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Impact of Mixed Solvent on Co-crystal Solubility, Ternary 

Diagrams and Crystallisation Scale-up 

The production of stable solid crystalline material is an important issue in the 

pharmaceutical industry and the challenge to control the desired active 

pharmaceutical ingredient (API) with the specific chemical and physical 

properties has led to more development in the drug industry.  Increasing the 

solubility and the dissolution of the drug will increase its bioavailability; 

therefore the solubility can be improved with the change in the preparation 

method.  The formation of co-crystals has emerged as a new alternate to the 

salts, hydrates and solvate methods since the molecules that cannot be 

formed by the usual methods might crystallise in the form of co-crystals. 

Co-crystals are multicomponent crystals which can be known as 

supramolecules and are constructed by the non covalent bonds between the 

desired former and co-former.   

Therefore the synthon approach was utilised to design co-crystals with the 

specific properties, this involves the understanding of the intermolecular 

interactions between these synthons.  These interaction forces can be 

directed to control the crystal packing in the design of the new crystalline 

solid with the desired chemical and physical properties.  The most familiar 

synthon was the amide group with its complementary carboxylic group, in 

this work isonicotinamide and benzoic acid were chosen to design co-crystal 

and much literature exist that introduce the determination of co-crystal 

growth from these two compounds.   

The growth of co-crystals was carried out in water, ethanol and ethanol / 

water mixed solvent (30 - 90 % ethanol) by utilising the Cryo-Compact 

circulator.  Co-crystals (1:1) and (2:1) were grown in ethanol and water 

respectively and a mixture of both phases were grown in the mixed solvent. 

All the phases were examined by powder X-ray diffraction (PXRD), Raman, 

Infrared and 1H-NMR spectroscopy.  
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The solubility of isonicotinamide, benzoic acid, co-crystals (1:1) and (2:1) in 

water, ethanol and ethanol/water mixed solvent (30 - 90 % ethanol) were 

determined at 25 °C, 35 °C and 40 °C by utilising the React-Array Microvate. 

It was important to understand some of the thermodynamic factors which 

control the formation of these polymorphs such as the change in the enthalpy 

and the change in the entropy.  Also it was important to study the pH 

behaviour during dissolution of the former, co-former and co-crystals in 

water, ethanol and ethanol/water mixed solvent (30 - 90 % ethanol) in-order 

to examine the affect of the solvent composition on the solubility and to 

identify if some ions were formed during the dissociation and how this could 

affects the formation of co-crystals. 

A discussion has been introduced in this research of how similar solubility of 

the compounds maps the formation of the typical ternary phase diagram of 

the mixture of 1:1 while compounds with different solubility maps the 

formation of skewed phase diagram as shown in section 1.6.2.3.  In this 

project an isotherm ternary phase diagram at 20 °C and 40 °C was 

constructed to map the behaviour of benzoic acid and isonicotinamide and to 

show all possible phases formed and the regions where all phases are 

represented in the ternary phase diagram were determined by the slurry 

method. 

The ternary phase diagram was used to design a drawn out and cooling 

crystallisation at 100 cm3 solution of 50 % ethanol / water mixed solvent and 

a study of the impact of seeds of co-crystals 1:1 on the cooling crystallisation 

method.  

Key words: Isonicotinamide (INA), Benzoic acid (BZ), Co-crystal, Active 

Pharmaceutical Ingredient (API), Co-crystals, Meta-stable, Former, Co-

former, X-Ray Powder Diffraction (PXRD), Cambridge Structural Data (CSD). 
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1 Introduction 

1.1  Overview 

1.1.1 Aim 

This work has been funded by Pfizer and the main aim was to develop a 

method which had the minimum measurement to develop a crystallisation 

design method for industry. 

The need to study the design and synthesise co-crystals and apply them to a 

dosage form during drug development has increased in recent years. The 

issue of bulk crystallisation of these molecular complexes is related to the 

scale up of the solution crystallisation route and this has emerged as a 

growing and unexplored critical issue. 

The aim of this project is to examine the role of solvent choice and the 

impact of composition of the compounds as defined by the ternary phase 

diagram contributes to the design of the crystallisation of this class of 

compounds.  The issue and ambition of the project was to map the 

isothermal aspect of these phase diagrams in order to account for variable 

temperature phase space manipulation and to also understand the factors 

that affects the crystallisation of co-crystals in a mixed solvent. 

1.1.2 Objective 

The objectives of this project are outlined as follows:  

 Measurement of solubility behaviour of a co-crystal in a mixed solvent 

system. 
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 Measurement of solubility behaviour of co-crystal co-formers in a 

mixed solvent system. 

 Application of current mixed solvent fitting solubility approaches using 

measured solubility data. 

 Generation of ternary phase diagrams at 20 and 40 °C at a fixed 

mixed solvent composition. 

 Applying phase diagrams to design a cooling crystallisation at 100 

cm3 volume.  

 Explore the impact of seeding using co-crystals.   

These objectives also define the work plan of the project. This was to move 

through the experimental sequence and associated analysis from solubility 

behaviour, the application of the solubility data to define tie points on the 

phased diagram, identification of the phase space with composition, 

construction of the ternary phase diagram, and finally implement a batch 

cooling crystallisation protocol defined by the solubility and phase diagram 

studies. 

1.2 General Introduction 

To realise the aim of this project it is important to appreciate all the 

knowledge about the crystalline solid state.  Therefore there is a need to 

understand the basis of crystal engineering, the forces of intermolecular 

interactions involved in the crystal packing, how crystals grow and the factors 

which effect the formation of the crystals.  Aside from an understanding of 

the principles of phase rules and phase diagrams, which are essential 
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concepts used to address the relationship between the solvent and the 

formation of the crystals. 

1.3 Crystal Engineering 

The consensus within the literature indicates the concept of crystal 

engineering was first introduced by Pepinsky1 in 1955, and the fundamentals 

of crystal engineering were originally reported as molecular engineering by 

von Hippel2 in 1962. Subsequently the term crystal engineering was utilised 

by Schmidt3,4 1971 who examined the photodimerisation assembly of 

cinnamic acid in the solid state.  A decade later crystal engineering was 

defined by Desiraju5 in 1989 as: 

“…… the understanding of intermolecular interactions in the context of 

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

new solids with desirable physical and chemical properties ……” 

Simply stated, crystal engineering is focused upon making crystals by 

design; this implies the ability to construct the desired molecular or ionic 

architecture by controlling the network of supramolecular interactions6, in 

which crystals are formed by the self assembly of the existing molecules into 

a wide range of new forms of solid with weak intermolecular non-covalent 

bonds and without the need to break or form a new covalent bond7,8.  The 

behaviour of the molecular components and their ability to be separated from 

the solution was introduced by Lehn9 in 1994.  

Schmidt and co-workers established there is a relationship between 

neighbouring molecules controlled by the spatial arrangement of the 
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molecules in the solid10, therefore understanding the correlation between the 

molecular shape, the symmetry of the molecules and the nature of the 

intermolecular forces are important in crystal engineering research11.  These 

molecular interactions define the thermodynamic formation of co-crystals at a 

molecular energy level and it must be noted the kinetic aspects of formation 

of crystals pertain to solution chemistry, nucleation and crystal growth 

influences. 

1.4 Crystallisation 

Crystallisation is the phase transformation process in which initially 

molecules self assemble in a solution, undergo nucleation, a first order 

phase change which initiates transformation to the solid state, and 

subsequent crystal growth of the crystalline solid, which defines particles size 

and crystal morphology.  The crystallization process is governed by both the 

laws of thermodynamics and kinetics as crystallisation is a phase forming 

process.  Consequently, it is important to realise that the formation of the 

stable form during crystallisation is a thermodynamic process, while the 

formation of unstable form is a kinetic process. 

The crystallization process for soluble and sparingly soluble compounds is in 

fact a result of three processes; nucleation, crystal growth and the secondary 

changes in the resulting crystal suspension as ageing, recrystallization and 

agglomeration12.  The crystallisation process is affected if stirring is applied 

even for the slightly soluble substances, Smith and Sweet13, Sohnel14, 

Sohnel and Handerson15 found that stirring increase both nucleation, and 

induction time for crystallisation, the growth rate and the number of particles. 
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The crystallisation process is initiated with the formation of a labile solution, 

whereby, the solubility equilibrium between solid and solution needs to be re-

established; as a degree of solubility mismatch exists.  This in turn defines 

the extent of a supersaturated solution.  Consequently, this situation leads to 

the formation of a dispersed system containing solid and liquid, and as the 

dispersion starts the particles will aggregate.  If the aggregation process is 

formed from small particles then it is called coagulation and if it is formed 

from large particles then it is termed agglomeration, the rate of coagulation 

and agglomeration and the stability of the system depends on the forces of 

attraction between the solid particles12. 

1.4.1 Supersaturation 

The supersaturation state is essential in the crystallisation process and its 

degree is the driving force for the initiation and extent of the crystallisation 

process; to have a supersaturated solution, the amount of the solute 

dissolved in the solvent must be greater than the equilibrium saturation. 

Supersaturation can be achieved by cooling, solvent evaporation, chemical 

reaction or a combination of parameters16. 

Ostwald17 had introduced the term labile and meta-stable to classify the 

supersaturated solution during his study on the spontaneous nucleation, 

Miers and Isaac18 had introduced the metastable zone on the solubility 

diagram during their work on the relationship between crystallization and 

supersaturation as shown in Figure 1.119.  In this diagram the crystallisation 

is impossible in the stable zone (unsaturated), and is improbable at the 

metastable zone (supersaturated) while in the labile (supersaturated) it is 

possible for spontaneous crystallisation to occur. 



 
 

6 
 

Figure 1.1 The scheme of the solubility – supersolubility diagram represents the 
labile, the metastable and the stable zones19.  

 

In Figure 1.1, line ABCD shows the spontaneous crystallisation at point D 

when the system is cooled from point A to D, the line A B’C’ represents the 

achievement of crystallisation process through evaporation at constant 

temperature while the curve A B’’C’’ represents the achievement of 

crystallisation process through cooling and evaporation. 

As supersaturation is achieved the system will be changed from the labile to 

the metastable then to the stable conditions and the crystallization process 

will be completed as seen in Figure 1.2. 

Figure 1.2 The crystallisation process. Step A is the stable zone, step B is the 
metastable zone and step C is the solid solution equilibrium16. 

 

         A                               B                                        C                                                                               
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Where A represents the labile region in which all the material was dissolved, 

B represents the metastable region were the onset of the nucleation and C 

represents the stable zone in which the equilibrium between the solid and 

liquid was achieved. 

The initial supersaturation effects the nucleation and growth of the crystals, 

Pleskach and Chirkova12 found that the shape of the crystal is dependent on 

the initial supersaturation, at high supersaturation the released heat from the 

crystallization is high and cannot be transferred quickly to the solution 

therefore the crystals will be surrounded with a depleted solution and crystal 

growth will continue only in the regions of the least depleted solution, this 

results in the formation of elongated shape crystals.  At low supersaturation 

heterogeneous nucleation is dominant and a surface growth will take place.  

If the initial supersaturation is increased continuously, then the 

homogeneous nucleation will be attained and the number of the solid 

particles increases, this results in the formation of small particles with 

undefined crystal faces as they grow fast and after a time they will attain a 

crystalline characteristic. 

The solid crystalline material is characterised by the morphology and the size 

of the particles.  The morphology of the particles changes from well 

developed crystals to amorphous small particles as the initial supersaturation 

is increased continually and Table 1.1 presents the relationship between the 

initial supersaturation and the particles morphology12 
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Table 1.1 The relationship between the crystal morphology and the initial 
supersaturation12. 

Initial 
supersaturation 

So 
Nucleation 

mechanism of 
growth 

particle morphology 

<2 Heterogonous surface reaction 
compact crystal shape, 

well developed 

2-10 Heterogeneous surface reaction 
compact crystal shape, 

well developed 

10-15 Heterogonous compound 
developed crystals; 

dendrites 

>100 homogenous 
diffusion or 
compound 

small; isometric 
crystalline particles often 

elongated 

>1000 homogenous diffusion 

very small particles or 
colloids, often 
amorphous , 
agglomerates 

 

1.4.2 Nucleation 

Crystals are formed when certain thermodynamic conditions are met; this is 

the first stage in the crystal growth process.  The formation of the nuclei is 

defined by relationship between critical nuclei size and the degree of 

supersaturation.  Other conditions influence the nucleation process and 

relate to the bulk and surface free energies and the kinetics of the process. 

These nuclei are nano sized entities either from a spontaneous centre 

(homogeneous nucleation) or from an artificial centre (heterogeneous 

nucleation)16. The artificial nucleation can be induced by agitation, friction or 

mechanical shock19 and it is dominant at low supersaturation.  The various 

mechanisms of the nucleation are described in Figure 1.3 12.  
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Figure 1.3 The various mechanisms of the nucleation process12. 

  

                                                               Homogeneous 

                                  Primary   

Nucleation                                            Heterogeneous 

                                  Secondary 

1.4.3 Crystal Growth 

The growth of crystals can be defined when the size of the particles became 

greater than the critical size and became visible in a supersaturated or 

supercooled system.  Many theories had been proposed to explain the 

crystal growth mechanism such as the surface energy theory; in which 

Wulff20 reported that the shape of the crystal is related to the free energy of 

the faces and the growth rate of the crystal faces is proportional to their 

surface energy.  Within this model the growth rate and the surface energy 

are inversely proportional to the lattice density of the plane so the growth will 

be faster for the faces having low lattice density.  In the diffusion theory 

Noyes and Whitney21 demonstrated that crystallisation is the reverse process 

to dissolution and the growth of the crystal face is a diffusion process.  Within 

this model the difference between the concentration in the bulk solution and 

the solid surface governed the diffusion and dissolution process.  The 

adsorption layer theory which was introduced by Volmer19 states that when a 

unit reaches the crystal face it has to lose one degree of freedom so it can 

migrate freely over the crystal face and a dynamic equilibrium between this 

layer and the bulk of the solution should be attained to adsorb this unit on the 
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layer.  The mechanism of crystal growth and the rate of the process may be 

determined by the size and morphology of the solid, the shape will be cubes 

or octahedral if the growth takes place on the surface, and it is an elongated 

shape such as needles, rods and plates if the growth rate is anisotropic. 

1.5 Co-Crystal 

Co-crystals have been historically reported, even though not given the 

specific title of co-crystals, for example molecular solid compounds from two 

components were reported in the mid 19th century22, and the first example of 

co-crystallisation was the formation of quinhydrone from equimolar amount of 

P-benzoquinone and hydroquinone in 189323.  The definition of co-crystals is 

still a matter of debate7 and to understand the concept of co-crystals, it is 

important to define the crystal structure.  The crystal structure is a solid 

material in which molecules, atoms or ions are arranged in a periodic pattern 

extended in the three dimensions.  The solid material whether formed from 

organic or inorganic compounds can exhibit different structures which 

possess the same chemical composition with different properties24,25 and 

Figure 1.4 represent these forms. 
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Figure 1.4 Representation of the classification of the solid forms26. 

 

Therefore a broad definition of a co-crystal is a crystalline structure made up 

of two or more building blocks in a definite stoichiometric ratio within one 

periodic crystal lattice without breaking or making covalent bonds, the 

process of making a co-crystal is called co-crystallization27.  A precise 

description was stated by Kitaigorodsky22 as: 

“…… A constituent part of a system, such that its composition, at least in one 

state of aggregation does not depends on the concentration of the other 

parts……” 

The formation of co-crystals is a relatively new approach to improve the 

physical and chemical properties of an APIs, historically they were referred to 

as molecular complexes or molecular compounds, they exhibit different 

properties such as solubility, dissolution rate, shelf life, bioavailability and 

chemical stability compared to the salt or the free drug and it offers more 

opportunities to synthesis variable co-crystals composed of the API and the 

complementary molecule by using a large range of co-formers28.  Therefore it 



 
 

12 
 

is more beneficial compared to the salt approach since the molecules that 

cannot form salts might crystallise as co-crystals. 

The Active Pharmaceutical Ingredient (API) may be prepared as different 

form, as indicated in Figure 1.4.  The motivation in manipulating the physical 

form of an API is driven by the need to obtain different physical and chemical 

properties, and some of the properties can be improved with the change of 

the preparation method such as solubility.  In the scheme above the hydrate, 

the solvate and the clathrate are described as co-crystals, the hydrates are 

multicomponent crystals in which one of the component is water, they are 

well known and important in the pharmaceutical products29,30, it was found 

that one-third of the pharmaceutical molecules can form hydrates 31,32, but 

during storage hydrates can be converted to the anhydrate form and this is 

due to the changes in temperature or relative humidity, this will lead to a 

change in the properties of the API33.  Solvates are also multicomponent 

crystals in which the other component is an organic solvent but since most 

organic solvents are toxic, the formation of co-crystals by solvation is not 

preferable. 

Salts formation in an acid-base reaction, it is a very common method which 

is used to modify the physical and chemical properties of the API with a 

limited number of counterions28,34 the resultant salt is either acidic or basic 

and is still widely used35. 

In this project Isonicotinamide and Benzoic acid co-crystal was employed for 

the title complex, in order to examine the impact of solvent and solvent 

composition on the crystallisation outcomes.  Isonicotinamide as a co-crystal 
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former has been extensively reported as a compound used in the growth of 

co-crystals. Structurally isonicotinamide has three known polymorphs Iso1 

(CSD refcode EHOWIHO2) and Iso2 (CSD refcode EHOWIH, EHOWIHO1) 

and a fourth polymorph Iso3 was recently obtained during the formation of 

co-crystal anti-tubercular API (Isoxy), however this is still not available on the 

CSD database36.  Table 1.2 shows a comparison between these polymorphs 

and the compound used in this work and it was clear that the isomer which 

was used is the same as Iso1.  The principle physical differences in the 

forms of isonicotinamide will result in the growth of new polymorphs during 

co-crystallisation and this has been characterised in some reports36.  The 

powder X-ray diffraction of benzoic acid shows the presence of the peaks at 

2θ: 6.8, 16.8, 17.7, 18.1, 19.4, 21.5, 24.2, 25, 26.2, 30.6, 31.8, and 33.3.  

The Cambridge Structural Data (CSD) reveals that benzoic acid has 12 

reported structural data.  However, the refined co-ordinate data was not 

available for a number of the uploaded studies as these were powder 

diffraction studies.  Table 1.3 shows a comparison between the reported unit 

cell.  As far as the literature on benzoic acid stands no polymorphic form has 

been reported, and the cell variation in Table 1.3 is associated to the quality 

of refinement.   
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Table 1.2 Comparison of principle diffraction patterns between Isonicotinamide polymorphs (CSD database) 

Isonicotinamide 
isomer 

2 θ / ° 

      Former 11.6 14.7 16.1 16.5 17.8 18.6 19.1 20 20.9 21.8 22.3 23.1 24.4 
 

26 
 

28.7 
 

30.1 30.7 31.3 32.3 

      ETOW1H 
    

17.8 18.7 19.3 20.5 
 

21 
 

23.5 24.4 
 

26.1 26.9 28.1 29.9 
 

30.9 31.2 32.5 

      ETOW1H01 
    

17.8 18.7 19.3 20.5 
 

21 
 

23.5 24.4 
 

26.1 26.9 28.1 29.3 30.9 
  

32.5 

      ETOW1H02 11.7 14.6 16.1 16.5 
 

18.6 19.4 20.1 20.9 21.9 22.2 23.5 24.6 25.4 25.8 
 

28.9 
 

30.4 30.8 31.4 32.5 
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Table 1.3 Comparison of principle diffraction patterns between Benzoic acid polymorphs (CSD database) 

Benzoic 
acid 
isomer 

2 θ / ° 

Former 6.8 
 

16.7 17.7 18.1 19.4 21.5 
 

24.2 25 26.2 
 

30.6 31.8 35.3 37.6 
 

39.6 
 

41 
 

43.2 

BENZAC 
 

8.1 16.2 17.2 17.6 19 21.2 23.8 24.4 25.8 26.8 27.7 30 32.9 35.9 37.1 38.7 39.2 40.5 41.4 42.7 43 

BENZAC01 
 

8.1 16.2 17.2 17.6 19 21.1 23.7 
 

25.8 26.8 27.7 30 32.8 35.8 37.3 38.6 39.1 40.6 41.2 42.7 
 

BENZAC02 
 

8.1 16.2 17.2 17.6 19.1 21.2 23.8 24.1 25.9 26.9 27.8 30.2 32.8 35.8 37.1 38.8 39.2 40.8 
   

BENZAC07 
 

8.2 16.6 17.4 18.2 19.6 21.7 
 

24.3 25.2 26.6 27.4 
  

35.8 
 

38 39.7 40.3 41.9 42.3 43.2 

BENZAC08 
 

8.2 16.6 17.4 18.1 19.5 21.6 
 

24.2 25.1 26.5 27.3 30.9 32.1 35.2 
 

38.9 39.6 40.2 41.8 42.2 43.8 

BENZAC09 
 

8.2 16.5 17.4 18 19.4 21.5 
 

24.2 25 26.3 27.2 30.7 
 

35.1 
 

38.7 39.5 40 41.1 42 43.7 

BENZAC10 
 

8.2 16.4 17.3 18 19.4 21.4 
 

24.1 24.9 26.2 27.1 30.6 
 

35.1 
 

38.5 39.2 
 

41.6 41.9 43.5 

BENZAC11 
 

8.1 16.3 17.2 17.9 19.2 21.3 23.9 24.6 25.9 26.9 27.9 30.3 32.8 35.2 37.4 38.2 39.4 
  

42.8 
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1.6 Methods Used to Synthesise Co-crystals 

Many techniques have been used to synthesis co-crystals and the main ones 

are explained below. 

1.6.1 Grinding Method 

In this method two techniques were identified for the synthesis of co-crystals. 

The neat grinding is the first method in which the two components of the co-

crystals were mixed together and ground either manually by using a mortar 

and a pestle or mechanically using a ball mill or vibratory mill.  In the second 

method, a small amount of liquid (catalytic) is added to the grinding mixture, 

the liquid was first introduced to increase the formation of co-crystal. Later it 

was established that the addition of liquid has more beneficial values as 

increasing the yield and controlling the formation of polymorph, the grinding 

methods are well studied and documented in the literature37,38. 

1.6.2 Kofler Hotstage Method 

The screening of co-crystals was reported by Kofler in 1941, the component 

of the highest melting point is melted between a microscopic slide and a 

cover slip and then allowed to cool and recrystallise, the second component 

with the lower melting point is added to the free edge of the cover slip and 

then heated so that a contact will occur between the melt and the first 

compound. The zone where the two compounds are mixed is the place 

where co-crystals are formed. 
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1.6.3 Solution Based Method 

The slow evaporation technique is simple and one of the basic methods used 

to screen co-crystals from solution.  In this method a saturated solution in a 

suitable solvent must be prepared and the solution is left in the incubator 

until the crystals are formed. One condition that must be taken in account is 

the solubility of both compounds in the same solvent and must be 

comparable and if not then the least soluble compound will recrystallise. 

1.7 Polymorphism and Polymorphism in Co-Crystallisation 

Polymorphism was introduced by Mischerlich39 in 1823 is the solid phase of 

a material can exhibit different structures with the same chemical 

composition and possessing different physical properties.  Burger and 

Bloom40 stated that “……Polymorphism is an inherent property of the solid 

state and it fails to appear under special conditions…..” 

Sirota41 wrote in 1982 that “……polymorphism is a characteristic of all 

substances, its actual non-occurrence arising from the fact that polymorphic 

transition lies above the melting point of the substance or in the area of as 

yet unattainable values external equilibrium factor or other conditions 

providing for the transition……” 

The importance of polymorphism in the pharmaceutical industry was recently 

recognized by Walter McCrone42.  During the synthesis of co-crystals 

different forms of crystals might grow and in the pharmaceutical industry it is 

important for the clinical use to have a specific single crystalline form of an 

API43, therefore the appropriate form of the crystals must be selected 
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because the differences in these forms could affect the performance of the 

drug with respect to its bioavailability, stability and quality44,45. 

The existence of two or more different crystal structures is known as 

polymorphism, and more than 70% of drug molecules exhibit this 

phenomenon, each polymorph may have different biological activity46.  

Polymorphism affects the drug solubility and drug dissolution and this reflects 

on the drug absorption and bioavailability43, this leads to a deep study to 

control the conditions of the crystallisation process of a polymorphic system 

from a solution.  There are three important aspects that need to be viewed; 

(i)- the differences and similarities between the structures of polymorphs, (ii)- 

the effects of thermodynamics and kinetics on the polymorph structure, (iii)- 

the relationship between the structural synthons and the crystal growth unit47. 

Polymorphs are classified according to a thermodynamic base as 

enantiotropes when a reversible transition between polymorph is possible 

and as a monotropes when there are no transition possibilities, also they are 

classified as thermodynamically stable or metastable and the domain form is 

the most stable with the lowest Gibbs free energy31.  The metastable phase 

usually forms initially and then transformed into the stable form via the 

mother liquid. 

 1.8 Hydrogen Bond 

Hydrogen bonding was observed and identified early in 19th century and was 

first recognised by Moore and Winmill48 in 1912, but it was introduced in a 

formal manner by Latimer and Rhodebush49,50 ( 1920), it has widely reported 
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as having been given the name after the 1930’s.  It was first used to explain 

the solubility of alcohol in water and the reactivity of aldehyde groups in 

salicylaldehyde, but one of the more interesting aspects that the formation of 

hydrogen bonds leads to is the formation of molecular aggregates as in the 

formation of carboxylic acid.  The effect of inter-and intramolecular hydrogen 

bonds was described as associations and chelations respectively.  Variable 

intra-and intermolecular hydrogen bonds were describes by Huggins in his 

paper (1936b)51  such as O and N as acceptor atoms and O―H and N―H 

as donors.  He predicted that “……hydrogen bridge theory will lead to better 

understanding of the nature and behaviour of complicated organic structures 

such as proteins, starch and other carbohydrates…….”51,52.  Pauling52 

introduced the formation of hydrogen bond in A-H covalent bond when the 

electronegativity of A is high relative to H, therefore A withdraws the electron 

from H and leave it as a partially unshielded proton. A-H is a donor and 

interacts with B the acceptor which must have lone-pair of electrons or 

polarizable electrons51,53.  When the donor and acceptor groups are on the 

same molecule then hydrogen bond is intramolecular and when they are on 

different molecules then hydrogen bond is intermolecular, also when A and B 

are the same, then hydrogen bond is homonuclear. 

An important principle for molecular crystals is the concept that  

intermolecular interactions are either strong or weak54, are involved in the 

crystal packing and an understanding of the structure, pattern of molecular 

packing may be utilized to better understand what is needed to design new 

solids with the desired chemical and physical properties55.  These 

intermolecular forces are non covalent interactions and can be attractive or 
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repulsive, the major intermolecular forces in crystals are the hydrogen bond 

and van der Waals forces,56,57,58,59 the difference between them is that 

hydrogen bond is directional and linear while the van der Waals forces are 

independent of the contact angle60.  The ionic and the electrostatic 

interactions can play a part in the formation of co-crystals and if the molecule 

is charged and polar, then there will be the ion-ion contribution in the crystal 

packing61. 

Hydrogen bonds have a wider range of interactions, more than ionic bonds, 

covalent bonds and van der Waals forces; this is observed from the 

hydrogen bonds energies which are extended from 1-40 kcal/mol-1.  The 

energy for the strong bonds are about 15-40 kcal/mol-1, for moderate bonds 

are about 4-15 kcal/mol-1, and for weak bonds are about 1-4 kcal/mol-1 (51).  

Therefore the lengths and angles of hydrogen bonds are spread over a wide 

range in the crystalline structure compared to other forces.  Table 1.4 shows 

some of the properties of these types of hydrogen bond a according to Jeffry 

(1997)62 classifications. 
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Table 1.4 The numerical values of the properties of hydrogen bonds as classified by  

Jeffrey (1997)62 

 

Strong hydrogen bonds are sometimes referred to as ionic hydrogen bonds, 

the donor group has electron deficiency as                  ,               while the 

acceptor group has high electron density as (F―, ―O―C, ―O ― P, ―N) this 

will deshield the proton from the donor group and increase its positive 

charge, while the electron density is increased on the acceptor group, 

therefore increases its negative charge, and increases the interaction with 

the proton. Also strong hydrogen bonding can be known as a forced strong 

hydrogen bond, when the donor and acceptor groups are forced and become 

closer, more than the normal hydrogen bond due to the conformation and 

configuration of the molecule.  Strong hydrogen bonds are linear and the 

distance between the donor A and acceptor B should be less than the sum of 

the van der Waals of A and B51. 

  Interaction type strongly covalent 
Mostly 

electrostatic 
Electrostatic 

  Χ –Η versus Η….Α X – H H….A X –H < H….A  X – H << H….A 

  Bond length [A˚] 
  H……A 

 
 1.2 -1.5 

 
1.5 -2.2 

 
2.2 -3.2 

  X…….A [A˚] 2.2 -2.5 2.5 -3.2 3.2 -4.0 
  Bond angles (˚) 170 -180   130    90  
 Bond energy (kcalmol-1) 15 -40 4 -15   4 
Relat. IR shift Δ (cm-1) 25 % 10 -25 %  10 % 
1H downfield shift 14 -22   14  
 Examples O – H…..O 

Ν – Η……Ν 
Ν –Η…..Ο 
Ν – Η.....S 

C – Η…..Ο/Ν 
Ο/Ν……  
C – Η…..F 
C– Η……S 

+

HON
+

H
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Moderate hydrogen bonds are very common in nature and chemistry and are 

known as normal hydrogen bond; they are formed between the donor atom A 

which is electronegative relative to hydrogen and the acceptor B atom which 

has a lone-pair of electrons such as: 

 

Weak hydrogen bonds interactions are similar to van der Waals interactions 

but they have the involvement of the directional A-H bond. It is formed when 

the acceptor group has  electrons and no lone pairs such as C   C, 

aromatic ring or when the hydrogen atom is covalently bonded to a slightly 

more electronegative element relative to hydrogen atom such as: 

 C ― H, Si ― H.  

To define the hydrogen bond geometry, three necessary scalar quantities 

have to be known and they are, the H--B hydrogen bond length, the A    H 

covalent bond length and the A     B hydrogen bond distance.  The angles X -

H--A in crystals are bent for the moderate and weak hydrogen bond, while it 

is linear and equal to 180 °C for strong hydrogen bonds. 

Donohue63 and Etter64 had introduced guidelines for the choices of the 

hydrogen bond that are suitable to predict the co-crystal structure and to get 

the best packing motifs: (i) To form a crystal structure all the acidic hydrogen 

in the molecules will be involved in making hydrogen bonds63, (ii) All the 

available hydrogen donors will be used by the good acceptor to form the 

hydrogen bond64, (iii) and the hydrogen bond will be formed from the best 

hydrogen donor and the best hydrogen acceptor64.  Etter also introduced that 

HO     ,   N H ,    N ( H ) H and  O C ,   N
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some factors which may prevent the formation of a stabilised hydrogen 

bonds even if the three above condition are available such as the steric 

crowding, this also includes the competition between ionic and dipole forces, 

the conformational freedom and the presence of a competitive hydrogen 

bond sites65. 

1.9 The Synthon Approach 

Etter and co-workers55 demonstrated the supramolecular synthesis provides 

a degree of molecular recognition in solution23 therefore the concept of 

supramolecular synthons was employed to construct co-crystals6 and the 

concept is that co-crystals were grown with the consequence of self 

assembly between these different molecular species8.  Supramolecular 

synthons was defined by Corey’s66 (1967) as: 

“……the structural units within supermolecules which can be formed and / or 

assembled by known or conceivable synthetic operations involving 

intermolecular interactions……” 

The arrangement of supramolecules based on the strong hydrogen bonds 

which includes N-H…O, O-H…O, N-H….N, And O-H….N, and the weak 

hydrogen bonds which includes C-H….O-N and C-H…O=C as shown in 

Figure 1.5  
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Figure 1.5 Common synthons utilised in the assembly of supramolecules65 

                                                            

 

                                                        

 

                                                                  

In the design of co-crystals it is important to recognise synthons that are 

capable in forming a suitable network structure by the consequences of 

selective and directed hydrogen bonds, therefore functional groups that are 

self complementary are able to form homodimers and they are called 

supramolecular homosynthons as shown in Figure 1.6 .a; In the formation of 

carboxylic acid–carboxylic acid or the amide-amide dimers.  If two 

complementary functional groups are engaged in the formation of carboxylic-

amide dimers as shown in Figure 1.6. b then this interaction is called a 

supramolecular hetrosynthons7.  The Cambridge Structural Database (CSD) 

survey of 355071 crystal structure in 2005 had revealed that the best 

preparation of co-crystals was done from the interaction of different 

molecules with different functional groups which are bonded hetromerically8. 
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Figure 1.6 a- The formation of homo supramolecular synthons are acid-acid and 
amide-amide dimers. b- The formation of hetro supramolecular synthon in the acid-
amide dimer7 

a) 

                     

b 

                                                           

Numerous papers have reported the synthesis of co-crystals and significant 

success was achieved by the interaction of carboxylic acid and N-

heterocycle moieties as with carboxylic acid and pyridine, if the amide is 

used instead of the carboxylic acid then a hydrogen bond is not formed 

between N-H---N and the differences in the behaviour of these functional 

groups may be related to the differences in the acidity of the protons67 as 

shown in Figure1.7. 
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Figure 1.7 (a) The formation of carboxylic-pyridine synthons which are suitable to 
form co-crystals. (b) The formation of amid-pyridine synthons which are not able to 
assemble co-crystals67 

                             

                      a                                                                            b    

There are some synthons that are important in biological and pharmaceutical 

system as the carboxy dimer Ο-Η---Ο synthon in carboxylic acid and the 

carboxamide dimer N-H---O 65. 

                                                                                                                                                                                                                                                                                                                                       

1.10 Solubility 

Drug solubility is a major factor in the pharmaceutical industry, as solubility 

impacts on the drug dissolution process, and is linked to the overall 

bioavailability and is also used to describe oral absorption according to the 

biopharmaceutics classification system (BCS)68.  Drugs of class I and III are 

highly soluble therefore they are highly orally absorbed while class II is less 

soluble therefore its solubility need to be modified. 

When a solid is left in contact with a solvent, the solid dissolves until 

equilibrium between the solid and the solvent is reached, the resultant 

solution is saturated and the chemical potential of the pure solid is the same 

as the chemical potential of the corresponding solute in the solution69.  

Time is necessary to reach the solid - liquid equilibrium, it depends on the 

nature of the solid and its ability to dissociate and on the stirring efficiency 

therefore to get to the equilibrium condition, enough time must be allowed to 

O

O

H ...... N

R

N

O

H ...... N

R

H
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reach this point.  Each solid has its own solubility; it depends on its stability 

so greater solubility is for the less stable form70.  The change in the 

temperature of the system has a considerable affect on the solubility of the 

solute at a definite pressure and if the temperature or pressure is changed 

then the concentration is altered.  For practical purposes, it was assumed 

that the determined solubility under atmospheric pressure is the same as the 

true solubility70. 

In ideal solution the average energy of A-B interaction in the mixture is the 

same as the average energy of A-A, B-B interactions in the pure liquids and 

the solution obeys Raoult’s law. In real solutions the interactions between A-

A, A-B, B-B are all different and there are enthalpy and volume changes 

during mixing. Also there is a contribution to entropy arising from the 

arrangement of the molecules that they might cluster together instead of 

moving freely in the solution. 

From the measured solubility of the compounds at equilibrium and where the 

components crystallised out, different types of solubility curves were 

constructed in which the changes in the concentration of the compounds in 

the solution were represented and the different phases were clarified.  The 

type of constructed solubility curve depends on the conditions of the 

crystallisation process and on the information needed to be extracted from 

this curve, these solubility curves can be predicted by Van’t Hoff and Le 

Chatelier theory70,19.  

The solubility of the drug is related to drug absorption and in the 

crystallisation process there is a great demand to have a knowledge on the 
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polymorphs solubility profiles therefore many studies had been carried out 

and reported, focusing on the trends of polymorphs solubility and dissolution 

also the study of the thermodynamic behaviour of these polymorphs44 and 

the impact of thermodynamic and kinetic factors on the formation of different 

polymorphs47. 

Solubility has a significant term description between 15 °C and 25 °C and 

these are shown in Table 1.5 71 

Table 1.5 The solubility description terms between 15 °C and 25 °C 71. 

 

Description term Approximate volume of solvent in cm3/gram of solute 

   Very soluble                                        Less than 1 

   Freely soluble                                        From 1 to 10 

   Soluble                                        From 10 to 30 

   Sparingly soluble                                        From 30 to 100 

   Slightly soluble                                        From 100 to 1000 

Very slightly soluble                                        From 100 to 10000 

Practically insoluble                                        More than 10000 

 
 
There are many experimental methods which are used to measure the 

solubility and have been done by the UV analysis, by HPLC, or 

gravimetrically78. 

Also there are many models that have introduced to calculate the estimated 

solubility in pure or mixed solvents as72. 
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The Hildebrand Solubility Approach72 

This approach is used for ideal solutions and the solubility of solute in the 

solvent can be calculated from the heat of fusion (   
 

) of solute and 

differences between the heat capacity of the solid and the liquid (  Cp), the 

application of this model is restricted to non polar solvents, the mathematical 

model is expressed in equation (1) 

      =   
   

 

     
 
    

        
    

    

     
  

    

 
    

   

     
     

  

 
                      Equation (1) 

Where X is the mole fraction solubility at temperature      is the melting 

point of solute, and  

     =   
       

   where   
 and   

 are the molal heat capacities of the liquid 

and solid respectively.  

The Solubility Dielectric Constant Relationship Model73 

In this model the solubility was correlated to the dielectric constant (ε) of the 

solvent mixture, ε values were determined by the resonance method.  This 

model predicts the solubility in binary solvents but the effect of the solvent on 

the solubility cannot be represented by the dielectric constant as they were 

observed that there were differences in the solubility for a given constant.  

The Log-Linear Model of Yalkowsky74 

The solubility is expressed by the mathematical model 

                                                                                   Equation (2) 
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Where    is the mole fraction of solute solubility,   and    are the mole 

fraction solubility in neat co-solvent and water respectively.  

This model could be considered as a predictive model and provided simplest 

solubility estimation method, but this model produces relatively large 

deviations from the true experimental data because of the assumptions the 

model based on. 

The Extended Hildebrand Solubility Approach75 

Martin and co-worker had extended the application of the regular solution 

theory of Hildebrand’s by avoiding the interaction terms to calculate the 

solubility of drugs in water-co-solvent mixed solvent.  This model can be 

applied to semi-polar crystalline drugs in irregular solutions, the mole fraction 

solubility expressed by the model. 

                  
    

    
    

    
      

       
                                        Equation (3) 

Where   the ideal mole fraction solubility of the solute,    is the molar 

volume of solute,    is the volume fraction of the solvent in the solution and 

it can be assumed as one because of the very low solubility of solute,   is the 

solute temperature, and ww indicates the interaction term which is calculated 

by a power series of   . 

WW =      
  

   
                                                                           Equation (4) 

In order to obtain an estimation of the ideal solubility based on experimental 

determination of entropy or enthalpy of fusion this require a high cost 
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instrument.  Also the solution density and the physical parameters of     

and    are required. 

 

The Williams-Amidon Model76 

The excess free energy models of Williams-Amidon are illustrated by the 

following relation 

                                      
  

  
                       Equation (5) 

Where                                                    is solvent-solvent or 

solute-solvent interaction,   and   are the molar volumes of cosolvent and 

water respectively.  

This model could be considered as predictive model and require solubilities 

in neat solvents and one datum in mixed solvent as input data to provide 

predictions.  

The Mixture Response Surface Model77 

This model is represented by the following relation 

             
        

        
   

                                                Equation (6) 

Where    is the mole fraction of solute solubility,        are the model 

parameters,  
   = 0.96   + 0.02 and    

  = 0.96   + 0.02.  This model can cover 

the volume fraction of cosolvent (  ) from 0 to 1. 

This model is correlative and no report was published on their prediction 

capabilities. 
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The Khossravi-Connors Model78 

This model expresses the total change in the free energy of a system equal 

to the summation of the three types of free energies involved in the 

dissolution of the solute in the solvent and is expressed by the relation 

  G0
total =  G0

crystal +  G0
cavity +  G0

solvation                                                        Equation (7) 

This model was derived based on the thermodynamic approach, however no 

report is available on its prediction capability from the literature. 

The Jouyban –Acree Model79 

This model was known as the combined nearly ideal binary solvent / Redlich 

Kister equation, the model is efficient and represents the solubility behaviour 

for highly non-ideal systems.  The equation was derived from the 

thermodynamic mixing model including the interactions between the bodies 

and the model is expressed by the relation 

                                           
  

                  Equation (8) 

Where   the mole fraction of solute solubility,           were the volume 

fraction of cosolvent and solvent,    is the model constants and can be 

calculated by regressing or by the least square analysis. 

Jouyban – Acree model correlates many physico-chemical properties which 

were contributed to fit the model as the acid dissociation constants, viscosity, 

density, refractive index and many other properties, this is represented by 

the relation below in which it is possible to calculate these properties. 

                                              
         

 

 

 
       Equation (9) 
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Where         ,       and        are the numerical values of the physic-

chemical properties of the mixture, solvent 1 and solvent 2 respectively, 

          were the volume fraction of solvent 1 and 2 and    are the model 

constants. This model can be extended to include       in ternary solvents. 

Table 1.6 shows the numerical values of Jouyban-Acree constants 

Table 1.6 The numerical values of Jouyban-Acree model (   ,   , and   )72 for some 
cosolvents. 

Cosolvent   
   

   
 

  Dioxane 958.44 509.45 867.44 

  Ethanol 724.21 485.17 194.41 

Polyethylene 
glycol 400 

394.82 -355.28 388.89 

Polyethylene 
glycol 

37.03 319.49  

 

Jouyban-Acree model with the theoretical justification is the most accurate 

cosolvency model therefore in this research the estimated solubility was 

calculated using the Jouyban –Acree model and these results were analysed 

and their deviation from the experimental results were determined. 

1.11 Phase Equilibria 

Materials are always in a certain state at a certain conditions and are defined 

by certain properties80, any variations in the external conditions will cause a 

change in the state of the material until it reaches again to a stable state then 

the system will be in equilibrium state.  During the changes in the state the 

system is in the metastable state, this state is very important for technical 

purposes.  Some materials may appear in a different phase in the same 

system (solid, liquid and gas), these phase are separated by a boundary 

lines and each phase has different physical properties and sometimes could 
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have different chemical properties then the system, it is in heterogeneous 

equilibrium, but if the system has the same physical and chemical properties 

in every part then the system is in homogeneous equilibrium70.  Some solid 

materials can appear in equilibrium with different crystal forms in the same 

system depending on the state variables and are separated by boundary 

lines, these phase boundary lines represent the change in the molecular 

arrangement of the material. It is important to understand the phase rule and 

the phase transition of materials exhibited with the explanation of different 

types of phase diagrams under certain conditions.  

1.11.1 Phase Rule 

Gibbs81 had adopted the law of thermodynamics which had been used first 

by Horstmann82 to introduce his theory in which the equilibrium of the system 

can be examined and also the similarities and dissimilarities between 

systems can be tested.  In his famous theory he defined the relationship 

between the number of phases and the number of components of the system 

at equilibrium, this is known by the phase rule theory and this is summarized 

by the following equation69. 

F= С – P + 2                                                                                        Equation (10) 

Where: F is the variance or the number of degree of freedom, C is the 

number of the components, and P is the number of phases at equilibrium.  

The phase of the system is a form of matter that is homogeneous physically 

and chemically69,70. The component of a system is defined as the smallest 

number of independent species in which the composition of all phases that is 
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present at equilibrium in the system69,70.  Number of degree of freedom 

describes the number of permissible changes without any change in the 

behaviour of the system. 

The system is called univarient if it consists of two components and three 

phases (solid, liquid and vapour) at definite conditions.  If the temperature, 

pressure or concentration of the components in the solution is fixed then the 

system has a definite state, but if one of the phases disappeared due to the 

change in one of the factors then the system became invariant. 

The phase rule helps to group together classes from the large number of the 

systems at equilibrium, and to put insight into the conditions and relations 

which exist between different kinds of systems70. 

1.11.2 Phase Diagram 

A phase diagram is an equilibrium diagram in which the changes in the 

physical state of a substance can be presented as a thermodynamic stable 

regions separated by lines which are called phase boundaries.  In this 

section different types of phase diagrams are explained briefly. 

1.11.2.1 Binary System and Eutectic Points 

All the stable phases which are formed from a two component system can be 

represented in a binary phase diagram as a function of the concentration and 

the temperature or pressure.  The change in the concentration and the 

temperature are the major factors that control the crystallisation process 

therefore a profile for the overall process, can be obtained from the 

construction of a binary phase diagram as a function of the overall 
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concentration and temperature, the simplest form of a two component 

systems A and B phase diagram is shown Figure 1.8. 

Figure 1.8 Two component binary phase diagram with a simple eutectic83 

 

The digram shows that the temperature is the ordinate while the overall 

composition is the abscissa and it it scaled as a molar percentage or it can 

be scaled in a mole fraction.  The relation between the temperature and the 

composition appears as lines or curves and these are called the phase 

boundries.  TmA and TmB are the melting points of component A and B 

respectively, curves TmA  E and TmB E are liquidous boundary curves, and 

the horizontal line separating phase A + liquid and phase B + liquid is the 

solidus line.  Point E is the eutectic point where solid A and solid B and their 

liquid were all in equilibrium, where the number of phase are three and 

according to the phase rule the system has zero degree of freedom and the 

system is invarient at the eutectic point.  By applying the phase rule for a two 

component system, the degree of freedom is 

F = 4 – P                                                                                    Equation (11) 
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1.11.2.2 Ternary System 

The construction of ternary phase diagram is a new approach used to 

rationalise the preparation of crystals from solution.  The importance of the 

knowledge of the ternary phase diagram was highlighted in literatures by 

Rodrigues et al and Chirella et al84. 

The phase equilibria of a three component systems can be represented on 

an equilateral triangle in which each component is represented at the apexes 

of the triangle, a binary system is represented on each side of the triangle 

and any point inside the triangle will represent the three component of the 

ternary system as shown in Figure 1.9. The composition of each component 

is expressed in mole or mass fractions, but it was found that it can lead to 

some difficulties in the determination of the absolute composition therefore it 

is better to express the composition as molar or mass percentage80.   

Figure 1.9 The ternary diagram (Gibbs triangle) for components A, B and C85 

 

The ternary diagram is produced at a specific temperature; each component 

must be seen as 100 % on each side of the triangle. To determine a point X 
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within the triangle of composition A, B and C, parallel lines to each side are 

drawn and the point of intersection determine point X as seen in Figure 1.10. 

Figure 1.10 Determination of the composition of point X in the Gibbs triangle85 

 

1.11.2.3 Phase Diagram in Co-Crystallization 

Within the drug development process the growth of bulk crystals from a liquid 

is widely employed, therefore it is important to understand phase space of 

the process.  In order to undertake a crystallisation experiment, a phase 

diagram is required, initially this is the solubility diagram which is 

representative of the free energy diagram of the process.  For molecular 

complexes the composition is defined between two or more components and 

a solvent, and in this case a ternary phase diagram is required.  The crystal 

growth is influenced by crystallographic characteristics, by technical 

parameters of the method used to grow crystals, by kinetics and 

thermodynamics.  The growth of crystals from solution needs good 

knowledge of liquidus curves and this is useful when seed crystals are 

inserted in the solution to help in the growth of specific form of crystals as 

this procedure requires conditions close to thermal equilibrium86. 
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Phase diagrams are a description for the presence of an element or a 

compound in a graphical form at specific conditions (temperature, pressure 

and concentration of compounds) at equilibrium and reflect only 

thermodynamic laws and rules between different phases86. 

Binary and ternary phase diagrams were both used to rationalize the 

formation of co-crystals.  The binary phase diagram is a method used to 

explore the phase space at T-P-   and this helps to access all possible solid 

phases when different techniques are used; therefore it can be a supportive 

tool to the ternary phase diagram88. 

The construction of a ternary phase diagram is an important method to 

understand the impact of solvent on the formation of co-crystals88,89, it 

describes the three phase behaviour of the components, the solvent and the 

co-crystal.  The trends of this behaviour is described in Figure 1.11 (scheme 

1 and scheme 2), and both schemes are for a 1:1 mixture. Scheme 1 is the 

expected phase diagram when the solubility of the components is similar 

while scheme 2 is the expected phase diagram when the solubility is 

dissimilar; the regions in scheme 2 are more skewed than in scheme 1. 
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Figure 1.11 Scheme 1 the typical phase diagram when the solubility are similar, 
Scheme 2 the typical phase diagram when the solubility are different. A= 
component 1 and solvent, B= component 1 and co-crystal, C= co-crystal, D= 
component 2 and co-crystal, E= component 2 and solvent, and F= solution. 

 

Scheme 1: similar solubility                               Scheme 2: different solubility 

 

1.12 Techniques Used to Characterise Co-Crystals 

1.12.1 X-Ray Powder Diffraction 

X-Ray diffraction is a tool used for the investigation of the fine structure of a 

matter90.  In X-ray diffraction the data which are collected from the scattering 

beams provides a pattern which gives the information on the crystal structure 

and the arrangement of the atoms.  

In powder diffraction the X-ray beams hits the centre of the atoms of the 

targeted sample then diffracted according to Bragg equation to give a cone 

of diffraction for each lattice plane these diffracted X-rays are separated by 

distances similar to the wave length of the X-ray, the scattered rays will 

interfere with one another in an ordered array and this give rise to 

interference maxima and minima91. 
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 Interference of the radiation beams caused by the atoms affects the intensity 

of the scattered beams in either a positive or negative way; the negative 

interference is extinction or destructive which causes a reduction in the 

strength of the signal while the positive interference is constructive and 

produce diffraction reinforcement which strengthens the signal, therefore the 

recorded pattern only shows the positive interference.  The information taken 

from PXRD is: the peak intensity which depends on the phase composition 

and the atomic locations; the peak position depends on Bragg’s law and the 

unit cell parameter; the peak shape which depends on the particle size, 

experimental factors and strain91.  W.L.Bragg demonstrated that the 

diffraction of the X-ray can be modelled as diffraction from points of set of 

lattice planes, the phases of the beams coincides when the incident angle 

equal to the reflecting angle.  The ray of incident beam always in phase and 

parallel to the point at which the top beam strikes the top layer, the second 

beam must travel an extra distance if the two beams are to continue 

travelling adjacent and parallel, as shown in Figure 1.12. 

Figure 1.12 The Bragg’s law for diffraction on a set of parallel plains 
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The three crystallographic planes are described by Miller indices (hkl) and by 

using reflection geometry and applying trigonometry, Bragg had proposed 

the relation between the angle of incident beam and the intensity of the X-ray  

n λ= 2d sin                                                                               Equation (12) 

Where: dhkl = inter planar cross sectional space, λ = Wavelength of X-Ray, 

and   = Scattering angle.   

The Bragg equation and the expressions for dhkl spacing can be combined to 

give an expression for the position of diffraction maxima in terms of the 

diffraction angle  . Measuring the diffraction of X-ray beams by crystalline 

solids leads to structural information.   

1.13 Experimental Strategy 

As the aim of this project was to construct a ternary phase diagram for a 

system in which the solvent is a mixture, therefore firstly we had to choose 

the former, the co-former, solvent and co-solvent.  

Isonicotinamide and Benzoic acid system were selected as they are widely 

reported and reasonably understood.  Water was selected as solvent and 

ethanol as the co-solvent; the solubility and crystallisation were examined in 

both the pure solvents and in the mixed solvent system within range of 30 - 

90 % ethanol. 

In order to construct the ternary phase diagram it was necessary initially to 

study the solubility of isonicotinamide and benzoic in these solvents at 25 °C, 

35 °C and 40 °C.  Two methods were used to determine the solubility, the 
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first method by using the ADS-HP1 hot-plate in which the resulted values 

were used as predicted values and they were used to determine the exact 

solubility by the React-Array Microvate and these values were used in all the 

work.  

Then the pH of solutions of the pure compounds and a mixture of both 

compounds (BZ:INA) of 1:1 to 1:5 molar ratio in water, ethanol and the mixed 

solvent ( 30 – 90 % ethanol) were measured by a pH meter to help in the 

study of the solubility behaviour with the change of the solvent, also the 

influence of the change in the pH on the formation of co-crystals and  to map 

the effect of the change of the concentration of the co-solvent on the 

formation of co-crystals. 

The growth of co-crystals in water, ethanol and mixed solvent were carried 

out using the cooling technique and the Cryo-Compact Jalibo cooling system 

was used for this purpose.  The crystals were analysed by powder XRD 

diffraction.  From these patterns, suitable solvent for the formation of co-

crystals 1:1 or 2:1 was identified.  The solubility and pH of co-crystal 1:1 and 

2:1 were carried out in the same way as above. 

Then the ternary phase diagrams were obtained at 20 °C and 40 °C using a 

grid screening method74 across composition with PXRD, the diagrams was 

plotted using the software Prosim92. 

From the solubility of the pure compounds and the solubility of the crystals 

formed at different composition in 50 % ethanol solvent, the boundary lines, 

the eutectic points and all the possible phases were mapped.  
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Finally growth of co-crystals by step cooling from 50 °C to 20 °C and with 

seeds of co-crystal 1:1 (BZ:INA) was carried out. 
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2 Experimental 

2.1 Reagents and Compounds 

Ethanol was used as normal reagent grade and used without further 

purification. Isonicotinamide (INA) 99 % purity and benzoic acid (BZ) 99.5 % 

purity were purchased from Sigma –Aldrich.  

2.2 Instrumental Methods 

2.2.1 The React-Array Microvate 

The React-Array is a device used to determine the solubility of compounds in 

different solvents; it has a heating block which has 12 independent 

temperature zones with 48 wells, the depth of each well is 3 cm as shown in 

Figure 2.1.  The sample vials used for this experiment were glass tubes, with 

a diameter of 1 cm and volume capacity of 3.5 cm3. Magnetic stirrers (beans 

shape) which were (micro 2 x 2 mm, 5 x 2 mm and 8 x 1.5 mm) where used 

to equilibrate samples.  This device has been used to determine the solubility 

of Benzoic acid (BZ), Isonicotinamide (INA), co-crystals (1:1) and co-crystal 

(2:1) in water, ethanol and ethanol/water mixed solvent (30 – 90 % ethanol). 

The React-Array was programmed in such a way that zones 1, 4, 7 and 10 

were set to reach a temperature of 25 °C in 1minute then the temperature 

was held for 80 hours; zone 2, 5, 8 and 11 were set to reach 35 °C in 10 

minutes then the temperature was held for 80 hours; finally zone 3, 6, 9 and 

12 were set to reach 40 °C in 10 minutes then the temperature was held for 

80 hours. After 80 hours a solution was taken from each vial and then the 

solubility was determined gravimetrically. 
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Figure 2.1 React- Array Microvate showing the 48 wells and the 12 independent 
heating regions. 

 

 

2.2.3 Powder X-Ray Diffraction  

The powder X-ray diffraction was recorded with a Bruker D8 diffractometer 

(wavelength of X-ray 0.154 nm Cu source, Voltage 4o kV, filament emission 

30 mA).  Samples were scanned from 5 – 50 (2) using a 0.01 step width and 

1 second time count.  The receiving slit was 1 and the scatter slit 0.2. 

2.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

All samples were prepared by dissolving 18 - 20 mg in to 1 cm3 of deuterated 

water or deuterated ethanol.  The 1H-NMR spectra were recorded on a 

Bruker 400MHz spectrometer and recorded in the range 0-16 ppm for 16 

scans.  The 1H-NMR splitting patterns are described by the following 

notations: singlet (s), doublet (d), triplet (t), and doublet of doublet (dd). 

2.2.5 Hot-Plate ADS-HP1 (Asynt) 

The hot plate was used to determine an estimation of the solubility of 

Benzoic acid (BZ) and Isonicotinamide (INA) in water, ethanol and 

ethanol/water mixed solvent of (30 – 90 % ethanol).  The ASD-HP1 (Asynt) is 

a magnetic stirrer featuring a hot plate function.  It is designed to heat 
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substances to a specific temperature with mixing through a magnetic stirring 

rod in a vessel.  The temperature is controlled by the ADS-TC1, which is an 

electronic controller for fluids.  This device controls with a high degree of 

accuracy.  

2.2.6 Cryo-Compact Circulator CF41 Julabo 

Cryo-Compact Circulator offers compact refrigerated/ heating circulation for 

internal and external temperature applications with working temperature – 40 

to 200 °C and a heating capacity of 2KW.  

The instrument consists of a pump connection for external temperature 

applications and bath opening for temperature control of small objects 

directly in the circulating bath.  It provides reliable microprocessor electronics 

with high temperature stability and warning safety functions. 

This instrument was used to make co-crystals of Benzoic acid and 

Isonicotinamide in water, ethanol and ethanol/water mixed solvent (30 - 90 % 

ethanol).  These compounds with the specified solvent are mixed in the 

jacketed vessel which is connected to the Cryo-Compact circulator when the 

temperature reaches 50 °C , then the solution was cooled with the desired 

rate to 25 °C and when crystals started to appear the temperature of 

crystallisation was determined.  The crystals were left to form in one hour, 

then were isolated at the pump and were left to dry at room temperature.  

2.2.7 pH Meter 

A Mettler Toledo pH meter was used to measure the pH of benzoic acid and 

isonicotinamide in water, ethanol and ethanol-water mixed solvent (30 - 90 % 

ethanol).  This type of pH meter determines pH by using a combination of 
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measurement and a reference electrode with automatic temperature 

compensation.  The pH meter was calibrated using a buffer of pH 4 and 7. 

2.3 Solubility of Benzoic Acid and Isonicotinamide in Water, 

Ethanol and Ethanol/Water 

2.3.1 Solubility of Benzoic Acid and Isonicotinamide by Hot-Plate 

The following experiments were carried as an initial screen before the 

method was developed on the React-array. 

2.3.1.1 Solubility of Benzoic Acid in Water 

Benzoic acid (0.0294 g, 0.0024 mol) was weighed in a vial, water (5 cm3) 

and a magnetic stirrer was added and the vial was stoppered.  The vial was 

put on the hot plate ADS-HP1 while the temperature was kept at 25 °C. After 

15 minutes, if no compound was present then more benzoic acid was added 

to determine the solubility. 

The temperature of the hot plate was raised to 35 °C and was held at this 

temperature, more benzoic acid was added.  After 15 minutes the presence 

of the compound was checked as before and then the solubility at 35 °C was 

determined. 

The temperature of the hot plate was raised to 40 °C and was hold at this 

temperature, more benzoic acid was added. After 15 minutes the presence 

of the compound was checked as before and then the solubility at 40 °C was 

determined.  The results are presented in Table 2.1. 
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Table 2.1 The solubility of benzoic acid in water. (              no result). 

 

2.3.1.2 Solubility of Isonicotinamide in Water 

Isonicotinamide (0.4222 g, 0.00346 mol) was weighed in a vial, water (5 cm3) 

and a magnetic stirrer was added and the vial was stoppered. The vial was 

put on the hot plate ADS-HP1 while the temperature was kept at 25 °C. After 

15 minutes, if no compound was present then more benzoic acid was added 

to determine the solubility. 

The temperature of the hot plate was raised to 35 °C and was held at this 

temperature, more benzoic acid was added. After 15 minutes the presence 

of the compound was checked as before and then the solubility at 35 °C was 

determined. 

The temperature of the hot plate was raised to 40 °C and was hold at this 

temperature, more benzoic acid was added.  After 15 minutes the presence 

of the compound was checked as before and then the solubility at 40 °C was 

determined.  The results are presented in Table 2.2. 

 

 

 

 
Trial 

Solubility ( g/ 5 cm3)  

25 °C 35 °C 40 °C 

1 0.0294   

2 0.0205   

3 0.0180   

4 0.0110   

5 0.0103 0.0114 0.0127 

6 0.0105 0.0124 0.0139 

7 0.0104 0.0122 0.0135 
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Table 2.2 The solubility of isonicotinamide in water. (             no result). 

 

There is a large number of data set for this solubility study using the method 

outlined in section 2.3.1.1. In this results section on solubility a selection of 

two analytical data set are presented, see Tables 2.1 and 2.2. For the 

purpose of clarity all other relevant data sets are to be found in Appendix 1. 

The Tables A.1.1, A.1.2, A.1.3 and A.1.4 are also to be found in Appendix 1 

and the complete set of solubility date in Appendix 1 are in the same format 

as those in this chapter.  The reader is referred to page 183 and 184 in the 

Appendix. For a complete set of solubility data relating to this chapter an 

index for this data is provided on page 182 of the Appendix. 

For completion Appendix 1 covers the solubility of the following: 

2.3.1.3 Solubility of Benzoic acid in Ethanol (Table A 1.1, page 183) 

2.3.1.4 Solubility of Benzoic Acid in Mixed Solvent (Table A 1.2, page 

183) 

2.3.1.5 Solubility of Isonicotinamide in Ethanol (Table A 1.3, page 183) 

2.3.1.6 Solubility of Isonicotinamide in Mixed Solvent (Table A 1.4, page 

183) 

 
Trial 

Solubility ( g/ 5 cm3)  
25 °C

 
35 °C

 
40 °C

 

1 0.9313   
2 0.9535 1.0481 1.8806 

3 0.9340   
4 0.6610 0.7580 1.1930 

5 0.5370 1.0025 2.0663 

6 0.4220 0.8684 1.8783 

7 0.3806 0.8680 1.8770 

8   1.2626 
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Once the solubility had been determined using the APS-HP1 hot plate then it 

was determined using the React-Array protocol.  In this procedure the 

samples were equilibrated over a certain time in order to reach an 

equilibrium between solid and solution, (for our purposes all samples were 

thermostated for three days).  

 

2.3.2 Solubility of Benzoic Acid and Isonicotinamide by React-Array 

2.3.2.1 Solubility of Benzoic Acid in Water 

Benzoic acid was weighed in a vial and the amount used depended on the 

results obtained from the hot plate method, water between (1.0 - 3.0 cm3) 

was added and magnetic stirrer was put in the vial.  The vial was put in the 

well of the React-Array then it was programmed to reach 25 °C in 1 minute 

and was held at this temperature for 80 hours with stirring.  Different weights 

of benzoic acid were put in different vials and were put in the React-Array, 

the temperature was raised to 35 °C and 40 °C in 10 minutes then it was 

held for 80 hours.  Then specific volumes of solutions were taken from these 

vials and were placed in pre-weighed vials, then they were left to dry and the 

amount of the solid was determined.  The solubility of benzoic acid at each 

temperature was determined from the amount of the solid and the volume of 

the solution and the results are presented in Table 2.3.  
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Table 2.3 The solubility of benzoic acid in water. (* ignore results too far deviated 
from the others). 

 

 

2.3.2.2 Solubility of Isonicotinamide in Water 

The same procedure was followed as 2.3.2.1 with isonicotinamide and water; 

the results were recorded in Table 2.4. 

Table 2.4 The solubility of isonicotinamide in water. (            no result, * ignore 
results deviated too far from the others). 

Trial Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

1 0.063* 0.1300 0.2570 
2 0.0645* 0.1550 0.2500 
3 0.09935 0.1547 0.2405 
4 0.1030 0.2165* 0.2860 
5 0.0904  0.3248* 

6 0.0950 0.1820 0.2730 

7 0.1340*  0.2970 

 

There is a large number of data set for this solubility study using the method 

outlined in section 2.3.1.1.  In this results section on solubility a selection of 

two analytical data set are presented, see Tables 2.3 and 2.4. For the 

purpose of clarity all other relevant data sets are to be found in Appendix 2. 

The Tables A.2.1 to A.2.16 are also to be found in Appendix 2 and the 

complete set of solubility data in Appendix 2 are in the same format as those 

in this chapter.  The reader is referred to pages 186 - 190 in the Appendix for 

Trial 
Solubility (g/ cm3) 

25 °C
 

35 °C
 

40°C 
1 0.0033 0.0036* 0.0044* 
2 0.00195* 0.00434 0.00543 

3 0.0030 0.00565* 0.0055 
4 0.0033 0.0045 0.0055 
5 0.00318 0.0046 0.00518 
6 0.0033 0.0047 0.0055 
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a complete set of solubility data relating to this chapter, and an index for this 

data is provided on page 185 of the Appendix. 

For completion Appendix 2 covers the solubility of the following: 

2.3.2.3 Solubility of Benzoic Acid in ethanol (Table A.2.1,p. 186) 

2.3.2.4 Solubility of Benzoic Acid in 30 % ethanol (Table A.2.2,p. 186) 

2.3.2.5.Solubility of Benzoic Acid in 40 % ethanol (Table A.2.3, p. 186) 

2.3.2.6.Solubility of Benzoic Acid in 50 % ethanol (Table A.2.4, p. 187) 

2.3.2.7.Solubility of Benzoic Acid in 60 % ethanol (Table A.2.5, p. 187) 

2.3.2.8.Solubility of Benzoic Acid in 70 % ethanol (Table A.2.6, p. 187) 

2.3.2.9.Solubility of Benzoic Acid in 80 % ethanol (Table A.2.7, p. 188) 

2.3.2.10.Solubility of Benzoic Acid in 90 % ethanol (Table A.2.8, p. 188) 

2.3.2.11.Solubility of INA in ethanol. (Table A.2.9, p. 188) 

2.3.2.12.Solubility of INA in 30 % ethanol (Table A.2.10, p. 189) 

2.3.2.13.Solubility of INA in 40 % ethanol (Table A.2.1, p.189) 

2.3.2.14.Solubility of INA in 50 % ethanol (Table A.2.12, p.189) 

2.3.2.15.Solubility of INA in 60 % ethanol (Table A.2.13, p. 190) 

2.3.2.16.Solubility of INA in 70 % ethanol (Table A.2.14, p. 190) 

2.3.2.17.Solubility of INA in 80 % ethanol (Table A.2.15, p. 190) 

2.3.2.18.Solubility of INA in 90 % ethanol (TableA. 2.16, p. 190) 
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2.4 pH Measurement of Isonicotinamide and Benzoic Acid in 

Water, Ethanol and Ethanol/Water 

2.4.1 pH of Benzoic Acid and Isonicotinamide in Water and Ethanol 

Benzoic acid (0.2067 g, 0.00169 mol) was mixed with water (20 cm3) and 

after 10 minutes the pH of the solution was measured with a pH meter. 

The same was done with benzoic acid (0.2067g, 0.00169 mol) in ethanol (20 

cm3). 

The same procedure and amount was used for isonicotinamide. 

The results are presented in Table 2.5. 

Table 2.5 The pH of benzoic acid and isonicotinamide in water and ethanol 

compound 
pH 

Water ethanol 

Benzoic acid 3.11 4.42 
Isonicotinamide 6.68 6.62 

 

2.4.2 pH of Benzoic Acid:Isonicotinamide 1:1 in Water with Increasing 

BZ or INA 

Benzoic acid (0.2068g, 0.00169mol) and isonicotinamide (0.2064g, 

0.00169mol) was added to water (20 cm3), two samples were prepared with 

the same composition BZ:INA (1:1), then after 10 minutes the pH of the 

solution was measured.  After measuring the pH, the concentration of 

benzoic acid was increased in one vial and in the other vial the concentration 

of isonicotinamide was increased until the molar ratio of BZ: INA is (5:1) and 

BZ: INA (1:5), the results are presented in Table 2.6. 

 



 
 

55 
 

Table 2.6 The pH of BZ: INA (1:1) in water with the increase of the concentration of 
BZ or INA (at room temperature) 

Concentration 
BZ 

(mmol/cm3) 
pH 

BZ: INA 
with 

increase BZ 

 

Concentration 
INA 

(mmol/cm3) 
pH 

BZ: INA 
with 

increase 
INA 

0.085 4.63 1:1 0.085 4.62 1:1 

0.105 4.48 1.25:1 0.105 4.66 1:1.25 

0.126 4.5 1.5:1 0.126 4.73 1:1.5 

0.147 4.44 1.75:1 0.147 4.78 1:1.75 

0.17 4.36 2:1 0.17 4.81 1:2 

0.19 4.3 2.25:1 0.19 4.84 1:2.25 

0.202 4.28 2.5:1 0.211 4.86 1:2.5 

0.231 4.26 2.75:1 0.232 4.85 1:2.75 

0.254 4.25 3:1 0.254 4.86 1:3 

0.275 4.22 3.25:1 0.275 4.89 1:3.25 

0.296 4.18 3.5:1 0.296 4.90 1:3.5 

0.317 4.17 3.75:1 0.317 4.92 1:3.75 

0.339 4.13 4:1 0.339 4.92 1:4 

0.36 4.14 4.25:1 0.36 4.95 1:4.25 

0.38 4.09 4.5:1 0.38 4.94 1:4.5 

0.401 4.08 4.75:1 0.401 4.94 1:4.75 

0.424 4.08 5:1 0.424 4.96 1:5 

 

There are a large number of data sets for the pH study using the method in 

section 2.4.2.  In this method, two analytical data sets are presented, see 

Tables 2.5 and 2.6. For the purpose of clarity all other relevant data sets are 

to be found in Appendix 3.  The Tables A.3.1 to A.3.3 in Appendix 3 are all in 

the same format as those in this chapter.  The reader is referred to pages 

192 and 193 in the Appendix for a complete set of pH data relating to this 

chapter, and an index for this data is provided on page 191 of the Appendix.  

For completion Appendix 3 covers the pH of the following: 
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2.4.3 pH of BZ:iINA (1:1) in Ethanol with Increasing BZ or INA (Table 

A.3.1, p. 192) 

2.4.4 pH of BZ:iINA (1:1) in Ethanol/Water (30 -90 % Ethanol) with 

Increasing BZ (Table A.3.2, p. 192) 

2.4.5 pH of BZ:iINA (1:1) in Ethanol/Water (30 -90 %) with Increasing INA 

(Table A.3.3, p. 193) 

 

2.5 Growth of Co-Crystals from Benzoic Acid: 

Isonicotinamide 1:1 and 1:2 in Water, ethanol and 

Ethanol/Water 

2.5.1 Growth of Co-Crystals from Benzoic Acid: Isonicotinamide 1:1 

2.5.1.1 Growth of Co-crystals from Benzoic Acid: Isonicotinamide 1:1 in 

Ethanol 

Benzoic acid (0.4853 g, 0.00397 mol) and isonicotinamide (0.4884 g, 

0.00399 mol) was used as supplied.  The Cryo-Compact was set at 50 °C, 

then the compounds were put in the jacketed vessel with a magnetic stirrer 

and ethanol (5 cm3) was added.  The reactor vessel was closed with a glass 

lid of two opening, a reflux condenser was fixed in one of the opening and a 

stopper was placed on the other, the stirring was set at 2-3. Figure 2.2 shows 

the Cryo-Compact circulator on the right and connected to the jacketed 

vessel on the left. 
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Fig 2.2 The Cryo-Compact Circulator CF41 Julabo. 

 

The compounds did not initially fully dissolve therefore ethanol (7 cm3) was 

added in batches until the solution remained clear, the vessel was set to cool 

to 25 °C over a 1 hour period (rate 1  °C / 2.4 minute). After 25 minutes 

crystals started to appear at 40 °C, the temperature of crystallisation was 

recorded then the crystalliser was set to 36 °C and the solution was left in the 

vessel for 1 hour at this temperature, to complete the crystal growth.  White 

crystals were isolated at the pump and were left to dry at room temperature.  

The powder X-ray diffraction of the crystals was determined (PXRD was 

presented in page 195, chapter 6, Appendix 4, Figure A.4.1). 

 PXRD: 2 °, 7.915, 8.753, 11.051, 12.437, 15.72, 17.069, 25.45, 28.41. 
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2.5.1.2 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 1:1 in 

Water 

Benzoic acid (0.4857 g, 0.003977 mol) and isonicotinamide (0.4885 g, 

0.003999 mol) was used as supplied.  The Cryo-compact was set at 50 °C, 

then the compounds were put in the jacketed vessel with magnetic stirrer, 

water (10 cm3) was added.  The reactor vessel was closed with a glass lid of 

two opening, a reflux condenser was fixed in one of the opening and a 

stopper was placed on the other, the stirring was set at 2-3. 

The compound did not fully dissolve initially therefore water (76 cm3) was 

added in batches during 4 hours until all the solid was dissolved, the vessel 

was set to cool to 25  °C in 1 hour period (rate 1 °C / 2.4 minute).  After 53 

minutes crystals started to appear at a temperature of 28.10 °C, the 

temperature of crystallisation was recorded then the crystalliser was set to 25 

°C and the solution was left in the vessel for 1 hour at this temperature to 

complete the crystal growth.  White shiny needles like crystals were isolated 

at the pump and were left to dry at room temperature.  The powder X-ray 

diffraction of the crystals was determined (PXRD was presented in page 195, 

chapter 6, Appendix 4, Figure A.4.2. 

PXRD: 2 °, 6.346, 12.583, 14.443, 117.142, 18.893, 25.64, 28.303 
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2.5.1.3 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 1:1 in 

Mixed Solvent 

The same procedure and the same amount of benzoic acid and 

isonicotinamide was used as 2.5.1.1 with a mixed solvent 30 - 90 % ethanol 

and the powder XRD diffraction was determined, all the results were 

recorded in Table 2.7 and all PXRD spectra were presented in pages 196 – 

199, chapter 6, Appendix 4, Figures A.4.3 – A.4.9.  
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Table 2.7 The PXRD of the co-crystals growth from BZ:INA (1:1) in water, ethanol and ethanol/water mixed solvent 30 - 90 % ethanol. 

% EtOH Solvent 
cm

3 
Crystallisation 

time (min.) 
Temp 
 (˚C )

 
Isonicotinamide 

(g) 
Benzoic 

acid 
(g) 

Database Co-
crystal(1:1) 

 2θ / °  

Database Co-
crystal(2:1)  

 2θ / ° 

Co-crystal 
(1:1) 

 2θ / ° 

Co-crystal 
(2:1) 

 2θ / ° 

Co-crystal 
(1:1)&(2:1)  

 2θ / ° 

Water 86 53 28.1 0.4885 0.4857  6.35,12.72,14.19,1
4.50,16.55,17.35, 
17.94,18.69,19.53,

19.82,25.677 

 6.346, 12.58, 
14.44, 17.14, 
18.89, 25.64, 

28.303 

 

EtOH 12 25 40 0.4884 0.4853 7.94,8.67,11.04,
12.46,15.95,17.2
,18.28,19.47,19.
92 

 

 7.915, 8.753, 
11.05, 12.437, 
15.72, 17.069, 

25.64, 28.3 

  

30 23 15 42.0 0.4876 0.4999     6.27, 7.88, 8.682, 
11.52, 12.5, 14.4, 

16.635,17.47 
18.82, 25.57, 

28.19. 

40 24 24 38.0 0.8533 0.8736     6.349, 7.845, 8.68, 
11.02, 12.65, 
14.48, 15.69, 

17.47, 18.9, 21.60, 
25.36, 28.35. 

50 18 26 39.3 0.8536 0.8731     6.31, 7.88, 8.72, 
10.90, 12.40, 

15.72, 17.07, 18.2, 
21.67, 25.36, 

28.30. 

60 14 34 39.5 0.8540 0.8735   7.76,8.68,11.97, 
12.33,15.68,16.9, 

17,43, 18.78, 
20.97, 21.59, 
25.35, 28.26 

  

70 12 20 42.2 0.8537 0.8738   7.84, 8.72, 10.97, 
12.33, 15.69, 
17.04, 20.98, 
21.63, 25.36, 

28.35. 

  

80 12 19 40.0 0.8535 0.8734   7.94, 8.67, 11.04, 
12.46, 15.92, 

17.22, 25.2, 28.27 

  

90 13 18 42.7 0.8533 
 

0.8733   7.94, 8.67, 11.04, 
12.46, 15.59, 
17.22, 25.09, 

28.18. 
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2.5.2 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 2:1 

2.5.2.1 Growth of Co-Crystals from Benzoic Acid: Isonicotinamide 2:1 in 

Ethanol 

Benzoic acid (0.9718 g, 0.00795 mol) and Isonicotinamide (0.4884 g, 

0.003999 mol) was used as supplied.  The cryo-compact was set at 50 °C, 

then the compounds were put in the reactor vessel with a magnetic stirrer 

and ethanol (10 cm3) was added.  The reactor vessel was closed with a 

glass lid of two openings, a reflux condenser was fixed in one of the 

openings and a stopper was placed on the other, the stirring was set at 2-3. 

The compound did not dissolve fully, therefore ethanol (5 cm3) was added in 

batches over 27 minutes until all the solid had dissolved, the vessel was set 

to cool to 25 °C over a 1 hour period (rate 1 °C / 2.4 minute).  After 26 

minutes the solution become cloudy at 39.70 °C, the temperature of 

crystallisation was recorded, then the crystalliser was set at 36 °C and the 

solution was left in the vessel for 1 hour, at this temperature to complete the 

crystal growth.  White crystals were isolated at the pump and were left to dry 

at room temperature.  The powder X-ray diffraction of the crystals was 

determined (PXRD was presented in page 199, chapter 6, Appendix 4, 

Figure A.4.10). 

PXRD: 2 °, 7.77, 8.64, 10.94, 12.3, 15.6, 17, 18.8, 20.94, 25.3, 28.3. 
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2.5.2.2 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 2:1 in 

Water 

Benzoic acid (0.9716 g, 0.00796 mol) and Isonicotinamide (0.4886 g, 0.0040 

mol) was used as supplied.  The cryo-compact circulator was set at 50 °C, 

then the compounds were put in the reactor vessel with magnetic stirrer and 

water (20 cm3) was added.  The reactor vessel was closed with a glass lid of 

two opening, a reflux condenser was fixed in one of the opening and a 

stopper was placed on the other, the stirring was set at 2-3. 

The compound did not dissolved therefore water (105 cm3) was added in 

batches during 3 hours and 28 minutes until all the solid had dissolved, the 

vessel was set to cool to 25 °C over a 1 hour period (rate 1 °C/ 2.4 minute).  

After 36 minutes crystals started to appear at 35.94 °C, the temperature of 

crystallisation was recorded then the crystalliser was set at 30 °C and the 

solution was left in the vessel for 1 hour at this temperature to complete the 

crystal growth.  White crystals were isolated at the pump and were left to dry 

at room temperature.  The powder X-ray diffraction was determined (page 

200, chapter 6, Appendix 4, Figure A.4.11).  

PXRD: 2 °, 6.16, 12.4, 14.2, 17.03, 18.75, 25.17. 

2.5.2.3 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 2:1 in 

Mixed Solvent 

The same procedure was carried out as 2.5.2.1 and the same amounts of 

benzoic acid and isonicotinamide with the mixed solvent (30 - 90 % ethanol) 

and the results were recorded in Table 2.8 (all PXRD spectra were presented 

in pages 200 – 203, chapter 6, Appendix 4, Figures A.4.12 to A.4.18).  
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Table 2.8 The PXRD of co-crystals growth from BZ:INA (2:1) in water, ethanol and ethanol/water mixed solvent 30-90 % ethanol 

 

% EtOH Solve
nt cm

3 
Crystallisation 

time (min.) 
Temp     
( ˚C )

 
Isonicotinamide 

(g) 
Benzoic 

acid 
 (g) 

Database 
co-

crystal(1:1) 

2θ / ° 

Database co-
crystal(2:1) 

                    

2θ / °  

Co-crystal(1:1) 
                                                

2θ / °  

Co-crystal(2:1) 
                                                           

2θ / ° 

Co-crystal (1:1)&(2:1) 
                                       

2θ / ° 

water 135 36 35.9 0.4886 0.9716  6.349,12.718,
14.193,14.50,
16.548,17.35,
17.94,18.69,1
9.5,19.82,25.6

77 

 6.16,12.4,14.2,17.
03,18.75,25.17 

 

EtOH 15 26 39.7 0.4884 0.9718 7.944,8.67,1
1.04,12.46,1
5.95,17.2,18
.28,19.47,19

.92 
 

 7.77,8.64,10.94,12
.3,15.6,17,18.8,20.

94,25.3,28.3 

  

30 28 12 44.8 0.4884 0.9718     6.23, 12.5, 14.2, 16.7, 
17.07, 18.82, 25.09, 

28.16. 

40 18 16 44.1 0.4886 0.9716     6.566, 12.69, 14.4, 
17.3, 18, 26, 28.38. 

50 12 15 44.5 0.4885 0.9718     6.34, 8.64, 12.47, 
14.15, 17, 18.78, 

25.17, 28.30. 

60 10 25 40.1 0.4886 
 

0.9717 
 

 
 

 
 

 
 

 
 

6.42, 7.95, 8.75, 
12.69, 14.3, 16.85, 
18.9, 25.35, 28.4. 

70 9 32 36.8 0.4885 
 

0.9718 
 

 
 

 
 

 
 

 
 

6.2, 7.77, 8.64, 10.9, 
12.3, 14.26, 15.6, 17, 

20.98, 25.3, 28.27. 

80 9 29 38.2 0.4887 0.9718     6.2, 7.73, 8.6, 10.9, 
12.27, 14.3, 16.9, 

25.28, 28.2. 

90 10 29 38.3 0.4885 0.9717     6.2, 7.73, 8.6, 10.87, 
12.2, 16.9, 25.2, 28.2. 
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2.5.3 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 1:2 

2.5.3.1 Growth of Co-Crystals from Benzoic Acid:Isonitinamide 1:2 in 

Ethanol 

Benzoic acid (0.4858 g, 0.003978 mol) and Isonicotinamide (0.9769 g, 

0.0079988 mol) were used as supplied.  The crystalliser was set at 50 °C, 

then the compounds were put in the reactor vessel with magnetic stirrer and 

ethanol (10 cm3) was added.  The reactor vessel was closed with a glass lid 

of two opening, a reflux condenser was fixed in one of the opening and a 

stopper was placed on the other, the stirring was set at 2-3. 

The compound did not initially dissolve therefore ethanol (5 cm3) was added 

and after 19 minutes all the solid had dissolved, the vessel was set to cool to 

25 °C over a 1 hour period (rate 1 °C / 2.4 minute).  After 20 minutes the 

crystals starts to appear at 42.2 °C, the temperature of crystallisation was 

recorded then the crystalliser was set at 38 °C and the solution was left in the 

vessel for 1 hour at this temperature, to complete the crystal growth.  White 

crystals were isolated at the pump and were left to dry at room temperature.  

The powder X-ray diffraction of the crystals was determined (page 204, 

chapter 6, Appendix 4, Figure A.4.20). 

PXRD: 2 °, 7.976, 8.871, 11.15, 12.53, 15.87, 17.17, 18.92, 25.39, 28.48. 
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2.5.3.2 Growth of Co-Crystals from Benzoic Acid:Isonicotinamide 1:2 in 

Water. 

Benzoic acid (0.4859 g, 0.003979 mol) and Isonicotinamide (0.9767 g, 

0.007997 mol) were weighed.  The crystalliser was set at 50 °C, then the 

compounds were put in the reactor vessel with magnetic stirrer and water (20 

cm3) was added.  The reactor vessel was closed with a glass lid of two 

opening, a reflux condenser was fixed in one of the opening and a stopper 

was placed on the other, the stirring was set at 2-3. 

The compound did not dissolved therefore Water (80 cm3) was added in 

batches during 4 hours and 31 minutes, all the solid was dissolved, the 

vessel was set to cool to 25 °C over a 1 hour period (rate 1 °C / 2.4 minute).  

After 311 minutes the crystals starts to appear at 37.50 °C, the temperature 

of crystallisation was recorded then the crystalliser was set at 32 °C and the 

solution was left in the vessel for 1 hour at this temperature to complete the 

crystal growth.  White crystals were isolated at the pump and were left to dry 

at room temperature.  The powder X-ray diffraction was determined (page 

204, chapter 6, Appendix 4, Figure A.4.19). 

PXRD: 2 °, 6.325, 7.94, 8.83, 11.07, 12.54, 15.68, 17.147, 18.31, 25.415, 

28.3.  
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2.6 Solubility of Co-crystals 1:1 and 2:1 in Water, Ethanol and 

Ethanol/Water Mixed Solvent 

2.6.1 Solubility of Co-Crystals 1:1 and 2:1 in water, Ethanol and 

Ethanol/Water by Hot –Plate 

2.6.1.1 Solubility of Co-Crystal 1:1 in Water, Ethanol and Mixed Solvent 

Co-crystals (1:1) (0.0199 g), water (1 cm3) and a magnetic stirrer were 

placed in the vial and the vial was stoppered.  The vial was put on the hot 

plate ADS-HP1 while the temperature was kept at 25 °C.  After 15 minutes, if 

no compound was present then more co-crystal 1:1 was added and if the 

solid was left then more solvent was added until only little amount of 

compound was present, then the solubility of the compound was determined. 

The temperature of the hot plate was raised to 35 °C and was held at this 

temperature, more co-crystals 1:1 were added.  After 15 minutes the 

presence of the compound was checked as before and then the solubility at 

35 °C was determined. 

The temperature of the hot plate was raised to 40 °C and was held at this 

temperature; more co-crystal 1:1 was added. After 15 minutes the presence 

of the compound was checked as before and the solubility at 40 °C was 

determined. 

The same procedure was followed with ethanol and the mixed solvent (30 - 

90 % ethanol), and all the solubility results are presented in Table 2.9.  
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Table 2.9 The solubility of co-crystals (1:1) in water, ethanol and mixed solvent (30-
90 % ethanol) 

 

2.6.1.2 Solubility of Co-Crystal 2:1 (BZ:INA) in Water, Ethanol and 

Water/Ethanol Mixed solvent 

The same procedure was followed as 2.6.1.1 and the results are presented 

in Table 2.10. 

Table 2.10 The solubility of co-crystals (2:1) in water, ethanol and mixed solvent (30 
- 90 % ethanol). 

 

 

 
solvent 

Solubility (g/ cm3)  
25 °C

 
35 °C

 
40 °C

 

water 0.00423 0.00481 0.00481 

ethanol 0.0378 0.0424 0.0424 

30% 0.016 0.0241 0.0292 

40% 0.025 0.0432 0.0472 

50% 0.038 0.0584 0.069 

60% 0.0517 0.0765 0.0916 

70% 0.0647 0.0907 0.0984 

80% 0.0652 0.0909 0.1112 

90% 0.0576 0.0734 0.0979 

 
solvent 

Solubility (g/ cm3)  
25 °C

 
35 °C

 
40 °C

 

water 0.0041 0.0062 0.0089 

ethanol 0.0435 0.06159 0.0741 

30% 0.0139 0.02186 0.0287 

40% 0.0288 0.0456 0.0533 

50% 0.0482 0.0744 0.0872 

60% 0.069 0.08358 0.1085 

70% 0.0786 0.09175 0.11775 

80% 0.11486 0.1353 0.15635 

90% 0.0634 0.0837 0.1021 
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2.6.2 Solubility of Co-Crystals 1:1 and 2:1 in Water, Ethanol and 

Ethanol/Water by React-Array 

2.6.2.1 Solubility of Co-Crystal 1:1 in Water, Ethanol and Mixed Solvent 

2.6.2.1.1 Solubility of Co-Crystals 1:1 in Water 

Co-crystals 1:1 were weighed in to a vial and the amount used depended on 

the results obtained from the hot plate method, water between (1.0 - 3.0 cm3) 

was added and magnetic stirrer was put in the vial.  The vial was put in the 

well of the React-Array then it was programmed to reach 25 °C in 1 minute 

and was held at this temperature for 80 hours with stirring.  Different weights 

of benzoic acid were put in different vials and were put in the React-Array, 

the temperature was raised to 35 °C and 40 °C in 10 minutes then it was 

held for 80 hours.  Then specific volumes of solutions were taken from these 

vials and were placed in pre-weighed vials then they were left to dry and the 

amount of the solid was determined.  The solubility of co-crystals 1:1 at each 

temperature was determined from the amount of the solid and the volume of 

the solution and the results were recorded in Table 2.11. 

Table 2.11 The solubility of co-crystals 1:1 in water (* ignored results too far 
deviated from others). 

 

 

Trial 
Solubility (g/cm3) 

25 °C
 

35 °C
 

40 °C 

1 0.00422 0.0052* 0.00866* 

2 0.0049 0.0060 0.00713* 

3 0.00558 0.00645 0.00761 

4 0.00511 0.0068 0.00782 

5 0.00532 0.0070 0.00769 

6 0.00495 0.00695 0.00827 
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2.6.2.1.2 Solubility of Co-Crystals 1:1 in Ethanol 

The same procedure was followed as 2.6.2.1.1 and the results were 

recorded in Table 2.12. 

Table 2.12 The solubility of co-crystals 1:1 in ethanol (             no result, * ignored 
results too far deviated from the others). 

 

 

 

 

 

There is a large number of data set for this solubility study using the method 

outlined in section 2.3.1.1.  In the results section on solubility selections of 

two analytical data sets are presented, see Tables 2.11 and 2.12.  For the 

purpose of clarity all other relevant data sets are to be found in Appendix 5. 

The Tables A.5.1 to A.5.7 are also to be found in Appendix 5 and the 

complete set of solubility date in Appendix 5 are in the same format as those 

in this chapter.  The reader is referred to pages 206 - 208 in the Appendix for 

a complete set of solubility data relating to this chapter, and an index for this 

data is provided on page 205 of the Appendix.  

For completion Appendix 5 covers the solubility of the following: 

Trial 
Solubility (g/cm3) 

25 °C
 

35 °C
 

40 °C 

1 0.0395* 0.0456 0.0507 

2 0.0339 0.0438 0.0559 

3 0.0369 0.0494 0.0610 

4 0.0527* 0.0545 0.0654 

5 0.0354 0.0527 0.0653 

6 0.0393* 0.587* 0.0628 

7 0.0705* 0.0551*  
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2.6.2.1.3 Solubility of Co-Crystals 1:1 in 30 % Ethanol (Table A.5.1, p. 

206) 

2.6.2.1.4 Solubility of Co-Crystals 1:1 in 40 % Ethanol (Table A.5.2, p. 

206) 

2.6.2.1.5 Solubility of Co-Crystals in 1:1 50 % Ethanol (Table A.5.3, p. 

206) 

2.6.2.1.6 Solubility of Co-Crystals 1:1 in 60% Ethanol (Table A.5.4, p. 

207) 

2.6.2.1.7 Solubility of Co-Crystals 1:1 in 70 % Ethanol (Table A.5.5, p. 

207) 

2.6.2.1.8 Solubility of Co-Crystals 1:1 in 80 % Ethanol (Table A.5.6, p. 

207) 

2.6.2.1.9 Solubility of Co-Crystals 1:1 in 90 % Ethanol (Table A.5.7, p. 

208) 

2.6.2.2 Solubility of Co-Crystals 2:1 in Water, Ethanol and 

Ethanol/Water Mixed Solvent 

2.6.2.2.1 Solubility of Co-Crystals 2:1 in Water 

Co-crystals 2:1 were weighed in a vial and the amount used depended on 

the results obtained from the hot plate method, water between (1.0 - 3.0 cm3) 

was added and magnetic stirrer was put in the vial.  The vial was put in the 

well of the React-Array then it was programmed to reach 25 °C in 1 minute 

and was held at this temperature for 80 hours with stirring.  Different weights 
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of benzoic acid were put in different vials and were put in the React-Array, 

the temperature was raised to 35 °C and 40 °C in 10 minutes then it was 

held for 80 hours.  Then specific volumes of solutions were taken from these 

vials and were placed in pre-weighed vials then they were left to dry and the 

amount of the solid was determined.  The solubility of co-crystals 2:1 at each 

temperature was determined from the amount of the solid and the volume of 

the solution and the results are presented in Table 2.13. 

Table 2.13 The solubility of co-crystals (2:1) in water (           no result). 

 

 

 

 

2.6.2.2.2 Solubility of Co-Crystals 2:1 in Ethanol 

The same procedure was followed as 2.6.2.2.1 and the results are presented 

in Table 2.14. 

Table 2.14 The solubility of co-crystals (2:1) in ethanol (           no result, * ignored 
results too far deviated from the others). 

 

 

 

 

There is a large number of data set for this solubility study using the method 

outlined in section 2.3.1.1.  In the results section on solubility selections of 

Trial 
Solubility (g/cm3) 

25 °C
 

35 °C
 

40 °C 

1 0.0047 0.00614 0.00708 

2 0.00516 0.00625 0.0074 

3 0.0052 0.00669 0.0072 

4 0.00533 0.0060 0.00735 

5 0.0051 0.0060 0.00718 

6  0.0059 0.00724 

Trial 
Solubility (g/cm3) 

25 °C
 

35 °C
 

40 °C 

1 0.0432 0.0608 0.0677 

2 0.0444 0.0598 0.0682 

3 0.0462* 0.0748* 0.0657 

4 0.0444 0.0592 0.0668 

5 0.04386 0.0584 0.0707 

6 0.0438 0.0565  
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two analytical data sets are presented, see Tables 2.13 and 2.14.  For the 

purpose of clarity all other relevant data set are to be found in Appendix 5. 

The Tables A.5.8 to A.5.14 are also to be found in Appendix 5 and the 

complete set of solubility date in Appendix 5 are in the same format as those 

in this chapter.  The reader is referred to pages 208 - 210 in the Appendix for 

a complete set of solubility data relating to this chapter, and an index for this 

data is provided on page 205 of the Appendix.  

For completion Appendix 5 covers the solubility of the following: 

2.6.2.2.3 Solubility of Co-Crystals 2:1 in 30 % Ethanol (Table A.5.8, p. 

208) 

2.6.2.2.4 Solubility of Co-Crystals 2:1 in 40 % Ethanol (Table A.5.9, p. 

208) 

2.6.2.2.5 Solubility of Co-Crystals in 2:1 50 % Ethanol (Table A.5.10, p. 

209) 

2.6.2.2.6 Solubility of Co-Crystals 2:1 in 60 % Ethanol (Table A.5.11, p. 

209) 

2.6.2.2.7 Solubility of Co-Crystals 2:1 in 70 % Ethanol (Table A.5.12, p. 

209) 
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2.6.2.2.8 Solubility of Co-Crystals 2:1 in 80 % Ethanol(Table A.5.13, p. 

210) 

2.6.2.2.9 Solubility of Co-Crystals 2:1 in 90 % Ethanol(Table A.5.14, p. 

210) 

2.7 pH Measurement of Co-Crystal 1:1 and 2:1 in Water, 

Ethanol and Ethanol/Water Mixed Solvent 

Co-crystals (1:1)(0.2067 g, 0.00169 mol) were mixed with water (20 cm3) and 

after 10 minutes the pH of the solution was measured with a pH meter.  The 

same amount of co-crystal (1:1) and the same volume of solvent ethanol and 

ethanol/water (30 - 90 % ethanol) mixed solvent were used and the pH was 

measured after 10 minutes.  These solutions were left for one week and the 

pH was measured again. 

The same procedure was carried out for co-crystals (2:1).  All the results and 

the average values are presented in Table 2.15. 

Table 2.15 The pH of co-crystal 1:1 and 2:1 in water, ethanol and mixed solvent. 

% ethanol 

pH of solutions 
co-crystal  
1:1,10 
min. 

co-crystal 
1:1 one 
week 

co-crystal 
1:1 

Average 

co-crystal 
2:1, 10 

min. 

co-crystal 
2:1 one 
week 

co-crystal 
2:1 

Average 

Water100% 3.69 3.96 3.825 3.65 3.71 3.68 
30 % EtOH 3.67 3.94 3.805 3.53 3.81 3.67 
40 % EtOH 3.78 4.03 3.905 3.57 3.88 3.73 

50 % EtOH 3.83 4.11 3.97 3.67 3.91 3.79 

60 % EtOH 3.9 4.16 4.03 3.74 4.04 3.89 
70 % EtOH 4.05 4.27 4.16 3.87 4.13 4.00 
80 % EtOH 4.01 4.32 4.165 3.92 4.19 4.055 

90 % EtOH 4.02 4.31 4.165 3.85 4.14 3.995 
100%EtOH 3.77 4.27 4.02 3.79 4.18 3.985 
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2.8 Construction of the Ternary Phase diagram from 

Isonicotinamide and Benzoic acid system 

Construction of the ternary phase diagram was determined, in order to define 

the impact of composition on the formation of co-crystals.  The ternary 

diagram was constructed at 20 °C and 40 °C using isonicotinamide, benzoic 

acid and a solvent of 50 % ethanol, in order to determine the affect of 

temperature on the formation of co-crystal.  

The solubility of benzoic acid, isonicotinamide, co-crystals 1:1 (BZ:INA) and 

co-crystals 2:1 (BZ:INA) in 50 % ethanol solvent were determined in section 

2.3.2 and 2.6.2, then there was a need to determine the liquidus lines and 

this was done experimentally.  Eighteen sets of benzoic acid and 

isonicotinamide mixtures were prepared, each set have a different 

composition, varied from 10 - 90 % (mole percentage) with 10 % increment.  

Each set were made in a different dilution, ranging from 1 - 10 cm3 with 0.5 

cm3 increment, the samples were sealed and then heated to dissolve the 

entire solid then it was left to cool at room temperature, these samples were 

incubated at 20 °C for two weeks; the solid was isolated at the pump and the 

composition of the resulting solid was examined by powder X-ray diffraction.  

The liquidus line points were determined from the samples which didn’t give 

any solid; there is a large set of data for this solubility study and is presented 

in Tables A.9.1 to A.9.16 and can be found in Appendix.9 The reader is 

referred to pages 224 - 231 in the Appendix for a complete set of solubility 

data relating to this chapter, and an index for this data is provided on page 

223 of the Appendix. 
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These points were plotted as a percentage molar using the ProSim software 

ternary92 diagram plot; tie lines were drawn from 100 %, 50 % and the 67 % 

on the A-B line to separate the different phases.  

The same procedure was repeated but the samples were incubated at 40 °C, 

then the ternary diagram was constructed.  There is a large set of data for 

this solubility study and is presented in Tables A.10.1 to A.10.12 and can be 

found in Appendix 10.  The reader is referred to pages 233 - 238 in the 

Appendix for a complete set of solubility data relating to this chapter, and an 

index for this data is provided on page 232 of the Appendix. 

2.9 Drawn Out and Cooling Crystallisation in Solvent (100 

cm3) 

One of the objectives of this project was to apply the ternary phase diagram 

to design a drawn out cooling crystallisation at 100 cm3 solvent, since the 

ternary diagrams were constructed with 50 % ethanol solvent then this 

crystallisation was done with this solvent and BZ:INA (1:1) molar ratio. 

Isonicotinamide (3.6331 g, 0.02975 mol) and benzoic acid (3.6333 g, 

0.02975 mol) were placed in the jacketed vessel with 50 % ethanol (100 cm3 

), this was stirred at 50 °C, all the solid dissolved then the vessel was set to 

cool to 20 °C for one hour (rate of cooling 2.4 °C in one minute) 

crystallisation was started at 26.6 °C after 57 minutes, the vessel was kept at 

20 °C for one hour to complete crystallisation.  White shiny crystals were 

isolated at the pump and left to dry and PXRD was determined (Appendix 11, 

Figure A.11.1).  
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Then two cryo-compact circulators were connected to the same jacketed 

vessel as shown in Figure 2.3, one circulator was set at 50 °C and the other 

20 °C.  The same amounts of the compounds and solvent were placed in the 

jacketed vessel with a magnetic stirrer at 50 °C, while the other circulator 

was blocked, as the compounds dissolved this circulator was closed and the 

other circulator was opened, crystals started to appear after 5 minutes, the 

vessel was left at 20 °C for one hour to complete crystallisation.  White shiny 

crystals were isolated at the pump and left to dry and PXRD was determined 

(Appendix 11, Figure A.11.2). 

Figure 2.3 The two Cryo-compact circulators connected to the reactor vessel. 
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2.10 Crystallisation by Seeding of Co-Crystals 1:1 (BZ:INA) 

The study of the impact of seeding using co-crystals 1:1 during the 

crystallisation process was important to explore the affect of seeding on the 

growth of crystals. 

Two Cryo-Compact circulators were connected to the same jacketed vessel 

as shown in Figure 2.3, one circulator was set at 50 °C and the other 20 °C. 

Isonicotinamide (3.6331 g, 0.02975 mol) and benzoic acid (3.6333 g, 

0.02975 mol) were placed in the jacketed vessel with 50 % ethanol (100 cm3 

) and a magnetic stirrer at 50 °C and the second circulator was blocked, as 

the compounds were dissolved this circulator was closed and the other 

circulator was opened, crystals started to appear after 5 minutes , as the 

crystals appeared few seeds of co-crystal 1:1 (BZ:INA) were introduced in 

the reaction vessel then the vessel was left at 20 °C for one hour to complete 

crystallisation.  White shiny crystals were isolated at the pump and left to dry 

and PXRD was determined (Appendix 11, Figure A.11.3). 

Therefore the same procedure as above was repeated to grow co-crystals 

with seeding of co-crystals 1:1 (BZ:INA), but the crystals were left to grow for 

22 hours instead of one hour.  White shiny crystals were isolated at the pump 

and left to dry and PXRD was determined (Appendix 11, Figure A.11.4).  
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3 Results and Discussions 

The objective of this project is to study the factors that affect the 

crystallisation of co-crystals in a mixed solvent system.  The solution growth 

from equimolar components may lead to the growth of co-crystals 1:1 or 

polymorphs of co-crystals; this relates to the kinetic phase and accounts for 

the formation of the metastable phase over the stable phase. 

The other objective was the measurement of the solubility behaviour of the 

starting materials and co-crystals in the solvent and the mixed solvent.  Then 

the application of solubility approaches using these measured solubility data.  

A ternary phase diagram at 20 °C and 40 °C was constructed at a fixed 

mixed solvent composition and applying the phase diagram to design a 

cooling crystallisation set-up at 100 cm3 and finally to explore the impact of 

seeding using co-crystals. 

The objective of this project is to grow pure co-crystals 1:1 and 2:1 from 

Isonicotinamide and Benzoic acid in water, ethanol and ethanol/water mixed 

solvent (30 – 90 % ethanol) and to study their solubility behaviour in these 

solvents and finally to draw the ternary phase diagram. 

The starting material was isonicotinamide, it was selected in this research to 

produce the co-crystals because it contains the amide group which can form 

the hydrogen bonds with the carboxylic acid and many literature93,94 

introduced that (INA) can successfully form co-crystals with carboxylic acids. 

Benzoic acid was chosen to be the co-former of the co-crystals.  

In choosing a suitable solvent for the formation of co-crystals, one of the 

compounds should dissolve easily in the solvent and the other should have 
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low solubility in this solvent, then in mixing these two compounds and 

dissolve them in this solvent the solubility of the mixture will be nearly in the 

middle.  Also in choosing the co-solvent, the two compounds should have the 

opposite solubility than in the solvent, therefore when the two compounds 

were put in the solvent mixture their individual solubility will be changed 

according to the percentage of the co-solvent. 

Water was the chosen solvent in which isonicotinamide is freely soluble 

(from 1 to 10 cm3 of solvent/gm of solute)52, its solubility is 0.097 g/cm3 at 25 

°C while benzoic acid is slightly soluble (from 100 to 1000 cm3 of solvent/gm 

of solute)52, its solubility is 0.0032 g/cm3 at 25 °C. 

Ethanol was chosen as the co-solvent in which isonicotinamide is soluble 

(from 10-30 cm3 of solvent/gm of solute)71 and its solubility is 0.068 g/cm3 at 

25 °C, while benzoic acid is freely soluble (from 1 to 10 cm3 of solvent/gm of 

solute)71 and its solubility is 0.229 g/cm3 at 25 °C. 

The solubility study of drugs is an important aspect and the need to improve 

the physical and chemical properties of the drug to increase its solubility and 

bioavailability opens up different routes in the pharmaceutical industry. Salt 

formation was the common approach, but the solubility was limited and to 

overcome this problem a solution was to make co-crystals to improve the 

drug properties. Serajuddin95 had estimated that one third of the medical 

compounds have solubility of less than 10 µg/cm3. 
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3.1 The Solubility of Isonicotinamide and Benzoic Acid 

The solubility of isonicotinamide and benzoic acid in water and ethanol has 

been investigated in some papers93,94, and in this research  the solubility of 

benzoic acid/isonicotinamide system were investigated in water, ethanol and 

ethanol/water mixed solvent (30 – 90 % ethanol) by two methods: the Hot- 

Plate and the React-Array Microvate. Some of the results were recorded in 

chapter two, sections 2.3 and 2.6, and all other results are presented in 

Appendix 1 and 2. Some of the results were ignored as they were too far 

deviated from the other results, due to erroneous behaviour during the 

procedure, in this chapter the average results were recorded in tables and 

discussed. 

3.1.1 The Solubility of Isonicotinamide and Benzoic Acid by Hot-Plate 

In the Hot-Plate method benzoic acid (0.0294 g, 0.0024 mol) was placed in a 

vial, solvent (5 cm3) and magnetic stirrer was added and the vial was 

stoppered.  The vial was placed on the hot-plate ADS-HP1 at 25 °C, after 15 

minutes if no compound was present then more benzoic acid was added to 

determine the solubility.  The temperature of the hot plate was raised to 35 

°C and was held at this temperature, more benzoic acid was added and after 

15 minutes the presence of the compound was checked as before, and then 

the solubility at 35 °C was determined.  The temperature was raised to 40 °C 

and the same procedure was repeated as before.  

The solubility in this method was repeated with a range from 2-6 times for 

benzoic acid and isonicotinamide in water, ethanol and ethanol/water mixed 
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solvent (30 – 90 % ethanol) and the results were recorded then the average 

values were calculated for each compound as shown in Tables 3.1 and 3.2. 

3.1.1.1 The Average Solubility of Benzoic Acid 

The average values of the solubility of benzoic acid in water, ethanol and 

ethanol/water mixed solvent (30 – 90 % ethanol) were calculated using the 

data in Table 2.1 and the data sets in Appendix 1, Tables A.1.1 and A.1.3, 

are presented in Table 3.1. 

Table 3.1 Average solubility of benzoic acid in water, ethanol and ethanol /water 
mixed solvent. (        no result). 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

water 0.00212 0.0024 0.00268 
ethanol 0.291 0.3818 0.5432 
30%ethanol 0.015  0.030 

40%ethanol 0.022 0.040 0.060 

50%ethanol 0.060 0.080 0.100 

60%ethanol 0.070 0.100 0.090 
70%ethanol 0.210 0.230 0.290 
80%ethanol 0.260 0.290 0.320 
90%ethanol 0.320 0.370 0.400 

 

Benzoic acid was slightly soluble in water (0.00212 g/cm3) at 25 °C, (from 

100 to 1000 cm3 of solvent /gm of solute),71 while it was freely soluble in 

ethanol (0.291 g/cm3) at 25 °C (from 1 to 10 cm3 of solvent/gm of solute)71. 

Benzoic acid was sparingly soluble in 30 % ethanol solvent (0.015 g/cm3) at 

25 °C (from 30 to 100 cm3 of solvent / gm of solute)71, while it was freely 

soluble in 90% ethanol (0.320 g/cm3) at 25 °C (from 1 to 10 cm3 of solvent / g 

of solute)71. 

The solubility was increased with the increase of the concentration of ethanol 

and its solubility in 90 % ethanol solvent was higher than that in the 100 % 
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ethanol solvent, also the solubility was increased with the increase of the 

temperature from 25 °C, 35 °C and 40 °C. 

3.1.1.2 The Average Solubility of Isonicotinamide 

The average values of the solubility of isonicotinamide in water, ethanol and 

ethanol/water mixed solvent (30 – 90 % ethanol) were calculated using the 

data in Table 2.2 and the data sets in Appendix 1, Tables A.1.2 and A.1.4, 

are presented in Table 3.2. 

Table 3.2 Average solubility of isonicotinamide in water, ethanol and ethanol /water 
mixture. 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

water  0.138 0.182 0.339 
ethanol 0.039 0.075 0.128 
30%ethanol 0.190 0.260 0.390 
40%ethanol 0.170 0.300 0.425 

50%ethanol 0.145 0.270 0.395 

60%ethanol 0.130 0.245 0.355 
70%ethanol 0.270 0.435 0.605 
80%ethanol 0.210 0.340 0.465 
90%ethanol 0.205 0.300 0.365 

 

Isonicotinamide was freely soluble in water (0.138 g/cm3) at 25 °C (from 1 to 

10 cm3 of solvent /g of solute)71, while it was soluble in ethanol (0.039 g/cm3) 

at 25 °C (from 10 to 30 cm3 of solvent/g of solute)71.  Isonicotinamide was 

freely soluble in 30% ethanol solvent (0.190 g/cm3) at 25 °C (from 1 to 10 

cm3 of solvent / g of solute)71, while it was freely soluble in 90 % ethanol 

solvent (0.205 g/cm3) at 25 °C (from 1 to 10 cm3 of solvent / g of solute)71. 

The solubility was increased with the increase in concentration of ethanol 

and it was the highest in the 70 % ethanol solvent and more than its solubility 



 
 

83 
 

in water, also the solubility was increased with the increase of the 

temperature from 25 °C, 35 °C and 40 °C. 

This method of studying the solubility was carried out to find an approximate 

value of the solubility of each compound before carrying out the solubility by 

the React-Array. 

3.1.2  Solubility of Benzoic Acid and Isonicotinamide by React-Array 

In the React-Array method the compounds were weighed in a special thermo 

vials and solvent (1.0 - 3.0 cm3) was added to each vial then these vials were 

placed in the wells of the React-Array.  The React-Array was programmed in 

such a way that zones 1, 4, 7 and 10 were set to reach a temperature 25 °C 

in 1 minute then the temperature was held for 80 hours; zone 2, 5, 8 and 11 

were set to reach 35 °C in 10 minutes then the temperature was held for 80 

hours; finally zone 3, 6, 9 and 12 were set to reach 40 °C in 10 minutes then 

the temperature was held for 80 hours.  After 80 hours a solution was taken 

from each vial and was left to dry, then the solubility was determined 

gravimetrically.  This experiment was repeated with a range from 4-8 times 

for each compound in each solvent, until the accurate solubility was gained.  

The average solubility of each compound was calculated and is presented in 

Tables 3.3 and 3.4. 

 

3.1.2.1 Average Solubility of Benzoic Acid in Water, Ethanol and 

Ethanol/Water Mixed Solvent 

The following composite plots of solubility using the data set in Table 2.3 and 

the data sets are presented in Appendix 2, Tables A.2.1 – A.2.8.  The 
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average solubility of benzoic acid in water, ethanol and ethanol/water mixed 

solvent (30 – 90 % ethanol) were calculated and recorded in Table 3.3 and 

then were plotted against the percentage ethanol of the solvents. 

Table 3.3 Average solubility of benzoic acid in water, ethanol and ethanol /water 
mixed solvent. 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

Water 0.0032 0.0045 0.00542 
Ethanol 0.229 0.358 0.4046 

30%ethanol 0.014 0.0359 0.0434 
40%ethanol 0.041 0.0492 0.0729 

50%ethanol 0.0824 0.116 0.14 

60%ethanol 0.1147 0.1539 0.173 
70%ethanol 0.183 0.2385 0.356 
80%ethanol 0.240 0.3305 0.407 
90%ethanol 0.256 0.379 0.387 

 

Benzoic acid was slightly soluble in water (0.0032 g/cm3) at 25 °C (from 100 

to 1000 cm3 of solvent /g of solute),71 while it was freely soluble in ethanol 

(0.229 g/cm3) at 25 °C (1 to 10 ml of solvent /gm of solute)71.  Benzoic acid 

was sparingly soluble in 30 % ethanol at 25 °C (from 30 to 100 cm3 solvent / 

g of solute)71, while it was freely soluble in 90 % ethanol solvent (0.256 

g/cm3) at 25 °C (from 1 to 10 ml solvent /g of solute)71.  

The solubility was increased with the increase of the concentration of ethanol 

and it was the highest in the 90 % ethanol solvent.  The solubility was plotted 

with the change in the concentration of ethanol as shown in Figure 3.1. 
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Figure 3.1 The average solubility of benzoic acid in water, ethanol and mixed 
solvent. 

 

The curve profile shows that the solubility  of benzoic acid in water, ethanol 

and ethanol/water mixed solvent (30 – 90 % ethanol) at 25 °C, 35 °C, 40 °C 

was increased with the increase of temperature; also the solubility was 

increased with the increase of the concentration of ethanol.  The solubility in 

water was the lowest and it was the highest at 90 % ethanol, also the 

solubility at 80, 90 and 100 % were high and they were close to each other 

and they were intersects at 40 °C.  These interactions of the solubility curves 

of benzoic acid indicates that the solubility at higher temperature and higher 

concentration will be nearly the same, and for practical purposes the least 

concentration can be used. 

3.1.2.2 Average Solubility of Isonicotinamide in Water, Ethanol and 

Ethanol/Water Mixed Solvent 

The following composite plots of solubility using the data set in Table 2.4 and 

the data sets are presented Appendix 2, Tables A.2.9 – A.2.16. The average 
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solubility of benzoic acid in water, ethanol and ethanol/water mixed solvent 

(30 – 90 % ethanol) was calculated and was recorded in Table 3.4. 

Table 3.4 Average solubility of isonicotinamide in water, ethanol and ethanol/water 
mixed solvent. 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

Water 0.097 0.1555 0.2666 
Ethanol 0.068 0.099 0.12 

30%ethanol 0.17 0.2748 0.4184 
40%ethanol 0.182 0.3255 0.426 

50%ethanol 0.224 0.316 0.4363 

60%ethanol 0.162 0.2795 0.434 
70%ethanol 0.169 0.259 0.354 
80%ethanol 0.165 0.258 0.339 
90%ethanol 0.166 0.2075 0.2356 

 

Isonicotinamide was freely soluble in water (0.097 g/cm3) at 25 °C (from 1 to 

10 cm3 of solvent /g of solute)71, while it was soluble in ethanol (0.068 g/cm3) 

at 25 °C (10 to 30 cm3 of solvent /g of solute)71.  Isonicotinamide was soluble 

in 30 % ethanol (0.170 g/cm3) at 25 °C (from 10 to 30 cm3 solvent / g of 

solute)71, while it was freely soluble in 90% ethanol (0.166 g/cm3) at 25 °C 

(from 1 to 10 cm3 solvent /g of solute)71.  

The solubility was increased with the increase of the concentration of ethanol 

and it was the highest in the 50 % ethanol solvent then it was decreased in 

70, 80 and 90 % ethanol solvent.  The solubility was increased with the 

increase in the temperature from 25 °C, 35 °C and 40 °C.  The solubility was 

plotted with the change of the concentration of ethanol as shown in Figure 

3.2 
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Figure 3.2 The change in the solubility of INA in water, ethanol and ethanol/water 
mixed solvent. 

 

The curve profile shows that the solubility of isonicotinamide in water, 

ethanol and ethanol/water mixed solvent (30 – 90 % ethanol) at 25 °C, 35 °C, 

40 °C was increased with the increase of temperature; also the solubility was 

increased with the increase of the concentration of ethanol and it reaches the 

maximum in the 50 % ethanol solvent.  The solubility in water was higher 

than that in 100 % ethanol and it was clear in this plot.  The solubility in 40 % 

ethanol solvent was approximately the same as in the 50 % ethanol solvent 

and they were intersects at 35 °C and 40 °C.  Therefore the best solubility of 

isonicotinamide is the 50% ethanol / water mixed solvent. 

There was a difference in the measured solubility with these two methods for 

of benzoic acid and isonicotinamide in water, ethanol and water/ ethanol 

mixture, the solubility measured by the React-array method was repeated 

many times and it was more accurate than the Hot-Plate method. 
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3.2 pH Behaviour of BZ:INA 1:1 Water, Ethanol and 

Ethanol/Water Mixed Solvent 

The study of the changes in the pH was important in this research to see the 

affect of the solvent composition on the solubility and to identify if some ions 

were formed during the dissociation and how this could affect the formation 

of co-crystals96,97. 

The pH of benzoic acid and isonicotinamide in water, ethanol and ethanol 

water mixed solvent (30 – 90 % ethanol) were measured by the Mettler -

Tolledo pH meter.  Isonicotinamide and benzoic acid with a molar ratio of 1:1 

were mixed together and were dissolved in water, and then the pH of the 

solution was measured.  Benzoic acid was added in portions until the molar 

ratio was increased to 5:1 and the pH was measured each time, the same 

procedure was repeated with the addition of isonicotinamide until the molar 

ratio was 1:5, the results were recorded in Table 2.6 and were plotted in 

Figure 3.3. 

Figure 3.3 The effect of the addition of INA or BZ to the BZ: INA (1:1) in water on 
the pH. (At room temperature and initial concentration 0.085 mmol/cm3) 
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The curve profile shows that at 1:1 molar ratio the pH was 4.63 and as 

benzoic acid was increased the pH was decreased to 4.08 at the 5:1 molar 

ratio and the solution became more acidic and as isonicotinamide was 

increased the pH was increased to 4.96 and the solution became more 

basic. 

The same procedure was repeated with ethanol and the results were 

recorded in page 192, Appendix 3, Table A.3.1 and were plotted in Figure 

3.4: 

Figure 3.4 The effect of the addition of INA or BZ to the BZ: INA (1:1) in ethanol on 
the pH. (at room temperature and initial concentration 0.085 mmol/cm3) 

 

The trend of the curves were the same as that in water, the pH was 5.01 at 

1:1 molar ratio and as benzoic acid was increased the pH was decreased to 

4.51 at the 5:1 molar ratio and the solution became more acidic and as 

isonicotinamide was increased the pH was increased to 5.33 and the solution 

became more basic. 
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results were recorded in page 192, Appendix 3, Table A.3.2 and were plotted 

in Figure 3.5  

Figure 3.5 The change in the pH of BZ:INA from (1:1) in mixed solvent (30 – 90 % 
ethanol) with the Increase of benzoic acid (at room temperature and initial conc. 
0.085 mmol/cm3) 

 

The curve profile shows that the pH curves were approximately parallel, and 

the pH of the solution was decreased as the concentration of benzoic acid 

and ethanol (30 – 90 %) was increased, this indicates that the dissociation of 

benzoic acid was increased with the increase in concentration of ethanol and 

more hydrogen ions were released into the solution. 

The pH of BZ: INA (1:1) molar ratio in ethanol/water mixed solvent (30 - 90  

% ethanol) were measured, isonicotinamide was increased in portions and 

the molar ratio was increase to 1:5 and the pH was measured each time, the  

results were recorded in page 193, Appendix 3, Table A.3.3 and were plotted 

in Figure 3.6  
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Figure 3.6 The change in the pH of BZ:INA from (1:1) to (1:5) in ethanol-water 
mixture with increase of isonicotinamide (at room temperature and initial conc.0.085 
mmol/cm3) 

 

The curve profile shows that the pH curves were approximately parallel, and 

the pH of the solution was increased as the concentration of both 

isonicotinamide and ethanol (30 - 90 %) was increased, this is due to the 

dissociation of these compounds and the release of more free hydroxyl ions 

in to the solution.  

3.3 Crystal Growth 

Once the solubility and pH were established for the single system, the next 

step was to grow co-crystals and determine their forms by PXRD powder 

diffraction.  

The formation of the solid materials either from organic or inorganic 
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ingredient (API) can be prepared in different ways, as was shown in section 

1.6.  

The formation of co-crystals is the new approach used to improve the 

physical properties of such as the solubility and the bioavailability, in the 

formation of co-crystals the concept of supramolecular synthons were 

employed to construct the desired lattice structure and in this work the amide 

and the carboxylic synthons were used in the construction of co-crystals. 

The synthesis of co-crystals was carried out in a jacketed vessel at 50 °C by 

dissolving equal molar ratio of benzoic acid and isonicotinamide in the 

solvent, the addition of solvent was in batches until all the solid had 

dissolved.  The solution was cooled with a rate of 1 °C in 2.4 minutes and 

when the crystals appeared the time was recorded, the crystals were left to 

grow for one hour. White crystals were isolated at the pump and were left to 

dry at room temperature then the PXRD was determined.  The same 

procedure was repeated for the synthesis of co-crystals by using 2:1 molar 

ratio of benzoic acid: isonicotinamide and all the products were analysed.  

From the synthesis of co-crystals in water, ethanol and mixed solvent, there 

was a growth of pure co-crystals 1:1 and 2:1, or a mixture from both 

depending on the solvent.  

The PXRD spectra of these co-crystals were compared with the simulated 

patterns of co-crystals 1:1 and 2:1.  The quantifying of these two forms was 

carried out by comparing the pattern to the two simulated pattern, the 

intensity of each peak of the spectrum was divided by the intensity of the 

relevant peak in the simulated pattern. The summation of the values of 
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formation of each form of co-crystal was use to count the percentage of the 

formation of each form as the concentration of solvent was changed from 0 -

100 % ethanol then it was plotted in Figures 3.8 and 3.14. 

Figure 3.7 The PXRD of co-crystals formed from BZ:INA (1:1) in 40 % ethanol 
mixed solvent compared with the PXRD database pattern of co-crystals (1:1), (2:1) 
benzoic acid and isonicotinamide, ( brown-sample, red-benzoic acid, blue-
isonicotinamide, green-simulated (1:1),  pink-simulated (2:1) 

 

The comparison of co-crystals grown from equal molar ratio of benzoic acid 

and isonicotinamide shows that when the solvent was water, its PXRD 

spectrum was similar to the simulated pattern of co-crystals 2:1 and was 

identified with the specific peaks at 2θ: 6, 12, and 14; when the solvent was 

ethanol the PXRD spectrum was similar to the simulated pattern of co-crystal 

1:1 and was identified with the specific peaks at 2θ°: 7.8, 8.6, 11, 12, and 15. 

In the mixed solvent there were a growth of co-crystals 1:1 and 2:1, and the 

change in the growth was determined as a percentage of co-crystals formed 

compared to the CSD database of co-crystal 1:1 and 2:1.  
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3.3.1 Growth of Co-Crystals 1:1 and 2:1 from BZ:INA (1:1) in Water, 

Ethanol and Ethanol/Water Mixed Solvent 

The growth of co-crystals 1:1 and 2:1 from BZ:INA (1:1) in water, ethanol and 

ethanol/water mixed solvent (30 – 90 %) ethanol was identified from the 

comparison of the PXRD patterns with the simulated patterns as shown in 

Table 2.7.  The ratio of the growth in the mixed solvent was calculated and 

was plotted with the change in the concentration of ethanol as shown in 

Figure 3.8. 

Figure 3.8 The change in the growth of co-crystals (1:1) and (2:1) from BZ:INA 

(1:1)with the change of the solvent 

 

The co-crystal composition was varied clearly as solvent composition was 

changed. The curve profile shows that only co-crystals 2:1 were grown in 

water and only co-crystals 1:1 were grown in ethanol.  The growth of co-

crystal 1:1 was started at 30 % ethanol and was increased as the growth of 

co-crystals 2:1 was decreased with increase in the concentration of ethanol. 
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Some of the parameters that effect the growth of co-crystals were studied 

and from the repeated experiments the average solubility, crystallization 

time, crystallization temperature, the volume of solvent and the yield of co-

crystals formed during the growth of co-crystals from dissolving BZ: INA 1:1 

in ethanol, water and ethanol/water (30 - 90 % ethanol) were calculated and 

recorded in Table 3.5.  Then these parameters were plotted with the change 

in the concentration of ethanol as shown in Figures 3.9 to 3.15. 

Table 3.5 Average of the parameters that effect the growth of co-crystals from BZ: 
INA (1:1) in water, ethanol and ethanol water mixed solvent (30 -90 % ethanol) 

% 
ethanol 

Solubility 
g/cm

3 

at 50 °C 

Solubility 
g/cm

3 

at 25 °C
 

Super-

saturation 

 

Crystallization 
Temperature(°C) 

Crystallization 
Time (min.) 

Volume 
of 

Solvent 
(cm

3
) 

Yield 
g 

water 0.0113   28.10 53 86 0.3130 

30% 0.044 0.0136 0.0304 42.80 15 22 0.4450 

40% 0.07 0.0239 0.0461 40.50 24.3 25 0.7927 

50% 0.0959 0.03 0.0659 39.33 26 18 0.8052 

60% 0.1234 0.04 0.0834 39.52 26 14 0.5690 

70% 0.144 0.0558 0.0882 42.39 20 12 0.7210 

80% 0.144 0.0582 0.0858 42.40 19 12 0.4415 

90% 0.133 0.057 0.076 42.70 18 13 0.5640 

100% 0.0811 0.0354 0.0457 40.10 25 12 0.3103 

 

3.3.1.1 Changes of the Solubility with the Change of the Solvent 

Benzoic acid and isonicotinamide 1:1 molar ratio were placed in a jacketed 

vessel at 50 °C; the solvent was added in portions until all the solid had 

dissolved, then the solubility was determined in gram of solute per cm3 of 

solvent.  The solubility was plotted with the change in the concentration of 

ethanol as shown in Figures 3.9 and 3.10 also the change in the degree of 

supersaturation with time was plotted in Figure 3.11.  
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Figure 3.9 The change of the solubility of BZ: INA (1:1) with the change of the 

solvent at 50 °C. 

 

 

Figure 3.10 The change of the solubility of BZ: INA (1:1) with the change of the 

solvent at 25 °C. 
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Figure 3.11 The change of the degree of supsaturation with time for the growth of 

cocrystals from a physical mixture BZ: INA (1:1)  

 

The curve profile shows that the solubility of the mixture of isonicotinamide 

and benzoic acid in water (0.0113 g/cm3) was the lowest, and then it was 

increased with the increase of the concentration of ethanol.  The solubility in 

the 70 and 80 % ethanol solvent (0.144 g/cm3) were the maximum solubility 

then it was dropped down to (0.0811) in the 100 % ethanol solvent, and the 

change in the degree of supersaturion was looped with the increase of the 

concentration of ethanol. 

3.3.1.2 Changes of the Volume with the Change of the Solvent 

The amount of the solvent which was used to dissolve the mixture of benzoic 

acid and isonicotinamide in the jacketed vessel at 50 °C was recorded and 

plotted against the change in the concentration of ethanol as shown in Figure 

3.12. 
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Figure 3.12 The change of the volume of the solvent dissolve BZ: INA (1:1) in 
water, ethanol and ethanol /water mixture. 

 

The curve profile shows that the volume of solvent used to dissolve the 

physical mixture of BZ:INA 1:1 was decreased with the increase of ethanol 

concentration and there was a significant drop in the amount of solvent when 

pure water and the 30 % ethanol was used, also the physical volume of 

solvent involved was similar  in the 60 – 100 % ethanol composition range. 

3.3.1.3 Changes of the Temperature of Crystallisation with the Change 

of the Solvent 

The solution in the jacketed vessel was left to cool gradually from 50 °C until 

crystals appeared.  The temperature was recorded and was plotted against 

the change in the concentration of ethanol as shown in Figure 3.13. 
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Figure 3.13 The change in the temperature required to start crystallisation from BZ: 
INA (1:1) in water, ethanol and ethanol/water mixture. 

 

The curve profile shows that the temperature was low when the co-crystals 

were grown in water at 28 °C, then the temperature of crystallisation was 

increased sharply as the concentration of ethanol was increased in the 30 % 

ethanol solvent.  In cooling crystallisation supersaturation is commenced 

shortly and nucleation will start.  The supersaturation is the driving force for 

the crystallisation process it is a combination of rapid cooling and high solute 

concentration, if cooling was carried out at a steady rate then the 

temperature drop will be exponential and the supersaturation increases very 

quickly in the early stages and peaks when nucleation occurs after passing 

the metastable zone.  

3.3.1.4 Changes of the Time of Crystallisation with the Change of the 

Solvent 

The time when the co-crystals started to grow was recorded and was plotted 

against the change in the concentration of ethanol as shown in Figure 3.14 
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Figure 3.14 The change in the time required to start crystallisation from BZ: INA 
(1:1) in water, ethanol and ethanol/water mixture. 

 

The curve profile indicates that the maximum time required for the start of 

crystallisation was in water 53 min., the time dropped sharply to 15 min. at 

the 30 % ethanol mixture.  There is a relation between the induction time and 

the supersaturation, this time falls between the degree of supersaturation 

and the appearance of the crystals. The induction time is affected by level of 

supersaturation, agitation, presence of impurities and viscosity. 

 

3.3.1.5 Changes of the Yield of Co-Crystals with the change Of the 

Solvent 

The growth of the co-crystals were left to continue for a one hour period, then 

they were isolated at the pump and were left to dry.  The yield was recorded 

and was plotted against the change in the concentration of ethanol as shown 

in Figure 3.15. 
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Figure 3.15 The change in the yield of (1:1) and (2:1) co-crystal from BZ: INA (1:1) 
in water, ethanol and ethanol-water mixture. 

 

The curve profile shows that lowest yield of co-crystals was with water as a 

solvent, the yield was increased in the 30 % ethanol solvent then it was 

fluctuating at higher concentration. 

3.3.2 Growth of Co-Crystals 1:1 and 2:1 From BZ:INA (2:1) in Water, 

Ethanol and Ethanol/Water Mixed Solvent. 

The growth of co-crystals 1:1 and 2:1 from BZ:INA (2:1) molar ratio in water, 

ethanol and ethanol/water mixed solvent (30 – 90 %) ethanol was identified 

from the comparison of the PXRD patterns with the simulated patterns as 

shown in Table 2.8, then the ratio of the growth in the mixed solvent was 

calculated and was plotted against the percentage ethanol as shown in 

Figure 3.16  

 

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 20 40 60 80 100 120 

yi
e

ld
 /

 g
m

 

% ethanol 



 
 

102 
 

Figure 3.16 The change in the growth of co-crystals (1:1) and (2:1) from BZ:INA 
(2:1) with the change of the solvent. 

 

The co-crystal composition was varied clearly as solvent composition was 

changed. The curve profile shows that only co-crystals 2:1 were grown in 

water and only co-crystals 1:1 were grown in ethanol.  The growth of co-

crystal 1:1 was started in the 50 % ethanol solvent and was increased as the 

growth of co-crystals 2:1 was decreased with increase of the concentration of 

ethanol, and there was a mixture of both types of co-crystals until the solvent 

was pure ethanol then only co-crystals 1:1 were grown.  

Some of the parameters that effect the growth of co-crystals were studied 

and from the repeated experiments the average solubility, crystallization 

time, crystallization temperature, the volume of solvent and the yield of co-

crystals formed during the growth of co-crystals from dissolving BZ: INA 2:1 

in ethanol, water and ethanol/water (30 - 90 % ethanol) were calculated and 

recorded in Table 3.6 then  These parameters were plotted against the 

change in the concentration of ethanol as shown in Figures 3.17 to 3.23. 
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Table 3.6 Average of the parameters that effects the growth of co-crystals from 
BZ:INA (2:1) in water, ethanol and ethanol/water mixed solvent. 

% 
thanol 

Solubility 
g/cm

3
 

at 50  °C 

 
 

Solubility 
g/cm

3
 

at 25 °C
 

 

Super-

saturation 
Crystallization 
Temperature 

(°C) 

Crystallization 
Time (min.) 

Volume  
of 

Solvent 
(cm

3
) 

Yield 
g 

Water 0.0117   35.94 36 125 0.6224 

30% 0.05 0.0131 0.0369 45.36 13 29 0.4483 

40% 0.0811 0.0245 0.0566 44.1 16 18 0.4698 

50% 0.1128 0.0367 0.0761 43.42 17 13 0.481 

60% 0.137 0.05 0.087 39.42 27 11 0.482 

70% 0.150 0.0603 0.0897 36.8 33 10 0.3254 

80% 0.150 0.0665 0.0835 38.3 29 10 0.3354 

90% 0.1394 0.068 0.0714 40.4 24.5 11 0.4134 

100% 0.097 0.043 0.0537 39.7 26 15 0.4385 

 

3.3.2.1 Changes of the Solubility with the Change of the Solvent 

Benzoic acid and Isonicotinamide (2:1) molar ratio were placed in the 

jacketed vessel at 50 °C; the solvent was added in portions until all the solid 

had dissolved, then the solubility was determined in gram of solute per cm3 

solvent.  The solubility was plotted against the change in the concentration of 

ethanol as shown in Figures 3.17 and 3.18, and the change in the degree of 

supersaturation with time was plotted in Figure 3.19. 
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Figure 3.17 The change of the solubility of BZ: INA (2:1) with the change of the 
solvent 50 °C 

 

 

Figure 3.18 The change of the solubility of BZ: INA (2:1) with the change of the 
solvent at 25 °C 
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Figure 3.19 The change of the degree of supsaturation with time for the growth of 

cocrystals from a physical mixture BZ: INA (2:1)  

 

The curve profile indicates that the solubility of the physical mixture of 

benzoic acid: isonicotinamide 2:1 was low in water 0.0117 g/cm3 and then it 

was increased with the increase of the concentration of ethanol.  The 

maximum solubility was in the 70 and 80 % ethanol solvent mixture 0.1501 

g/cm3 then it was dropped down as the concentration of ethanol was 

increased and the change in the degree of saturation was looped 

3.3.2.2 Changes of the Volume with the Change of the Solvent 

The amount of the solvent used to dissolve the mixture of benzoic acid and 

isonicotinamide in the jacketed vessel at 50 °C were recorded and were 

plotted against the change in the concentration of ethanol as shown Figure 

3.20. 
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Figure 3.20 The change in the amount of solvent used to dissolve BZ: INA (2:1) 
with the change of the concentration of ethanol. 

 

The curve profile shows that the volume of solvent used to dissolve the 

physical mixture of BZ:INA 2:1 was decreased with the increase of ethanol 

concentration and there was a significant drop in the amount of solvent when 

pure water and the 30 % ethanol was used, also the amount of solvent were 

very close at the concentrations from 60 – 100 % ethanol. 

3.3.2.3 Changes of the Temperature of Crystallisation with the Change 

of the Solvent 

The solution in the jacketed vessel was left to cool gradually from 50 °C until 

crystals appeared.  The temperature was recorded and was plotted against 

the change in the concentration of ethanol as shown in Figure 3.21. 
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Figure 3.21 The change of crystallization temperature of BZ: INA (2:1) in water, 
ethanol and ethanol- water mixture. 

 

The curve profile shows that the crystallisation temperature in water was low 

(36 °C), then the temperature was increased in the 30% ethanol solvent to 

45.36 °C.  The cooling was carried out at a steady rate therefore 

supersaturation increased very quickly and peaks when nucleation occurs. 

3.3.2.4 Changes of the Time of Crystallisation with the Change of the 

Solvent 

The time required for the co-crystals to start to grow was recorded and was 

plotted against the change in the concentration of ethanol as shown in Figure 

3.22 
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Figure 3.22 The change in crystallisation time of BZ: INA (2:1) in water, ethanol and 
ethanol - water mixture. 

 

The curve profile shows that the maximum time required to the growth of the 

co-crystals was in water 36 min., and then the time was dropped sharply to 

13 min. in the 30 % ethanol solvent.  There is a relation between the 

induction time and the supersaturation, this time falls between the degree of 

supersaturation and the appearance of the crystals. The induction time is 

affected by level of supersaturation, agitation, presence of impurities, and 

viscosity. 

3.3.2.5 Changes of the Yield of Co-Crystals with the Change of the 

Solvent 

The growth of the co-crystals were left to continue for a one hour period then 

they were isolated at the pump and were left to dry.  The yield was recorded 

and was plotted against the change in the concentration of ethanol as shown 

in Figure 3.23. 
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Figure 3.23 The change in the yield of the co-crystal with different solvents. 

 

The curve profile shows that the highest yield of the co-crystals was with 

water solvent, the yield was decreased in the 30 % ethanol solvent then it 

was fluctuating at higher concentration.  There was losing in the yield during 

filtration and weighing. 

3.3.3 Comparison between the Solubility of Co-Crystal 1:1 and 2:1 with 

the Change of the Solvent 

The solubility of co-crystals 1:1 and 2:1 were plotted together on the same 

chart, the solubility of co-crystals 2:1 were greater than that of co-crystals 

1:1, but the solubility in water were identical and at higher concentration of 

ethanol the solubility became closer as shown in Figure 3.24.  The curve 

profile indicates that co-crystals 1:1 is more stable than co-crystal 2:1, since 

the solubility of the later is the highest and this indicates that there is more 

solute- solvent interaction for co-crystals 2:1.   
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Figure 3.24 The comparison of the solubility of BZ: INA (2:1) and (1:1) with the 
change of the solvent. 

 

3.3.4 The Solubility of Co-Crystals 1:1 and 2:1 

Co-crystals (1:1) were grown by mixing BZ:INA (1:1) molar ratio in a jacketed 

vessel at 50 °C in ethanol, the solution was cooled until crystals started to 

appear, they were left to grow for one hour and then they were isolated at the 

pump and left to the dry.  The solubility was determined initially by the Hot-

Plate method then it was determined by the React-Array. 

Co-crystals 2:1 were grown by mixing BZ:INA 1:1 molar ratio in a jacketed 

vessel at 50 °C dissolve in water.  The same procedure was followed as that 

for co-crystals 1:1 then the solubility was determined initially by the Hot-Plate 

method then it was determined by the React-Array. 

 

0 

0.02 

0.04 

0.06 

0.08 

0.1 

0.12 

0.14 

0.16 

0 20 40 60 80 100 120 

so
lu

b
ili

ty
 g

/m
l 

% ethanol 

BZ:INA(2:1) 

BZ:INA(1:1) 



 
 

111 
 

3.3.4.1 Average Solubility of Co-Crystals 1:1 in Water, Ethanol and 

Ethanol/Water Mixed Solvent 

The following composite plots of solubility using the data set in Tables 2.11 

and 2.12 with the data sets are presented Appendix 5, Tables A.5.1 to A.5.7.  

The average values of the solubility of co-crystals 1:1 in each solvent at 25 

°C, 35 °C and 40 °C were calculated and recorded in Table 3.7. 

Table 3.7 Average solubility of co-crystals (1:1) in water, ethanol and ethanol/water 
mixed solvent. 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

Water 0.005 0.00656 0.00782 
Ethanol 0.0354 0.0492 0.0597 

30%ethanol 0.0136 0.0228 0.0273 
40%ethanol 0.02388 0.0372 0.044 

50%ethanol 0.03 0.056 0.0674 

60%ethanol 0.04 0.0731 0.0883 
70%ethanol 0.0558 0.0905 0.1043 
80%ethanol 0.0582 0.09433 0.1084 
90%ethanol 0.057 0.078 0.0987 

 

Co-crystals 1:1 were slightly soluble in water (0.005 g/cm3) at 25 °C (from 

100 to 1000 cm3 of solvent /gm of solute)71 while they were soluble in ethanol 

(0.0354 g/cm3) at 25 °C (10 to 30 cm3 of solvent /g of solute)71.  Co-crystals 

1:1 was sparingly soluble in the 30 % ethanol solvent (0.0136 g/cm3) at 25 °C 

(from 30 to 100 cm3 solvent / g of solute)71, while they were soluble in the 90 

% ethanol (from 10 to 30 cm3 solvent /g of solute)71.  

The solubility was increased with the increase in the concentration of ethanol 

and was highest in the 80 % ethanol solvent then decreased in the 90 % 

ethanol solvent.  The solubility was increased with the increase in the 
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temperature from 25 °C, 35 °C and 40 °C. These results were plotted against 

the change in the concentration of ethanol as shown in Figure 3.25  

Figure 3.25 The average solubility of co-crystals (1:1) in water, ethanol and mixed 
solvent. 

 

The curve profile shows the solubility  of co-crystals 1:1 in water, ethanol and 

ethanol/water mixed solvent (30 – 90 % ethanol) at 25 °C, 35 °C, 40 °C were 

increased with the increase of temperature; also the solubility was increased 

with the increase of the concentration of ethanol and the maximum was in 

the 80 % ethanol solvent.  The solubility in water was low and the solubility in 

the 50 and 100 % ethanol solvent were in the middle and they were 

intersected. The solubility in the 70 and 90 % ethanol solvent was high and 

they were intersected. 

By comparing the solubility of co-crystals 1:1 with the solubility of benzoic 

acid and isonicotinamide in water, ethanol and mixed solvent, it was found 

that the solubility of co-crystals 1:1 was lower than the solubility of benzoic 

acid and isonicotinamide.   
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3.3.4.2 Average solubility of co-crystals 2:1 in water, ethanol and 

ethanol/water mixed Solvent. 

The following composite plots of solubility using the data set in Tables 2.13 

and 2.14 with the data sets are presented in Appendix 5, Tables A.5.8 to 

A.5.14.  The average values of the solubility of co-crystals 2:1 in each 

solvent at 25 °C, 35 °C and 40 °C were calculated and presented in Table 

3.8. 

Table 3.8 Average solubility of co-crystal 2:1 in water, ethanol and ethanol/water 
mixture. 

Solvent 
 

Solubility (g/cm3) 
25 °C

 
35 °C

 
40 °C 

Water 0.0051 0.0063 0.00724 
Ethanol 0.0433 0.0562 0.0678 

30%ethanol 0.0131 0.0227 0.0264 

40%ethanol 0.0245 0.0371 0.05148 

50%ethanol 0.0367 0.0594 0.0674 

60%ethanol 0.051 0.0807 0.0964 
70%ethanol 0.0603 0.0943 0.1155 
80%ethanol 0.0665 0.0912 0.1023 

90%ethanol 0.068 0.08474 0.0999 

 

Co-crystals (2:1) was slightly soluble in water (0.0051 g/cm3) at 25 °C (from 

100 to 1000 cm3 of solvent /g of solute)71, while they were soluble in ethanol 

(0.0433 g/cm3) at 25 °C (10 to 30 cm3 of solvent /g of solute)71.  Co-crystals 

(2:1) was sparingly soluble in 30 % ethanol solvent (0.0131 g/cm3) at 25 °C 

(from 30 to 100 cm3 solvent / g of solute)71, while they were soluble in the 90 

% ethanol solvent (0.068 g/cm3) at 25 °C (from 10 to 30 cm3 solvent /g of 

solute)71.  

The solubility was increased with an increase in the concentration of ethanol 

and was highest in 80 % ethanol solvent then it decreased in the 90 % 
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ethanol solvent.  The solubility was increased with the increase in the 

temperature from 25 °C, 35 °C and 40 °C. These results were plotted against 

the change in the concentration of ethanol as shown in Figure 3.26. 

Figure 3.26 The average solubility of co-crystals 2:1 in water, ethanol and 
ethanol/water mixture. 

 

The curve profile indicates that the solubility  of co-crystals (2:1) in water, 

ethanol and ethanol/water mixed solvent (30 – 90 % ethanol) at 25 °C, 35 °C, 

40 °C were increase with the increase of temperature; also the solubility was 

increased with the increase of the concentration of ethanol and was 

maximum in the 80 % ethanol solvent.  The solubility in water was low and 

the solubility in 50 and 100 % ethanol solvent were in the middle and they 

intersected. The solubility in 70 and 90 % ethanol solvent were high and the 

solubility curves intersect at a composition of approximately 80 % ethanol 

solvent. 
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By comparing the solubility of co-crystals 2:1 with the solubility of benzoic 

acid and isonicotinamide in water, ethanol and mixed solvent, it was found 

that the solubility of co-crystals 2:1 was lower than the solubility of benzoic 

acid and isonicotinamide. 

The solubility of co-crystals (1:1) and (2:1) were plotted in a 3-D graph, a 

comparison of the solubility surface 3-D charts of co-crystals (1:1) and (2:1) 

shows the change in the solubility of the co-crystals with change of 

temperature and the concentration of ethanol as shown in Figure 3.27. 

Figure 3.27 Comparison of the solubility surface 3-D of co-crystals (1:1) and (2:1) 

 

Co-crystals (2:1) were more soluble than co-crystals (1:1) and both had 

lower solubility than isonicotinamide and benzoic acid. 

3.3.6 The Experimental Analysis for Co-Crystals 1:1 and 2:1 

Many experimental techniques were used to investigate the structure of co-

crystals 1:1 and 2:1 such as X-Ray diffraction, infrared (IR), Raman 

spectroscopy and NMR spectroscopy98.  The assignment of the spectra of 

the starting materials and of the co-crystal components helps to understand 
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the environment that effects the formation of each vibrational mode and to 

evaluate the formation of each type of co-crystals from their components27. 

3.3.6.1 Powder X-Ray Diffraction Analysis 

The X-ray powder diffraction is the primary technique which is commonly 

used to investigate the formation of new solid compound and to detect the 

changes in the crystal lattice, this helps to study and identify polymorphs27. 

Co-crystals 1:1 and 2:1 are polymorphs, and there was a need to understand 

the suitable conditions for the growth of each form, therefore X-ray powder 

diffraction was used initially for this purpose. 

Then powder X-ray patterns were used to identify the suitable solvent for the 

growth of pure co-crystals 1:1 and 2:1, these patterns were compared with 

the CSD database patterns of co-crystals 1:1 and 2:1 and are shown in 

Figures 3.28 and 3.29.  This comparison shows that co-crystals (2:1) were 

grown from water and co-crystals (1:1) were grown from ethanol. 

Figure 3.28 The PXRD of co-crystals formed from BZ:INA (1:1)in water with the 
PXRD database pattern of co-crystals (1:1) and (2:1), (green-sample, red-simulated 
2:1, blue-simulated (1:1). 
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Figure 3.29 The PXRD of co-crystals formed from BZ:INA (1:1)in ethanol with the 
PXRD database pattern of co-crystals (1:1) and (2:1), (green-sample, red-simulated 
1:1, blue-simulated (2:1). 

 

The PXRD pattern of the growth co-crystals from BZ:INA (1:1) in water, 

ethanol and the mixed solvent ethanol/water (30 - 90 % ethanol) are 

presented in Appendix 4, Figures A.4.1 – A.4.9.  These spectra shows the 

growth of co-crystals 2:1 from water and the growth of a mixture of co-

crystals 1:1 and 2:1 from the solvent (30 - 50 % ethanol) while the growth of 

pure co-crystals 1:1 starts in the solvent of 60 % ethanol.  All the analysis 

results were recorded in Table 3.9 shows the affect of the solvent 

composition on the formation of co-crystals growth. 

The same analysis was done for the growth of co-crystals from BZ:INA (2:1) 

in water, ethanol and ethanol/ water mixed solvent (30 - 90 % ethanol), the  

PXRD pattern were presented in Appendix 4, Figures A.4.10 – A.4.18.  

These spectra shows the growth of co-crystals 1:1 from ethanol, the growth 

of co-crystals 2:1 from water and the growth of a mixture of co-crystal 1:1 

and 2:1 in different ratios from the mixed solvent ethanol/water (30 - 90 % 
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ethanol). All the analysis results were recorded in Table 3.10 show the affect 

of the solvent composition on the formation of co-crystals growth. 

Again the same analysis was repeated for the growth of co-crystals from 

BZ:INA 1:2 in water and ethanol, the PXRD pattern were presented in 

Appendix 4, Figures A.4.19 and A.4.20.  These spectra show the growth of 

co-crystals 1:1 from ethanol and the growth of a mixture of co-crystal 1:1 and 

2:1 from water.  All the analysis results were recorded in Table 3.11 show the 

affect of the solvent composition on the formation of co-crystals growth. 
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Table 3.9 The PXRD analysis of the co-crystals grown from BZ:INA (1:1) in water, ethanol and ethanol/water mixed solvent (30-
90%ethanol).  

Solvent Benzoic acid.  (2θ) Isonicotinamide. (2θ) Co-crystal 1:1. (2θ) Co-crystal 2:1      

2θ / ° 

Co-crystals1:1. 

Database 2θ / ° 

 Co-crystals2:1 

Database 2θ / ° 

Co-crystal 1:1 & 2:1 

2θ / ° 

Water    6.35, 12.6, 14.4, 
17.14, 18.9, 25.64 

 6.4, 12.7, 14.2, 14.5, 
16.6,1 7.4,17.9, 18.69, 
19.5, 19.82, 25.677. 
 

 

Ethanol 5.189, 6.844, 8.638, 
13.16, 13.55, 14.54, 
16.75,17.43, 17.712, 
18.13, 19.414. 
 

6.3, 7.29, 8.7,9.1,9.,2 
10.4,10.8,11.5,13.3,14
.6,15.9,16.4,16.8,17.7, 
18.5, 19.1, 19.929. 
 

7.92, 8.75, 11.05, 
12.43, 15.72, 17.06 

 7.94,8.7,11.0,12.6, 
15.95,17.3,18.3,19.5
, 19.92 

  

30% EtOH       6.3, 7.9, 8.7, 11.5,  
12.5, 14.4, 16.6, 17.5, 
18.8, 25.57, 28.19 

40% EtOH       6.35, 7.8, 8.7, 11.02, 
12.7, 14.5,1 5.7, 17.5, 
18.9, 21.6, 25.4, 28.4 

50% EtOH       6.31, 7.88,  8.72,  
10.90, 12.40,1 5.72, 
17.07, 18.2, 21.67, 
25.36, 28.30. 

60% EtOH   7.76, 8.68, 11.97, 
12.329, 15.68,16.997, 
1743, 18.78, 20.97, 
21.59, 25.35, 28.26 

    

70% EtOH   7.84, 8.72, 10.97, 
12.33, 15.69, 17.04, 
20.98, 21.63, 25.36, 
28.35. 

    

80% EtOH   7.94, 8.67, 11.04, 
12.46, 15.92, 17.22, 
25.2, 28.27 

    

90% EtOH   7.94, 8.67, 11.04, 
12.46, 15.59, 17.22, 
25.09, 28.18 
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Table 3.10 The PXRD analysis of the co-crystals grown from BZ:INA (2:1) in water,  ethanol and ethanol/water mixed solvent (30 - 90 
% ethanol). 

Solvent Benzoic acid   

           2θ / ° 

Isonicotinamide   

              2θ / ° 

Co-crystal 1:1  

           2θ / ° 

Co-crystal 2:1  

             2θ / ° 

Co-crystals1:1 

Database 2θ / ° 

Co-crystals2:1 

Database 2θ / ° 

Co-crystal 1:1 & 2:1 

2θ / °  

Water      6.35, 12.72, 14.193,  
14.51, 16.55, 17.36, 
17.94, 18.698, 19.53, 
19.82, 25.68. 
 

 

Ethanol 5.2,  6.8,  8.6, 
13.2, 13.6, 14.5, 
16.8, 17.4, 17.7, 
17.43,  19.41 
 
  

6.28, 7.298, 8.714, 
9.07, 9.428, 10.351, 
10.77, 11.48, 13.31, 
14.58, 15.98, 16.4, 
16.84, 17.7, 18.5, 
19.03, 19.93.    
 

  7.94, 8.67, 11.04, 
12.47, 15.95, 17.22, 
18.29, 19.48, 19.9 

  

30% EtOH    6.23,12.5,14.2,  
16.7, 17.07, 18.82, 
25.09, 28.16. 

   

40% EtOH    6.57,1 2.69, 14.4, 
17.3, 18.26, 28.38. 
  

     

50% EtOH     
 

  6.34, 8.64, 12.47, 
14.15, 17, 18.8, 25.17, 
28.30. 

60% EtOH 
 

      6.34, 8.64,1 2.47, 
14.15, 17, 18.8 
,25.2, 28.30 

70% EtOH       6.42, 7.95, 8.75, 
12.69, 14.3, 16.85, 
18.9, 25.35, 28.4. 

80% EtOH       6.2, 7.73, 8.6, 10.9, 
12.27, 14.3, 16.9 
,25.28, 28.2. 

90% EtOH       6.2, 7.73, 8.6, 10.87, 
12.2, 16.9, 25.2, 28.2. 
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Table 3.11The PXRD analysis of the co-crystals grown from BZ:INA (1:2) in water and ethanol 

Solvent Benzoic acid  

           2θ / ° 

Isonicotinamide  

              2θ / ° 

Co-crystal 1:1   

             2θ / ° 

Co-crystal 2:1  

            2θ / ° 

co-crystals1:1 

Database 2θ / ° 

co-crystals2:1 

Database 2θ / ° 

Co-crystal1:1 & 2:1        

2θ / ° 

Water      6.35, 12.72, 14.19, 
14.51, 16.55, 17.36, 
17.94, 18.69, 19.53, 
19.82, 25.68. 
 

6.325, 7.94, 8.83, 
11.07, 12.54, 15.68, 
17.15, 18.31, 25.42, 
28.30. 
 

Ethanol 5.19, 6.84, 8.64, 
13.2, 13.55, 14.54 
16.75, 17.43, 17.7, 
18.13, 19.41 

6.28, 7.29, 8.71, 9.07, 
9.43, 10.35, 11.48, 
13.31, 14.48, 15.95, 
16.39, 16.84, 17.71, 
18.49, 19.03, 19.93. 
 

7.98, 8.87, 11.15, 
12.53, 15.87, 17.17, 
18.92, 25.39, 28.48 
 

 7.94, 8.67, 11.04, 
12.47, 15.95, 17.23, 
18.29, 19.48, 19.92. 
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3.3.6.2 Infrared Spectroscopy 

The infrared spectroscopy analysis for benzoic acid, isonicotinamide and co-

crystals 1:1 and 2:1 was carried out to assign the presence of the carboxylic 

group and the amide group in the structure of the co-crystals and to use 

these spectra as fingerprints (see figure 3.30).  These spectra were available 

individually in pages 212 and 213, Appendix 6, Figures A.6.1 – A.6.4. 

 The infrared spectra of co-crystals 1:1 shows the presence of two peaks at 

3365 cm-1 and 3162 cm-1 are assigned to the NH2 stretching vibration and a 

peak at 1555 cm-1 is assigned to the NH2 bending vibration99.  A strong peak 

at 1700 cm-1 is assigned to the C=O stretching vibration of the aromatic 

carboxyl group99, also there is a peak at 2805 cm-1 which is assigned to the 

OH stretching vibration of the aromatic hydroxyl group and a peak at 1452 

cm-1 is assigned to the OH bending vibration99.  The presence of the amino 

group and the hydroxyl group in the same compound indicates that benzoic 

acid and isonicotinamide were no longer present as separate compounds. 

The infrared spectra of co-crystals 2:1 shows two peaks at 3367 cm-1 and 

3162 cm-1 are assigned to the NH2 stretching vibration and one peak at 1555 

cm-1 is assigned to the NH2 bending vibration99.  A strong peak at 1698 cm-1 

is assigned to the C=O stretching vibration of the aromatic carboxyl group99, 

also there is a peak at 2790 cm-1 is assigned to the OH stretching vibration of 

the aromatic hydroxyl group and a peak at 1452 cm-1 is assigned to the OH 

bending vibration99.  The presence of the amino group and the hydroxyl 

group in the compound indicates that benzoic acid and isonicotinamide were 

no longer present as separate compounds and Table 3.12 shows the 

absorption of the important peaks of co-crystals 1:1 and 2:1. 
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Table 3.12 The IR data for BZ, INA, co-crystals (1:1) and (2:1), (      no band) 

Bond 
Isonicotinamide 

cm
-1

 
Benzoic acid 

cm
-1

 

Co-crystal (1:1) 
cm

-1
 

 

Co-crystal (2:1) 
cm

-1
 

NH2 

3500-3400 cm
-1

stretch band 
(two bands) 

1600-1550 cm
-1 

 bend 

 
3334 

 
1555 

 
 
 

 
3365 
3162 
1600 

 
3367 
3347 
1555 

C=O 

For ArCONH2 1690 cm
-1

 
strong, sharp, below R2C=O 

 
1682 

 
1686 

 
1700 

 
1698 

OH 

3200-2500 cm
-1 

stretch band 
often broad 

1400-1250 cm
-1

 bend 

  
2838 

 
1452 

 
2805 

 
1452 

 
2790 

 
1452 

C-N ring 

800-1300 cm
-1

 
 

1062 
 

1072 
 

1072 
 

1059 

C-H sp
3

  hybridisation 

2890-2880 cm
-1

 stretch, weak 
 

2806 
 

2980 
 

2916 
 

2998 

 
C-H sp

2
  hybridisation 

Above 3000 cm
-1

 stretch, 
weak 

 
3060 

 
 

3072 
 
 

 
3053 

 
3058 

 

The IR spectra of benzoic acid, isonicotinamide and co-crystals 1:1, 2:1 are 

shown together in Figure 3.26 to see the differences in the positions and 

values of the carboxyl group and amide group between the two polymorphs 

of co-crystals and with the pure compounds
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Figure3.30 The infra-red spectra of benzoic acid, isonicotinamide and co-crystals 1:1and 2:1  
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3.3.6.3 Raman Spectroscopy 

The Raman spectroscopy is an effective technique to evaluate the formation 

of co-crystals by the interaction of their components27 and to assign the 

presence of the carboxyl group and the amide group in co-crystals 1:1 and 

2:1. 

The Raman spectra of co-crystals 1:1 shows a peak at 1668 cm-1, is 

assigned to the C=O stretching vibration of the aromatic carboxyl group, a 

peak at 1600 cm-1 is assigned to the NH2 bending vibration.  A strong peak at 

1015 cm-1 is assigned to the CC ring stretching vibration and to the CH 

bending vibration100,101,102,103.  

The Raman spectra of co-crystals 2:1 a peak at 1690 cm-1 is assigned to the 

C=O stretching vibration of the aromatic carboxyl group, a peak at 1601 cm-1 

is assigned to the NH2 bending vibration.  A strong peak at 1019 cm-1 is 

assigned to the CC ring stretching vibration and to the CH bending 

vibration100,101,102,103. These spectra are available in pages 215 and 216, 

Appendix 7, Figures A.7.1 – A.7.4. A comparison between these spectra in 

Figures 3.31 shows how the strength and position of the important peaks 

changed from the starting materials and the two types of co-crystals. 
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Figure 3.31 The Raman spectra for benzoic acid, isonicotinamide an co-crystals 1:1 
and 2:1. 

 

Table 3.13 shows the absorption of the important peaks in Raman and IR 

spectra of co-crystals 1:1 and 2:1 compared with the peaks of benzoic acid 

and isonicotinamide, the wavenumbers and intensities of important vibration 

bands of benzene ring, amino and carboxyl groups were assigned and 

compared. 
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Table 3.13 comparison between the IR and Raman spectroscopy of Benzoic acid, 

Isonicotinamide, Co-crystal (1:1) and Co-crystal (2:1). ( stretching;  , in-plain 

bending;  , out-of-plain bending;  , torsion)100,101,102,103 

Bond Isonicotinamide Benzoic acid Co-crystal (1:1) Co-crystal (2:1) 

 

 

IR        

(wave- 
number 

cm
-1

) 

Raman 

Shift cm
-

1
 

IR        

(wave- 
number 

cm
-1

 

Raman 

Shift cm
-

1
 

IR        

(wave- 
number 

cm
-1

 

Raman 

Shift 
cm

-1
 

IR        

(wave- 
number 

cm
-1

 

Raman 

Shift cm
-1

 

NH2  stretch 
3334 
broad 

   
3365 s 
3162 w 

 
 

3367 w 
3162s 

 

 NH2 1555w    1595w  1589w  

CH sp
2
 

hybridisation 
3060  3072 m  3053 w  3058  

CH sp
3
 

hybridisation 
2806w  2837w  2802 w  2837 w  

 OH   2838 w  2805 w  2790 w  

 CO 1682s 1679w 1686 s 1633 w 1700 s 1668 w 1698 s 1690 w 

 NH2 1622m    1600 m 1600 s 1601 w 1601 s 

 ring+ CCH 1599s 1600 s 1583 s  1583 w    

 ring 1554s 1553 m   1558 m 1549 w   

 CCH 1490m 1491 w 1496 m      

 OH+ CCH +

 CC+ CCO 
  1454 s 1441 w     

 CN+ 1402s 1401 s   1405 s 1404 m 1413s  

 CH + ring+
OH 

1318w 1320 w 1326 s 1322 w 1313 s 1332 w 1314 s  

 C-OH   1292 s 1288 m 1292 m 1293 w 1284 s  

 CC   1179 m 1178 m 1178 s  1173 m  

 ring+ CCH +

 ring + CN+
CCO 

1150s 1150 s 
 

1156 w  1152 s 1158 w 1155 s 

 ring + CCH 1129s  1128 m 1131 m     

 ring + ring +

 CCH 
1086w 1087 w   1093 w 1092 m   

NH2rock + CN 1062s 1062 m   1066 s 1067 m 1070 w  

 CC ring+ CH   1027 m 1026 m 1016 s 1015 s 1019 s 1019 s 

 CC ring+ ring 1002s 1001 s 1000 m 1000 s 999 s 1000 s 998 m 1002 s 

 CH+ CO 853m 855 w   855 m 855 w   

 COOH+ CC   809 w 794 s 802 s 811 m 812 m 810 m 

 CO+ ring+
CH 

780w 782 s   768 m 783 m   

 CO+ ring 709w 707 w       

 ring + COOH 658s 665 s 666 s 657 w 660 w 661 m 664 m 661 m 

 CC ring    616 s  615m  616 m 

 CCN+ ring  421 m  420 m  422 s   

 ring  395 s    390 w   

 (ph-COOH)    193m  203 w  187m 

 (ph-COOH)  151m    176 s   

 (O….O) stretch  115s  120s  131 s  133 s 
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3.3.6.4 NMR Spectroscopy 

In this work 1H-NMR spectra were taken of benzoic acid, isonicotinamide and 

co-crystals 1:1 and 2:1 were done and these are available in pages 218 – 

222, Appendix 8, Figures A.8.1 – A.8.10.  The chemical shifts and the 

splitting patterns were compared and then analysed and discussed and 

Scheme 3.1 shows benzoic acid and isonicotinamide molecules with the 

numbering of each assigned proton. 

Scheme 3.1 Benzoic acid and isonicotinamide molecules 

          

OOH

aa

bb

c                                      N

ON

H

H

dd

ee

g

f

 

            Benzoic Acid                                                Isonicotinamide 

The 1H-NMR spectra of benzoic acid, isonicotinamide, co-crystals 1:1 and 

co-crystals 2:1 were determined in deuterated water (D2O) and in deuterated 

ethanol (d6), Table 3.14 shows the chemical shifts, number of protons, the 

splitting pattern and the coupling factors.  
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Table 3.14 The chemical shifts, number of protons, splitting pattern and the J-factor 
for BZ, INA, co-crystal (1:1) and (2:1). 

compound 

H Chemical shift J- factor Split pattern 

D2O 
Ethanol 

d6 
D2O 

Ethanol 
d6 

D2O 
Ethanol 

d6 
D2O 

Ethanol 
d6 

INA 2 H (e) 2H(e) 8.5 8.7   m M 

 2H (d) 2H(d) 7.55 7.886   m M 

  1H (f)  1.14    S 

  1H (g)  3.6    S 

BZ 2H (a) 2H (a) 7.96 8.04   m M 

 1H (c) 1H (c) 7.56 7.58   m M 

 2H (b) 2H (b) 7.39 7.45   m M 

Co-
crystal(1:1) 

2H (e) 2H (e) 8.63 8.7   m M 

 4H (a, d) 2H (a) 7.82 8.05   m M 

 1H (c) 2H (d) 7.51 7.89   m M 

 2H (b) 1H (c) 7.37 7.58   m M 

  2H (b)  7.45   m M 

  1H (g)  3.59    S 

  1H (f)  1.15    M 

Co-
crystal(2:1) 

2H (2) 2H (e) 8.66 8.7 5.1  d M 

 6H (a, d) 4H (a) 7.85 8.05 7.6  d M 

 2H (c) 2H (d) 7.51 7.88   s M 

 4H (b) 2H (c) 7.4 7.58 7.4   M 

  4H (b)  7.46    M 

  1H (g)  3.58    S 

  1H (f)  1.16    M 

 

The 1H-NMR data for the synthesised co-crystals 1:1 and 2:1 are 

summarised in Table 3.14, these spectra shows that the peaks of the 

aromatic region are similar to their compounds, all have a multiple splitting 

8.00 ppm, which is an indication of the presence of benzene ring and all the 

protons of the aromatic ring are in different environment due to the presence 

of the carboxyl and the amide groups.  The spectra have multiple peaks due 

to each proton is coupled with its neighbour protons and with the farthest one 

and the coupling constants of these peaks are of first order. 

The absence of the peak 10.00 - 12.00 ppm for the COOH group in these 

spectra is due to the substitution of the hydrogen with the deuterium from 
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D2O.  The downfield single peaks at 3.59 ppm and the multiple peaks 

downfield at 1.15 ppm are assigned to the protons of the amide and these 

are on the range 0.00 - 5.00 ppm, they are changeable due to the 

dissociation therefore if they are deshielded  they will appear at highfield and 

if they are not they will appear at downfield.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

3.3.7 Analysis for Solution Thermodynamics 

The existence of two types of co-crystals determines that the process is 

directed either thermodynamically or kinetically, the more stable product is 

the one that is thermodynamic controlled while the non stable product is the 

kinetic product which is called the meta stable, for this reason the study of 

the thermodynamics of the system is an important issue. 

The determination of the solubility curves is an important method to 

differentiate between two polymorphs104.  Therefore the solubility data were 

further analysed in order to understand the solvent -solute interaction.  The 

Van’t Hoff equation correlates between the solubility, the change in the 

enthalpy, the change in the entropy and the temperature105 and it was used 

to calculate the enthalpy and the entropy. 

Equation (13) Van’t Hoff equation. 

 ln S  = -  
  

  
  +  

  

 
                                                                     Equation (13) 

Where S is the molar solubility of the co-crystal, ∆H is the molar enthalpy of 

solution, ∆S is the molar entropy, R is the gas constant (8.314 Jmol-1K-1) and 

T is the temperature in °K. 



 
 

131 
 

The linear behaviour plot of the Van’t Hoff equation was applied to predict 

the solubility over a narrow temperature range106 and Figure 3.32 shows the 

behaviour of the solubility of co-crystals 1:1 

Figure 3.32 The change in the solubility of co-crystal (1:1) with the inverse of the 
change of temperature. 

 

The change in the enthalpy and entropy of co-crystals 1:1 was calculated 

from the equation of the solubility curve in Figure 3.28.  The general formula 

of the Van’t Hoff equation is linear e.g. Y.= mX +C with: m = - 
  

 
, and C =  

  

 
   

The change in the enthalpy and entropy are presented in Table 3.15. 
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Table 3.15 The change in the heat and entropy of the solution from dissolving co-               

crystal (1:1) in water, ethanol and mixed solvent. 

Solvent ∆H KJmol-1
 

∆S KJmol-1 

Water 22.73 43.89 
30%EtOH 36.51 98.58 
40%EtOH 31.90 87.79 
50%EtOH 42.69 125.96 

60%EtOH 41.61 125.96 

70%EtOH 43.76 133.09 
80%EtOH 32.84 98.39 
90%EtOH 27.67 80.67 
100%EtOH 26.70 73.50 

 

The results from Table 3.15 were plotted against the change in the 

concentration of ethanol as shown in Figure 3.33.  During a phase change of 

a substance, heat is transferred between the system and the surrounding 

and when solute dissolved in a solvent, heat is absorbed from the 

surrounding and the temperature of the solution dropped.  The change in the 

enthalpy of the solution is the number of heat units absorbed by the system 

and in the dissolution of co-crystals 1:1 the change in enthalpy of the solution 

is positive as seen in Table 3.15 and the change in the heat of the solution 

with the change of the composition of the solvent was not high.  The entropy 

is a measure for the disorder of the system and during dissolution the solute 

solvent interaction, and associated solute complex formation moves 

increases in disorder as a high and positive is noted, and the results in Table 

3.15 shows a high difference in the enthalpy of the solution with the change 

of the composition of the solvent and the curve profile of the entropy of the 

solution in Figure 3.29 shows a significant increase at 50 – 80 % ethanol.  
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Overall, the trend is as the temperature increases, the crystal in solution 

dissolved with an increase of the entropy, this may be simply be accounted 

for by an increase in the random arrangement of the solvent cage around 

solute molecules (either a single entities or associated) which overcome the 

enthalpy loss during the breaking of the crystals. 

Figure 3.33 The change in the heat and entropy of solution from dissolving co-
crystal (1:1).in water, ethanol and mixed solvent 

 

The linear behaviour plot of the Van’t Hoff equation for the solubility of co-

crystals 2:1 was shown in Figure 3.34. 
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Figure 3.34 The change in the solubility of co-crystal (2:1) with the inverse of the 
change of temperature. 

 

The same strategy was employed to calculate the change in the enthalpy 

and entropy from Figure 3.34 and the results are presented in Table 3.16.  

Table 3.16 The change in the heat and entropy of the solution from dissolving co-
crystal (2:1) in water, ethanol and mixed solvent. 

 

Solvent ∆H KJmol-1
 

∆S KJmol-1 

Water 17.79 24.12 
30%EtOH 37.06 96.83 
40%EtOH 37.31 102.59 
50%EtOH 32.21 89.08 

60%EtOH 33.20 95.08 

70%EtOH 33.65 97.93 
80%EtOH 22.53 61.45 
90%EtOH 19.39 51.01 
100%EtOH 22.65 58.20 

 

 
The results from Table 3.16 were plotted against the change in the 

concentration of ethanol in Figure 3.35. 
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Figure 3.35 The change in the heat and the entropy of the solution from dissolving 
co-crystal 2:1 in water, ethanol and mixed solvent 

 

 

As with the 1:1 system, the 2:1 system exhibited a similar trend. This is 

clearly evident in Table 3.16, which shows that the change in the heat of 

solution from dissolving co-crystals 2:1 is positive and lower than that for co-

crystals 1:1, and the entropy of the solution for 2:1 co-crystal is positive and 

smaller than that of the 1:1 co-crystal, and clearly exhibits a similar profile as 

seen for the 1:1 co-crystal.  

In summary these results show that the heat of solution of co-crystals 1:1 is 

more positive than that of co-crystal 2:1; this suggest that co-crystal 1:1 has 

a significant structure to the solute-solvent interaction than the solute-solute 

interaction, and de-solvation process associated to complex formation and 

crystallisation are a significant thermodynamic barrier to these processes.  

This view is confirmed by the trends in the entropy of the solution of co-

crystal 1:1 versus that of co-crystal 2:1.   
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3.3.8 Data Analysis for the Solubility in Mixed Solvent 

The solubility of co-crystals 1:1 and 2:1 in the mixed solvents can be 

represented by a single mathematical equation, these data were fitted to the 

co-solvency model of the general single model (GSM)107 in which the natural 

logarithm of the solubility is correlated as a polynomial function of the volume 

fraction of the co-solvents represented in equation (14) and this correlation 

was predicted from the plot of the natural logarithm against the change in the 

concentration of ethanol as shown in Figure 3.36 for co-crystals (1:1) and 

Figure 3.37 for co-crystals (2:1). 

Equation ( 14 ) GSM model equation. 

lnXm   =   M0   +   M1f1  +   M2f
2
1   +   M3f

3
1   +   ………             Equation (14) 

Where Xm is the mole fraction solubility of the solute, f1 is the volume fraction 

of the co-solvent in the absence of the solute and M0 - M3 are the model 

constants. 

Figure 3.36 The solubility data of co-crystals (1:1) in mixed solvent fitted to the 
GSM model. 
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The curve profile  for co-crystals 1:1 in the mixed solvent shows a good fit to 

the GSM model as all the R values are greater than 0.99.  This could allow 

calculating the solubility of co-crystal 1:1 in any composition of the mixed 

solvent. 

Figure 3.37 The solubility data of co-crystals 2:1 in mixed solvent fitted to the 

GSM model. 

 

The curve profile for co-crystals 2:1 in the mixed solvent shows a good fit to 

the GSM model as all the R values are greater than 0.99.  This could allow 

calculating the solubility of co-crystal 2:1 in any composition of the mixed 

solvent. 

3.3.9 Solubility Modelling 

The aqueous solubility of drugs is an essential factor in developing new 

drugs and using a mixed solvent is a common method to increase the 

solubility of the drug107. 
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In pharmaceutical industry ethanol is most widely used as a co-solvent, 

therefore the study of the solubility of the drugs in ethanol/water mixed 

solvent provides important information in the drug discovery108.  

Mathematical models were established to predict the solubility in the mixed 

solvents apart from the experimental measurements of the solubility; these 

models were divided into theoretical, semi-empirical and empirical 

models76,109,110,111, the first model provides information about the solubility 

behaviour in the solvent, while the second model is suitable for the solubility 

correlation studies , it correlate the experimental solubility with some of the 

co-solvent variables72. The Jouyban-Acree model is one of the most 

important developed models; it correlates the changes in the temperature, 

the composition of the solvent and the solute solubility108, therefore it was 

used to predict the solubility of co-crystals (1:1) and (2:1) represented by the 

generalised equation below108,112,113. 

Equation (15) the generalised model. 

 ln CS
m,T  =  1 ln CS

1,T  +   2 ln CS
2,T +  

    

 
 [       

    1 -  2 ) ]  

                                                                                                   Equation (15)                                                                                                                 

Where CS
m,T  is the solute solubility (mol L-1)in the mixed solvent,  1 and  2 

are the volume fraction of the co-solvent and solvent respectively in the 

absence of the solute, CS
1,T and CS

2,T the solubility (mol L-1)of the solute in 

the co-solvent and solvent respectively at temperature T (°K) and Ji are 

Jouyban constants which represent the differences in the solute-solvent and 

solvent-solvent interactions.  
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The Jouyban-Acree model requires two data points in the mono solvent and 

the model constants, the two data points were determined experimentally, 

the constants can be obtained by several methods and one of these methods 

is by solving three simultaneous equations and using the experimental 

solubility. 

The Jouyban-Acree trained model for ethanol/ water mixed solvent was fitted 

to the solubility data72,104 as shown in  equation (16)  

Equation (16) the trained model. 

 ln CS
m,T  =  1 ln CS

1,T  +   2 ln CS
2,T +  

    

 
 [         485.17 ( 1 -  2 ) + 

194.41( 1 -  2 )
2 ]                                                               Equation (16) 

Then the accuracy of the fitted and the predicted values was calculated by 

the mean percentage deviation (MPD) using the equation104,115 . 

 Equation (17) the mean percentage deviation (MPD).  

 MPD=
   

 
  

     
  

    
      

  
   

     
  

   

                                                Equation (17) 

Some of the  MPD were found more than 20 %, therefore new constants 

were calculated by using the generalise model and solving three 

simultaneous equations, these equations were selected from the 

experimental solubility data in 30, 50 and 70 % ethanol solvent at 25 °C, 35 

°C, 40 °C and the new trained equation was 
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Equation (18) the new trained model. 

ln CS
m,T  =  1 ln CS

1,T  +   2 ln CS
2,T +  

    

 
 [         436.09 ( 1 -  2 ) + 

231.25 ( 1 -  2 )
2 ]                                                           Equation (18) 

The results for the predicted solubility with Jouyban constants and with the 

calculated constants, the experimental solubility and the mean percentage 

deviation from the predicted for co-crystals 1:1 at 25 °C were recorded in 

Table 3.17.  The experimental solubility and the predicted solubility were 

plotted against the change in the concentration of ethanol as shown in 

Figures 3.38 and 3.39.  

Table 3.17 Experimental and predicted solubility of co-crystal 1:1 at 25 °C 

 

 

 

 

 

 

 

 

% 
Ethanol 

Predicted 
solubility, 
using Ji 
constant 

Experimental 
solubility 

MPD 
% 

Predicted 
solubility, 

using 
calculated 
constant 

MPD 
% 

0 0.0205 0.0205 0.00 0.0205 0.00 
30 0.0918 0.0557 64.83 0.0645 15.77 
40 0.1456 0.0978 48.92 0.1051 7.51 
50 0.2207 0.1228 79.64 0.1596 29.94 
60 0.3077 0.1638 87.90 0.2149 31.19 
70 0.3750 0.2285 64.14 0.2484 8.74 
80 0.3737 0.2383 56.83 0.2431 2.01 
90 0.2809 0.2334 20.40 0.2018 -13.53 
100 0.0354 0.0354 0.00 0.0354 0.00 
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Figure 3.38 The experimental and the predicted solubility of co-crystal 1:1 at 25 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

Figure 3.39 The experimental and the predicted solubility of co-crystal 1:1 at 25 °C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

The curve profile of Figure 3.38 and Figure 3.39 shows that the MPD was 

less when the calculated constants were used instead of Jouyban constants 

and the predicted solubility was higher than the experimental solubility. 
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deviation from the predicted for co-crystals 1:1 at 35 °C were recorded in 

Table 3.18 The experimental solubility and the predicted solubility were 

plotted against the change in the percentage ethanol as shown in Figures 

3.40 and 3.41. 

Table 3.18 Experimental and predicted solubility of co-crystal 1:1 at 35 °C. 

 

Figure 3.40 The experimental and the predicted solubility of co-crystal 1:1 at 35 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 
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Predicted 
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using 
calculated 
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MPD 
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0 0.0269 0.0269 0.00 0.0269 0.00 
30 0.1189 0.0934 27.41 0.0845 -9.48 
40 0.1881 0.1523 23.52 0.1373 -9.87 
50 0.2847 0.2293 24.18 0.2081 -9.23 
60 0.3976 0.2993 32.85 0.2808 -6.16 
70 0.4873 0.3705 31.52 0.3272 -11.71 
80 0.4916 0.3862 27.29 0.3243 -16.04 
90 0.3776 0.3194 18.24 0.2741 -14.16 
100 0.2014 0.2014 0.00 0.2014 0.00 
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Figure 3.41 The experimental and the predicted solubility of co-crystal 1:1 at 35 °C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

The curve profile of Figure 3.40 and Figure 3.41 shows that the MPD was 

less when the calculated constants were used instead of Jouyban constants 

and the predicted solubility with the calculated constants were lower than the 

experimental solubility. 

The results for the predicted solubility with Jouyban constants and with the 

calculated constants, the experimental solubility and the mean percentage 

deviation from the predicted for co-crystals 1:1 at 40 °C were recorded in 

Table 3.19.  The experimental solubility and the predicted solubility were 

plotted against the change in the percentage ethanol as shown in Figures 

3.42 and 3.43.  
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Table 3.19 Experimental and predicted solubility of co-crystal 1:1 at 40 °C. 

 

 

Figure 3.42 The experimental and the predicted solubility of co-crystal 1:1 at 40 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

 

 

 

 

 

 

 

y = -8.0242x3 + 12.491x2 - 5.0854x + 0.762 
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Experimental 
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MPD 
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Predicted 
value, using 
calculated 
constant 

MPD 
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0 0.0320 0.0320 0.00 0.0320 0.00 

30 0.1405 0.1118 25.74 0.1004 -10.18 
40 0.2218 0.1802 23.12 0.1626 -9.72 
50 0.3351 0.2759 21.44 0.2462 -10.79 
60 0.4678 0.3615 29.40 0.3323 -8.08 
70 0.5744 0.4270 34.49 0.3881 -9.13 
80 0.5823 0.4438 31.19 0.3866 -12.89 
90 0.4514 0.4041 11.69 0.3293 -18.50 
100 0.2444 0.2444 0.00 0.2444 0.00 
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Figure 3.43 The experimental and the predicted solubility of co-crystal 1:1 at 40 C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

The curve profile of Figure 342 and 3.43 shows that the MPD was less when 

the calculated constants were used instead of Jouyban constants and the 

predicted solubility with the calculated constants were lower than the 

experimental solubility. 

The results for the predicted solubility with Jouyban constants and with the 

calculated constants, the experimental solubility and the mean percentage 

deviation from the predicted for co-crystals 2:1 at 25 °C were recorded in 

Table 3.20.  The experimental solubility and the predicted solubility were 

plotted against the change in the percentage ethanol as shown in Figures 

3.44and 3.45  
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Table 3.20 Experimental and predicte of co-crystal 2:1 in mixed solvent at 25 °C. 

 

Figure 3.44 The experimental and the predicted solubility of co-crystal 2:1 at 25 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 
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0 0.0139 0.0139 0.00 0.0139 0.00 

30 0.0659 0.0358 84.33 0.0463 29.47 
40 0.1065 0.0669 59.21 0.0769 14.94 
50 0.1643 0.1002 64.03 0.1188 18.64 
60 0.2334 0.1392 67.64 0.1629 17.04 
70 0.2896 0.1646 75.94 0.1918 16.55 
80 0.2939 0.1815 61.91 0.1912 5.31 
90 0.2250 0.1856 21.23 0.1616 -12.94 

100 0.1182 0.1182 0.00 0.1182 0.00 
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Figure 3.45 The experimental and the predicted solubility of co-crystal 2:1 at 25 °C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 

 

The curve profile of Figure 3.44 and Figure 3.45 shows that the MPD was 

less when the calculated constants were used instead of Jouyban constants 

and the predicted solubility was higher than the experimental solubility. 

The results for the predicted solubility with Jouyban constants and with the 

calculated constants, the experimental solubility and the mean percentage 

deviation from the predicted for co-crystals 2:1 at 35 °C were recorded in 

Table 3.21.  The experimental solubility and the predicted solubility were 

plotted against the change in the percentage ethanol as shown in Figures 

3.46 and 3.47.  
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Table 3.21 Experimental and predicted solubility of co-crystal 2:1 in mixed solvent 
at 35 °C. 

 

 

Figure 3.46 The experimental and the predicted solubility of co-crystal 2:1 at 35 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve). 
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0 0.0169 0.0169 0.00 0.0169 0.00 

30 0.0793 0.0619 28.03 0.0564 -9.04 
40 0.1279 0.1013 26.28 0.0933 -7.86 
50 0.1972 0.1621 21.65 0.1442 -11.08 
60 0.2807 0.2203 27.43 0.1983 -9.98 
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80 0.3605 0.2489 44.80 0.2378 -4.49 
90 0.2821 0.2313 21.99 0.2048 -11.44 
100 0.1534 0.1534 0.00 0.1534 0.00 
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Figure 3.47 The experimental and the predicted solubility of co-crystal 2:1 at 35 °C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve) 

 

The curve profile of Figure 3.46 and Figure 3.47 shows that the MPD was 

less when the calculated constants were used instead of Jouyban constants 

and the predicted solubility with the calculated constants were lower than the 

experimental solubility. 

The results for the predicted solubility with Jouyban constants and with the 

calculated constants, the experimental solubility and the mean percentage 

deviation from the predicted for co-crystals 2:1 at 40 °C were recorded in 

Table 3.22. The experimental solubility and the predicted solubility were 

plotted against the change in the percentage ethanol as shown in Figures 

3.48 and 3.49.  
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Table 3.22 Experimental and predicted solubility of co-crystal 2:1 in mixed solvent 
at 40°C. 

 

Figure 3.48 The experimental and the predicted solubility of co-crystal 2:1 at 40 °C 
using Jouyban constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve) 
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Figure 3.49 The experimental and the predicted solubility of co-crystal 2:1 at 40 °C 
using calculated constants (the predicted curve is calculated from the mathematical 
model, the black curve is the binomial fit curve) 

 

The curve profile of Figure 3.48 and Figure 3.49 shows that the MPD was 

less when the calculated constants were used instead of Jouyban constants 

and the predicted solubility with the calculated constants were lower than the 

experimental solubility. 

For co-crystals 1:1 and 2:1 the predicted solubility calculated with both 

constants at 25 °C was higher than the experimental solubility, while the 

predicted solubility which was determined with the calculated constants at 35 

°C and 40 °C were lower than the experimental solubility and the MPD were 

with negative signs. 

3.3.10 Solubility Deviation from the Ideal 

The deviation of the actual solubility from the ideal solubility indicates that 

there is a solute-solvent interaction or there is a formation of aggregates or 

might be a formation of molecular complex, this deviation was calculated by 
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log of the sum of the volume fraction multiplied by log solubility of each 

compound in the mono solvent (Q) at 25 °C, 35 °C and 40 °C these results 

were recorded in the Tables 3.23 and 3.24.  

Table 3.23 The results of the experimental solubility deviation for co-crystal 1:1 

 

 

Table 3.24 The results of the experimental solubility deviation for co-crystal 2:1 

% 
ethanol 

Experimental 
Solubility (W) 

The anti- log 
(f1logS1+ f2logS2) 

(Q) 

W/(Q.T) 
 

25 °C 
 

35 °C 
 

40 °C 
 

25 °C 
 

 
35 °C 

 
40 °C 

 
25 °C 

 

 
35 °C 

 
40 °C 

30 0.056 0.934 0.112 0.036 0.049 0.059 1.512 1.899 1.897 

40 0.098 0.152 0.180 0.044 0.060 0.072 2.183 2.533 2.495 

50 0.123 0.229 0.276 0.054 0.073 0.086 2.255 3.117 3.119 

60 0.164 0.299 0.362 0.066 0.089 0.108 2.472 3.327 3.335 

70 0.228 0.371 0.427 0.080 0.110 0.133 2.835 3.367 3.214 

80 0.238 0.386 0.444 0.098 0.134 0.163 2.431 2.869 2.726 

90 0.234 0.319 0.404 0.119 0.164 0.199 1.958 1.939 2.026 

% 
ethanol 

Experimental 
Solubility (W) 

The anti- log 
(f1logS1+ f2logS2) 

(Q) 

W/(Q.T) 
 

25°C 
 

35 °C 
 

40 °C 
 

25 °C 
 

 
35 °C 

 
40 °C 

 
25 °C 

 

 
35 °C 

 
40 °C 

30 0.036 0.062 0.070 0.026 0.033 0.039 1.352 1.889 1.864 

40 0.067 0.101 0.141 0.037 0.041 0.048 2.042 2.478 2.906 

50 0.100 0.162 0.184 0.041 0.051 0.061 2.469 3.182 3.042 

60 0.139 0.221 0.263 0.050 0.064 0.076 2.771 3.468 3.479 

70 0.165 0.257 0.315 0.062 0.079 0.095 2.646 3.251 3.333 

80 0.182 0.249 0.279 0.077 0.099 0.118 2.356 2.522 2.360 

90 0.186 0.232 0.273 0.095 0.123 0.148 1.945 1.879 1.843 
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These deviations were plotted against the change in the concentration of 

ethanol for co-crystals 1:1 and 2:1 as shown in Figure 3.50 and 3.51, both 

figures shows that the deviation at 25 °C for all concentrations was low and 

the deviation at 35 °C and 40 °C for all concentrations are nearly identical. 

The deviation in 30 and 90 % ethanol are similar and have the lowest value; 

also the deviation was increased as the concentration of ethanol was 

increased and the maximum value at 60 % ethanol.  

Figure 3.50 The deviation of the solubility of co-crystals 1:1 in the mixed solvent 
from the ideal solubility. (Black curve is the binomial fit curve, blue curve is the 
deviation at 25 °C, red curve is the deviation at 35 °C, and green curve is the 
deviation at 40 °C). 
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Figure 3.51 The deviation of the solubility of co-crystals 2:1 in the mixed solvent 
from the ideal solubility. (Black curve is the binomial fit curve, blue curve is the 
deviation at 25 °C, red curve is the deviation at 35 °C, and green curve is the 
deviation at 40 °C). 
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The following composite plots of pH using the data set in Tables 2.15 were 

shown in Figure 3.52. 

Figure 3.52 The change of the pH of co-crystal 1:1 and 2:1 with the change in 
concentration of ethanol (at room temperature) 
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temperatures for three days, a specific amount of the solution was extracted 

and was left to dry, the average results of this study can be seen in Tables 

3.3 and 3.4, then these solubility’s can be assigned on the sides of the 

triangle. 

The liquidus lines were determined experimentally at equilibrium, eighteen 

sets of benzoic acid and isonicotinamide mixtures were prepared, each set 

have different composition varied from 10 - 90 % (mole percentage) with 10 

% increment. Each set were made in different dilution ranging from 1 -10 cm3  

with 0.5 cm3 increment, the samples were sealed and heated to dissolve the 

entire solid then it was left to cool at room temperature, these samples were 

incubated at 20 °C for two weeks; the composition of the resulted solid was 

determined by the powder X- Ray diffraction, this variation in the amount of 

the solvent allows to prepare the samples in a cross sectional manner across 

the ternary phase diagram, and this helps to identify the regions where the 

co-crystal starts to grow.  The liquidus line points are determined at 

equilibrium from the samples which didn’t give any solid; the data can be 

seen in Appendix 9. 

These points were plotted as a percentage molar using the ProSim 

software92 ternary diagram plot; tie lines were drawn from 100 %, 50 % and 

the 67 % on the A-B line to separate the different phases and the 

constructed phase diagram in Figure 3.53 shows the full compositional range 

and it is not clear to see the liquidus line on this scale.  The data is 

concentrated at the top of the ternary diagram so it is difficult to view the 

behaviour of the phases, this software has the ability to zoom in and out 

therefore the diagram was zoomed in Figure 3.54 to view all the regions. 
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Taking in account that in zooming in the axes are not to scale and therefore 

cannot be read on the standard convention.  The ternary phase diagram was 

skewed as described in section 1.11.2.3 due to the differences in the 

solubility of benzoic acid and isonicotinamide in the chosen solvent.  

A similar work was carried out by Seaton et al 93 using benzoic acid -  

isonicotinamide in water, ethanol and methanol, the work shows that the 

phase diagram in the water system was heavily skewed and only co-crystals 

2:1 were grown, while in the ethanol system is less skewed and only co-

crystals 1:1 were grown. In the 50 % ethanol system the phase diagram was 

skewed and shows the growth of co-crystal 1:1, co-crystal 2:1 and a mixture 

of both polymorphs depending on the composition of mixed components. 

Figure 3.53 Ternary phase diagram of benzoic acid and isonicotinamide at 20 °C 
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Figure 3.54 The upper part of the ternary phase diagram of benzoic acid and 

isonicotinamide at 20 °C 

 

 

The same technique was followed in the construction of the ternary phase 

diagram at 40 °C and the data can be seen in Appendix 10.  The ternary 

phase diagram is shown in Figure 3.55 and 3.56. 

 

Figure 3.55 The ternary phase diagram of benzoic acid, isonicotinamide and 50 % 

ethanol at 40 °C 
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Figure 3.56 The upper part of the ternary phase diagram of benzoic acid, 

isonicotinamide and 50% ethanol at 40°C  
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The deviation in the solubility, tie lines, size and position of the different 

regions and the eutectic points as shown in Figure 3.57.  

Figure 3.57 The deviations between the ternary phase diagrams at 20 °C and 40 °C 
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3.3.13 The Application of Phase Diagram to Design Drawn Out and 

Cooling Crystallisation at 100 cm3 solvent 

Crystallisation is a thermal separation, in which the driving force is the non-

equilibrium condition and cooling is one of the methods employed to 

establish these conditions116.  Cooling an aqueous solution below its liquidus 

line at the boundary wall causes crystals to form at the boundary117. 

It is important to use the constructed ternary phase diagram to design a 

cooling crystallisation in 100cm3 of 50 % ethanol, therefore benzoic 

acid:isonicotinamde (1:1) was chosen to grow the co-crystals 1:1. 

Benzoic acid (3.6332 g, 0.02975 mol) and isonicotinamide (3.6333 g, 

0.02975 mol) were placed in a jacketed vessel with 50 % ethanol (100 cm3) 

and a magnetic stirrer at 50 ⁰C, all the solid was dissolved then the vessel 

was cooled gradually to 20 °C over an hour, when crystals started to appear 

the vessel was left at this temperature for one hour.  The crystals were 

isolated and the composition of the solid was examined by powder X-ray 

diffraction, the examined solid was co-crystals 2:1, the PXRD was presented 

in Appendix 11, Figure A.11.1. 

Then two cryo-compact circulators were connected to the same jacketed 

vessel, one was set at 50 °C and the other at 20 °C, the second circulator 

was blocked and the same amounts of the compounds and solvent were 

placed in the jacketed vessel at 50 °C, when the solid had dissolved, this 

circulator was blocked and the second circulator was opened therefore the 

solution was quenched to 20 °C, then crystals were formed and the solution 

was left for one hour at 20 °C to complete crystallisation, the crystals were 
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isolated and the composition of the solid was examined by powder X-ray 

diffraction, the examined solid was co-crystal 2:1, the PXRD was presented 

in Appendix 11, Figure A.11.2. 

The formation of co-crystals 2:1 from BZ:INA (1:1) in 50 % ethanol show 

gradual cooling and the cooling indicates that this product is kinetically 

favoured over the co-crystal 1:1 product.  

3.3.14 The Impact of Seeding Using Co-crystals 1:1 

Seeding as a technique is used widely to control polymorphism and plays an 

important role in the properties of crystals; seeds crystals were introduced to 

a supersaturated solution at lower temperature, heating the system will 

increase the dissolution of the solid particles while cooling will increase the 

growth of crystal seeds118.  One of the objectives of this research is to study 

and evaluate the ability of seeding on the cooling crystallisation and the 

polymorphic form that can be grown when seeds of co-crystals 1:1 (BZ:INA) 

were added. 

The same procedure was followed as 3.3.13 with the two circulators and 

equimolar molar ratio of BZ:INA, the same amounts of compound and 

solvents, except when crystals was started to form seeds from co-crystals 

1:1 (BZ:INA) were added and the same procedure was continued.  The 

isolated crystals composition was examined by powder X-ray diffraction, the 

examined solid was co-crystal 2:1, and the PXRD was presented in 

Appendix 11, Figure A.11.3. 

The same procedure was repeated and the crystals were left to grow for 22 

hours, then the isolated crystals composition was examined by powder 
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diffraction, the examined solid was co-crystal 1:1, and the PXRD was 

presented in Appendix 11, Figure 11.4. 

The powder X-ray diffraction pattern of the solid, show that only co-crystals 

2:1 were grown when the crystals were left to grow only for one hour, this 

indicates that the formation of co-crystals 2:1 was kinetically favoured and 

there was no effect of these seeds to enhance the growth of co-crystal 1:1 

instead of 2:1, but when the crystals were left to grow over a longer period , 

the PXRD pattern shows the formation of only co-crystals 1:1, this indicates 

that the formation of co-crystals 1:1 was thermodynamically favoured.  
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4 Conclusion 

The aim of this project was to examine the influence of solvent choice and 

the impact composition of the compounds as defined by the ternary phase 

diagram contributes to the design of the crystallisation of this class of 

compounds.  The focus and ambition of the project is to map the isothermal 

aspect of these phase diagrams in order to account for variable temperature 

phase space manipulation and also understand the factors that affects the 

crystallisation of co-crystals in a mixed solvent. 

The intent of the work in this project to deliver this insight by moving through 

the experimental sequence and associated analysis from: (i) solubility 

behaviour, (ii) the application of the solubility data to define tie points on the 

phased diagram, (iii) identification of the phase space with composition, (iv) 

construction of the ternary phase diagram, and finally (v) to implement a 

batch cooling crystallisation protocol defined by the solubility and phase 

diagram studies. 

The solubility of benzoic acid and isonicotinamide at 25 °C, 35 °C, and 40 °C 

was determined by the hot-plate and the React-Array methods, the solubility 

from the earlier method were carried out just to find an approximate value of 

the solubility of each compound before carrying out the solubility by the 

React-Array. 

The study shows that the solubility of Benzoic acid at higher concentration of 

ethanol and at higher temperature is the highest and approximately identical, 

therefore for economic purposes the 80 % ethanol can be used.  Also the 
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study shows that the best solubility of isonicotinamide is at 50 % ethanol / 

water mixed solvent.  

The study of the changes in the pH of benzoic acid:isonicotinamide mixture 

in water, ethanol and ethanol/water mixed solvent was important in this 

research to see the impact solvent composition has on the solubility, and to 

identify if some ions were formed during the dissociation and how this could 

affect the formation of co-crystals. 

The pH of the solutions starting with the mixture BZ:INA 1:1 in water or 

ethanol solvent was decreased with the increase of benzoic acid, and the 

solution became more acidic while the solution became less acidic when 

isonicotinamide was added. 

The curve profile of the pH curves of the solutions starting from the mixture 

BZ:INA 1:1 in the mixed solvent with the increase of benzoic acid were 

parallel and the solution increased in acidity as the concentration of ethanol 

in the solvent was increased from 30 – 90 % as shown in the molar ratio 1:1 

this means that there was dissociation and more free ions were released into 

the solution.  The pH was decreased as the concentration of benzoic acid 

was increased, the pH in 50 and 60 % ethanol solvent was nearly identical, 

and were the highest, while in pure ethanol they were the lowest. 

The pH was increased as the concentration of ethanol was increased with 

the increase of isonicotinamide, the pH in 50 and 60% ethanol solvent were 

nearly identical and they were the most acidic while in pure ethanol it was the 

lowest. 
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Once the solubility and pH were established for the single system, the next 

step was to grow co-crystals and determine their forms by PXRD powder 

diffraction.  From the synthesis of co-crystals in water, ethanol and mixed 

solvent, there was a growth of pure co-crystals 1:1 and 2:1, or a mixture from 

both depending on the solvent.  Similar work was carried out by Seaton et 

al93 using benzoic acid - isonicotinamide in water and shows the formation of 

the isonicotinamide hydrate. 

The PXRD spectra of these co-crystals were compared with the simulated 

patterns of co-crystals 1:1 and 2:1.  The comparison of co-crystals grown 

from equal molar ratio of benzoic acid and isonicotinamide shows that when 

the solvent was water, its PXRD spectrum was similar to the simulated 

pattern of co-crystals 2:1 and was identified with the specific peaks at 2θ°: 6, 

12, and 14; when the solvent was ethanol the PXRD spectrum was similar to 

the simulated pattern of co-crystal 1:1 and was identified with the specific 

peaks at 2θ°: 7.8, 8.6, 11, 12, and 15. In the mixed solvent there were a 

growth of co-crystals 1:1 and 2:1, and the change in the growth was 

determined as a percentage of co-crystals formed compared to the CSD 

database of co-crystal 1:1 and 2:1. 

The physical mixture of BZ:INA (1:1) shows that only co-crystals 2:1 were 

grown in water and only co-crystals 1:1 were grown in ethanol.  The growth 

of co-crystal 1:1 started in 30 % ethanol with a small ratio and was increased 

as the growth of co-crystals 2:1 was decreased with increase in the 

concentration of ethanol. When the concentration of ethanol was 60% there 

was only co-crystal 1:1.  
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With the physical mixture of BZ:INA was set for 2:1 stochiometric ratio, and 

the solvent composition was varied, the crystal screening clearly shows that 

only co-crystals 2:1 were grown in water and only co-crystals 1:1 were grown 

in ethanol.  The onset of growth of co-crystal 1:1 was initiated with at 50% 

ethanol solvent and fraction of 1:1 to 2:1 co crystal increased as the % 

composition of ethanol increased.  Consequently, with pure ethanol only co-

crystals 1:1 were observed.  The reverse situation was noted for the 2:1 co-

crystal, as ethanol composition increased the ratio of co-crystals 2:1 to 1:1 

co-crystal decreased.  Consequently, in pure water only the 2:1 was 

observed.   

The structure and hydrogen bonding for co-crystals 1:1 and 2:1 are shown in 

Figure 4.1 below 

Figure 4.1 (a) The molecular structure of co-crystals 1:1 (b) The molecular structure 
of co-crystals 2:193 

 

The impact of solvent composition on the formation of co-crystals from the 

physical mixtures BZ:INA 1:1 and 2:1 showed that as the choice of solvent 

mixture influenced the induction time for the crystallisation to occur as a 

cooling crystallisation was undertaken.  
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In cooling crystallisation, supersaturation is commenced shortly and 

nucleation starts, if rapid cooling is carried out at a steady rate then the 

temperature dropped exponentially and supersaturation increases very 

quickly in the early stages and peaks when nucleation occurs after passing 

the metastable zone. Also there is a relation between the induction time and 

supersaturation, this time falls between the degree of supersaturation and 

the appearance of the crystals.  The curve profile of the change in the degree 

of supersaturation with time has a loop shape for both 1:1 and 2:1 cocrystals. 

The solubility of co-crystals 1:1 and 2:1 was increased with an increase in 

concentration of ethanol and with an increase in temperature from 25 °C, 35 

°C and 40 °C, the highest solubility was at 90 % ethanol mixed solvent. The 

curve profile of the solubility was increase with the increase of the 

temperature, the solubility in water was the lowest, and by comparison of the 

measured solubility with the standard solubility scale, co-crystals 1:1 and 2:1 

were classified as slightly soluble in water and soluble in ethanol.  Also it was 

found that the solubility of co-crystal 2:1 is greater than co-crystal 1:1 and the 

solubility in water was identical, at higher concentration of ethanol the 

solubility became closer, the solubility of co-crystals 1:1 and 2:1 were lower 

than the solubility of benzoic acid and isonicotinamide. 

All crystalline samples were subjected to studies with both infra-red, Raman 

and 1H-NMR spectroscopies and PXRD.   

The infrared spectra of co-crystals 1:1 and 2:1 shows the presence of two 

peaks at 3365 cm-1 and 3321 cm-1 which were assigned to the NH2 

stretching vibration and one peak at 1595 cm-1 which is assigned to the NH2 
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bending vibration.  A strong peak at 1700 cm-1 which is assigned to the C=O 

stretching vibration of the aromatic carboxyl group, also there is a peak at 

3003 cm-1 which is assigned to the OH stretching vibration of the aromatic 

hydroxyl group and a peak at 1310 cm-1 which is assigned to the OH bending 

vibration.  With regard to complex formation the presence of line broadening, 

intensity changes, and small shifts in peak position of the amino and hydroxyl 

groups, clearly suggests that benzoic acid and isonicotinamide were no 

longer present as separate entities.  Thus all these assignment are 

consistent with the expected structure of the co-crystals. 

A similar outcome for the Raman spectra was noted. Please note, the 

literature data on benzene derivatives containing amide and carboxylic acid 

was used for reference with regard to the assignments.  For pure samples of 

the co-crystals 1:1 and 2:1, shows similar peaks at 1668 cm-1 which was 

assigned to the C=O stretching vibration of the aromatic carboxyl group.  A 

peak at 1600 cm-1 was assigned to the NH2 bending vibration and a peak at 

1015 cm-1 was assigned to the CC ring stretching vibration and to the CH 

bending vibration.  The presence of the amino group and the hydroxyl group 

in the compound indicates that benzoic acid and isonicotinamide were no 

longer present as separate compounds. 

Verification of the stochiometric ratio of the components was undertaken 

using 1H-NMR of re dissolved samples of molecular complex.  With regards 

assignment the spectra clearly display regions for each proton, and the 

formation of co-crystals shows specific regions in the 1H-NMR, these are 

significant and can tell the changes which make these signals key co-crystal 
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formation.  Integration of the assigned peaks was used to determine the 

stochiometric ratio, and confirmed the 1:1 or 2:1 complex being present.    

With regard the chemical shifts it was noted that the 1H-NMR spectra for the 

synthesised co-crystals 1:1 and 2:1 shows that the peaks of the aromatic 

region are similar to their compounds, all have a multiple splitting in the 

ranges 7.00 - 8.00 ppm, which is an indication of the presence of benzene 

ring.  

The absence of the peak 10.00 - 12.00 ppm for the COOH group in these 

spectra is due to the substitution of the hydrogen with the deuterium from 

D2O. The downfield single peaks at 4.00 - 5.50 ppm and the multiple peaks 

downfield at 1.15 ppm are assigned to the protons of the amide and these 

are on the range 0.00 - 5.00 ppm, they are changeable due to the 

dissociation therefore if they are deshielded  they will appear at highfield and 

if they are not they will appear at downfield.  

The determination of the solubility curves for co-crystals (1:1) and (2:1) is an 

important method to differentiate between these two co-crystal forms. 

Therefore the solubility data were further analysed in order to understand the 

solvent - solute interaction.  The Van’t Hoff equation was used to calculate 

the change in the enthalpy and entropy, during a phase change of a 

substance, heat is transferred between the system and the surrounding and 

when solute dissolved in a solvent, heat is absorbed from the surrounding 

while during crystallisation heat is released to the surrounding.  When the 

process is carried out isothermally as in the crystallisation process the 

change in enthalpy must be negative while in a dissolution process it is 
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positive.  The entropy is a measure for the disorder of the system and during 

dissolution the ions moves freely so the disorder is high and must be 

positive, while in crystallisation, the crystals are fixed in the solid and there is 

an increase in the order, so that the change in entropy is negative.  For a 

stable and spontaneous system the free energy must be negative and it is 

correlated to the change in enthalpy and entropy. These results show that 

the enthalpy change of dissolution of co-crystals, 1:1 is more positive than 

that of co-crystal 2:1; this means that co-crystal 2:1 has more interaction 

between the solute and the solvent.  The entropy change for co-crystal 1:1 is 

more positive than that for co-crystal 2:1 and this means that the system of 

co-crystal 1:1 is more disordered than co-crystals 2:1. Therefore co-crystals 

1:1 are more stable than co-crystals 2:1.   

The solubility of co-crystals 1:1 and 2:1 in the mixed solvents can be 

represented by a single mathematical equation; these data were fitted to the 

co-solvency model of the general single model (GSM). The overall fit was 

very high R > 0.98.  However this model is generic and not easily adopted to 

a particular class of molecular compounds. 

Mathematical models were established to predict the solubility in the mixed 

solvents apart from the experimental measurements of the solubility.  A 

possible model of solubility in mixed solvents, which has the potential to be 

adapted to a particular class of molecular solids, is the J-A models72.  The 

Jouyban-Acree model was used to predict the solubility of co-crystals 1:1 

and 2:1 and the accuracy of the fitted and the predicted values was 

calculated by the mean percentage deviation (MPD), some of the MPD were 

greater than 20 %, therefore new constants were calculated by using the 
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generalise model and the deviation was decreased with these new 

constants.  

For co-crystals 1:1 and 2:1 the predicted solubility calculated with both 

constants at 25 °C was higher than the experimental solubility, while the 

predicted solubility was determined with the calculated constants at 35 °C 

and 40 °C were lower than the experimental solubility and the MPD were 

with negative signs, also it was found that the predicted and calculated 

solubility in 30 % ethanol was identical in 25 °C, 35 °C and 40 °C. 

The deviation of measured solubility from calculated ideal solubility was 

calculated and it was found that the deviation at 25 °C for all concentrations 

was low and the deviation at 35 °C and 40 °C for all concentrations was 

nearly identical.  The deviation in 30 and 90 % ethanol were nearly the same 

and have the lowest value; also the deviation was increased as the 

concentration of ethanol was increased.  The deviation of the actual solubility 

from the ideal solubility indicates that there is a solute-solvent interaction or 

there is a formation of aggregates or it may be a formation of molecular 

complex.  

The pH was determined to study the solubility behaviour of co-crystals, the 

change in pH indicates that ions are formed during dissociation and the 

solubility- pH behaviour depends on the co-solvent, therefore understanding 

the dependence of the solubility of co-crystals with the change of the 

concentration of the co-solvent is important in determining the phase 

diagram85.  The study shows that the pH of co-crystals 1:1 and 2:1 was 

increased with an increase in the concentration of ethanol.  The solubility of 
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co-crystals 1:1 and 2:1 was increased with the increase of the pH (decrease 

[H+]), therefore increasing co-crystal solubility means increase in the drug 

solubility can be achieved by increasing the pH. 

One of the objectives of this project was to construct a ternary phase 

diagram of benzoic acid, isonicotinamide in 50 % ethanol/water solvent at 20 

°C and 40 °C.  There was a clear deviation in the solubility, tie lines, size and 

position of the different regions and the eutectic points (Figure 3.57). 

These phase diagrams were utilised in the design of a drawn out cooling 

crystallisation in 100 cm3 solvent.  The formation of only co-crystals 2:1 from 

BZ:INA (1:1) in 50 % ethanol from both methods after just one hour(the 

gradual cooling and the step cooling) indicates that this product is kinetically 

favoured over the 1:1.  

The study and evaluation of the ability of seeding on the cooling 

crystallisation and the polymorphic form can be done by choosing a working 

level of supersaturation at which the primary nucleation rate is negligible.  

Seeding the solution with a specific mass of crystals and maintaining the 

supersaturation at the meta-stable zone throughout the process, this 

operation is called controlled cooling, in which the cooling curve falls slowly 

at the beginning and then quickly at the end.  Seed of co-crystals 1:1 were 

added.and it shows that only co-crystals 2:1 were grown when the crystals 

left to grow for one hour, this indicates the formation of co-crystals 2:1 was 

kinetically favoured and there was no effect of these seeds to enhance the 

growth of co-crystal 1:1 instead of 2:1, but when the crystals were left to 
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grow for 22 hours it shows the formation of only co-crystals 1:1, this indicates 

that the formation of co-crystals 1:1 was thermodynamically favoured.  

We have delivered the required work packets of the objectives of the project 

and are left which were:  

1. Measurement of solubility behaviour of co-crystal in a mixed solvent 
system. 

 
2. Measurement of solubility behaviour of co-crystal co-formers in a 

mixed solvent system. 
 

3. Application of a current mixed solvent fitting solubility approaches 
using measured solubility data. 

 

4. Generation of ternary phase diagrams at 20 and 40 °C at a fixed 
mixed solvent composition. 

 
5. Applying phase diagrams to designing a cooling crystallisation at 100 

cm3 volume.  
 

And for future work: 

1. Extension of in-situ studies. 
 

2. Pre-nucleation modes of association using UV, Raman and NMR with 
varying solute and solvate composition. 
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6. Appendix 

Apendix 1 The Solubility of Benzoic acid, Isonicotinamide in 

ethanol and mixed solvent by Hot - Plate 

Index of Appendix 1 

Table A.1.1 Solubility of benzoic acid in ethanol.                                                 183 

Table A.1.2 Solubility of Isonicotinamide in ethanol.                                            183 

Table A.1.3 Solubility of benzoic acid in ethanol/ water mixed solvent.               184 

Table.A.1.4 Solubility of isonicotinamide in ethanol/ water mixed solvent.          184 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

183 
 

Table A.1.1 The solubility of benzoic acid in ethanol.  

 

 

 

 

 

 

 

 

Table A.1.2 The solubility of Isonicotinamide in ethanol. (                 no result) 

 

 

 

 

 

 

 

 

 

 
Trial 

Solubility ( g/ 5 cm3) 

25 °C
 

35 °C
 

40 °C
 

1 1.4554 2.7009 2.6278 
2 1.4554 1.7283 3.4278 
3 1.4550 1.7910 3.4747 
4 1.4554 2.0078 2.8919 
5 1.4550 2.0079 2.6278 

 
Trial 

Solubility ( g/ 5 cm3) 

25 °C
 

35 °C
 

40 °C
 

1 0.1933 0.3776 0.7030 
2 0.1933 0.3777 0.5857 
3 0.1934 0.5180 0.7194 
4 0.1934 0.3773 0.5527 
5 0.1935   
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Table A 1.3 The solubility of benzoic acid in ethanol/ water mixed solvent (30-90 % Ethanol). (     no result, * ignored too far deviated 
from the others). 

 

 

 

 

Table A.1.4 The solubility of Isonicotinamide in ethanol/ water mixed solvent (30-90 % ethanol). (                 no result). 

 
 

Trial 

solubility 
30% 

g/10 cm3 
40% 

g/10 cm3 
50% 

g/10 cm3 

 

60% 
g/10 cm3 

 

70% 
g/5 cm3 

80% 
g/5 cm3 

 

90% 
g/5 cm3 

25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 
1 0.36*   0.65*  0.67 1.19*  1.41 1.95*  2.03* 2.032 1.32 1.64 1.52 1.66 1.88 1.88 2.11 2.35 

2 0.31  0.31 0.48* 0.49 0.51 0.98* 0.99 1.02 1.22* 1.21 1.24 1.243 1.0 1.346 1.205 1.358 1.587 1.59 1.89 1.91 

3 0.16   0.224 0.27 0.27* 0.55 0.57 0.60 0.73 0.753 0.82 0.816 0.813 1.303 1.205 1.381 1.320 1.32 1.6 1.76 

 
 
 
 

Trial 

solubility 
30% 

g/10 cm3 
40% 

g/10 cm3 
50% 

g/10 cm3 

 

60% 
g/10 cm3 

 

70% 
g/5 cm3 

80% 
g/5 cm3 

 

90% 
g/5cm3 

25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 25°C 35°C 40°C 

1 1.86 2.57 3.86 1.70 2.35 3.12 1.41 2.05 2.76 1.24 1.91 2.60 1.24 1.73 2.21 0.89 1.26 1.64 0.90 1.37 1.80 
2    1.70 3.57 5.42 1.45 3.25 5.07 1.42 3.03 4.5 1.38 2.59 3.83 1.21 2.14 2.99 1.14 1.64 1.85 
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Appendix 2 The Solubility of Benzoic acid, Isonicotinamide in 

ethanol and mixed solvent by React-Array Microvate 
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Table A.2.1 The solubility of benzoic acid in ethanol.(             no result, * ignore 
results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.2040 0.2980 0.3770 

2 0.2450 0.3450 0.4400 

3 0.230 0.3210 0.4100 

4 0.2750* 0.3810  

5 0.2338 0.3710 0.4000 

6 0.2750* 0.3680 0.3960 

 

 

Table A.2.2 The solubility of benzoic acid in 30 % ethanol solvent. (            no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0196* 0.0323 0.0395 

2 0.0156 0.0336 0.0385 

3 0.0106 0.0289 0.0494 

4 0.0159 0.03944 0.0379 

5 0.0210* 0.0384 0.0476 

6  0.0410* 0.0477 

 

 

Table A.2.3 The solubility of benzoic acid in 40 % ethanol solvent. (              no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0276* 0.0394 0.0598 

2 0.0386 0.0454 0.0680 

3 0.0459 0.0613 0.0874 

4 0.0385 0.0507 0.0763 

5 0.0534* 0.0974* 0.1180* 

6  0.1004 0.1165 
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Table A.2.4 The solubility of benzoic acid in 50 % ethanol solvent. (            no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0720 0.0990 0.1410 

2 0.0845 0.1020 0.1125 

3  0.1417 0.1580 

4 0.0908 0.1213 0.1510 

5 0.1088* 0.1824* 0.1999* 

6 0.1159*  0.2030* 

 

 

Table A.2.5 The solubility of benzoic acid in 60 % ethanol solvent. (             no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40°C 

1 0.1007 0.1474 0.1664 

2 0.0854* 0.1240 0.1570 

3 0.1300 0.1784 0.2230* 

4 0.1135 0.1658 0.1962 

5 0.1827* 0.2390* 0.2861* 

6   0.3120* 

 

 

Table A.2.6 The solubility of benzoic acid in 70 % ethanol solvent. (             no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1960 0.2310 0.2830 

2 0.1630 0.2120 0.2140* 

3  0.2840  

4 0.1820 0.2270 0.4140 

5 0.1915 0.6330* 0.3720 

6   0.2290* 
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Table A.2.7 The solubility of benzoic acid in 80 % ethanol solvent. (               no 
result, * ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.2580 0.2980 0.2970* 

2 0.3113* 0.2180* 0.2580* 

3 0.2620 0.3690 0.4470 

4 0.2290 0.3165  

5 0.2117 0.3386 0.3674 

 

 

Table A.2.8 The solubility of benzoic acid in 90 % ethanol solvent. (          no result, 
* ignore results deviated too far from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.2600 0.3280 0.4130 

2 0.2126 0.2898* 0.3540 

3 0.3586* 0.4440  

4 0.2941 0.3640 0.3930 

 

 

Table A.2.9 The solubility of isonicotinamide in ethanol. (        no result, * ignore 
results deviated too far from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0375* 0.0826 0.1180 

2 0.0670 0.1006 0.1220 

3 0.0745 0.1011 0.1166 

4 0.0580 0.1170 0.1330 

5  0.0844 0.0945 

6 0.0717 0.1078 0.1351 

7 0.0686   
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Table A.2.10 The solubility of isonicotinamide in 30 % ethanol.(        no result, * 
ignore results deviated from too far from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.2190* 0.2430* 0.2840* 

2 0.1598 0.1820* 0.2750* 

3 0.1680 0.2645 0.4400 

4 0.1945 0.3000 0.4430 

5 0.1650 0.2550 0.4160 

6 0.2287* 0.3110* 0.4180 

7   0.3750 

 

 

Table A.2.11 The solubility of isonicotinamide in 40 % ethanol. (* ignore results 
deviated too far from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1561* 0.3200 0.4232 

2 0.2085* 0.3310 0.4003 

3 0.1635 0.2707* 0.3403* 

4 0.2008 0.4340* 0.4585 

 

 

Table A.2.12 The solubility of isonicotinamide in 50 % ethanol. (          no result, * 
ignore results deviated too far from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1360* 0.2740* 0.3810* 

2 0.1733 0.3280 0.4050 

3 0.1325* 0.3030 0.4460 

4 0.2463 0.4080* 0.4930* 

5 0.2520   
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Table A.2.13 The solubility of isonicotinamide in 60 % ethanol. (* ignore results too 
far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1640 0.3000 0.4510 

2 0.1734 0.2830 0.4696 

3 0.1500 0.2555 0.3821 

4 0.2101* 0.4770* 0.3626* 

 

 

Table A.2.14 The solubility of isonicotinamide in 70 % ethanol. (           no result, * 
ignore results too far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1510 0.271 0.3360 

2 0.1684 0.2773 0.275* 

3 0.153 0.2243 0.3720 

4 0.2031 0.358* 0.3560 

5 0.2619*  0.3500 

 

Table A.2.15 The solubility of isonicotinamide in 80 % ethanol. (* ignore results too 
far deviated from the others). 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.1720 0.2884 0.3330 

2 0.202* 0.2700 0.3456 

3 0.1570 0.2326 0.3419 

4 0.253* 0.2390 0.3370 

 

Table A.2.16 The solubility of isonicotinamide in 90 % ethanol. 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.167 0.214 0.234 

2 0.178 0.213 0.2315 

3 0.159 0.202 0.2382 
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Appendix 3 pH of Benzoic acid:Isonicotinamide in Ethanol 

and Mixed Solvent Table 3.1 The pH of BZ:INA (1:1) in ethanol 

with the increase of the concentration of BZ or INA. 
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Table A.3.1 The pH of benzoic acid: isonicotinamide (1:1) in ethanol with the 
increase of BZ and INA. 

Concentration 
BZ (mmol/cm3) 

pH BZ: INA 
with 

increase 
BZ 

 Concentration 
INA 

(mmol/cm3) 

pH BZ: INA 
with 

increase 
INA 

0.085 5.01 1:1 0.085 4.97 1:1 

0.124 4.85 1.5:1 0.126 5.12 1:1.5 
0.167 4.78 2:1 0.167 5.12 1:2 

0.209 4.76 2.5:1 0.208 5.21 1:2.5 
0.250 4.64 3:1 0.250 5.26 1:3 
0.292 4.55 3.5:1 0.291 5.33 1:3.5 

0.334 5.59 4:1 0.332 5.32 1:4 
0.375 4.56 4.5:1 0.337 5.38 1:4.5 
0.416 4.51 5:1 0.414 5.33 1:5 

 

 

 

Table A.3.2 The pH of benzoic acid: isonicotinamide in ethanol/water mixed solvent. 
(30-90% ethanol) with the increase of BZ . 

Concentrat-
ion of BZ 

(mmol/cm3) 

pH 

Water EtOH 30% 40% 50% 60% 70% 80% 90% 

0.085(1:1) 4.63 4.90 4.64 4.47 4.28 4.30 4.42 4.56 4.76 
0.126(1.5:1) 4.5 4.80 4.58 4.42 4.17 4.21 4.34 4.47 4.63 
0.169(2:1) 4.36 4.68 4.49 4.37 4.15 4.17 4.30 4.42 4.58 
0.212(2.5:1) 4.28 4.59 4.40 4.33 4.13 4.13 4.26 4.36 4.50 
0.254(3:1) 4.25 4.52 4.36 4.28 4.09 4.09 4.21 4.33 4.44 

0.296(3.5:1) 4.18 4.47 4.35 4.26 4.07 4.07 4.19 4.30 4.40 

0.339(4:1) 4.13 4.42 4.37 4.22 4.03 4.03 4.15 4.24 4.38 
0.381(4.5:1) 4.09 4.39 4.24 4.20 3.99 4.00 4.13 4.24 4.35 
0.423(5:1) 4.08 4.35 4.24 4.19 3.99 3.99 4.10 4.19 4.31 
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Table A.3.3 The change in the pH of BZ: INA from (1:1) in mixed solvent (30-90% 
ethanol) with the increase of isonicotinamide.               

Concentrat-
ion of INA 

(mmol/cm3) 

pH 

Water EtOH 30% 40% 50% 60% 70% 80% 90% 

0.085(1:1) 4.62 4.90 4.64 4.47 4.28 4.30 4.42 4.56 4.76 
0.126(1:1.5) 4.74 5.12 4.68 4.57 4.31 4.38 4.49 4.64 4.83 
0.169(1:2) 4.81 5.12 4.74 4.63 4.39 4.43 4.53 4.71 4.87 
0.212(1:2.5) 4.86 5.21 4.81 4.70 4.45 4.48 4.62 4.74 4.93 
0.254(1:3) 4.86 5.26 4.85 4.72 4.50 4.53 4.66 4.78 4.95 

0.296(1:3.5) 4.90 5.33 4.90 4.77 4.56 4.56 4.68 4.81 4.97 

0.339(1:4) 4.92 5.32 5.01 4.81 4.60 4.58 4.71 4.83 4.99 
0.381(1:4.5) 4.94 5.38 4.99 4.84 4.62 4.61 4.73 4.86 5.03 
0.423(1:5) 4.96 5.33 5.03 4.89 4.62 4.63 4.76 4.87 5.03 
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Appendix 4 X-ray Powder Diffraction Spectra of BZ:INA (1:1), 

(2:1) and (1:2) molar ratio. 
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Figure A.4.1 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

 

Figure A.4.2 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in water. 
(black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Figure A.4.3 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 30% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

Figure A.4.4 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 40% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Figure A.4.5 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 50% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 

 

 

 

 

 

Figure A.4.6 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 60% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 
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Figure A.4.7 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 70% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 

 

 

 

 

Figure A.4.8 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 80% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 
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Figure A.4.9 The X-Ray pattern of the co-crystal formed from BZ:INA (1:1) in 90% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

 

Figure A.4.10 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 
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Figure A.4.11 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 
water. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 

 

 

 

 

Fig A.4.12 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 30% 
ethanol(black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Fig A.4.13 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 40% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

 

Figure A.4.14 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 50% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide.   
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Figure A.4.15 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 60% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

 

Figure A.4.16 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 70% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Figure A.4.17 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 80% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   

 

 

 

 

Figure A.4.18 The X-Ray pattern of the co-crystal formed from BZ:INA (2:1) in 90% 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Figure A.4.19 The X-Ray pattern of the co-crystal formed from BZ:INA (1:2) in 
water. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide). 

 

 

 

 

Figure A.4.20 The X-Ray pattern of the co-crystal formed from BZ:INA (1:2) in 
ethanol. (black curve is the co-crystal, red curve is benzoic acid, blue curve is 
isonicotinamide).   
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Appendix 5 The Solubility of Co-crystals (1:1) and (2:1) in 

Water/Ethanol Mixed Solvent (30 -90 % ethanol). 
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Table A.5.1 The solubility of co-crystals 1:1 in 30 % ethanol. (         no result, * 
ignored results too far deviated from others). 

 

 

 

 

 

 

Table A.5.2 The solubility of co-crystals 1:1 in 40 % ethanol. (         no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

Table A.5.3 The solubility of co-crystals 1:1 in 50 % ethanol. (         no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0150* 0.02417 0.0265 

2 0.0127* 0.0238 0.0291 

3 0.01365 0.0212 0.0271 

4 0.01345 0.02225 0.0271 

5 0.0136 0.0226 0.0265 

6 0.0135   

7 0.0138   

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0244 0.0406 0.0499 

2 0.0222* 0.0339 0.0457 

3 0.0230 0.0362 0.0465 

4 0.0234 0.0381 0.0388 

5 0.0209* 0.0326* 0.0390 

6 0.0241 0.0349  

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.02218* 0.061 0.0711 

2 0.029 0.0576 0.0722 

3 0.0287 0.0530 0.0597* 

4 0.0251* 0.0549 0.0647 

5 0.0229* 0.0536 0.0615 

6 0.0331  0.0609* 

7 0.0248*   
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Table A.5.4 The solubility of co-crystals 1:1 in 60 % ethanol. (* ignore results too far 
deviated from the others). 

 

 

 

 

 

Table A.5.5 The solubility of co-crystals 1:1 in 70 % ethanol. (         no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

Table A.5.6 The solubility of co-crystals 1:1 in 80 % ethanol. (* ignored results too 
far deviated from the others). 

 

 

 

 

 

 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0401 0.0787 0.0940 

2 0.0426 0.0696 0.0830 

3 0.0338* 0.0770 0.0923 

4 0.0381 0.0658 0.0859 

5 0.0406 0.0709 0.0864 

6 0.0323* 0.0761 0.0857 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0596 0.0916 0.0990 

2 0.0487 0.0846* 0.1057 

3 0.0263* 0.0903 0.1155 

4 0.033* 0.0897 0.0971 

5 0.0403* 0.0841* 0.0960* 

6 0.0613 0.0822* 0.0959* 

7 0.0535   

Trial 
Solubility (g/ml) 

25 °C 35 °C 40 °C 

1 0.046* 0.0934 0.1117 

2 0.0618 0.0963 0.0996* 

3 0.0554 0.0983 0.1101 

4 0.0573 0.0916 0.1084 

5 0.0347* 0.0921 0.1032 

6 0.0417* 0.0897* 0.1076 
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Table A.5.7 The solubility of co-crystals 1:1 in 90 % ethanol. (         no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

 

Table A.5.8 The solubility of co-crystals (2:1) in 30% ethanol. (* ignored results too 
far deviated from the others). 

 

 

 

 

 

 

Table A.2.9 The solubility of co-crystals (2:1) in 40 % ethanol. (        no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0379* 0.0753 0.1009 

2 0.0517 0.0793 0.1026 

3 0.0574 0.0826 0.0958 

4 0.0448* 0.0791 0.0956 

5 0.0578 0.07375 0.0896* 

6 0.0451*  0.0928* 

7   0.0917* 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0106* 0.0230 0.0294 

2 0.0113* 0.0228 0.0258 

3 0.0130 0.0226 0.025 

4 0.0130 0.0225 0.026 

5 0.0131 0.0221* 0.0257 

Trial 
Solubility (g/ml) 

25 °C 35 °C 40 °C 

1 0.0202 0.0335* 0.0549 

2 0.0200 0.0348 0.0523 

3 0.0230 0.0345 0.0489 

4 0.0240 0.0388 0.0498 

5 0.0245 0.0365 0.0515 

6 0.0331 0.0407  
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Table A.5.10 The solubility of co-crystals (2:1) in 50 % ethanol. (* ignored results 
too far from the others). 

 

 

 

 

 

Table A.5.11 The solubility of co-crystals (2:1) in 60% ethanol. (           no result, * 
ignored results too far deviated from the others). 

 

 

 

 

 

 

Table A.5.12 The solubility of co-crystals (2:1) in 70 % ethanol. (* ignored results 
too far deviated from the others). 

 

 

 

 

 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0284* 0.0400* 0.0445* 

2 0.02745* 0.0396* 0.0452* 

3 0.0298* 0.0492* 0.0526* 

4 0.0380 0.0576 0.0577 

5 0.0354 0.0613 0.0674 

6 0.0350 0.0605 0.0752 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0388* 0.0702* 0.0588* 

2 0.0386* 0.0750* 0.0614* 

3 0.0422* 0.08103 0.0725* 

4 0.05585 0.0793 0.0855* 

5 0.0456 0.0845 0.0964 

6 0.0532 0.0779 0.0913* 

7  0.0776 0.0865* 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0457* 0.0916 0.1181 

2 0.0483* 0.0949 0.1118* 

3 0.0508* 0.0964 0.11725 

4 0.0601 0.0888* 0.1132 

5 0.0604 0.0886* 0.1133 

6 0.0629 0.0794* 0.1080* 

7 0.0592 0.0882* 0.0959* 
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Table A.5.13 The solubility of co-crystals (2:1) in 80 % ethanol. (    no result,  

* ignored results too far deviated from the others). 

 

 

 

 

 

 

Table A.5.14 The solubility of co-crystals (2:1) in 90 % ethanol. (       no result, 

 * ignored results too far deviated from the others). 

 

 

 

 

 

 

 

 

 

 

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0501* 0.0657* 0.0832* 

2 0.0487* 0.0794* 0.0787* 

3 0.0606* 0.09042 0.1013 

4 0.0674 0.0905 0.1032 

5 0.0656 0.0927 0.1025 

6 0.0698 0.0928 0.1180* 

7 0.0678   

Trial 
Solubility (g/cm3) 

25 °C 35 °C 40 °C 

1 0.0601* 0.0825 0.0900* 

2 0.0655 0.0887 0.0929 

3 0.0705 0.0852 0.1101 

4 0.0601* 0.0846 0.0903* 

5 0.0595* 0.0827 0.0969 

6 0.0372*  0.0991 
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Figure A.6.1 The IR spectrum of isonicotinamide 

 

 

 

Figure A.6.2 The IR spectrum of benzoic acid 
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Figure A.6.3 The IR spectrum of co-crystals 1:1 

 

  

Figure A.6.4 The IR spectrum of co-crystals 2:1 
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1.86671e+006 1 21.3954 41715.5 114.778 29069.5 101.807 140.577

2.05132e+006 2 8.35119 32450 151.399 9181.79 142.227 215.643

550075 3 7.96615 24230.9 394.611 22085.9 320.405 409.493

283924 4 8.18286 9070.98 420.964 6942.33 411.143 477.96

250654 5 4.53896 24250.3 664.753 22739.3 647.063 686.658

141408 6 9.18265 3333.81 707.07 1816.26 688.308 728.728

444870 7 12.2599 15173.5 781.85 13941 730.378 821.941

88574.1 8 6.32825 2628.69 854.664 1272.7 839.264 868.96

719551 9 3.66798 115269 1001.06 114241 939.901 1038.89

124033 10 4.55105 8733.55 1061.97 7372.54 1040.54 1073.53

155740 11 8.60159 4902.46 1086.44 3257.19 1075.18 1110.65

Figure A.7.1 The Raman spectra of Isonicotinamide. 

 

 

 

Figure A.7.2 The Raman spectra of Benzoic acid. 

 

 

 

 

865877 7 3.71846 166081 1000.34 164514 953.925 1014.14

212125 8 4.28263 21915.7 1026.39 20246.1 1015.79 1055.39

234494 9 7.24578 9304.84 1130.82 7676.1 1085.91 1144.48

114968 10 4.82244 6087.02 1155.6 3556.51 1146.13 1165.1

278649 11 5.99716 12815.1 1177.97 9344.05 1166.75 1203.87

473117 12 12.3792 13452.5 1287.97 11212.3 1225.32 1306.98

247067 13 6.37733 7251.09 1322.23 4881.47 1308.63 1358.95

274276 14 12.3954 3934.25 1441.48 2555.78 1398.54 1478.56

1.01142e+006 15 10.3064 22398.2 1600.56 15219.6 1532.18 1618.79

1.05993e+006 16 13.6214 13624.4 1633.13 6043.12 1620.44 1738.4

96569.4 17 8.60256 4779.9 3070.5 4635.52 3021.11 3120.1
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Figure A.7.3 The Raman spectra of co-crystal 1:1. 

 

 

 

Figure A.7.4 The Raman spectra of Co-crystal 2:1. 

 

 

 

1.55177e+006 1 19.1117 51806.9 130.998 45925.3 101.988 158.904

733647 2 8.75638 28530.2 176.248 20903.8 160.554 195.198

345015 3 6.4868 7423.6 203.054 1895.78 196.848 236.442

363179 4 7.71083 4367.55 389.88 1502.02 331.302 402.242

290852 5 7.12001 13980.8 421.583 11285.4 403.891 439.361

175198 6 4.52507 6763.04 614.614 4951.33 587.838 629.082

169774 7 4.16108 7435.43 660.613 5708.1 646.404 685.173

284226 8 8.7361 5043.08 782.791 1698.99 737.14 790.757

291014 9 5.48074 11992.4 810.886 9348.4 792.406 834.475

119223 10 5.45019 3759.9 855.256 2139.92 836.125 867.47

610403 11 3.06782 40507.6 1000.35 33464.7 945.833 1010.17

459973 1 16.6014 11228.5 133.05 9189.51 101.988 166.328

300435 2 10.5436 4413.35 187.453 2209.01 167.978 240.566

48105.5 3 4.86916 3217.6 615.534 2781.3 596.087 632.381

60729 4 6.05878 1975.86 661.439 1511.84 634.031 685.173

88939.7 5 11.3757 2815.89 810.232 1440.9 799.005 834.475

142436 6 4.24439 14957.4 1001.51 13911.4 956.556 1011.82

87044.3 7 5.29014 6303.85 1019.05 4914.58 1013.47 1043.17

86073 8 8.0654 3525.8 1154.79 3011.37 1137.2 1188.35

46023.2 9 6.53083 1841.91 1211.3 1292.12 1190 1223.82

169299 10 7.49685 5583.03 1601.04 4894.44 1564.49 1634.6

134703 11 16.2718 1564.46 1690.13 1047.84 1636.25 1737.71
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Figure A.8.1 The 1H-NMR spectra of isonicotinamide in ethanol d6. 

 

 

 

Figure A.8.2 The 1H-NMR spectra of benzoic acid in ethanol d6. 
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Figure A.8.3 The 1H-NMR of co-crystal 1:1 in ethanol d6. 

 

Figure A.8.4 The 1H-NMR of co-crystal 2:1 in ethanol d6. 
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Figure A.8.5 The 1H-NMR of benzoic acid in deuterated water. 

 

 

Figure A.8.6 The 1H-NMR of isonicotinamide in deuterated water. 
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Figure A.8.7 The 1H-NMR of co-crystals 1:1 in deuterated water. 

 

 

 

Figure A.8.8 The 1H-NMR of co-crystals 2:1 in deuterated water. 
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Figure A.8.9 The predicted 1H-NMR spectrum of benzoic acid. 

 

 

 

Figure A.8.10 The predicted 1H-NMR spectrum of isonicotinamide. 
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Results: Co-crystal 1:1+ Isonicotinamide =1, Co-crystal 1:1 =2, Co-crystal 

1:1and 2:1 =3, Co-crystal 2:1 = 4, Co-crystal 2:1 + Benzoic acid = 5, Liguid 

=L  

Table A.9.1 Solubility in 1.0 cm3 solvent.  

 

 

Table A.9.2 solubility in 1.5 cm3 solvent. 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.02770 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.02770 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.02770 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.02770 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.02770 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.02770 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.02770 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.02770 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.02770 1 

Composition 
% of INA 

Mwt. of 
INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mol of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.04155 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.04155 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.04155 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.04155 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.04155 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.04155 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.04155 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.04155 1 

90 109.90 12.212 0.3663 0.002699 0.000299 0.04155 1 
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Table A.9.3 Solubility in 2.0 cm3 solvent. 

 

 

Table A.9.4 Solubility in 3.0 cm3 solvent. 

 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.05540 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.05540 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.05540 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.05540 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.05540 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.05540 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.05540 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.05540 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.05540 1 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.08310 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.08310 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.08310 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.08310 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.08310 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.08310 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.08310 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.08310 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.08310 1 
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Table A.9.5. Solubility in 5.0 cm3 solvent. 

 

 

Table A.9.6 Solubility in 4.5 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.13850 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.13850 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.13850 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.13850 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.13850 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.13850 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.13850 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.13850 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.13850 1 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.12465 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.12465 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.12465 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.12465 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.12465 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.12465 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.12465 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.12465 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.12465 1 
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Table A.9.7 Solubility in 5.5 cm3 solvent. 

 

 

Table A.9.8 Solubility in 6.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.15235 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.15235 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.15235 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.15235 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.15235 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.15235 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.15235 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.15235 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.15235 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.16620 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.16620 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.16620 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.16620 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.16620 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.16620 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.16620 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.16620 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.16620 L 
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Table A.9.9 Solubility in 6.5 cm3 solvent. 

 

 

Table A.9.10 Solubility in 7.0 cm3 solvent. 

 

 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.18005 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.18005 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.18005 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.18005 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.18005 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.18005 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.18005 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.18005 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.18005 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.19390 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.19390 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.19390 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.19390 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.19390 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.19390 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.19390 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.19390 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.19390 L 
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Table A.9.11 Solubility in 7.5 cm3 solvent. 

 

 

Table A.9.12 Solubility in 8.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.20775 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.20775 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.20775 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.20775 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.20775 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.20775 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.20775 2 

80 97.696 24.424 0.3663 0.002400 0.000599 0.20775 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.20775 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.22160 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.22160 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.22160 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.22160 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.22160 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.22160 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.22160 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.22160 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.22160 L 
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Table A.9.13 Solubility in 8.5 cm3 solvent. 

 

 

Table A.9.14 Solubility in 9.0 cm3 solvent. 

 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.23545 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.23545 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.23545 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.23545 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.23545 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.23545 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.23545 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.23545 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.23545 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.24930 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.24930 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.24930 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.24930 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.24930 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.24930 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.24930 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.24930 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.24930 L 
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Table A.9.15 Solubility in 9.5 cm3 solvent. 

 

 

Table A.9.16 Solubility in 10.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.26315 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.26315 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.26315 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.26315 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.26315 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.26315 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.26315 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.26315 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.26315 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.27700 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.27700      L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.27700 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.27700 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.27700 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.27700 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.27700 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.27700 L 

90 109.908 12.212 0.3663 0.002603 0.000299 0.27700 L 
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Table A.10.1 Solubility in 4.5 cm3 solvent. 

 

 

Table A.10.2 Solubility in 5.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.12465 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.12465 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.12465 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.12465 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.12465 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.12465 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.12465 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.12465 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.12465 1 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.13850 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.13850 5 

30 36.636 85.484 0.3663 0.000899 0.002100 0.13850 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.13850 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.13850 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.13850 1 

70 85.484 36.636 0.3663 0.002100 0.000899 0.13850 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.13850 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.13850 L 
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Table A.10.3 Solubility in 5.5 cm3 solvent. 

 

 

Table A.10.4 Solubility in 6.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.15235 5 

20 24.424 97.696 0.3663 0.000599 0.002400 0.15235 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.15235 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.15235 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.15235 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.15235 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.15235 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.15235 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.15235 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.16620 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.16620 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.16620 5 

40 48.848 73.272 0.3663 0.001198 0.001800 0.16620 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.16620 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.16620 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.16620 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.16620 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.16620 L 
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Table A.10.5 Solubility in 6.5 cm3 solvent. 

 

 

Table A.10.6 Solubility in 7.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.18005 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.18005 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.18005 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.18005 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.18005 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.18005 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.18005 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.18005 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.18005 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.19390 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.19390 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.19390 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.19390 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.19390 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.19390 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.19390 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.19390 1 

90 109.908 12.212 0.3663 0.002699 0.000299 0.19390 L 



 
 

236 
 

Table A.10.7 Solubility in 7.5 cm3 solvent. 

 

 

Table A.10.8 Solubility in 8.0 cm3 solvent.  

 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.20775 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.20775 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.20775 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.20775 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.20775 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.20775 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.20775 1 

80 97.696 24.424 0.3663 0.002400 0.000599 0.20775 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.20775 1 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.22160 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.22160 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.22160 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.22160 3 

50 61.06 61.06 0.3663 0.001500 0.001500 0.22160 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.22160 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.22160 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.22160 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.22160 L 
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Table A.10.9 Solubility in 8.5 cm3 solvent. 

 

 

Table A.10.10 Solubility in 9.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.23545 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.23545 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.23545 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.23545 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.23545 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.23545 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.23545 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.23545 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.23545 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.24930 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.24930 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.24930 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.24930 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.24930 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.24930 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.24930 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.24930 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.24930 1 
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Table A.10.11 Solubility in 9.5 cm3 solvent. 

 

 

Table A.10.12 Solubility in 10.0 cm3 solvent. 

 

 

 

 

 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.26315 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.26315 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.26315 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.26315 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.26315 2 

60 73.272 48.848 0.3663 0.001800 0.001198 0.26315 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.26315 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.26315 L 

90 109.908 12.212 0.3663 0.002699 0.000299 0.26315 L 

Composition 
% of INA 

Mwt. 
of 

INA 

Mwt. 
of 
BZ 

Weight  
of solid 

( g ) 
 

Mol of 
INA 

Mol of 
BZ 

Mole of 
solvent 

 
Result 

10 12.212 109.908 0.3663 0.000299 0.002699 0.27700 L 

20 24.424 97.696 0.3663 0.000599 0.002400 0.27700 L 

30 36.636 85.484 0.3663 0.000899 0.002100 0.27700 L 

40 48.848 73.272 0.3663 0.001198 0.001800 0.27700 L 

50 61.06 61.06 0.3663 0.001500 0.001500 0.27700 L 

60 73.272 48.848 0.3663 0.001800 0.001198 0.27700 L 

70 85.484 36.636 0.3663 0.002100 0.000899 0.27700 L 

80 97.696 24.424 0.3663 0.002400 0.000599 0.27700 L 

90 109.908 12.212 0.3663 0.002603 0.000299 0.27700 L 
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Appendix 11 The X-Ray Powder Diffraction of Co-crystal 

growth from Cooling Crystallisation without and with seed. 
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Figure A.11.1 PXRD of co-crystals growth from BZ:INA 1:1 in solvent (100 cm3) of 
50 % ethanol without seeds. (Gradual cooling crystallisation). 

 

 

Figure A.11.2 PXRD of co-crystals growth from BZ:INA 1:1 in solvent (100 cm3) of 
50 % ethanol without seeds. (Step cooling crystallisation).  
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Figure A.11.3 PXRD of co-crystals growth from BZ:INA 1:1 in solvent (100 cm3) of 
50 % ethanol with seeds and the crystals were left to grow for 1 hour. (Step cooling 
crystallisation).  

 

Figure A.11.4 PXRD of co-crystals growth from BZ:INA 1:1 in solvent (100 cm3) of 
50 % ethanol with seeds and the crystals left for 22 hours to grow. (Step cooling 
crystallisation).  
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