2.3 Vapor pressures in the literature 

The investigation of the influence of the urea derivatives on the crystallization process 

by sublimation was carried out at 397 ±1 K. Before the experiments, the necessary 

quantity per additive was estimated using the vapor pressure data from the literature to 

make sure that the respective additive saturated the vapor phase. As is shown in Figure 

VI.3, except urea and 1,1-dimethylurea, the additives are liquid at the experimental 

temperature. However, the vapor pressure at the experimental temperature of 1,3-

dimethylurea, trimethylurea, 1,1-diethylurea and 1,3-diethylurea are estimated by using 

the vapor pressure of the solid. The pressure-temperature equations of the additives 

were fitted to the data reported in the literature and the results are listed in Table VI.3. 

(For trimethylurea, the literature did not provide vapor pressure data, therefore the 

equation used in this work was directly taken from the literature). The used vapor 

pressure data are listed in Appendix G. 

 

 

Figure VI.2 Melting points of the urea derivatives measured in this work (■) and in the 

literature (●) in relation to the sublimation temperature of 397 K (dashed line) 
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Table VI.3 Vapor pressure from the literature and minimum sublimation amount for the 

urea derivatives 

Compound 

log p = A – B/ T 

(p /Pa, T /K) 
pV (397 K) 

/Pa 

Massa 

/mg 
Ref. 

A B Temperature range 

Acetamide (liquid) 11.89(1) 3313(4) 324.07-364.47 3490 7.4 [295] 

Urea (solid) 13.0(1) 4717(392) 353.15-403.15 13 0.005 [296] 

N-Methylurea 

(liquid) 
12.9(2) 4332(47) 377.2-410.3 95 0.04 [297] 

1,1-Dimethylurea 

(solid) 
14.3(2) 4765(52) 346.3-398.3 181 0.1 [298] 

1,3-Dimethylurea 

(solid) 
13.4(2) 4396(48) 317.14-377.61 179 0.1 [299] 

Trimethylurea 

(solid) 
14.7(2) 4683(64) 345-375 802 0.5 [300] 

1,1-Diethylurea 

(solid) 
15.7(2) 4975(48) 305.11-347.10 1393 1.0 [299] 

1,3-Diethylurea 

(solid) 
14.9(4) 5015(118) 323.42-384.73 165 0.1 [299] 

Tetramethylurea 

(liquid) 
10.0(2) 2249(47) 318.92-450.70 21714 14.6 [301] 

a Minimum mass necessary to saturate the sublimation volume at 397 K with the urea derivatives 

calculated with the listed equation. The mass is calculated by m=MpV/R/T, M is the molar mass of 

the urea derivatives, p is the saturated vapor pressure at 397 K, V is the vial volume 20 mL, R is the 

ideal gas constant, T is the sublimation temperature: 397±1 K. 

VI.3 The effect of the urea derivatives on the crystallization 

process of pyrazinamide 

In solution crystallization, the solute in the clear solution does generally not crystallize 

immediately when supersaturation occurs. This lag period is called the induction time. 

In sublimation experiments, the induction time is counted from the moment the sample 

is put at its sublimation temperature until the first crystals appear. Two processes occur 
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during the induction time. First, a critical nucleus needs to form and second it needs to 

grow into a crystal with a size that is detectable. A second time interval can be defined 

as the ‘complete sublimation time’, which is the time it takes for the original sample to 

have sublimated entirely and thus no sample is left on the sublimation location. 

The ‘induction time’ and the ‘complete sublimation time’ were measured as described 

in section II.4.2.3. The results are presented in Table VI.4 and they clearly indicate that 

the urea derivatives can significantly shorten the ‘induction time’ and the complete 

sublimation time of the sublimation experiments. Their presence accelerates either the 

nucleation rate or the growth rate or both. Nonetheless, differences in the effect of the 

urea derivatives can be observed. The induction time in the presence of acetamide, 1,1-

dimethylurea and 1,3-dimethylurea is the shortest with crystals detected within one hour. 

Even though the induction time in the presence of 1,1-diethylurea, 1,3-diethylurea, and 

tetramethylurea is longer, it still only takes a third of the induction time measured in the 

absence of any additives. The ‘complete sublimation times’ are listed in Table VI.4 as 

well. For experiments in the presence of acetamide, N-methylurea, 1,1-dimethylurea, 

and 1,3-dimethylurea,  transformed completely into  within a day, which is tenfold 

faster than in the absence of additives. For trimethylurea, 1,3-diethylurea, and 

tetramethylurea, the ‘complete sublimation time’ was more than one day. A more 

precise time cannot be obtained, because of decomposition of some of the urea 

derivatives. Compared to crystallization without additives, their presence significantly 

accelerates the crystallization of form . However, the crystallization rates vary 

considerably for the different additives.  

The presence of the urea derivatives significantly decreases the induction time. 

Comparing the vapor pressures at 397 K (Table VI.3) and the induction time, the urea 

derivatives appear to fall into three groups (Figure VI.3): One group containing at least 

one available nitrogen bound proton and for the rest only methyl groups to which 

acetamide, urea, N-methylurea, 1,1-dimethylurea, 1,3-dimethylurea, and trimethylurea 

belong, one group with at least one available nitrogen proton combined with ethyl 

groups and the last group consisting of only tetramethylurea with no available nitrogen 

protons at all. For the first group, the induction time clearly decreases with increasing 

vapor pressure, so it can be concluded that acetamide is more effective than urea simply 

because of its higher vapor pressure. It implies that methyl groups as long as a N-H 

group is present do not play an important role in the interaction between pyrazinamide 

and the urea derivatives. Furthermore, it seems that the number of methyl groups affect 
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the vapor pressure for the methylated urea derivatives (acetamide and diethylurea 

excluded): urea < methylurea < dimethylurea < trimethylurea < tetramethylurea. The 

overall favorable effect of both 1,3-dimethylurea and 1,1-dimethylurea on the induction 

time is noteworthy even if not entirely understood, but it can very well be part of the 

scatter in the data. 

 

Table VI.4 Induction time and complete sublimation time of  in the presence of urea 

derivatives 

Pyrazinamide 

/mg 
Urea derivatives 

Mass of urea 

derivatives /mg 

Induction time 

/h 

Complete 

sublimation time 

/h 

30 

- - 7.5 252(17) 

Acetamide 10 1  24 

Urea 30 2 108(17) 

N-Methylurea 30 1.5  24 

1,1-Dimethylurea 30 1  24 

1,3-Dimethylurea 30 1  24 

Trimethylurea 30 1.25 24 

1,1-Diethylurea 30 2.25 36(17) 

1,3-Diethylurea 30 2.5 24 

Tetramethylurea 15 2.5 48 

 

The induction times in the presence of 1,1-diethylurea or 1,3-diethylurea are longer, but 

the slope in Figure VI.3 is similar to that of the methylated molecules, i.e. overall higher 

vapor pressure within this group favors smaller induction times. The overall higher 

induction times compared to the methylated molecules might be due to an element of 

steric hindrance of the ethyl groups. Tetramethylurea has the highest vapor pressure by 

far, but the induction time is relatively long. Clearly the available amine proton is 

important in the interaction of the urea derivatives with pyrazinamide in addition to the 

electron-rich carbonyl oxygen. 
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Figure VI.3 Induction time of form  as a function of the vapor pressure of the available urea 

derivative 

VI.4 The effect of urea derivatives on the morphology of the 

 form 

VI.4.1 Characterization of single and twinned crystals 

VI.4.1.1 Characterization by polarized-light microscopy 

 form crystals obtained by sublimation in the absence and presence of additives have 

been analyzed with polarized-light microscopy. Both single and twinned crystals have 

been observed in all experiments. Micrographs of these crystals are presented in Figure 

VI.4. As the twinned domains interact differently with polarized light, single crystals 

and twinned crystals can be distinguished and separated. The morphological changes 

resulting from the presence of additives are discussed in detail in the following sections. 
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Figure VI.4 Micrographs of  form (1) single and (2) twinned crystals (a) in the absence of 

additives or in the presence of (b) acetamide, (c) urea, (d) 1,3-dimethylurea, (e) 1,3-

diethylurea, or (f) tetramethylurea 

VI.4.1.2 Inclusions in crystals 

Inclusions have been observed in crystals obtained in the presence of the urea 

derivatives (Figure VI.5). Gas chromatography (GC) was used to determine if the 

inclusions contained the urea derivatives and the results are shown in Figure VI.6 and 

Figure VI.7. The retention times of pyrazinamide, 1,3-dimethylurea and 

tetramethylurea are 6.9 min, 5.2 and 3.8 min, respectively. Crystals with inclusions 

were washed with a saturated pyrazinamide solution in acetone to remove the urea 

derivatives that might be attached to the surface of the crystals. Only the peak of 

pyrazinamide at 6.9 min was detected in all measurements. Clearly the concentration 

of additives is too low to be detected by GC making it unlikely that large amounts of 

additives were present in the inclusions or as solid solution in the crystal. 
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Figure VI.5 Crystals with inclusions obtained in the presence of (a) acetamide, (b) urea, (c) 

1,3-dimethylurea, (d) 1,3-diethylurea and (e) tetramethylurea 

 

Figure VI.6 Gas chromatography result of crystals with inclusions obtained in the presence 

of 1,3-dimethylurea 

 

Figure VI.7 Gas chromatography result of crystals with inclusions obtained in the presence 

of tetramethylurea 
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VI.4.1.3 Precession plots by single crystal X-ray diffraction 

Precession plots of a single and a twinned crystal are presented in Figure VI.8. 

Directions [0kl] and [h0l] do not exhibit any clear indication of twinning; however, the 

[hk0] precession plot contains the tell-tale splitting of diffraction spots indicative of 

closely aligned twins. 

 

 

Figure VI.8 Precession plots of directions (a) [0kl], (b) [h0l], and (c) [hk0] of (1) single and 

(2) twinned  form crystals 

VI.4.2 The calculated  form morphology 

The morphology calculated with the Bravais-Friedel-Donnay-Harker (BFDH) model 

and the attachment energy (AE) model are presented in Figures VI.9a and b, 

respectively. Both crystal morphologies are similar but a few differences can be noticed. 

One of the distinct differences between the calculated morphologies obtained with the 

BFDH (Figure VI.9a) and AE (Figure VI.9b) models is the aspect ratio of the faces. 

Another difference is the (111), (1-11), (-11-1) and (-1-1-1) faces and (322), (3-22), (-

32-2) and (-3-2-2) faces, which are respectively present and absent in the crystal 

morphology calculated with the BFDH model and respectively absent and present in 

the morphology calculated with the AE model. This results in a difference in the angles 

between the faces (100), (111) / (322) and (002). Compared to the experimental 
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morphology (Figure VI.9c), the morphology calculated with the AE model matches the 

experimental morphology better. Thus, the result of the AE model is used as the 

reference morphology in the following. Two angles with the values of 160° and 130° 

found in the calculated morphology (Figure VI.9b) are similar but not completely equal 

to the experimental values of 165° and 125°. It is therefore not clear whether face (322) 

is observed experimentally or whether it is another face with a similar orientation. 

 

 

Figure VI.9 The  form morphology (a) calculated with the BFDH model, (b) calculated with 

the AE model, and (c) obtained from sublimation in the absence of urea derivatives 

VI.4.3 The morphology of  form single crystals 

VI.4.3.1 The morphology in the absence of urea derivatives 

Microscopy photographs of  form single crystals obtained in the absence of any 

additives are presented in Figure VI.10. Although the crystals in Figure VI.10 have been 

obtained under the same conditions, for several crystals a number of faces is absent. 

The photographs in Figure VI.10a, c, d, e, and f have been taken along the [010] axis 

of different crystals. Figure VI.10b contains a photograph of face (100) or (-100) of the 

same crystal as in Figure VI.10a. In the photographs from VI.10a to e, the crystals 

exhibit less and less faces. In Figure VI.10c, one of the (322), (3-22), (-32-2) or (-3-2-
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2) faces has disappeared and a new included angle (the angle between face (100) and 

(002)) of about 108° (=123°+165°-180°see Figure VI.10a) replaces the included angles 

of 123° and 165°. In Figure VI.10e, the {-102} faces have disappeared and a new 

included angle (the angle between faces (-100) and (002)) has been formed with a value 

of 75° (=117°+138°-180° (see Figure VI.10a)). A less well-defined crystal can be 

observed in Figure VI.10f, whose morphology seems to be twinned even if by polarized 

light microscopy no twinning could be detected. 

 

Figure VI.10 Microscopy photographs of different  form crystals prepared by sublimation 

without any urea derivatives on (a, c, d, e, f) the {010} face and (b) the (100) face of the 

crystal shown in (a). Faces marked by  are either face (002) or (00-2) and faces marked by  

are either face (-102) or (10-2) 

VI.4.3.2 The morphology in the presence of the urea derivatives 

Microscopy photographs of single crystals of the  form in the presence of acetamide, 

urea, 1,3-dimethylurea, 1,3-diethylurea and tetramethylurea are presented in Figure 

VI.11b-f. For crystals in the presence of additives, the same angles can be observed as 

for the crystals obtained without additives (Figure VI.11a). There are two distinguishing 

features of the morphology obtained in the presence of most urea derivatives:  

1) the size of the (10-2) and /or (-102) faces is larger than those obtained without 

additives and one of these faces tends to be even larger than faces (002) and (00-2) for 

some of these crystals. 

2) the aspect ratio of the (100) and (-100) face is generally smaller than those grown 

without additives.  
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More details about the morphology in the presence of additives is discussed in the next 

section. 

VI.4.3.3 Crystal morphology statistical analysis 

In order to analyze the growth of the individual crystal faces, statistical information on 

their sizes has been obtained by microscopy. More than five hundred crystals in total 

for all the conditions have been selected. The conditions are: 1) absence of additives, 

presence of 2) acetamide, 3) urea, 4) 1,3-dimethylurea, 5) 1,3-diethylurea and 6) 

tetramethylurea (see Table VI.6). Various lengths have been measured for each of these 

crystals: the {010} diagonal (blue dashed line in Figure VI.12), the {010} width (yellow 

dashed line), the width of {100} (pink dashed line), the lengths of (002) and (00-2) 

(green dashed lines) and (-102) and (10-2) (red dashed lines) lines. The length obtained 

for the {010} diagonal divided by its width can be regarded as the aspect ratio of {010}. 

This ratio is used to compare the growth rates of the (-102) and (002) faces ({010} 

diagonal) on the one hand and the (100) and (-100) faces ({010} width) on the other 

hand. Because the lengths of the (100) and (-100) faces are usually different, the length 

of the {010} diagonal is used to represent the lengths of the {100} faces. The {010} 

length divided by the width of face (100) can be regarded as the aspect ratio of {100}. 

Furthermore, the ratio of the {010} width and the {100} width is a measure of their 

relative growth rates. The smaller the “width-thickness” ratio, the higher the relative 

growth rate of face {010} and vice versa. 
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Figure VI.11 The morphology of  form crystals obtained (a) in the absence of urea 

derivatives or in the presence of (b) acetamide, (c) urea, (d) 1,3-dimethylurea, (e) 1,3-

diethylurea, or (f) tetramethylurea. (1) and (2) different crystals photographed on the {010} 

face and (3) on the {100} face of the same crystal as in (2). Faces marked by  are face (002) 

and face (00-2) and faces marked by  are face (-102) and face (10-2) 
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Figure VI.12 Measured lengths of the  form crystal 

 

From the calculated morphology presented in Figure VI.9b and the microscopy 

photographs (Figure VI.10), it can be observed that the lengths of adjacent faces (002) 

and (-102) (and (00-2) and (10-2)) are different. A length ratio will be defined as the 

length of (-102) divided by the length of (002), which will be called “adjacent-faces 

ratio”. Two of these can be defined, one for each side of the crystal. This ratio is used 

to compare the relative size of face (-102) and face (002). As can be observed in Figure 

VI.9b, “reciprocal faces” (that is, with opposite hkl indexes) in the calculated 

morphology appear to have the same size. However reciprocal faces in the experimental 

setting clearly possess different sizes (which is of course allowed for the non-

centrosymmetric Pc space group of form ). For example, in Figure VI.10, at least two 

pairs of reciprocal faces, such as faces (002) and (00-2), faces (-102) and (10-2) 

demonstrated an obvious difference in surface size, which implies that these reciprocal 

faces have been subjected to different growth rates. If it is possible to infer the effect of 

the urea derivatives on those faces, it may be possible to specifically define the 

reciprocal crystal faces. The “reciprocal-faces ratio” will be defined as the length of the 

smaller reciprocal face divided by the larger reciprocal face and this ratio will therefore 

always be smaller than or equal to 1. Two reciprocal-faces ratios are used in this work 

for (002) and for (-102). In the following, the aspect ratio ({010} diagonal/width), 

width-thickness ratio ((010) width/ (100) width), the two adjacent-faces ratios ((-102) 

length/ (002) length and (10-2) length/ (00-2) length) and reciprocal-faces ratio for 

faces (002) and (00-2) and faces (-102) and (10-2) are used to analyze the relative 

growth rates of various crystal faces. All ratios used in this statistical study are 

summarized in Table VI.5.   
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Table VI.5 Ratios of the  crystal dimensions used to interpret relative growth rates of the 

crystal faces 

Name Formula 

aspect ratio of face {010} {010} diagonal/ {010} width 

aspect ratio of face (100) {010} diagonal/ (100) width 

width-thickness ratio (010) width/ (100) width 

adjacent-faces ratios 
(-102) length/ (002) length or vice versa 

(10-2) length/ (00-2) length or vice versa 

reciprocal-faces ratio 
length of the smaller reciprocal face divided by the larger 

reciprocal face for faces (002), (00-2) and faces (-102) and (10-2) 

 

The mean of the aspect ratio of face {010} is presented in Table VI.6 and histograms of 

the distributions of the {010} aspect ratio are shown in Figure VI.13. It is clear from 

the histograms that urea has the most significant impact on the aspect ratio; its 

histogram has a very broad distribution with a mean value of 3.5 (Table VI.6). This 

effect is also observed to a lesser extent for crystals grown in the presence of 1,3-

dimethylurea. For the other urea derivatives, the aspect ratios have not changed as much. 

However, for the derivatives with a high vapor pressure the maximum of the histogram 

tends to aspect ratios closer to 1, which could be ascribed to a high overall growth rate. 

An increased aspect ratio indicates that the crystals tend to grow much faster along the 

diagonal direction, the (002), (00-2), (10-2) and (-102) faces, then widthwise (along the 

[100] direction) and they tend therefore to be needle shaped. 

The mean of the aspect ratio of face (100) is shown in Table VI.6. The result indicates 

that the acetamide and urea lead to a significant reduction of this aspect ratio in 

comparison to the crystals obtained without additives. Histograms of the distribution 

are shown in Figure VI.14. The histograms exhibit two clear changes: 1) the mode of 

the aspect ratio of all urea derivatives is smaller than the mode of the aspect ratio in the 

absence of additives; 2) the histogram for the crystals obtained in the absence of 

additives has a broad distribution with a mean value of 3.5 (Table VI.6).  
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Table VI.6 The mean values of the aspect ratio and the width-thickness ratio of form  single 

crystals as a function of the urea derivatives 

Urea derivatives 
Number of 

crystals 

(010) Aspect 

ratio 

(100) Aspect 

ratio 

Width-thickness 

(010)/(100) ratio 

- 101 1.8(3) 3.5(16) 1.9(9) 

Acetamide 100 1.7(6) 1.4(8) 0.9(5) 

Urea 101 3.5(12) 1.5(6) 0.5(2) 

1,3-Dimethylurea 106 2.4(9) 2.4(11) 1.1(6) 

Tetramethylurea 100 1.5(4) 2.9(13) 2.1(10) 

1,3-Diethylurea 10 1.9(6) 2.2(5) 1.4(6) 

 

The mean values and histograms of the width-thickness ratios are presented in Table 

VI.6 and in Figure VI.15. Urea causes the most distinct impact on the crystals. The 

mean width-thickness ratio in the presence of urea decreases to 0.5 compared to a value 

of 1.9 for crystals grown in the absence of any additives. The distributions for acetamide 

and 1,3-dimethylurea are narrower than the distribution without additives and their 

modes have shifted to lower values. It indicates that the growth rate perpendicular to 

face (010), along [010], increases compared to that in the [100] direction. For 

tetramethylurea, the distribution is broader than that without additives and its mode has 

shifted to higher values, which is also reflected in its mean value.  

The distributions in the Figures VI.13-15 reflect the effects of the urea derivatives on 

crystal morphology of pyrazinamide in three directions: 1) [010], 2) [100], and 3) more 

or less perpendicular to 1 and 2 the diagonal of {010}, which is related to the growth in 

the [002] and [-102] directions. The results in absence of additives reveal that the 

growth rate in direction [010] is smaller than the growth rate in direction [100], while 

the growth rate in the direction of the {010} diagonal is the largest. 

In the case of acetamide, the aspect ratio of (010) does not change, but the aspect ratio 

of (100) and the width-thickness ratio are much smaller than the result in the absence 

of additives. It indicates that the growth rate in the [010] direction is larger than in the 

other two directions.  

In the case of tetramethylurea, the changes of these ratios are smaller than the changes 

caused by other urea derivatives. The decrease of the (010) aspect ratio and the increase 

of the width-thickness ratio indicates that the growth rate in the [100] direction is larger 

than the growth rate in the [010] direction. For urea and 1,3-dimethylurea, the tendency 
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is the same but the effect of 1,3-dimethylurea is weaker. The significant increase of the 

(010) aspect ratio and the decrease of the width-thickness ratio indicate that both growth 

rates in the direction of the {010} diagonal and in the [010] direction are larger than the 

growth rate in the [100] direction. The (100) aspect ratio implies that the growth rate in 

the direction of the {010} diagonal is larger than the direction of the [010]. 

 

 

Figure VI.13 Histograms of the (010) aspect ratio distributions with different urea 

derivatives 
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Figure VI.14 Histograms of the (100) aspect ratio distributions with different urea 

derivatives 
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Figure VI.15 Histograms of the width (010) - thickness (100) ratio distributions for different 

urea derivatives 

 

Two adjacent faces ratios (L(-102)/L(002) and L(10-2)/L(00-2) with L = length) have 

been defined. These two ratios are used to compare the size of face (-102) against that 

of face (002); however, with the present definition the ratio ranges from zero to infinity. 

In order to obtain a more balanced distribution, the ratio (-102)/ (002) is changed to the 

ratio (002)/ (-102), once the former becomes larger than 1, so that the determined ratio 

is always comprised between 0 and 1. In this way, there are only three cases possible: 

1) both L(-102) / L (002) and L(10-2) / L (00-2) are  1, 

2) both L(002) / L (10-2) and L(00-2) / L(-102) are <1, 

3) one L(-102) / L(002) (or L(10-2) / L(00-2)) is 1 and one L(002) / L (10-2) (or 
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L(00-2) / L(-102)) is <1. 

The result is presented in Table VI.7 and the histograms of the adjacent faces ratio 

distributions are presented in Figure VI.16. All crystals obtained in the absence of 

additives had a ratio L(-102)/L(002) is  1. It means that the size of face (-102) or (10-

2) is consistently smaller than that of face (002) or (00-2) without additives, which in 

turn implies that the relative growth rate of the faces (002) or (00-2) is slower than that 

of the faces (-102) or (10-2). For crystals obtained in the presence of the urea derivatives, 

at least one of the two adjacent faces ratios becomes larger than 1. It means that the size 

of the (-102) or (10-2) face becomes larger than its respective adjacent face (002) and 

(00-2) implying that the relative growth rate of the former decreases and/or of the latter 

increases.  

 

Table VI.7 The number of crystals, N, with three distinctive adjacent-faces ratio 

distributions for  form single crystals: both L(-1 0 2)/L(0 0 2)  1, one of L(-1 0 2)/L(0 0 2)  

1, and both L(0 0 2)/L(-1 0 2) 1 

Urea derivatives N 
Both 

L(-1 0 2)/L(0 0 2)  1  
One of each 

Both 

L(0 0 2)/L(-1 0 2) 1 

- 101 101 0 0 

Acetamide 100 18 82 0 

Urea 101 15 40 46 

1,3-Dimethylurea 106 27 40 39 

Tetramethylurea 100 48 51 1 

1,3-Diethylurea 10 0 8 2 

 

Histograms of the adjacent-faces ratios are presented in Figure VI.16. The result of the 

adjacent-faces ratios indicates that additives have a clear effect on the (002), (00-2), (-

102), and (10-2) faces. In fact, the presence of the additives creates in a general way a 

more balanced crystal with relatively speaking smaller (002) and (00-2) faces and larger 

(-102) and (10-2) faces.  
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Figure VI.16 Histograms of the adjacent-faces ratios  

 

In order to understand the effect of the additives on the (002), (00-2), (10-2) and (-102) 

faces in more detail, the two reciprocal-faces ratios of (002) and (-102), respectively, 

have been analyzed. This ratio is calculated by dividing the shorter length by the longer 

length. Hence, the reciprocal-faces ratio is always equal or less than 1. In the case that 

both reciprocal faces are 0, the ratio is set to 1. The closer the ratio is to 1, the more 

comparable is their growth rate. The mean values for the two reciprocal-faces ratios are 

shown in Figure VI.17. For crystals obtained in the absence of additives, the mean of 

the reciprocal-faces ratio distribution for (002) is larger than 0.8 thus indicating that the 
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growth rates of the faces (002) and (00-2) are comparable. The mean of the reciprocal-

faces ratio histogram for (-102) is less than 0.4, thus, the growth rates between faces (-

102) and (10-2) show distinct differences. With additives, the distribution of the 

reciprocal-faces ratios changes. Figures VI.18 and VI.19 present the distributions of the 

reciprocal-faces ratios for (002) and (-102) faces, respectively. In the case of acetamide, 

a more pronounced trend than the other additives towards a decrease of the modes of 

both reciprocal-faces ratio distributions is exhibited. Thus, the difference in growth rate 

between the reciprocal faces (002) and (00-2) becomes larger than without additives. 

Similarly, the difference in growth rate between reciprocal faces (-102) and (10-2) 

increases with acetamide.  

In the case of most other additives (urea, 1,3-dimethylurea, tetramethylurea and 1,3-

diethylurea), the mode of the reciprocal-faces ratio distribution of (-102) increases in 

comparison to no additive. However, the distributions become flat with only 

tetramethylurea showing a clearer tendency towards a maximum around 0.8. So overall, 

the presence of these additives decreases the difference in relative growth rate between 

the faces (-102) and (10-2). Considering Figure VI.17, acetamide shows a strong 

‘destabilizing’ effect on both reciprocal-faces ratios (002) and (-102), while other 

additives have a more obvious ‘stabilizing’ effect on the ratio between (-102) and (10-

2).  

 

Figure VI.17 The mean of the reciprocal-faces ratios of pyrazinamide with different 

additives; black: no additives, red: acetamide, blue: urea, olive: 1,3-dimethylurea, pink: 

tetramethylurea, orange: 1,3-diethylurea 
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Figure VI.18 Histograms of the reciprocal-faces ratios of (002) for different urea derivatives 
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Figure VI.19 Histograms of the reciprocal-faces ratios of (-102) for different urea derivatives 

VI.4.4 The mechanism of the effect of the urea derivatives on the  crystal 

morphology 

The configuration of the pyrazinamide molecules in the  form at the relevant crystal 

faces (e. g. those observed in the experimental crystal morphology of pyrazinamide) is 

presented in Figure VI.20. The pyrazine ring is exposed at the faces (-100), (00-2) and 

(-102), the carboxyl group at the faces (10-2) and (100), and the amine group at the 

faces (002) and (100), and the entire molecule at the faces (010) and (0-10). In the  

form structure, one hydrogen bond connecting the amide group and the nitrogen on the 
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pyrazine ring farthest from the amide forms linear chains. Thus, faces (-100) and (00-

2) contain a hydrogen bond acceptor and faces (100) and (002) a hydrogen bond donor 

that are important in the  form. 

 

 

Figure VI.20 Packing of the  form in relation to some key crystal faces. The top face in this 

representation is (0-10) 

 

It can be seen in the ESP maps of pyrazinamide and the additives in Figures V. 17 and 

Figure E.2 in Appendix E, that the oxygen atom in the amide of pyrazinamide and in 

the carbonyl of the urea derivatives possesses a high electron density, whereas the 

hydrogens of the amide and amine groups possess a low electron density; thus, 

interactions are likely to occur between these moieties. Both the oxygen and the furthest 

nitrogen atom in the pyrazine ring are good hydrogen bond acceptors as can be judged 

from the ESP map in Figure V.17 (the closer nitrogen is involved in an internal hydrogen 

bond interaction and possesses therefore considerably less electrostatic potential).  

For crystals obtained in the absence of additives, the growth rate of the faces (10-2) and 

(-102) is relatively higher than the growth rate of the faces (00-2) and (002). As 

mentioned above, oxygen, the highest electron density region is exposed on face (10-

2). Fast growth of this surface will diminish the surface tension. Therefore, face (10-2) 

is most often smaller than face (00-2). For face (-102), molecules attaching on it 

diminish the exposure of the oxygen on the pyrazinamide. So, it is energetically 

favorable to reduce the size of these two surfaces. Oxygen and the high electron density 

nitrogen atom in the pyrazine ring are exposed on the faces (100) and (-100), 

respectively. Thus, these two faces growth faster than face (010) and (0-10). 
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The sublimation crystallization process is accelerated in the presence of the urea 

derivatives. In addition, the crystal shape is clearly affected by their presence. Both 

observations indicate that the urea derivatives must be interacting with pyrazinamide 

during sublimation crystallization. From the previous chapter, it can be recalled that the 

NMR result shows that: 

1) pyrazinamide molecules interact with each other and these interactions increase 

with the concentration, 

2) interactions exist between pyrazinamide molecules and the urea derivatives. 

It can therefore be expected that in the vapor phase pyrazinamide molecules interact 

with each other too. Nonetheless, the equilibrium concentrations of single pyrazinamide 

molecules, pyrazinamide dimers, and interspecies dimers will be affected by their 

interaction energies and the temperature (Boltzmann), thus at the sublimation 

temperature less dimers are expected than at room temperature. Borba et al.[137] 

calculated the energy of the pyrazinamide dimer in the gas phase and it was found to 

be E= 46.6 kJ mol-1 for a double hydrogen bond of N-HO. Using the Boltzmann 

distribution based on this energy, the proportion of dimer again monomer in the gas 

phase can be calculated at 393 K resulting in a presence of about 98.6% dimer. This can 

be expressed in an equation in which single pyrazinamide molecules are in dynamic 

equilibrium with dimers: 

 

PZA + PZA ⇌ PZA-PZA (VI.1) 

 

If the urea derivatives are added to the vapor phase, a second equilibrium will come 

into play, that between a pyrazinamide dimer and the urea derivative (AD) (eq VI.2): 

 

PZA-PZA+ AD ⇌ PZA+ PZA-AD (VI.2) 

 

The two equations suggest that adding the urea derivatives to the sublimation medium 

will increase the number of pyrazinamide molecules that can be brought into the vapor 

phase above the number that would exist in the gas phase based on its own sublimation 

pressure alone as long as a sublimation source is present; this may help increase the 

crystallization rate. 

Investigating first the effect of tetramethylurea will facilitate the interaction analysis, 

because it eliminates the hydrogen bond donors on the additive and hence, only the 
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interactions between the carbonyl oxygen on tetramethylurea and the hydrogens of the 

pyrazinamide amide group will need to be considered for the most likely interaction 

between the two species. Summarizing the data from section VI.4.3.3, the {010} aspect 

ratio in the presence of tetramethylurea points to little relative change for the {010}, 

(100) and (-100) faces. The reciprocal-faces distribution for (002) and (00-2) does not 

show a significant change either. The reciprocal-faces ratio distribution of (-102) 

demonstrate that the difference in growth rate between the faces (-102) and (10-2) 

narrows dramatically. In particular either the (-102) face or the (10-2) face exhibits a 

significant relative slowdown in growth rate in comparison to sublimation-deposition 

of pure pyrazinamide, which is confirmed too by the shift in the adjacent-faces ratio 

distribution (Figure VI.16). Tetramethylurea may interact with pyrazinamide either in 

the vapor phase or on the crystal surface. For single tetramethylurea molecules, the 

carbonyl oxygen may interact with the low electron density regions on the crystal 

surface in particular faces (-102), (002), (-100) and (100). Because the amide hydrogens 

represent the lowest electron density, tetramethylurea most likely interacts with the (002) 

and (100) faces. In the vapor phase, possible tetramethylurea-pyrazinamide dimers 

appear to promote pyrazinamide sublimation as described in the previous section and 

increase the crystallization rate. If the interaction between pyrazinamide and 

tetramethylurea is limited to the amide hydrogens of pyrazinamide, such dimers will 

have different effects on different faces. The pyrazinamide oxygen is still available in 

the pyrazinamide-tetramethylurea dimer, which is different from the pyrazinamide 

dimers. This available oxygen will compete with the oxygen exposed on face (10-2). 

Thus, the relative growth rate on face (10-2) would slow down compared to other faces 

and the relative growth rate on the direction of [100] comparatively increases as 

experimentally observed. As all urea derivatives have a carbonyl oxygen, the growth 

rate of face (10-2) would exhibit a relative growth decrease in their presence. 

Urea itself has a stronger effect, affecting in particular the (100) face except face (10-

2). Because the (100) aspect ratio and the width-thickness ratio in the presence of urea 

is smaller than that in absence of urea derivatives, which means that the growth rate on 

[100] direction is relatively slowed down. Andreas et. al found that urea vapor is in the 

monomolecular form at atmospheric pressure.[296] Pyrazinamide may interact with urea 

and pyrazinamide-urea dimers may form in the vapor phase in the presence of urea.  

While urea is involved in a dimer with pyrazinamide, the second amine group may be 

available for interaction with other molecules in the vapor or on the crystal surface. It 
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may therefore compete with pyrazinamide in its interaction with the oxygen exposed 

on the (100) face relatively slowing down growth on this face. This would result in the 

{010} aspect ratio becoming smaller compared to crystals obtained in the absence of 

additives.  

The changes in the crystal habit in the presence of 1,3-dimethylurea are similar to those 

in the presence of urea. Pyrazinamide molecules may interact with the oxygen atom of 

1,3-dimethylurea, similar to the interaction between pyrazinamide and tetramethylurea; 

however, this would leave the amine groups on 1,3-dimethylurea available for other 

interactions. In the case of pyrazinamide interacting with one of the NH groups, the 

other NH group of 1,3-dimethylurea may compete with the amine group of 

pyrazinamide and thus affect the growth of face (100).  

Acetamide shows the strongest effect. The aspect ratios and width-thickness ratio show 

that the growth rate in the [010] direction is larger than in other two directions. The 

results in Figure VI.17, VI.18, and VI.19 show that the growth rate differences between 

faces (002) and (00-2) and faces (-102) and (10-2) become larger in the presence of 

acetamide. The microscopy pictures shown in Figure VI.11, the results shown in Table 

VI.6 and Figure VI.16 indicate that one of face between face (10-2) and face (-102), 

and only of face between face (002) and face (00-2) are relatively slowed down in the 

presence of acetamide. In chapter V it was concluded that acetamide interacts with 

pyrazinamide in solution. It implies that pyrazinamide-acetamide dimers and 

acetamide-acetamide dimers may appear if acetamide is added to the vapor phase. 

Acetamide possesses an amide group like the pyrazinamide molecule, which may 

compete with pyrazinamide in the interaction with all crystal faces, especially faces 

(002), (100), and (10-2) where the lowest and highest electron density regions are 

exposed. Moreover, pyrazinamide-acetamide dimer formation is suggested in the 

literature for similar molecules[85, 113] and it was concluded that the presence of 

acetamide accelerated the sublimation crystallization.[85, 113] but relatively slowed down 

both face (10-2) and face (002).  

VI.4.5 The morphology of twinned crystals 

Shapes of twinned crystals obtained in the absence of the urea derivatives are shown in 

Figure VI.21. Compared to the single crystals discussed above, the shapes of the 

domains of the twinned crystals are different. (-102) or (10-2) faces are larger than their 

neighbors (002) or (00-2) in some of the twin domains, such as in Figure VI.21a and c. 
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This has not been observed for the single crystals. Another difference is a change in 

certain angles in the twin domains, which are close to 90°, like the crystals in Figure 

VI.21b and c. Some of the twinned crystals exhibit more than two twin domains and 

many crystals lack a clear interface, as can be observed in Figure VI.21d, e and f. 

Photographs of twinned crystals grown from sublimation in the presence of the urea 

derivatives have been presented in Figure VI.4. These crystals usually contain only two 

domains and possess a clear twinning boundary. No changes in the angles are observed, 

in contrast to the twinned crystals presented in Figure VI.21.  

 

Figure VI.21 Microscopy photographs of twinned  form crystals obtained by sublimation 

without the urea derivatives 

VI.4.6 The nature of the disorder in crystals of the  form 

Disorder in the  form manifests itself through two orientations of the pyrazinamide 

molecule on its Z’ = 1 site in the unit cell (Figure VI.22).[129, 134] The unit-cell parameters 

of a single crystal as a function of the temperature have been listed in Table A.5. The 

occupancy factor of the two orientations as a function of the temperature is provided in 

Table VI.8. The mean orientational occupancy was consistently found to be 0.79(1) 

over the entire temperature range from 110 to 450 K. 

Cherukuvada et al. prepared single crystals of the  form in solution at room 

temperature, and SC-XRD was carried out at 100 K. The disorder site occupancy was 

found to be 13%.[129] Wahlberg et al. prepared a single crystal of the  form by 

transforming a single crystal of the  polymorph at around 420 K and crystallographic 
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data were collected at 122 K. The disorder site occupancy was found to be about 

20%.[134] In the current experiments, crystals have been obtained by sublimation at 

around 390 K. The disorder site occupancy was found to be 21%. Hence, the site 

occupancy may be related to the crystallization method or the temperature during 

crystallization, but it is clear that an overall tendency for disorder exists in the  form. 

Moreover, the disorder site occupancy appears to be independent of the temperature 

once the crystal has been formed, i.e., static disorder, as can be concluded from the data 

provided in Table VI.8.   

 

 

Figure VI.22 Disorder in form : two existing molecular orientations (around 79% of 

occurrence for orientation 1 and around 21% for orientation 2) 
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Table VI.8 Disorder in form : molecular occupancy factor as a function of the temperature 

T/ K 
Orientation occupancy 

(orientation 1, orientation 2) 

110(1) 0.771(7), 0.229(7) 

150(1) 0.795(3), 0.205(3) 

200(1) 0.794(3), 0.206(3) 

250(1) 0.790(3), 0.210(3) 

293(2) 0.786(3), 0.214(3) 

294(1) 0.793(3), 0.207(3) 

294(1) 0.799(5), 0.201(5) 

308(1) 0.791(4), 0.209(4) 

320(1) 0.797(2), 0.203(2) 

343(2) 0.789(3), 0.211(3) 

355(1) 0.792(3), 0.792(3) 

375(1) 0.791(3), 0.209(3) 

395(1) 0.786(3), 0.214(3) 

400(2) 0.790(3), 0.210(3) 

415(1) 0.793(3), 0.207(3) 

435(1) 0.787(3), 0.213(3) 

450(1) 0.790(4), 0.210(4) 

VI.4.7 The twinning interface 

Through the angles between the crystal faces, the ideal twinning morphology has been 

determined (Figure VI.23a). Typical experimental twinning morphologies are shown in 

Figure VI.23b and c and Figure VI.4. The twinning morphology in the absence of urea 

derivatives demonstrates that the growth process changes in the case of twinning. The 

first change is the face marked by green star, which becomes large and even larger than 

its adjacent face making an angle of 107° with the twinning interface. This also happens 

in the presence of the urea derivatives. In addition, a distinct difference is that the angle 

between the two faces marked by red line seems to become almost straight. However, 

the morphology of twinned crystals in the presence of tetramethylurea does not show 

such a change and the angles remain the same as those in the ideal morphology (Figure 

VI.23a).  

Based on the angles in the twinned crystals, and the possible arrangement of 
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pyrazinamide molecules at the twinning interface (e.g., head-tail, head-head or tail-tail 

configurations) three twinning configurations can be proposed as shown in Figure 

VI.24. Face (10-2) is marked in red. As remarked above, the growth rate of the faces in 

twinned crystals is different from that of single crystals; the two domains grow 

symmetrically with the interface as a mirror plane. This observation excludes twinning 

scenario 1 (Figure VI.24). 

Pyrazinamide crystals are polar and the (10-2) face contains the amide oxygens. In 

scenario 3, the growth along the twinning interface reduces the size of the (10-2) face 

leaving the oxygen atoms less exposed and the same occurs for the amine groups on 

the (002) faces at the other side of the twinning interface. As a result, the overall dipole 

of the twinned crystal is reduced with respect to a single crystal and the highly 

electronegative oxygen and electropositive amide hydrogens have been removed from 

the surface. The twinning interface is therefore most likely (100) on which amide group 

exposed for both domains. The proposed twinning configuration can be observed in 

Figure VI.24c. Although in this presentation the oxygens appear juxtaposed, on the 

twinning plane, these groups are actually angled and can shift along the twinning plane 

in order to form hydrogen bonds with the amide hydrogens, making scenario 3 even 

more likely.  

 

Figure VI.23 Typical twinning morphology: (a) ideal, (b) in the absence of additives, (c) in 

the presence of tetramethylurea 

 

Figure VI.24 The three possible twinning configurations based on the observed angles 

(surface (10-2) is marked in red) and the packing arrangement of two pyrazinamide 

molecules at the twinning interface
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VI.5 Relationship between disorder and twinning 

As has been concluded just above, twinning is in part a means for the crystal to 

compensate its overall dipole moment. In addition, the interface is reinforced by a 

network of strong hydrogen bonds between the amide groups. It would appear logical 

to see the disorder in the same light as a means to decrease the overall dipole of the  

crystal, while the disordered molecules are kept in place by strong interactions. 

As is shown in Figure VI.21d, e and f, in the absence of the urea derivatives, twinned 

crystals contain often more than two domains with some twinned crystals even looking 

like a jigsaw puzzle. The presence of urea derivatives does not eliminate twinning but 

optimizes them. Most of the crystals obtained in the presence of the urea derivatives 

have a clear interface and only contain two domains (Figure VI.4) Hence, the urea 

derivatives cannot prevent twinning and it should therefore be related to the molecular 

structure and the inherent interaction between pyrazinamide molecules[302] as 

mentioned at the beginning of this section. 

In the energy calculations by Wahlberg et al.[134], the disordered form was modeled as 

a separate crystal structure, which would basically be similar to a form of twinning. 

Nonetheless, the calculations by these authors are the best estimate for the energy of 

the disordered system. Three different models were constructed by the authors: model 

A consisted of molecules in the ideal ordered orientation with an occupation of 0.8 in 

the real crystal, model B consists of 100% of the molecules in the disordered orientation 

and model C was the combination of A and B reflecting the observed disorder. Their 

result showed that the energy of model A was the lowest one, the energy of model B 

was 12 kJ mol-1 higher than model A and the energy of model C was 3 kJ mol-1 higher 

than model A. Adding entropy to this value, would bring the Gibbs energy difference 

between model C and A down to 3 - 1.65 = 1.35 kJ mol-1. Considering that there may 

be a reasonable margin in the actual lattice energies calculated for the “pure” form and 

the disordered form, it can very well be that with the entropy, the disordered form might 

be the more stable one, possibly even just due to the entropic contribution. 

For crystals without disorder, a pyrazinamide molecule possesses twelve short contacts 

(Figure VI.25b and Table VI.9, the data is obtained from the single  crystal measured 

at 294 K for disorder occupancy), which are effectively six short contacts per molecule. 



Chapter VI 

152 
 

The strongest interaction is the N-HN hydrogen bond with an HN distance of 2.305 

Å (3 and 8 in Figure 25b). For the molecule with orientation 2, the short contacts are 

shown in Figure VI.25c and Table VI.9. Some of these contacts are even shorter than 

those in the ordered crystal: OH-N with 2.051 Å (2’ in Figure VI.25c), N-HO with 

2.147 Å (1’ in Figure VI.25c) and C-HO with 2.283 Å (9’ in Figure VI.25c). Thus, it 

can be seen that disorder gives rise to relatively strong interactions between the amide 

groups, which is the main motif in the other three polymorphs of pyrazinamide, while 

partially compensating the crystal wide dipole moment. The physical reason behind this 

is that the disorder diminishes the polar aspect of the crystal, because the dipole of the 

disordered molecules has turned. Thus, disorder and twinning appear to have the same 

cause in the  form of pyrazinamide. 

 

Figure VI.25 Short contacts between the pyrazinamide molecules in the  form: (a) 

molecular structure of pyrazinamide, (b) short contacts in the  form with molecule of 

orientation 1, (c) short contacts in the  form with molecule of orientation 2 

Table VI.9 Short contacts in the  form with molecule of orientation 1and orientation 2 

Orientation 1 Orientation 2 

Label Short contacts Distance/Å Label Short contacts Distance/Å 

1 C(5)-H(11)O 2.476 1’ N(8)-H(14) O 2.147 

2 C(5) H-N 2.848 2’ O(9) H-N 2.051 

3 N(4) H-N 2.305 3’ O(9) H-C 2.339 

4 N(4) H-C 2.541 4’ C(3)-H(10)-N 2.613 

5 C(3)-H(10) N 2.598 5’ C(3) H-N 2.972 

6 O(9) H-N 2.548 6’ N(4) H-N 2.612 

7 O(9) H-C 2.476 7’ N(4) H-C 2.925 

8 N(8)-H(14) N 2.305 8’ C(5)-H(11) N 2.729 

9 N(8)-H(14) C 2.848 9’ C(6)-H(12) O 2.283 

10 N(8)-H(13) O 2.548 10’  N(1) H-C 2.566 

11 N(1) H-C 2.598 11’ N(8)-H(13) C 3.237 

12 C(6)-H(12) N 2.541 12’ N(8)-H(13) N 2.798 
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VI.6 Conclusion 

In this chapter, the effects of urea derivatives on the crystallization process in 

sublimation and on the  form morphology have been discussed. The twinning interface, 

the nature of the disorder and the relationship between twinning and disorder have been 

discussed too. 

1) By measuring “induction time” and sublimation time, it is found that urea derivatives 

dramatically accelerate the crystallization of the  form of pyrazinamide. Combined 

with the results presented in the last chapter, it can be inferred that the pyrazinamide 

molecule interacts with the urea derivatives and tends to form PZA-UD dimers in the 

vapor phase next to PZA-PZA dimers. Adding the urea derivatives creates therefore a 

new dynamic equilibrium and as a result more pyrazinamide molecules will be present 

in the gas phase accelerating the crystallization process. 

2) The morphologies of the  form crystals have been studied by experimental and 

computational methods. The effect of the urea derivatives (acetamide, urea, 1,3-

dimethylurea, 1,3-diethylurea and tetramethylurea) on the morphology has been 

statistically investigated. The aspect ratio, the width-thickness ratio, the adjacent-faces 

ratio and the reciprocal-faces ratio have been determined and have been used to 

compare the changes in crystal morphology in the absence and in the presence of the 

urea derivatives. Dimerization between pyrazinamide and urea derivatives in the vapor 

phase must be the main cause of the increase in the relative growth rate of different 

surfaces. For tetramethylurea, its oxygen interacts with the hydrogen of the amide group 

of pyrazinamide, thus it limits the interaction between the pyrazinamide amine and the 

oxygen exposed on face (10-2) and relatively slows down the growth rate of this face. 

The main influence of urea and of 1,3-dimethylurea on crystal habit is similar. After 

forming dimers with pyrazinamide, the free amine group on urea, 1,3-dimethylurea, or 

1,3-diethylurea, may interact with the crystal surface and relatively slow the growth for 

the (100) face for example. Acetamide mainly affects the faces with exposed amide 

groups such as faces (002), (100), and (10-2), which may be due to its capability to 

form strong double hydrogen bonds with pyrazinamide and that in combination with a 

high vapor pressure.  

3) The SC-XRD measurements as a function of the temperature demonstrate that the 

disorder site occupancy is independent of the temperature, which suggests that the 

disorder is static. The twinning interface is most likely face (100). The orientation and 
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interactions of ‘disordered’ molecules and those of the molecules on the twin boundary 

are similar, while both effects somewhat counteract the crystal wide dipole moment. 

Thus, disorder and twinning are inherent to the  form and disorder may give rise to 

twinning during crystallization.
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Chapter VII: The effect of urea derivatives on 

the  form of pyrazinamide obtained through 

spray drying 

VII.1 Introduction 

From the foregoing chapters, it has become clear that the interactions between 

pyrazinamide and 1,3-dimethylurea are similar to those of other urea derivatives in 

solution and in the vapor phase. It implies that the interactions of 1,3-dimethylurea as 

such are not the only factors that explain the persistence of form  at room temperature 

for spray dried samples in the presence of 1,3-dimethylurea. The way how form  

crystalizes in the presence of additives may play a role in its persistence. Thus, in this 

chapter the spray drying process is analyzed. The effects of the spray drying inlet 

temperature and of co-spray drying of pyrazinamide with various urea derivatives on 

the persistence of form  is studied. Based on parameters obtained from the experiments, 

the temperature profile during the spray drying process is evaluated. Mixtures of 

pyrazinamide with urea derivatives have been investigated by DSC and the solubilities 

of those urea derivatives in water have been determined too. Finally, ternary phase 

diagrams have been drawn to study the drying and solidification process in spray drying. 

The chapter will be concluded with an evaluation of which factors are important for the 

stabilization of the  form. 

VII.2 Spray drying experiments 

VII.2.1 Effect of the inlet temperature 

The effect of the spray dryer’s inlet temperature on the resulting pyrazinamide 

polymorph has been studied. Spray drying experiments were carried out with different 

inlet temperatures: 353 K (80 °C), 373 K (100 °C), 393 K (120 °C), 413 K (140 °C),
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and 423 K (150 °C). All other parameters including concentration, solvents, feed rate, 

gas flow, and vacuum pump rate were kept constant to allow comparison between the 

experiments; the details have been described in section II.4.4. The PXRD patterns of 

the obtained powder samples are provided in Figure VII.1. Pyrazinamide sprayed with 

inlet temperatures of 353 K, 373 K, and 393 K, results in pure  form. At 413 K and 

423 K, a peak related to the  form appears in the PXRD pattern. Baaklini et al. also 

found that samples sprayed at 423 K exhibited mixtures of polymorphs; however, in 

their case, the mixture contained  and .[4] They suggested that fast evaporation of the 

solvent at 423 K causes the appearance of . 

The  form samples obtained by spray drying at different inlet temperatures were stored 

at room temperature in closed vials and frequently observed by PXRD to monitor their 

stability. The result is presented in Figure VII.2. The sample prepared at 353 K retained 

the  form for more than one month. In the samples prepared at 373 K and 393 K other 

polymorphs appeared within three weeks. It appears therefore that the persistence of 

samples prepared at higher inlet temperatures are worse than those prepared at 353 K. 

SEM micrographs of the powder samples of the  form obtained at the different 

temperatures are presented in Figure VII.3. The sample at 353 K was observed after 18 

days of storage; the other samples were observed on the second day after preparation. 

The product obtained with an inlet temperature of 353 K consists of well-defined 

crystals; however, in the product produced with an inlet temperature of 373 K, many 

spherical crystalline agglomerates are present. The spherical agglomerates contain 

many small crystals, which possibly are of poor crystallinity. The large specific surface 

area of these crystallites in addition to possible defects may accelerate the transition 

from  into , which is the more stable phase at room temperature.[303] Because  is also 

more stable than the  form at room temperature,[128, 129] this polymorph is likely to 

appear too on drying and aging of the  form samples. 
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Figure VII.1 Powder X-ray diffraction patterns of pyrazinamide samples obtained by spray 

drying at inlet temperatures from 353 K (black) up to 423 K (orange) measured directly 

after the spray drying 

 

Figure VII.2 Powder X-ray diffraction patterns of pyrazinamide samples obtained by spray 

drying at the inlet temperature of (a) 353 K, (b) 373 K and (c) 393 K measured after 

different storage time intervals6 

 

6 Because of the confinement due to the COVID 19 pandemic and a long additional time that the PXRD equipment 

was out of order, a more precise time of transition could not be determined 
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Figure VII.3 SEM micrographs of the  form obtained by spray drying at different inlet 

temperatures: (a) 353 K, (b) 373 K, and (c) 393 K 

VII.2.2 Co-spray drying of pyrazinamide with urea derivatives 

Urea, N-methylurea, 1,1-dimethylurea, 1,3-dimethylurea, trimethylurea, 1,1-

diethylurea, 1,3-diethylurea, and tetramethylurea were used as additives in co-spray 

drying experiments with an inlet temperature of 373 K. In addition, co-spray drying of 

pyrazinamide with 1,3-dimethylurea and 1,3-diethylurea was carried out at 353 K too.  

VII.2.2.1 Urea 

The product obtained by co-spray drying pyrazinamide in the presence of urea was 

analyzed by PXRD. It was found to be a mixture of  and polymorph I of urea. Samples 

were monitored every one or two days and the  form appeared after 10 to 14 days 

depending on the sample (Figure VII.4). This is consistent with previous findings.[4] 

 

 

Figure VII.4 Powder X-ray diffraction patterns of the  form obtained by spray drying in the 

presence of urea measured directly after spray drying and after 14 and 16 days
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VII.2.2.2 N-Methylurea 

Spray drying a pyrazinamide and N-methylurea mixture resulted in the  form with a 

mixture of two N-methylurea polymorphs which were form I and form II (determined 

by Baaklini)[4]. This result has been reported previously as well by Baaklini.[4] During 

storage, form II of N-methylurea and form  transformed into more stable polymorphs 

at room temperature, as is shown in Figure VII.5. For pyrazinamide, form  appeared 

after 5 days up to 1 month depending on the sample.  

 

 

Figure VII.5 Powder X-ray diffraction patterns of the  form obtained by spray drying in the 

presence of N-methylurea measured directly after spray drying and after 7 days 

VII.2.2.3 1,1-Dimethylurea 

Powder obtained by spray drying pyrazinamide with 1,1-dimethylurea in an acetone-

water solution was a mixture of the  form and the commercial polymorph of 1,1-

dimethylurea (named form I here). Pyrazinamide form  was detected in the PXRD 

patterns within 3 days to 1 week depending on the sample (Figure VII.6).  
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Figure VII.6 Powder X-ray diffraction patterns of the  form obtained by spray drying in the 

presence of 1,1-dimethylurea measured directly after spray drying and after 3 days 

VII.2.2.4 1,3-Dimethylurea 

Co-spray drying experiments of pyrazinamide with 1,3-dimethylurea were carried out 

with inlet temperatures of 353 K and of 373 K. The resulting samples were mixtures of 

polymorph  and form I of 1,3-dimethylurea; both are stable at high temperature. The 

PXRD patterns are provided in Figure VII.7. The PXRD pattern of the sample prepared 

at 373 K exhibits a small peak belonging to  after nine months. The samples prepared 

at 353 K have not changed for more than 7 months at the moment of observation. SEM 

micrographs of these samples are provided in Figure VII.8. There are no spherical 

particles in the mixture of pyrazinamide and 1,3-dimethylurea as observed in the pure 

pyrazinamide samples. Spray dried samples of pure 1,3-dimethylurea were obtained 

under the same spray drying conditions. The PXRD pattern presented in Figure VII.9a 

demonstrates that 1,3-dimethylurea consists of form I, but part must be amorphous. A 

SEM micrograph of a spray dried 1,3-dimethylurea sample can be seen in Figure VII.9b. 

The crystals of 1,3-dimethylurea have an irregular shape as if it were still liquid; 

however, in the mixture of pyrazinamide and 1,3-dimethylurea samples, all crystals are 

well defined with regular shapes.  

Gas chromatography experiments carried out for the current study (section VI.4.1.2) 

demonstrate that no trace of 1,3-dimethylurea can be found in the pyrazinamide crystals. 

The Raman mapping of the mixture shown in Figure VII.10a (from Baaklini)[4] 

indicates that pyrazinamide and 1,3-dimethylurea form a heterogeneously dispersed 
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(“eutectic”) mixture of particles. Figure VII.10b (from Baaklini)[2, 4] contains a Raman 

spectrum of a pyrazinamide particle, which shows the presence of small amounts of 

1,3-dimethylurea (Form I). Taking into account the findings in this thesis and the binary 

phase diagram of pyrazinamide and 1,3-dimethylurea constructed by Baaklini lacking 

any trace of solid solution[4], it can be stated that this system most likely does not form 

solid solutions in any significant quantity.  

 

 

Figure VII.7 Powder X-ray diffraction patterns of the  form obtained by spray drying in the 

presence of 1,3-dimethylurea at an inlet temperature of (a) 353 K and (b) 373 K measured 

after different storage times 

 

 

Figure VII.8 SEM micrographs of  pyrazinamide obtained by spray drying in the presence 

of 1,3-dimethylurea at inlet temperature (a) 353 K and (b) 373 K 
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Figure VII.9 Powder X-ray diffraction pattern and SEM micrograph of 1,3-dimethylurea 

obtained by spray drying at an inlet temperature of 373 K 

 

 

Figure VII.10 (a) Raman mapping of co-spray dried pyrazinamide in the presence of 1,3-

dimethylurea, (b) comparison between the reference spectrum of pyrazinamide  and the 

spectrum of pyrazinamide extracted from the Raman image7  

VII.2.2.5 Trimethylurea 

The concentration of pyrazinamide and trimethylurea solution used in co-spray drying 

experiments was 5 mg mL-1 solvent as for the other solutions. The mass fraction of 

pyrazinamide and trimethylurea in the initial solution is the same, however, after spray 

drying only a few small peaks of trimethylurea can be observed and these peaks 

disappear during storage. The persistence time of  form in these samples varies greatly. 

In part of the samples form  appeared after about two weeks; however, some samples 

 
7 Reprinted from International journal of pharmaceutics, 479, Baaklini, G, Dupray, V, Coquerel, G, Inhibition of the 

spontaneous polymorphic transition of pyrazinamide  form at room temperature by co-spray drying with 1, 3-

dimethylurea, page 167, Copyright (2015), with permission from Elsevier. 
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remained in form  for more than 50 days. One of the samples remained unchanged at 

room temperature for more than eight months (Figure VII.11). The SEM micrograph in 

Figure VII.12 shows that the shape of the crystals is regular and no agglomerated 

spherical crystals can be observed. This morphology is similar to the crystals obtained 

in the presence of 1,3-dimethylurea. In contrast, Baaklini[4] found that  obtained in the 

presence of trimethylurea starts to convert into other polymorphs after 10 days to one 

month. Considering the current findings, it seems likely that sample stability is related 

to the crystallization conditions during the spray drying process. 

 

 

Figure VII.11 Powder X-ray diffraction patterns of the  form obtained by spray drying in 

the presence of trimethylurea directly after spray drying and after 263 days 

 

 

Figure VII.12 SEM micrograph of form  obtained by spray drying in the presence of 

trimethylurea at 373 K (after 48 days)
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VII.2.2.6 1,1-Diethylurea 

Co-spray dried mixtures of pyrazinamide and 1,1-diethylurea were analyzed by PXRD. 

They were found to be mixtures of  pyrazinamide and the commercial form of 1,1-

diethylurea with a space group of C2/c. The  form of pyrazinamide was detected after 

about two weeks of storage. (Figure VII.13).  

 

 

Figure VII.13 Powder X-ray diffraction patterns of the  form of pyrazinamide obtained by 

spray drying in the presence of 1,1-diethylurea directly after spray drying and after 12 days 

VII.2.2.7 1,3-Diethylurea 

Spray drying experiments with pyrazinamide in the presence of 1,3-diethylurea were 

carried out at inlet temperatures of 353 K and 373 K. In co-spray drying experiments, 

the  form of pyrazinamide and two polymorphs of 1,3-diethylurea ( and  form 

named by Della et al.[224]; DSC curves of 1,3-diethylurea showed a phase transition 

from form  to form  at about 348 K (see also Figure E.1 in Appendix E)) were 

obtained (Figure VII.14). The  form prepared at 373 K did not transform at room 

temperature up to three weeks and sometimes up to more than two months.  prepared 

at 353 K remains unchanged for more than 7 months. During storage, the  polymorph 

of 1,3-diethylurea transformed into the commercial one ( form) (shown in Figure 

VI.14a). Thus, the nature of the additive’s polymorph appears not to be important for 

the enhancement of the persistence of form  in the case of 1,3-diethylurea. The habit 

of the crystals is shown in Figure VII.15. The crystals are similar to those obtained in 

the presence of 1,3-dimethylurea. 



The effect of urea derivatives on the  form of pyrazinamide obtained through spray drying 

165 

 

 

Figure VII.14 Powder X-ray diffraction patterns of the  form of pyrazinamide obtained by 

spray drying in the presence of 1,3-diethylurea at an inlet temperature of (a) 353 K and (b) 

373 K measured at different storage times 

 

 

Figure VII.15 SEM micrograph of  obtained in the presence of 1,3-diethylurea obtained by 

spray drying at (a) 353 K, (b) 373 K 

VII.2.2.8 Tetramethylurea 

Co-spray drying experiments of pyrazinamide in the presence of tetramethylurea were 

carried out at inlet temperature of 373 K. The PXRD pattern is presented in Figure 

VII.16. Since tetramethylurea is liquid at room temperature, the spray dried sample 

does not contain crystalline of tetramethylurea and contains only pyrazinamide. The 

PXRD shows that the spray dried sample contains amorphous material and 

pyrazinamide form ; form  appeared within 2 weeks. 
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Figure VII.16 Powder X-ray diffraction patterns of the  form of pyrazinamide obtained by 

spray drying in the presence of tetramethylurea measured directly after spray drying and 

after 6 days 

VII.2.2.9 Overview of form  persistence in co-spray dried samples 

The  form persistence in co-spray dried samples prepared at 373 K is summarized in 

Table VII.1. It is clear that form  obtained by spray drying pyrazinamide in the 

presence of 1,3-dimethylurea is kept for a longer time compared to that obtained by co-

spray drying with the other urea derivatives; however, some samples, like those 

obtained in the presence of trimethylurea and 1,3-diethylurea can remain ‘pure’  for 

more than two months.  

 

Table VII.1 Persistence time of the  form in co-spray dried samples prepared at 373 K 

Sample Transition time /days 

pyrazinamide 7-21 

pyrazinamide-urea 10-14 

pyrazinamide-N-methylurea 5-30 

pyrazinamide-1,1-dimethylurea 3-7 

pyrazinamide-1,3-dimethylurea 60 

pyrazinamide-trimethylurea 14 

pyrazinamide-1,1-diethylurea 14 

pyrazinamide-1,3-diethylurea 21 

pyrazinamide-tetramethylurea 14 
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VII.3 Estimating the temperature profile in the evaporating 

droplet 

The results demonstrate that the spray drying conditions have an important influence 

on the persistence time of form  in the final product. For spray drying experiments 

carried out with inlet temperatures of 353 K or 373 K, the outlet temperature is plotted 

as a function of time (Figure VII.17). The outlet temperature starts out high and 

decreases rapidly in the first two minutes; then it tends to remain constant. For the inlet 

temperature of 353 K, the outlet temperature stabilizes at 315 K. For an inlet 

temperature of 373 K, the stabilized outlet temperature is 325 K.  

 

Figure VII.17 Outlet temperature of the spray dryer main chamber as a function of the 

operation time at inlet temperatures of 373 K (▲) and 353 K (★). Each color represents a 

single series of measurements 

Using the inlet and outlet temperatures obtained in the experiments, the mean residence 

time (1-1.5 sec), which can be considered as the droplet drying time, and the particle 

size (1-25 m) obtained from the operation manual[304], the droplet temperature as a 

function of the time was calculated using equations from the literature (see Appendix 

H)[305]. The resulting profiles are presented in Figure VII.18 for each inlet temperature. 

The size of the initial droplet is estimated to be 380 m (diameter). Because the solvent 

is a mixture of water and acetone (50:50 v%) and the inlet temperature is above the 

boiling point of acetone, it is assumed that acetone evaporates first. Once acetone has 

left the droplet (50%), the volume of the droplet can be considered to be half of the 
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original volume. The diameter of the droplet without acetone should then be 300 m. 

The time acetone takes to evaporate (marked by the dashed line in Figure VII.18) is one 

third of the total droplet residence time in the spray chamber. Because the evaporation 

of acetone is fast, it can be assumed that crystallization occurs after acetone has 

evaporated. The droplet drying time at low inlet temperature is longer than at higher 

temperature when the particles have same size. It means the drying process is slower at 

lower inlet temperatures, which may facilitate the formation of solid particles with 

better powder characteristics (size, shape, size distribution). 

 

Figure VII.18 The temperature of a mean spray-dried droplet (black) and its diameter (red) 

as a function of its residence time in the spray chamber for the inlet temperature of (a) 353 K 

and (b) 373 K  

VII.4 Eutectic mixtures of pyrazinamide with urea 

derivatives 

The DSC curves with the eutectic temperatures of the mixtures of pyrazinamide with 

the respective urea derivatives are presented in Figures VII.19a to g. Each sample is a 

physical mixture of pyrazinamide with an additive. The melting points of pure 

pyrazinamide and pure urea derivatives, the onset temperatures of the eutectic peaks of 

the mixtures of pyrazinamide with the urea derivatives during heating and cooling 

together with the temperature difference are provided in Table VII.2. The eutectic 

temperatures and the crystallization temperatures of the mixtures with 1,3-dimethylurea 

and 1,3-diethylurea are very similar, so one would also expect similar behavior in the 

spray drying experiments. The eutectic temperature of the mixture with trimethylurea 
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is close to room temperature, which implies that crystallization would happen at a very 

late stage in the spray drying experiment, if at all for trimethylurea.   

 

Figure VII.19 DSC curves of mixtures of pyrazinamide with the urea derivatives (a) urea, (b) 

N-methylurea, (c) 1,1-dimethylurea, (d) 1,3-dimethylurea, (e) trimethylurea, (f) 1,1-

diethylurea, (g) 1,3-diethylurea 

a b

c d

e f

g
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Table VII.2 Eutectic temperatures of the pyrazinamide mixtures with the urea derivatives 

(50:50 w%) 

Mixture 

Melting point 

of urea 

derivatives /K 

Heating 

process 

Cooling 

process T /K 

Tonset /K Tonset /K 

pyrazinamide 457(1)a - - - 

pyrazinamide: urea 406.9b 393.4 372.9 20.5 

pyrazinamide: N-methylurea 371.4b 364.2 351.1 13.1 

pyrazinamide: 1,1-dimethylurea 455.0b 419.2 398.3 20.9 

pyrazinamide: 1,3-dimethylurea 376.9b 368.1 365.1 3 

pyrazinamide: trimethylurea 337.4b 317.3 303.2 14.1 

pyrazinamide: 1,1-diethylurea 336.6b 332.2 309.3 22.9 

pyrazinamide: 1,3-diethylurea 375.2b 371.4 365.6 5.8 

a melting point of form  of pyrazinamide presented in Table IV.1 in Chapter IV. 

b melting point of urea derivatives presented in Table VI.2 in Chapter VI.  

VII.5 Solubility of urea derivatives 

Because the evaporation of acetone in the spray drying process is fast, the solvent in 

the spray drying crystallizing mixture can be assumed to be water. The solubilities of 

urea, 1,1-dimethylurea, 1,3-dimethylurea, 1,1-diethylurea and 1,3-diethylurea in pure 

water were measured and the result is presented in Figure VII.20 and Table H.2 in 

Appendix H. The solubility of the different urea derivatives increases with increasing 

temperature; however, the solubilities of the urea derivatives show large differences. 

Compared to the other derivatives, the solubility of 1,3-diethylurea varies greatly with 

temperature. At 313 K, the solubility of urea derivatives is S(1,1-diethylurea)  S(1,3-

dimethylurea)  S(1,3-diethylurea)  S(urea)  S(1,1-dimethylurea). Due to the high 

solubility of urea derivatives, the solubilities at higher temperature were estimated with 

the van’t Hoff equation. The parameters are shown in Table H.2 in Appendix H. 

Comparing the solubility of pyrazinamide with that of the urea derivatives (See Figure 

VII.20 and chapter IV section IV.2.6), it is clear that pyrazinamide must crystallize 

before the urea derivatives during the spray-drying experiments.  
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Figure VII.20 Solubilities of (■) urea, (●) 1,1- dimethylurea, (▲) 1,3-dimethylurea, (▼) 1,1-

diethylurea, (◆) 1,3-diethylurea from 293.15 to 313.15 K in water and the solubility of (★) 

pyrazinamide form  in water (chapter IV section IV.2.6) 

VII.6 Ternary phase diagrams 

Ternary phase diagrams have been constructed to highlight the crystallization process. 

Assuming that the crystallization occurs after acetone has evaporated, the quaternary 

component system simplifies to a ternary component system. The pyrazinamide-urea-

H2O, pyrazinamide-1,1-dimethylurea-H2O and pyrazinamide-1,1-diethylurea-H2O 

phase diagrams at 313 K and 323 K, pyrazinamide-1,3-dimethylurea-H2O phase 

diagram at 323 K have been constructed based on the solubility data of pure 

pyrazinamide and pure urea derivatives presented in Figure VII.20. The pyrazinamide-

1,3-dimethylurea-H2O and pyrazinamide-1,3-diethylurea-H2O phase diagrams at 313 

K have been constructed based on the solubility data of pure compound and mixtures 

in aqueous solution. Part of the solubility data is presented in Figure VII.21. The 

solubility of pyrazinamide increases in the presence of 1,3-dimethylurea and 1,3-

diethylurea. It implies that crystallization of pyrazinamide in the presence of 1,3-

dimethylurea or 1,3-diethylurea will occur at higher concentrations in the evaporation 

process. Due to the steep solubility curve of 1,3-diethylurea, the solubility at 323 K 

could not be obtained. 

All ternary phase diagrams are provided in Figure VII.22. Due to the inability to 

measure the solubility of 1,3-diethylurea at 323 K, only the pyrazinamide-1,3-

diethylurea-H2O phase diagram at 313 K is presented in Figure VII.22e. Because the 
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difference in solubility between pyrazinamide and the urea derivatives is very large, the 

dilute solution region is small. One clear difference of these ternary phase diagrams is 

the size of the SP + L region, which is related to the solubility of the respective urea 

derivatives. The influence of the temperature on the ternary phase diagram is small, 

especially for the pyrazinamide-1,3-dimethylurea-H2O phase diagram. For 1,3-

diethylurea at 313 K, the ternary phase diagram is similar to that of pyrazinamide-1,3-

dimethylurea-H2O at 313 K. The solubility of 1,3-diethylurea at higher temperature 

must be much higher than its value at 313 K, which means that the SP+ L region will 

be much larger than at 313 K. Because the solubility of 1,3-diethylurea is greatly 

affected by the temperature (Figure VII.20), a slight temperature change will cause a 

large change in solubility. Thus, during the spray drying process, in which the 

temperature in the droplet may fluctuate, the solubility of 1,3-diethylurea may 

sometimes reflect the solubility of 1,3-dimethylurea. This could explain why at an inlet 

temperature of 373 K, some of the samples obtained in the presence of 1,3-diethylurea 

could be maintained at ambient conditions for a long time. 

In the ternary phase diagrams in Figure VII.22, the solute concentration used in the 

spray drying experiments is marked as a blue dot on each ternary phase diagram and it 

starts in the liquid region. During the evaporation process, the blue line crosses the 

solubility line of pyrazinamide, which will crystallize first, while the compounds 1,1-

dimethylurea, urea, 1,3-diethylurea, 1,3-dimethylurea and 1,1-diethylurea will 

crystallize successively at a later stage. The persistence time shown in Table VII.1 

indicates that the spray-dried samples in the presence of 1,3-dimethylurea and 1,3-

diethylurea retain  form for a long time at room temperature. Considering the DSC 

experiments, once the supersaturation of these two urea derivatives is reached, 

crystallization is probably very quick eliminating any further movement of the 

molecules. It can therefore be postulated that during droplet evaporation, a slow 

increase in viscosity provides a relatively controlled crystallization environment. Once 

most solvent has evaporated, rapid solidification of the urea derivatives results in 

partially amorphous material (see X-ray diffraction profiles in Fig VII.2-16) that 

severely limits the movement of uncrystallized pyrazinamide molecules and avoids 

uncontrolled formation of stacking faults or loose pyrazinamide aggregates that can 

quickly crystallize into a more stable polymorph. Thus, without mobility, crystallization 

into form  is avoided or at least extremely limited. 

Additives with relatively low solubilities, like 1,1-dimethylurea, will crystallize fast 
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themselves and therefore not significantly affect the crystallization of pyrazinamide. 

Additives with relatively high solubilities, like 1,1-diethylurea, will remain low 

viscosity liquids for most of the droplet evaporation allowing rapid crystallization of 

pyrazinamide during the entire spray drying process with more chance of stacking faults 

and  nucleation. Thus, we hypothesize that urea derivatives with the right properties 

in terms of solubility and eutectic temperature with pyrazinamide assist the control over 

the crystallization process in spray drying and lead to well-formed  crystals with a long 

persistence time. 

 

Figure VII. 21 Solubility of pyrazinamide in the presence of (a) 1,3-dimethylurea and (b) 1,3-

diethylurea with (■) pure pyrazinamide, (●) pyrazinamide: urea derivatives 1:2 (w%), (▲) 

pyrazinamide: urea derivatives 1:4 (w%), (▼) pyrazinamide: urea derivatives 1:6 (w%), 

(◆) pyrazinamide: urea derivatives 1:8 (w%) 
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Figure VII.22 Ternary phase diagram of pyrazinamide-X-H2O with (a) X = urea, (b) X 

=1,1- dimethylurea, (c) X =1,3- dimethylurea (d) X =1,1- diethylurea and (e)X = 1,3-

diethylurea, (■) at 313 K, (●) at 323 K, the blue dashed line indicates the 

concentration evolution of the solutes during spray drying, SP is solid phase of 

pyrazinamide, SU is solid phase of urea derivatives and L is liquid phase  

 

a

b c

d e
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VII.7 Conclusion 

In this chapter, the effect of the urea derivatives on the persistence of pyrazinamide’s  

form prepared by spray drying was analyzed. It has been shown that the inlet 

temperature has an effect on the polymorphs and the habit of the resulting crystals. This 

may be related to the evaporation rate of the solvent in the droplets. The co-spray dried 

pyrazinamide samples exhibited a time persistence of  at room temperature to varying 

degrees. Samples in the presence of 1,3-dimethylurea are the most persistent up to now 

of all urea derivatives. This result is consistent with previous findings by Baaklini.[4] In 

addition, some samples in the presence of trimethylurea and 1,3-diethylurea remained 

unchanged at room temperature for a number of months, even if most of the samples 

prepared with these urea derivatives converted more rapidly. The shape of the crystals 

obtained in the presence of the urea derivatives show better crystallinity than spray 

dried samples obtained with only pyrazinamide. 

The DSC measurements of binary mixtures of pyrazinamide with 1,3-dimethylurea and 

with 1,3-diethylurea showed a rapid crystallization behavior at 365 K without much 

hysteresis. Considering that the spray dried droplets lose most of their water at 

temperatures around 315 or 325 K, it implies that pyrazinamide will have the time to 

crystallize from solution until the system suddenly solidifies due to lack of water. If the 

eutectic temperature would be too low, in the case of trimethylurea for example, then 

crystallization of pyrazinamide will not be slowed down until a very late stage. 

The solubilities of some of the urea derivatives have been measured and they vary 

widely. Compared to solutions without urea derivatives, the solubility of pyrazinamide 

increases in their presence and it will therefore reduce the crystallization rate of 

pyrazinamide in the evaporating droplet. 

Judging from the ternary phase diagrams and the eutectic data, it is clear that both the 

eutectic temperature and the solubility are important in defining the sweet spot for the 

crystallization and the persistence of form .
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Chapter VIII: Conclusions and outlook 

VIII.1 Conclusions 

The objective of this work was to investigate the cause of the remarkable persistence of 

the metastable polymorph  of pyrazinamide at room temperature obtained by spray 

drying in the presence of 1,3-dimethylurea. 

The phase behavior between the known polymorphs of pyrazinamide were studied to 

determine the stable pressure and temperature domain of form . It has been empirically 

confirmed that the transition temperature between forms  and  is about 392 K which 

is 20 K lower than the temperature reported in the literature. The resulting pressure-

temperature phase diagram involving the polymorphs  and  together with the liquid 

and the vapor phase demonstrates that form  is stabilized by pressure and becomes 

stable relative to  at room temperature at a pressure of 260 MPa. 

NMR results clearly demonstrated the interactions between pyrazinamide and the urea 

derivatives in solution. The strongest interactions between pyrazinamide and the urea 

derivatives are between the hydrogens of the amine groups and the carbonyl oxygens. 

Because both pyrazinamide and urea derivatives possess these groups, the chemical 

shift of the H5 proton of pyrazinamide and of the amine hydrogens in the urea 

derivatives change with concentration and in mixtures of these compounds. 

Moreover, in the sublimation experiments, the induction time in the presence of a urea 

derivative is at least three times shorter than that in their absence and the complete 

sublimation time is significantly reduced as well. The relation between the induction 

time and the vapor pressure of urea derivatives shows that vapor pressure is one of the 

reasons that affect the sublimation crystallization but not the only one. Besides the 

acceleration of the crystallization rate, the changes in morphology of form  in the 

presence of a urea derivative is clear. In crystals obtained in the presence of 

tetramethylurea, the mean size of face (10-2) becomes larger than its adjacent face (00-

2). This change on face (10-2) happens in the presence of other urea derivatives. The 

influence of urea and of 1,3-dimethylurea on the crystal habit is similar. Face (100) is 

clearly affected by urea and 1,3-dimethylurea. The aspect ratio of this face is smaller 
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than that in the absence of urea derivatives. Both the aspect ratio of face (100) and 

width-thickness ratio decrease in the presence of acetamide, which indicates that the 

growth of the (002), (100), and (10-2) faces is affected by acetamide. The carbonyl 

oxygen and/or the amide groups are exposed on the (10-2) and (100) faces and the 

changes in growth rate of these surfaces confirm the interactions demonstrated by the 

NMR results. The amine group is exposed on the (002) face. In the NMR results, the 

chemical shift of H5 in the presence of different concentrations of acetamide, 1,3-

dimethylurea and tetramethylurea indicates that acetamide has the strongest effect on 

the chemical shift of H5, while tetramethylurea shows the weakest effect. The NMR 

result and the change in growth rate for this face caused by acetamide demonstrates the 

capability of acetamide to form strong double hydrogen bonds with pyrazinamide. 

The results obtained by NMR and sublimation demonstrate that the interactions 

between pyrazinamide and the tested urea derivatives are similar and that 1,3-

dimethylurea does not show any particular behavior towards pyrazinamide in this series 

of compounds. 

Some samples obtained by spray drying in the presence of trimethylurea and 1,3-

diethylurea exhibited a persistence time of  form at room temperature similar to that 

of the samples prepared with 1,3-dimethylurea. It implies that the persistence induced 

by 1,3-dimethylurea on form  is not limited to this compound. 

The determination of the eutectic temperature of mixtures of pyrazinamide with urea 

derivatives and the ternary phase diagrams of pyrazinamide-urea derivatives-H2O 

reveal the phase behavioral tendencies of the mixtures. Compared to other urea 

derivatives, the eutectic temperatures of the mixture of pyrazinamide and 1,3-

dimethylurea and of the mixture of pyrazinamide and 1,3-diethylurea are similar, and 

their ternary phase diagrams at 313 K are similar. These similarities and persistence 

time of form  co-spray dried samples indicate that the eutectic temperatures and the 

solubilities of the urea derivatives play important roles in determining the result in the 

spray drying process.  

Thus, we postulate that the stabilizing effect of 1,3-dimethylurea on pyrazinamide 

should be due to the following. On the one hand, 1,3-dimethylurea works differently 

from insoluble additives that act as a template to induce crystallization and control the 

crystallizing polymorph. The solubility of 1,3-dimethylurea is much higher than the 

solubility of pyrazinamide, thus pyrazinamide will crystallize first during the spray 

drying process. The polymorph of pyrazinamide crystallizing in the absence or presence 
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of additives in spray drying is most often form . On the other hand, the interactions 

between pyrazinamide and urea derivatives are similar. It implies that hydrogen 

bonding interactions between the two components in solution are not crucial for control 

over the crystallization process. In the spray drying process, the solvent disappears 

rapidly by evaporation. This causes the solution to become highly concentrated, 

increasing the viscosity, in particular, because of the high solubility of 1,3-

dimethylurea. Once almost all the water is gone, the droplet will solidify, causing the 

1,3-dimethylurea to crystallize as indicated by the eutectic obtained by DSC. Thus, the 

slow increase in viscosity and the sudden solidification of 1,3-dimethylurea by the end 

of the spray drying process affects the crystallization process of pyrazinamide and quite 

likely prevents stacking faults and  nuclei from forming (in large quantities). 

Additives with relatively low solubility will crystallize fast themselves and will have 

little effect on the nucleation or crystal growth of pyrazinamide. Additives with 

relatively high solubilities will not solidify at all or very late in the spray drying process 

allowing rapid crystallization of pyrazinamide during the entire spray drying process 

with more chance of stacking faults and  nucleation. Thus, it appears that the 

protective effect of 1,3-dimethylurea, and of 1,3-diethylurea to a lesser extent, purely 

depends on correctly tuned properties of in particular the solubility and the eutectic 

temperature with pyrazinamide which guides the pyrazinamide crystallization process 

in spray drying and leads to well-formed  crystals with a long persistence time.  

VIII.2 Outlook 

1) It can be inferred from the experimental results that the spray drying process itself 

plays an important role in the persistence of form  in the presence of 1,3-dimethylurea. 

However, there are many parameters that can affect the properties of the final product 

and some parameters such as the flow rate cannot be kept constant in the process. It 

would be of interest to optimize the spray drying parameters of the equipment, for 

instance the droplet size. It may be interesting to associate the spray dryer parameters 

with the persistence of samples. For example, the droplet size could change the final 

crystal size. In addition to PXRD and SEM, a particle size analyzer could be used to 

analyze the crystal size and its distribution. The relationship between the droplet size 

and the persistence of samples could be determined through the analysis of crystal size 
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and crystal size distribution. 

2) The presence of a third component in the system (“additives”) can change the 

solution properties, such as viscosity, which will affect the crystallization kinetics and 

the powder properties, such as particle size. However, the crystallization process in 

spray drying is fast and process analysis techniques are lacking. Thus, if the spray 

drying parameters are known, simulation can be a solution to compare the 

crystallization process in the absence and the presence of third components. The 

FLUENT package of Computational Fluid Dynamics (CFD) software could be used to 

simulate the effect of temperature, humidity, and the flow field of gas in the spray 

column. This will provide information about crystallization time and droplet and 

particle size, solution viscosity. Comparison of the simulation results of the processes 

in the presence and in the absence of urea derivatives may than lead to improved control 

over the effect of the urea derivatives on the crystallization process during spray drying. 

3) Besides the pyrazinamide samples obtained in the presence of 1,3-dimethylurea, 

some samples obtained with trimethylurea or 1,3-diethylurea are persistent under 

ambient conditions for a number of months. It implies that 1,3-dimethylurea is not the 

magical bullet and that other compounds show similar effects on the persistence of form 

. The intermolecular interactions between pyrazinamide and the urea derivatives are 

similar. The solubility of the urea derivatives on the other hand is important. 

Pyrazinamide  crystals with a long persistence time may be obtained by optimizing the 

spray drying operation conditions with different urea derivatives, especially by 

controlling the solubility of the urea derivatives. Taking 1,3-diethylurea for example, 

the solubility of 1,3-diethylurea varies significantly with temperature compared to 1,3-

dimethylurea, while their solubilities are quite similar at 313 K in water. It will be 

possible to find identical solubilities for 1,3-dimethylurea and 1,3-diethylurea by fine-

tuning the temperature. Thus, co-spray dried pyrazinamide  crystals obtained with 1,3-

diethylurea possessing a long persistence time may be obtained by carefully adjusting 

the inlet temperature of the spray dryer. For urea, 1,1-dimethylurea, 1,1-diethylurea, 

their solubilities vary little with temperature in water like 1,3-dimethylurea and their 

solubilities are different from 1,3-dimethylurea below 313 K. It may be possible to use 

a solvent mixture to obtain a solubility similar to the one of 1,3-dimethylurea in spray 

drying.  

4) In this work, the interactions between pyrazinamide and urea derivatives and the 

spray drying process have been studied. It appears that the direct molecular interactions 
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are not crucial to obtain persistent  pyrazinamide crystals, but whether the interactions 

have an influence on the persistence through the spray drying process is unknown. The 

solubility of the urea derivatives appears to be very important. It may therefore be 

interesting to find other molecules that cannot interact with pyrazinamide like the urea 

derivatives but with a solubility and glass forming ability close to that of 1,3-

dimethylurea to study the importance of the interactions in the spray drying process. 
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Appendices 

Appendix A: Unit cell parameters of , ,  and  form of 

pyrazinamide as a function of temperature 

Table A.1 Unit cell parameters of  form of pyrazinamide as a function of temperature 

T /K a /Å b /Å c /Å  /° V /cm3 g-1 

100 3.6190(2) 6.7437(4) 22.473(2)  92.455(4)  0.67011(6)  

150 3.6404(2) 6.7380(4) 22.500(2)  92.248(4)  0.67441(6)  

200 3.6646(2) 6.7304(4) 22.540(2)  92.086(4)  0.67942(6)  

250 3.6919(2) 6.7171(3) 22.589(2)  91.912(5)  0.68467(6)  

300 3.7198(2) 6.7123(4) 22.618(2)  91.819(4)  0.69026(7)  

350 3.7511(2) 6.7078(6) 22.666(2)  91.745(3)  0.69711(8)  

377.91 3.7700(2) 6.6996(5) 22.681(2)  91.678(4)  0.70027(7)  

396.43 3.7811(2) 6.6981(5) 22.696(2)  91.661(4)  0.70264(8)  

405.69 3.7872(2) 6.6962(5) 22.709(2)  91.648(4)  0.70400(8)  

387.17 3.7757(2) 6.6977(6) 22.694(2)  91.676(4)  0.70153(8)  

387.17 3.7742(3) 6.6986(10) 22.679(4)  91.608(7)  0.70090(15)  

382.54 3.7727(2) 6.7018(5) 22.677(2)  91.632(4)  0.70090(8)  

396.43 3.7798(3) 6.6981(6) 22.689(2)  91.628(5)  0.70219(10)  

401.06 3.7852(3) 6.6993(7) 22.701(3)  91.635(6)  0.70369(11)  
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Table A.2 Unit cell parameters of  form of pyrazinamide as a function of temperature 

T /K a /Å b /Å c /Å  /° V /cm3 g-1 

125 14.351(1)  3.6415(2)  10.6463(7)  101.278(5)  0.66724(7)  

150 14.353(3)  3.6531(5)  10.6635(21)  101.332(15)  0.67042(21)  

175 14.355(1)  3.6608(2)  10.6668(8)  101.434(5)  0.67190(8)  

200 14.357(1)  3.6720(2)  10.6824(8)  101.543(5)  0.67480(8)  

250 14.368(1)  3.6932(3)  10.7086(8)  101.777(6)  0.68029(9)  

273 14.371(1)  3.7036(3)  10.7190(8)  101.867(6)  0.68279(8)  

295 14.376(2)  3.7157(3)  10.7331(10)  102.006(6)  0.68580(10)  

320 14.378(2)  3.7257(3)  10.7425(9)  102.091(6)  0.68815(9)  

 

Table A.3 Unit cell parameters of  form of pyrazinamide as a function of temperature 

T /K a /Å b /Å c /Å  /° V /cm3 g-1 

100 7.1884(4)  3.6515(2)  10.6922(6)  106.580(4)  0.65789(6)  

125 7.1933(5)  3.6582(3)  10.7066(9)  106.654(6)  0.66019(9)  

150 7.1883(4)  3.6698(2)  10.7062(6)  106.626(4)  0.66189(6)  

175 7.1931(5)  3.6767(3)  10.7174(9)  106.699(6)  0.66402(9)  

200 7.1848(5)  3.6915(2)  10.7226(7)  106.656(5)  0.66638(7)  

225 7.1934(6)  3.6990(3)  10.7363(10)  106.740(6)  0.66911(10)  

250 7.1862(4)  3.7157(2)  10.7439(7)  106.716(4)  0.67201(7)  

275 7.1955(5)  3.7232(3)  10.7582(9)  106.792(6)  0.67486(9)  

297 7.1947(5)  3.7361(3)  10.7672(10)  106.804(6)  0.67765(9)  

300 7.1872(5)  3.7373(2)  10.7626(8)  106.778(5)  0.67696(8)  

325 7.1934(6)  3.7483(3)  10.7784(10)  106.870(6)  0.68022(9)  

350 7.1913(6)  3.7638(3)  10.7873(10)  106.834(6)  0.68352(10)  

373.28 7.1901(5)  3.7794(2)  10.7975(8)  106.903(5) 0.68664(8)  

396.43 7.1970(6)  3.7918(3)  10.8127(9)  106.970(5)  0.69027(9)  

419.58 7.2000(5)  3.8028(3)  10.8291(9)  107.014(5)  0.69345(9)  

419.58 7.2061(5)  3.8035(3)  10.8320(9)  107.035(5)  0.69428(9)  

424.21 7.2066(5)  3.8062(2)  10.8339(9)  107.059(5)  0.69485(9)  

428.84 7.2022(5)  3.8076(3)  10.8340(9)  107.051(5)  0.69472(8)  

433.47 7.2097(5)  3.8126(2)  10.8432(9)  107.111(5)  0.69673(8)  

442.73 7.2082(5)  3.8149(3)  10.8428(10)  107.129(5)  0.69691(9)  

461.25 7.2153(6)  3.8261(3)  10.8529(10)  107.201(5)  0.70002(9)  
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Table A.4 Unit cell parameters of  form of pyrazinamide as a function of temperature 

T /K a /Å b /Å c /Å  /°  /°  /° V /cm3 g-1 

100 5.1262(3)  5.7101(3)  9.8561(8)  97.471(5)  98.183(4)  106.477(4)  0.65887(7)  

150 5.1453(3)  5.7135(3)  9.8710(7)  97.409(5)  97.871(4)  106.444(4)  0.66370(7)  

200 5.1668(3)  5.7163(3)  9.8855(8)  97.348(5)  97.525(4)  106.389(4)  0.66891(8)  

250 5.1910(3)  5.7198(4)  9.9078(9)  97.244(6)  97.129(5)  106.314(4)  0.67534(8)  

295 5.2156(3)  5.7229(4)  9.9260(9)  97.176(6)  96.753(4)  106.232(5)  0.68139(8)  

300 5.2167(3)  5.7229(3)  9.9266(8)  97.192(6)  96.734(4)  106.238(4)  0.68156(8)  

315 5.2254(3)  5.7231(4)  9.9339(9)  97.171(6)  96.601(4)  106.207(5)  0.68366(9)  

325 5.2313(3)  5.7243(4)  9.9384(8)  97.112(6)  96.526(4)  106.177(5)  0.68527(8)  

335 5.2384(3)  5.7253(4)  9.9397(8)  97.105(6)  96.424(5)  106.164(4)  0.68667(8)  

350 5.2471(3)  5.7268(4)  9.9526(8)  97.070(6)  96.285(5)  106.136(5)  0.68934(8)  

364.02 5.2585(3)  5.7270(4)  9.9638(9)  97.046(6)  96.092(8)  106.104(4)  0.69218(9)  

368.65 5.2613(4)  5.7248(5)  9.9608(9)  96.942(5)  96.112(6)  106.131(6)  0.69214(10)  

 

Table A.5 Unit cell parameters of single crystal of  form of pyrazinamide as a function of 

temperature 

T /K a /Å b /Å c /Å  /° 

110 7.1797(17) 3.6530(9) 10.696(3) 106.630(10) 

150 7.1916(2) 3.66860(10) 10.7088(3) 106.6140(10) 

200 7.1927(2) 3.68970(10) 10.7275(2) 106.6580(10) 

250 7.1950(2) 3.71510(10) 10.7527(4) 106.7080(10) 

294 7.1962(3) 3.73780(10) 10.7692(4) 106.7550(10) 

294 7.1925(3) 3.7394(2) 10.7695(5) 106.721(2) 

308 7.1981(3) 3.7422(2) 10.7748(4) 106.764(2) 

320 7.2001(3)  3.7454(2) 10.7900(5) 106.767(2) 

355 7.2027(4) 3.7497(2) 10.7844(5) 106.774(2) 

375 7.1950(3) 3.7483(2) 10.7747(4) 106.794(2) 

395 7.1908(4) 3.7510(2) 10.7724(5) 106.783(2) 

415 7.2030(3) 3.7625(2) 10.7940(5) 106.804(2) 

435 7.1987(3) 3.76460(10) 10.7946(4) 106.804(2) 

450 7.2004(4) 3.7710(2) 10.8003(6) 106.791(2) 
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Appendix B: Unit cell parameters of , ,  and  form of 

pyrazinamide as a function of pressure 

Table B.1 Unit cell parameters of  form of pyrazinamide as a function of pressure 

p /MPa a /Å b /Å c /Å  /° V /cm3 g-1 

17(5)  3.7128(3)  6.7125(5)  22.610(3)  91.85(1)  0.6887(1)  

16(5)  3.7120(2)  6.7109(5)  22.604(3)  91.85(1)  0.6882(1)  

19(5)  3.7114(2)  6.7107(4)  22.601(3)  91.85(1)  0.6880(1)  

22(5)  3.7103(2)  6.7108(4)  22.597(2)  91.86(1)  0.6877(1)  

26(5)  3.7091(2)  6.7108(5)  22.595(3)  91.86(1)  0.6874(1)  

31(5)  3.7079(2)  6.7107(5)  22.593(3)  91.86(1)  0.6871(1)  

36(5)  3.7062(2)  6.7109(5)  22.592(3)  91.89(1)  0.6868(1)  

41(5)  3.7050(3)  6.7109(5)  22.589(3)  91.88(2)  0.6865(1)  

47(5)  3.7032(3)  6.7110(3)  22.587(2)  91.89(2)  0.6861(1)  

60(5)  3.7007(3)  6.7096(6)  22.583(3) 91.87(2)  0.6854(2)  

70(5)  3.6979(3)  6.7093(6)  22.580(3)  91.88(2)  0.6847(2)  

80(5)  3.6953(3)  6.7091(6)  22.576(3)  91.88(2)  0.6841(2)  

93(5)  3.6921(3)  6.7094(6)  22.571(3)  91.89(2)  0.6834(2)  

108(5)  3.6889(4)  6.7100(6)  22.563(3)  91.89(2)  0.6826(2)  

124(5)  3.6841(4)  6.7102(6)  22.556(3)  91.86(2)  0.6815(2)  

139(5)  3.6798(3)  6.7092(6)  22.552(3)  91.87(2)  0.6805(2)  

155(5)  3.6759(3)  6.7091(6)  22.545(3)  91.89(2)  0.6796(2)  

174(5)  3.6722(4)  6.7085(7)  22.541(3)  91.90(2)  0.6787(2)  

193(5)  3.6688(4)  6.7081(7)  22.535(3)  91.92(2)  0.6779(2)  

222(5)  3.6616(4)  6.7073(8)  22.529(4)  91.97(2)  0.6763(2)  

255(5)  3.6552(4)  6.7087(7)  22.517(4)  92.02(2)  0.6748(2)  

286(5)  3.6499(4)  6.7088(8)  22.506(4)  92.04(2)  0.6735(2)  

318(5)  3.6440(4)  6.7074(8)  22.498(4)  92.07(2)  0.6720(2)  

341(5)  3.6400(4)  6.7072(8)  22.490(4)  92.09(2)  0.6710(2)  

363(5)  3.6332(5)  6.7119(8)  22.466(4)  92.05(2)  0.6696(2)  

386(5)  3.6296(5)  6.7112(8)  22.460(4)  92.07(2)  0.6686(2)  

407(5)  3.6257(5)  6.7110(8)  22.455(4)  92.10(2)  0.6677(2)  
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p /MPa a /Å b /Å c /Å  /° V /cm3 g-1 

428(5)  3.6222(5)  6.7108(8)  22.448(4)  92.14(2)  0.6668(2)  

451(5)  3.6182(5)  6.7108(8)  22.439(4)  92.17(2)  0.6658(2)  

471(5)  3.6146(5)  6.7105(8)  22.437(4)  92.21(2)  0.6650(2)  

492(5)  3.6115(5)  6.7104(9)  22.430(4)  92.25(3)  0.6642(2)  

512(5)  3.6081(5)  6.7104(9)  22.425(5)  92.28(3)  0.6635(2)  

533(5)  3.6049(5)  6.7099(9)  22.422(5)  92.31(3)  0.6627(2)  

554(5)  3.6016(5)  6.7094(9)  22.416(5)  92.34(3)  0.6618(2)  

573(5)  3.5986(5)  6.7095(9)  22.407(5)  92.34(2)  0.6610(2)  

594(5)  3.5955(5)  6.7089(9)  22.403(4)  92.36(3)  0.6603(2)  

613(5)  3.5923(5)  6.7086(9)  22.396(5)  92.35(3)  0.6595(2)  

633(5)  3.5894(6) 6.7084(9)  22.390(5)  92.36(3)  0.6588(2)  

654(5)  3.5867(6)  6.7077(10)  22.385(5)  92.36(3)  0.6580(2)  

673(5)  3.5835(5)  6.7065(10)  22.384(5)  92.36(3)  0.6573(2)  

691(5)  3.5811(6)  6.7061(10)  22.380(5) 92.37(3)  0.6567(2)  

708(5)  3.5788(6)  6.7053(10)  22.375(5)  92.38(3)  0.6561(2)  

728(5)  3.5756(5)  6.7047(10)  22.370(5)  92.39(3)  0.6553(2)  

747(5)  3.5706(6)  6.7073(10)  22.351(5)  92.56(3)  0.6540(3)  

764(5)  3.5681(7)  6.7066(10)  22.348(5)  92.56(3)  0.6533(2)  

782(5)  3.5659(6)  6.7061(10)  22.340(5)  92.56(3)  0.6527(3)  

799(5)  3.5640(8)  6.7055(10)  22.336(5)  92.58(3)  0.6521(3)  

817(5)  3.5618(8)  6.7051(11)  22.326(6)  92.58(4)  0.6514(3)  

835(5)  3.5591(8)  6.7042(11)  22.321(5)  92.61(4)   0.6506(3)  

852(5)  3.5563(9)  6.7037(12)  22.313(6)  92.64(4)   0.6498(3)  

871(5)  3.5532(8)  6.7043(12)  22.304(6)  92.69(4)   0.6490(3)  

887(5)  3.5509(9)  6.7041(12)  22.295(6)  92.71(4)   0.6483(3)  

903(5)  3.5495(10)  6.7032(12)  22.291(6)  92.73(4)   0.6479(3)  

939(5)  3.5464(11)  6.7010(12)  22.281(6)  92.75(4)   0.6468(3)  

979(5)  3.5387(11)  6.6986(12)  22.267(6)  92.82(4)   0.6447(3)  

1018(5)  3.5359(12)  6.6960(13)  22.256(6)  92.84(4)   0.6436(3)  

1059(5)  3.5333(14)  6.6932(13)  22.251(6)  92.88(5)   0.6427(3)  

1135(5)  3.5273(16)  6.6882(14)  22.232(7)  92.95(6)   0.6406(4)  

1209(5)  3.5227(17)  6.6837(15) 22.207(8)  92.92(7)   0.6386(4)  

1317(5)  3.5067(17)  6.6751(16)  22.187(8)  92.75(8)   0.6344(4)  
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p /MPa a /Å b /Å c /Å  /° V /cm3 g-1 

1420(5)  3.4981(18)  6.6698(16)  22.161(8)  92.62(8)   0.6316(5)  

1514(5)  3.4921(20)  6.6656(17)  22.136(8)  92.66(9)   0.6294(5)  

1603(5)  3.4870(21)  6.6614(17)  22.109(9)  92.65(10)   0.6274(5)  

1688(5)  3.4813(25)  6.6551(18)  22.093(9)   92.59(11)   0.6253(6)  

1776(5)  3.4777(26)  6.6507(18) 22.062(9)   92.51(12)  0.6234(6)  

1864(5)  3.4697(26)  6.6419(19)  22.051(9)   92.52(12)  0.6208(6)  

1950(5)  3.4662(27)  6.6362(19)  22.038(10)   92.53(14)  0.6193(6) 

2065(5)  3.4609(26) 6.6220(20) 22.037(9)   92.59(15)  0.6170(6)  
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Table B.2 Unit cell parameters of  form of pyrazinamide as a function of pressure 

p /MPa a /Å b /Å c /Å  /° V /cm3 g-1 

24(9)  14.360(3)  3.710(1)  10.723(1)  101.93(1)  0.6835(2)  

84(9)  14.356(4)  3.709(1)  10.723(2)  101.95(2)  0.6830(2)  

85(12)  14.375(6)  3.706(1)  10.720(3)  101.94(3)  0.6832(3)  

144(9)  14.373(5)  3.699(1)  10.722(3)  101.91(3)  0.6822(3)  

147(9)  14.370(5)  3.694(1) 10.724(3)  101.96(3)  0.6810(3)  

206(10)  14.358(5)  3.686(1)  10.719(3)  101.94(3)  0.6787(4)  

208(10)  14.347(6)  3.677(2)  10.703(3)  101.73(4)  0.6760(4)  

271(10)  14.326(7)  3.666(2)  10.708(6)  101.70(6)  0.6734(6)  

334(13)  14.329(9)  3.648(2)  10.676(13)  101.36(10)  0.6690(10)  

397(16)  14.379(6)  3.600(3)  10.658(6)  101.52(9)  0.6611(7)  

398(16)  14.379(6)  3.600(3)  10.658(6)  101.52(9)  0.6611(7)  

399(15)  14.373(6)  3.599(2)  10.652(5)  101.49(8)  0.6603(6)  

403(22)  14.318(9)  3.631(2)  10.661(7)  101.41(5)  0.6644(7)  

464(18)  14.351(11)  3.596(2)  10.635(12)  101.35(19)  0.6580(10)  

468(15)  14.336(7)  3.589(2)  10.631(7)  101.48(12)  0.6555(7)  

530(16)  14.298(10)  3.618(1)  10.648(12)  101.31(9)  0.6606(9)  

597(28) 14.321(10)  3.586(2)  10.588(15)  101.47(14)  0.6517(11)  

598(21)  14.282(9)  3.605(2)  10.637(15)  101.22(10)  0.6569(11)  

665(20)  14.340(10)  3.590(2)  10.558(16)  101.57(16)  0.6511(12)  

670(22)  14.280(8)  3.590(2)  10.617(16)  101.12(9)  0.6532(11)  

733(17)  14.331(8)  3.584(2)  10.554(16)  101.54(13)  0.6494(11)  

802(28)  14.275(7)  3.579(2)  10.589(10)  101.06(9)  0.6492(8)  

803(17)  14.303(13)  3.582(2)  10.574(19)  101.22(24)  0.6499(14)  

877(28)  14.262(8)  3.568(2)  10.570(10)  100.95(10)  0.6459(8)  

943(38)  14.240(11)  3.560(3)  10.564(17)  100.81(21)  0.6432(13)  

1016(19)  14.242(21)  3.557(2)  10.548(18)  100.83(44)  0.6419(18)  

1019(60)  14.239(10) 3.554(2)  10.553(22)  100.84(16)  0.6415(15)  

1234(38)  14.236(21)  3.531(3)  10.541(37)  100.71(43)  0.6366(26)  

1312(24)  14.221(12)  3.552(3)  10.523(23)  100.51(21)  0.6391(16)  

1622(27)  14.223(13)  3.521(4)  10.504(24)  100.88(23)  0.6317(17)  
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Table B.3 Unit cell parameters of  form of pyrazinamide as a function of pressure 

p /MPa a /Å b /Å c /Å  /° V /cm3 g-1 

209(6)  7.186(1)  3.6998(3)  10.7220(6)  106.65(1)  0.6680(1)  

223(7)  7.185(1)  3.6986(3)  10.7203(6)  106.64(1)  0.6676(1)  

403(8)  7.174(2)  3.6689(5)  10.6949(8)  106.65(2)  0.6596(2)  

516(9) 7.178(2)  3.6461(6)  10.6780(9)  106.66(2)  0.6548(2)  

604(9)  7.180(2)  3.6294(6)  10.6662(9)  106.62(2)  0.6514(2)  

684(9)  7.175(1)  3.6168(5)  10.6580(8)  106.68(2)  0.6480(2)  

812(8)  7.162(1)  3.5978(5)  10.6439(8)  106.72(1)  0.6424(2)  

924(8)  7.154(1)  3.5839(4)  10.6306(8)  106.72(2)  0.6385(2)  

1027(9)  7.150(1)  3.5710(4)  10.6171(9)  106.72(2)  0.6350(2)  

1124(9)  7.143(2)  3.5600(4)  10.6049(9)  106.70(2)  0.6318(2)  

1271(9)  7.141(2)  3.5437(5)  10.5850(10)  106.65(2)  0.6277(2)  

1434(10)  7.142(2)  3.5263(5)  10.5640(10)  106.56(2) 0.6238(2)  

1620(11)  7.151(2)  3.5048(7)  10.5440(12)  106.56(2)  0.6195(3)  

1849(11)  7.153(2)  3.4797(8)  10.5213(12)  106.55(2)  0.6140(3)  
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Table B.4 Unit cell parameters of  form of pyrazinamide as a function of pressure 

p /MPa a /Å b /Å c /Å  /°  /°  /° V /cm3 g-1 

13(3)  5.2132(6)  5.7186(4)  9.930(2)  97.18(2)  96.68(2)  106.25(2)  0.6809(2)  

16(3)  5.2119(5)  5.7181(4)  9.928(2)  97.15(2)  96.71(2)  106.25(2)  0.6805(2)  

17(3)  5.2112(5)  5.7184(4)  9.928(2)  97.18(2)  96.71(1)  106.25(1)  0.6805(2)  

17(3)  5.2111(5)  5.7184(4)  9.928(2)  97.18(2)  96.71(1)  106.25(1)  0.6804(2)  

18(3)  5.2124(5)  5.7185(4)  9.928(2)  97.16(2)  96.71(1)  106.25(1)  0.6806(2)  

22(3)  5.2110(5)  5.7182(4)  9.928(2)  97.17(2)  96.72(1)  106.25(1)  0.6804(2)  

29(3)  5.2102(5)  5.7178(4)  9.928(2)  97.17(2)  96.72(1)  106.25(1)  0.6802(2)  

16(3)  5.2117(6)  5.7172(5)  9.923(2)  97.16(2)  96.73(2)  106.25(2)  0.6801(2)  

15(3)  5.2113(7)  5.7163(5)  9.921(2)  97.16(2)  96.71(2)  106.25(2)  0.6798(2)  

16(3)  5.2114(7)  5.7152(5)  9.919(2)  97.17(2)  96.71(2)  106.25(2)  0.6795(2)  

22(3)  5.2096(8)  5.7143(6)  9.917(3)  97.15(2)  96.72(2)  106.26(2)  0.6790(2)  

29(4)  5.2090(8)  5.7134(6)  9.913(3)  97.15(2)  96.73(2)  106.27(2)  0.6785(3)  

32(3)  5.2077(9)  5.7119(6)  9.908(3)  97.15(2)  96.74(2)  106.27(2)  0.6778(3)  

50(3)  5.2045  5.7093(6)  9.898(3)  97.12(2)  96.83(3)  106.28(2)  0.6763(3)  

79(3)  5.1972  5.7071(7)  9.876(4)  97.10(2)  97.01(3)  106.32(2)  0.6730(3)  

117(2)  5.1860  5.7028(7)  9.865(4)  97.07(2)  97.17(3)  106.39(2)  0.6698(4)  

164(2)  5.1776  5.6960(7)  9.835(4)  97.09(2)  97.40(3)  106.31(2)  0.6656(3)  

218(2)  5.1668  5.6899(7)  9.817(4)  97.06(2)  97.57(3)  106.34(2)  0.6619(3)  

274(2)  5.1562  5.6839(7)  9.796(3)  97.04(3)  97.74(3)  106.36(2) 0.6581(3)  

327(3)  5.1473  5.6781(7)  9.781(3)  97.02(3)  97.90(2)  106.38(2)  0.6548(3)  

382(3)  5.1383  5.6722(7)  9.762(3)  97.02(3)  98.04(2)  106.39(2)  0.6514(3)  

440(3)  5.1278  5.6675(7)  9.751(3)  97.03(2)  98.18(2)  106.44(2)  0.6483(3)  

500(4)  5.1196  5.6622(7)  9.737(3)  97.02(3)  98.30(2)  106.45(2)  0.6454(3)  

631(4)  5.1045  5.6499(8)  9.706(3)  97.01(3)  98.53(2)  106.38(3)  0.6398(3)  

785(5)  5.0887  5.6402(9)  9.675(3)  97.06(3)  98.76(2)  106.38(3)  0.6341(3)  

1079(5)  5.0623  5.6213(9)  9.616(4)  97.10(3)  99.19(2)  106.39(3)  0.6237(4)  

1079(5)  5.0624  5.6213(9)  9.616(4)  97.10(3)  99.18(2)  106.39(3) 0.6238(4)  

1216(5)  5.0498  5.6127(10)  9.593(4)  97.16(4)  99.37(2)  106.37(4)  0.6192(4)  

1369(4)  5.0347  5.6035(11)  9.576(4)  97.25(4)  99.54(2)  106.31(4)  0.6149(4)  

1511(6)  5.0215  5.5952(11)  9.559(4)  97.24(3)  99.72(2)  106.29(4)  0.6109(5)  

1647(5) 5.0064  5.5878(11)  9.545(5)  97.25(3)  99.87(2)  106.28(4)  0.6070(5)  
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Appendix C: Data of  and  form of pyrazinamide 

measured for P-T phase diagram 

Table C.1 The melting point and enthalpy of fusion of  form as a function of the sample 

mass (obtained by the DSC 214, Netzsch)a 

NO. 
Mass of sample 

/mg 
V/mass /cm3 g-1 

Melting point 

/K 

Enthalpy of fusion 

/J g-1 

1 15.09 2.98  462.05 240.60 

2 11.63 3.87  462.32 240.10 

3 10.27 4.38  462.08 237.30 

4 8.58 5.24  462.21 239.30 

5 8.50 5.29  461.98 238.10 

6 7.19 6.26  461.94 237.20 

7 5.88 7.65  462.08 234.80 

8 5.44 8.27  461.86 233.20 

9 4.74 9.49  461.85 235.00 

10 4.72 9.53  462.04 231.80 

11 4.11 10.95  462.04 233.80 

12 3.87 11.63  461.94 235.00 

13 3.42 13.16  461.95 232.30 

14 3.20 14.06  462.03 235.30 

15 3.17 14.20  461.98 231.50 

16 2.43 18.52  462.06 230.00 

17 1.99 22.61  462.15 230.90 

18 1.93 23.32  462.05 228.90 

19 1.04 43.27  461.93 229.60 

20 0.93 48.39  462.01 226.60 

21 0.58 77.59  461.96 224.50 

22 0.45 100.00  462.03 217.00 

23 0.39 115.38  462.15 221.10 

24 0.17 264.71  461.95 211.60 

25 0.08 562.50  461.93 173.10 
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NO. 
Mass of sample 

/mg 
V/mass /cm3 g-1 

Melting point 

/K 

Enthalpy of fusion 

/J g-1 

26 0.06 750.00  461.90 130.30 

27 0.03 1500.00  461.85 39.45 

28 0.01 4500.00  449b  

aThe volume of the DSC pan is 45 μL. 

bThe end of the sublimation peak. No solid was left once the temperature of fusion was reached. 

 

Table C.2 Transition temperature and enthalpy of  to  form at different heating rate 

NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

DSC 214 (Netzsch) 

1 0.05 407.73 12.15 

2 0.05 407.73 13.59 

3 0.1 410.88 13.05 

4 0.1 409.15 14.20 

5 0.2 413.30 12.35 

6 0.2 410.64 12.62 

7 0.2 411.34 12.62 

8 0.5 413.33 12.31 

9 0.5 414.53 15.21 

10 1 419.02 11.66 

11 2 418.12 12.47 

12 2 418.57 12.96 

13 5 421.67 13.16 

14 5 422.46 12.47 

15 5 422.08 13.12 

16 5 421.41 13.95 

17 5 421.83 12.84 

18 10 424.73 13.51 

19 10 424.44 13.09 

20 10 423.29 13.48 

21 10 424.91 13.59 

22 10 425.03 13.52 
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NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

23 10 424.82 13.50 

24 10 424.26 13.33 

25 10 425.03 14.70 

26 10 424.50 14.14 

27 10 424.82 13.10 

28 10 424.40 13.75 

29 20 427.26 12.83 

30 20 427.52 13.56 

31 20 427.17 13.94 

32 30 429.37 14.91 

33 40 430.82 13.08 

34 40 430.28 14.16 

35 40 431.05 13.02 

36 50 431.64 12.73 

37 50 431.85 12.88 

38 50 431.85 13.74 

39 60 432.70 13.58 

40 60 432.76 13.80 

41 70 433.24 13.19 

42 80 434.99 12.84 

43 100 436.05 13.22 

44 120 436.91 12.36 

45 140 436.71 -a 

46 140 436.81 -a 

47 160 438.77 -a 

48 160 439.44 -a 

49 180 438.70 -a 

50 180 438.36 -a 

51 200 439.20 - a 

TA Q100 

52 10 423.08 13.05 

53 10 423.30 13.28 
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NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

54 10 423.42 12.96 

55 10 423.44 13.22 

56 10 423.53 13.36 

57 10 423.61 13.48 

58 10 423.73 12.71 

59 10 423.78 13.08 

60 10 423.82 13.27 

61 10 423.85 13.18 

62 10 423.92 13.08 

63 10 423.98 13.47 

64 10 423.98 12.88 

65 10 424.00 13.66 

66 10 424.01 13.3 

67 10 424.01 13.04 

68 10 424.03 13.33 

69 10 424.04 13.50 

70 10 424.05 12.98 

71 10 424.15 13.05 

72 10 424.15 13.13 

73 10 424.26 13.33 

74 10 424.28 13.42 

75 10 424.29 13.03 

76 10 424.29 12.97 

77 10 424.30 12.80 

78 10 424.34 13.49 

79 10 424.43 12.86 

80 10 424.48 12.79 

81 10 424.53 13.21 

82 10 424.72 13.34 

83 10 424.82 13.20 

84 10 424.86 12.94 

85 10 424.88 13.12 
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NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

86 10 424.90 13.12 

87 10 424.95 12.70 

88 10 425.00 13.13 

89 10 425.01 12.61 

90 10 425.48 12.23 

a Enthalpy data not accurate enough due to high scanning rate 

 

Table C.3 The melting temperature and pressure obtained by HP-DTA 

NO. 
The melting point 

/ K 

The pressure 

/ MPa 

1 463.55 9.89 

2 467.15 17.74 

3 468.55 21.87 

4 470.35 28.76 

5 465.95 29.04 

6 473.15 40.13 

7 470.55 43.8 

8 473.15 46.33 

9 475.75 48.32 

10 475.15 49.03 

11 473.75 57.86 

12 476.55 59.18 

13 475.65 59.83 

14 477.75 65.15 

15 481.55 68.52 

16 479.95 71.27 

17 481.15 73.88 

18 482.55 80.05 

19 483.15 83.74 

20 486.55 88.82 
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Table C.4 The transition temperature and pressure of  to  form obtained by HP-DTA 

The transition temperature 

/K 

The pressure 

/MPa 

414.55 6.81 

415.15 12.93 

411.15 23.26 

407.55 36.82 

 

Table C.5 The vapor pressure of  and  form at different temperatures 

 form  form 

T /K p /Pa T /K p /Pa 

293.15 0.001207(60) 323.15 0.0564(20) 

295.15 0.001657(190) 333.15 0.167(9) 

301.15 0.0036(1) 343.15 0.484(32) 

313.15 0.01804(5) 363.16 2.88(6) 

323.15 0.04922(92) 383.15 11.9(1.3) 

333.15 0.1621(34)   

343.15 0.428(10)   

363.15 2.59(1)   

373.15 5.68(49)   

383.15 10.32(65)   
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TableC.6 The solubility of  and  form at different temperatures in water 

This work Literaturea Literatureb 

T /K 
x 

/mmol mol-1 
T /K 

x 

/mmol mol-1 
T /K 

x 

/mmol mol-1 

Form  

283.15 1.302(18) 284.85 1.194  278.15 1.048 

293.15 1.967(5) 290.35 1.610  283.15 1.312 

303.15 2.844(42) 297.25 2.239  288.15 1.684 

313.15 4.259(3) 300.75 2.480  293.15 1.941 

  305.45 3.115  298.15 2.396 

  310.55 3.785  303.15 2.839 

  322.85 6.755  308.15 3.622 

  344.05 17.538  313.15 4.211 

    318.15 5.210 

    323.15 6.000 

Form  

283.15 1.506(18) 283.15 1.402    

293.15 2.147(17) 290.85 1.939    

303.15 3.037(19) 300.65 3.130    

313.15 4.495(83) 308.65 3.892    

  310.15 4.661    

  313.15 5.079    

  316.15 5.437    

a Hermanto, M. W.; Yeoh, A.; Soh, B.; Chow, P. S.; Tan, R. B., Robust Crystallization Process 

Development for the Metastable δ-form of Pyrazinamide. Organic Process Research & 

Development 2015, 19, (12), 1987-1996 

b Zhang, K.; Shen, H.; Xu, S.; Zhang, H.; Zhu, M.; Shi, P.; Fu, X.; Yang, Y.; Gong, J., 

Thermodynamic study of solubility for pyrazinamide in ten solvents from T=(283.15 to 323.15) K. 

The Journal of Chemical Thermodynamics 2017, 112, 204-212. 

The standard uncertainty of temperature is u (T) = 0.1 K. The relative standard uncertainty of the 

solubility is ur (x) = 0.039. 
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Appendix D: DSC results measured by using δ form 

Table D.1 DSC results measured by using δ form at different heating rate 

NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

Transition of δ to  

1 2 400.09 14.69 

2 2 402.24 14.59 

3 4 401.76 16.68 

4 4 402.63 12.81 

5 4 405.84 14.47 

6 5 402.61 16.33 

7 5 402.15 15.70 

8 6 406.36 15.01 

9 6 405.95 15.71 

10 8 406.23 16.17 

11 8 404.89 16.58 

12 10 405.65 16.58 

13 10 406.21 16.38 

14 10 405.98 16.44 

15 10 407.11 16.51 

16 10 406.20 15.68 

17 10 406.97 16.92 

18 10 404.26 17.57 

19 10 404.96 17.92 

20 10 404.99 17.37 

21 10 406.07 16.88 

22 10 404.94 17.06 

23 10 405.37 17.10 

24 10 406.40 16.93 

25 10 405.49 18.36 

26 10 405.03 18.10 
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NO. 
Heating rate 

/K min-1 

Transition temperature 

/K 

Transition enthalpy 

/J g-1 

27 10 405.54 17.70 

28 10 407.97 17.03 

Transition of δ to  

29 0.5 386.33 5.46 

30 1 386.72 6.02 
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Appendix E: Calculation results 

 

Figure E1-1 Atomic charge distribution of (a) acetamide, (b) urea, (c) N-methylurea, (d) 1,1-

dimethylurea 
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Figure E.1-2 Atomic charge distribution of (e) trimethylurea, (f) 1,1-diethylurea, (g) 1,3- 

diethylurea and (h) tetramethylurea 
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Figure E.2 Electron density distribution maps of (a) N-methylurea, (b) 1,1-dimethylurea, (c) 

trimethylurea, (d) 1,1-diethylurea and (e) 1,3-diethylurea 
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Appendix F: DSC curves with the melting points of the urea 

derivatives 

 

Figure F.1 DSC curves with the melting points of the urea derivatives used in this thesis 

 



Appendices 

231 

 

Appendix G: Vapor pressure of additives as a function of 

temperature in the literature 

Table G.1 Vapor pressure of liquid acetamide in the literaturea 

T /K p /Pa 

324.07 45b 

324.08 44.97b 

324.09 45.05b 

328.62 62.83b 

328.62 62.8b 

328.62 62.87b 

333.22 87.32b 

333.22 87.32b 

333.23 87.31b 

337.74 119.27b 

337.74 119.33b 

337.75 119.28b 

342.09 159.47b 

342.09 159.57b 

342.09 159.61b 

346.71 215.28b 

346.71 215.33b  

346.71 215.39b  

351.22 285.98b  

351.22 285.95b  

351.22 286.01 

355.59 373.3 

355.59 373.36 

355.59 373.59 

360.09 487.28 

360.09 487.29 

360.09 487.27 



Appendices 

232 
 

T /K p /Pa 

364.47 626.64 

364.47 626.73 

a Štejfa, V.; Chun, S.; Pokorný, V.; Fulem, M.; Růžička, K., Thermodynamic study of acetamides. 

Journal of Molecular Liquids 2020, 319, 114019. 

b Supercooled liquid 

 

Table G.2 Vapor pressure of solid urea in the literaturea 

T /K p /Pa 

353.15 0.46 

363.15 0.71 

373.15 1.82 

383.15 3.65 

390.15 8.43 

393.15 10.87 

393.15 9.42 

396.15 11.49 

399.15 17.44 

402.15 16.39 

403.15 19.79 

a Bernhard, A. M.; Czekaj, I.; Elsener, M.; Wokaun, A.; Kröcher, O., Evaporation of urea at 

atmospheric pressure. The Journal of Physical Chemistry A 2011, 115, (12), 2581-2589. 
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Table G.3 Vapor pressure of liquid N-methylurea in the literaturea 

T /K p /Pa 

377.2 23.45 

381.51 33.06 

385.62 44.3 

389.72 58.79 

393.5 76.44 

397.6 99.55 

401.85 131.3 

406 167.8 

410.3 212.5 

a Kozyro, A.; Kabo, G.; Krasulin, A.; Sevruk, V.; Simirsky, V.; Sheiman, M.; Frenkel, M., 

Thermodynamic properties of methylurea. The Journal of Chemical Thermodynamics 1993, 25, (12), 

1409-1417. 

Table G.4 Vapor pressure of solid 1,1-dimethylurea in the literaturea 

T /K p /Pa 

346.3 3.14 

356.1 7.53 

362.2 12.56 

365.2 16.62 

368.1 20.55 

371.2 27.35 

374.2 27.35 

377.2 43.28 

380.2 54.27 

383.3 67.39 

386.3 86.51 

389.3 105.95 

392.2 130.09 

395.2 159.23 

398.3 197.68 

a Emel'yanenko, V. N.; Kabo, G. J.; Verevkin, S. P., Measurement and prediction of thermochemical 

properties: improved increments for the estimation of enthalpies of sublimation and standard 

enthalpies of formation of alkyl derivatives of urea. Journal of Chemical & Engineering Data 2006, 
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51, (1), 79-87. 

 

Table G.5 Vapor pressure of solid 1,3-dimethylurea in the literaturea 

T /K p /Pa 

317.14 0.2418 

321.16 0.3689 

325.22 0.5514 

329.31 0.8489 

332.97 1.188 

336.41 1.652 

340.05 2.282 

343.12 3.017 

346.35 4.407 

349.95 5.558 

353.24 7.502 

356.27 8.856 

360.91 13.27 

364.8 19.66 

364.83 19.89 

366.08 20.79 

369.05 26.77 

372.66 33.64 

377.61 48.13 

a Zaitsau, D.; Kabo, G.; Kozyro, A.; Sevruk, V., The effect of the failure of isotropy of a gas in an 

effusion cell on the vapor pressure and enthalpy of sublimation for alkyl derivatives of carbamide. 

Thermochimica acta 2003, 406, (1-2), 17-28. 
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Table G.6 Vapor pressure of solid 1,1-diethylurea in the literaturea 

T /K p /Pa 

305.11 0.2261 

309.81 0.4104 

314.23 0.7069 

322.22 1.762 

326.32 2.719 

330.04 3.93 

334.26 6.098 

337.81 8.737 

338.09 9.031 

340.53 11.73 

343.68 16.27 

347.1 21.79 

a Zaitsau, D.; Kabo, G.; Kozyro, A.; Sevruk, V., The effect of the failure of isotropy of a gas in an 

effusion cell on the vapor pressure and enthalpy of sublimation for alkyl derivatives of carbamide. 

Thermochimica acta 2003, 406, (1-2), 17-28. 

 

Table G.7 Vapor pressure of solid 1,3-diethylurea in the literaturea 

T /K p /Pa 

323.42 0.2699 

328.41 0.4558 

333.51 0.8021 

338.26 1.286 

343.22 2.05 

347.77 3.036 

353.33 5.031 

358.98 8.315 

362.86 11.13 

368.16 17.39 

368.19 17.6 

372.84 24.69 

378.52 38.87 

383.3 54.85 
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T /K p /Pa 

384.73 66.3 

384.73 68.21 

a Zaitsau, D.; Kabo, G.; Kozyro, A.; Sevruk, V., The effect of the failure of isotropy of a gas in an 

effusion cell on the vapor pressure and enthalpy of sublimation for alkyl derivatives of carbamide. 

Thermochimica acta 2003, 406, (1-2), 17-28. 

 

Table G.8 Vapor pressure of liquid tetramethylurea in the literaturea 

T /K p /Pa 

318.92 507 

330.21 1024 

362.22 5165 

378.69 10325 

397.36 20717 

409.51 31239 

413.37 41362 

425.73 51682 

432.1 62151 

437.68 72692 

442.54 83029 

446.88 93229 

448.65 97469 

450.7 102737 

a Piacente, V.; Ferro, D.; Della Gatta, G., Sublimation enthalpy of eleven alkyl derivatives of urea. 

Thermochimica acta 1990, 158, (1), 79-85. 

Appendix H: The evaporation rate of a droplet 

The evaporation rate of a droplet is be expressed asa,b: 

𝜕𝑑

𝜕𝑡
=

4𝐷𝑀

𝑅𝜌𝑑
(

𝑝𝐶

𝑇𝐶
−

𝑝𝑑

𝑇𝑑
 ) 𝑓 (H.1) 

The temperature decrease of the droplet can be described asa: 
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𝜕𝑇𝑑

𝜕𝑡
=

1

𝑑
[

3𝐻

𝐶𝑃𝑀

𝜕𝑑

𝜕𝑡
+

12ℎ𝑎𝑖𝑟

𝐶𝑝𝜌
(𝑇𝐶 − 𝑇𝑑)] (H.2) 

a Rietveld, I. B.; Kobayashi, K.; Yamada, H.; Matsushige, K., Electrospray deposition, model, and 

experiment: toward general control of film morphology. The Journal of Physical Chemistry B 2006, 

110, (46), 23351-23364. 

b Hinds, W. C., Aerosol technology: properties, behavior, and measurement of airborne particles. ed.; 

John Wiley & Sons: 1999. 

 

The meaning and the value of the symbols are listed in Table H.1: 

 

Table H.1 The meaning and the value of the symbols in eqs. H.1 and H.2 

Symbols Meaning Value 

d the diameter of the droplet 380 m (beginning) 

t the evaporation time - 

D the diffusion of a solvent molecule in 

air 

1.2010-5 m2 s-1 

M the molar weight of a solvent 

molecule 

0.0581 kg mol-1 

 the density of the solution in the 

droplet 

1000 kg m-3 

R gas constant 8.314 J mol-1 K-1 

pC the vapor pressure of the solvent in 

the spray chamber 

10^(4.42-1312.25/(TC-

32.45))*100000 Pa 

TC the temperature in the spray chamber Outlet temperature 

pd the vapor pressure of the droplet 0.1*pC 

Td the temperature of the droplet Inlet temperature (beginning) 

f coefficient  1 

H The heat of evaporation of the 

solvent 

29000 J mol-1 

Cp The heat capacity of the droplet 75.5 J mol-1 K-1 

hair The heat transfer coefficient of air 0.0251 J m-2 s-1 K-1 
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Table H.2 The solubility of urea derivatives 

Name 
Solubility /g g-1 

293 K 298 K 303 K 308 K 311 K 313 K 

Urea 0.5102 0.5439 0.5786 0.6021 - 0.6128 

1,1-Dimethylurea 0.2235 0.2416 0.2626 0.2840 - 0.3057 

1,3-Dimethylurea 0.7565 0.7696 0.7830 0.8010 - 0.8158 

1,1-Diethylurea 0.8206 0.8446 0.8679 0.8904 - 0.9041 

1,3-Diethylurea 0.2284 0.2572 0.2897 0.3749 0.5040 0.7488 

 

Table H.3 The van’t Hoff equation parameters 

Name 

van’t Hoff equation 

∆𝑑(𝑖)𝐻 / 

J mol-1 

∆𝑑(𝑖)𝑆 /  

J mol-1 K-1 
R2 

Urea 11476(1312) 24(4) 0.954 

1,1-Dimethylurea 15264(186) 28(1) 0.999 

1,3-Dimethylurea 7839(371) 19(2) 0.991 

1,1-Diethylurea 13830(571) 40(2) 0.994 

1,3-Diethylurea 187436(73109) 589(164) 0.863 

 

 



 

 

Abstract 

A previous study has demonstrated that the  polymorph of pyrazinamide, which is metastable at room temperature, 

has a significantly increased persistence when obtained by spray drying in the presence of 1,3-dimethylurea. In this 

thesis the reasons behind this effect have been investigated. The thesis consists of three parts. The first part explores 

the preparation methods of the four known polymorphs of pyrazinamide and their physical properties among which 

the thermal expansion and their compression behavior. The pressure-temperature phase diagram involving forms  

and  has been constructed and the transition temperature from  to  has been determined to be 392 K, that is, 

around 20 K below the value commonly found in the literature. At room temperature, form  becomes more stable 

than  above 260 MPa. The second part of the thesis focuses on the interactions between pyrazinamide and a number 

of urea derivatives, such as acetamide, urea, 1,3-dimethylurea, and tetramethylurea. Nuclear magnetic resonance has 

been used to investigate the interactions between pyrazinamide molecules themselves and between pyrazinamide 

and the urea derivatives in solution. The hydrogen atoms in the amine group of pyrazinamide interacts with the 

carbonyl oxygen of the urea derivatives and vice versa. Furthermore, sublimation crystallization and the morphology 

of the  crystals obtained in the absence and the presence of the urea derivatives have been analyzed through a 

statistical study (more than 500 single crystals investigated). The crystallization rate accelerates dramatically in the 

presence of the urea derivatives (for example: the induction time of form  in the presence of 1,3-dimethylurea is 

only one seventh of that in the absence of urea derivatives). The morphology of the  crystals is different depending 

on the urea derivative present in the vapor. This is related to the individual vapor pressures of the urea derivatives 

and on the specific interactions between pyrazinamide and the urea derivative in question. Both solution NMR results 

and sublimation results indicate that the interactions between pyrazinamide and the urea derivatives are similar in 

solution and in the vapor phase. Therefore, it can be inferred that in spray drying the interactions between 

pyrazinamide and the urea derivatives must be similar too and it appears therefore that the interactions as such are 

not a direct cause of the long persistence time of the  crystals. In the last part of the thesis, the pyrazinamide and 

urea derivatives co-spray dried samples have been studied. In addition to 1,3-dimethylurea, some  crystals obtained 

in the presence of 1,3-diethylurea exhibit a long persistence time. Eutectic temperatures, solubilities, and ternary 

phase diagrams show similarities between 1,3-dimethylurea and 1,3-diethylurea, implying that these properties affect 

the conditions inside the spray dried droplet and lead to form  with a long persistence time.  

 

Keywords: pyrazinamide, polymorphism, additives, phase diagram, intermolecular interactions, sublimation, spray 

drying 

 
Résumé 

Une étude précédente a montré que la forme  de la pyrazinamide, laquelle est métastable à la température ambiante, 

a une forte persistance dans le temps quand elle est obtenue par voie du spray dry en présence de la 1, 3-diméthylurée.  

Ainsi l’objectif de cette thèse est de chercher à expliquer ce phénomène de persistance dans le temps pour cette 

forme de la pyrazinamide. Le sujet de thèse est divisé en trois parties : Une première partie qui va exploiter les 

différentes méthodes de préparation des quatre formes connues de la pyrazinamide ainsi que leurs propriétés 

physiques en particulier leur comportement thermique. Le diagramme de phase entre la pression et la temperature 

pour les phases  et  a été construit et que leur température de transition se trouve être à 392 K, 20 K de moins que 

la valeur existante dans la littérature. A la température ambiante, la forme  est plus stable que la forme  au-dessus 

d’une pression de 260 MPa. La deuxième partie de la thèse traite les relations entre la pyrazinamide et un certain 

nombre des dérivés de l’urée comme l’acétamide urée, la 1, 3-diméthylrée et la tétraméthylurée. La technique de la 

Résonance Magnétique Nucléaire (RMN) a été utilisée pour visualiser les interactions entre molécules de la 

pyrazinamide d’une part et d’autre part entre la pyrazinamide et les dérivés de l’urée en solution. Les hydrogènes du 

groupement amine de la pyrazinamide interagissent avec le groupement carbonylé des dérivés de l’urée et vice versa. 

En plus la cristallisation par voie de sublimation et la morphologie des cristaux  obtenus en présence et en absence 

de dérivés de l’urée ont été analysées à travers une étude statistique (plus de 500 monocristaux). Le taux de 

cristallisation augmente considérablement en absence de dérivés de l’urée (par exemple : le temps d’induction de la 

forme  en présence de la 1, 3-diméthylurée est seulement 1/7 de ce temps en absence de dérivés de l’urée). La 

morphologie des cristaux  varie en fonction du dérivé de l’urée présent dans la vapeur. Ceci est lié à la pression de 

vapeur du dérivé de l’urée et de l’interaction spécifique entre la pyrazinamide et le dérivé en question. Les résultats 

obtenus par la RMN et la sublimation montrent que les interactions en solution comme en vapeur entre la 

pyrazinamide et les dérivés de l’urée sont pratiquement similaires. Par conclusion, les interactions entre la 

pyrazinamide et les dérivés de l’urée sont aussi pareilles en spray dry et ne sont pas donc directement à l’origine de 

la persistance dans le temps des cristaux . Pour la troisième et dernière partie de ce manuscrit, l’étude porte sur des 

échantillons du co-spray dry entre la pyrazinamide et les dérivés de l’urée. En plus de la 1, 3-diméthylurée, une 

partie des cristaux  obtenus en présence de la 1,3-diéthylurée montre une longue persistance dans le temps. Les 

températures à l’eutectique, les solubilités et les diagrammes de phases ternaires montrent une similitude entre la 1, 

3-diméthylurée et la 1, 3-diéthylurée, indiquant que leurs propriétés affectent les conditions du spray dry et 

conduisent aux cristaux  avec une longue persistance dans le temps. 

 

Mots clés : pyrazinamide, polymorphisme, additifs, diagramme de phase, interactions intermoléculaires, sublimation, 

spray dry  

 


