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Abstract 

This project aim was to develop a method to increase the likelihood of a crystalline product, in systems 
which are often difficult to crystallise.  Eight organic acids were chosen for this study, citric, tartaric, 
malonic, mandelic, oxalic, glutamic, adipic and salicylic acids.  These acids exhibit varied solubility 
profiles, from super soluble with citric acid to the insoluble with glutamic acid in ethanol.  These acids 
are well documented and are often used in food processing as well as medicines.  A variety of methods 
are used to produce crystals, all of which require the system to be in a state of supersaturation for 
crystallisation to proceed.  As supersaturation drives nucleation and crystal growth.  Many methods of 
classical recrystallization in solutions include; varying temperature, allowing the solvent to evaporate, or 
causing supersaturation by the addition of an antisolvent. 

Herein, the latter method is adopted, and a novel micro channel approach is employed, rather than 
adding antisolvent to a batch crystalliser to produce supersaturation.  For this project the solution was 
mobilised through a narrow channel.  A microfluidic reactor in Y-mixer configuration was employed. The 
converging angle of the channel was varied, as with the width and flow rates to increase the chances of 
laminar flow.  Laminar flow allows the input solvent and antisolvent to run parallel in the initial mixing 
stage, where subsequent mixing occurs by diffusion at the liquid-liquid interface.  This modulation of the 
diffusion band leads to a dramatic increase in supersaturation. 

In this configuration using micro channels nucleation initiated and subsequent limited growth resulting 
in nanoparticles. All size distribution of resulting particles was analysed by NanoSight, this allowed the 
mapping of particle size distribution as crystallisation conditions were varied.  This rapid onset of 
nucleation within micro channel was successful where direct antisolvent addition in batch crystallisers 
failed to induce crystallisation.   

In first instance all acids were examined, and this was also extended to cocrystals, where more than one 
different neutral non-solvent molecules produce a single crystal and salts.  

Fours new phases of a polymorphic cocrystal system was synthesised, the coformers being a 2:1 ratio of 
isonicotinamide and citric acid.  Each structure was synthesised concomitantly, while three of the 
systems are true polymorphs, the forth appeared to be a salt form of the same 2:1 coformers, which 
also was found to be metastable.  The order of stability according to Ficks law of the citric acid cocrystals 
were in order of appearance the metastable salt, α, β and γ.  However, the energetics were investigated 
more fully, and it was found that by the lattice energies, the order is changed to salt, γ, α and β.  It is 
likely the latter order is accurate and can be explained by an increase in supersaturation at the point γ 
appears, which is known to produce a more metastable phase, especially as the growth rate of γ was 
much faster than β, once nucleated. 



  
 

 
 

Another new salt malonic acid and nicotinamide (1:1) was compared to the known 1:2 polymorphic 
cocrystals forms I and II. The morphology and growth rate of each phase was examined, and the salt was 
found to be more stable compared to its stoichiometrically different polymorphic cocrystals. 

The new forms were adapted to the microfluidic method where polymorphic and stoichiometric control 
was successful.  Whereby one form was produced in excess in solution, and after microfluidic reaction, 
nucleates a more metastable polymorph.  This shows the potential for a polymorphic drug to undergo 
similar screening to produce a desirable form required to treat a patient. 
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Chapter One: Introduction 

1.0 Introduction 

A crystal is a solid of regular packed, 3-dimentional array of constituent atoms, ions or molecules.1  

Crystallisation is a purification method2, used in industry for many different applications. Examples being 

the continuous production of citric acid for use of additives and flavourings in food and drinks3. Or the 

batch production of a new drug molecule recently discovered4. Crystallisation is necessary for these 

processes as purity is very important when it involves human consumption.  Problems occur for some 

compounds where they can’t crystallise as easily as others.   Chapter 1 covers the essential 

crystallisation theory necessary to develop the desired methods to attempt to understand the processes 

involving crystal production and growth.  Within this context this project focus is allied to improving the 

propensity of crystallising molecular material with challenging profiles, and to achieve method 

development specific knowledge of the properties of each compound leading to the issues was also 

required.  Such as solubility, viscosity and induction time for instance.   

Methods employed, their design is contained in Chapter 2, this set the scene to firstly understand the 

properties of each compound before developing new crystallisation approaches.  Solubility, viscosity of 

solution, flow, nucleation and crystal growth was analysed in Chapter 3, discovering how to use each 

compound effectively to produce nanoparticles using microfluidics which is carried out in Chapter 4.  A 

knowledge of nucleation of each system is required for intelligent design of experiment, particles will be 

used to seed batch crystallisers in Chapter 5, which will cause nucleation to occur in a controlled 

manner.  

The level of success was gauged by monitoring particle production in a controlled environment using 

Integrity 10, where the primary and secondary nucleation rates will be calculated and compared. 
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Chapter 6 attempts to improve upon the properties of each compound where a coformer will be 

introduced, producing crystals made up of more than one compound, known as cocrystals.  New 

cocrystal forms can improve the stability, solubility and usability of the compound.   

Also discussed in Chapter 6 are Polymorphic cocrystal systems or cocrystals which form more than one 

crystal structure.  A method to control polymorphism by microfluidics is developed and presented. 

Conclusions and further work are then presented in Chapter 7. 

1.1 Hydrogen Bonding, Ionic Bonding and π-π Stacking 

Different types of intermolecular interactions are to be found between molecules within crystals all of 

which influence the crystal packing and vary in stability and hence strength.  A knowledge of 

intermolecular interactions can act as a guide in choosing certain coformers, which when complexed 

with a problematic compound (e.g. solubility or propensity towards crystal growth issues), an 

improvement in the stability of the lattice is achievable.  One or several types of intermolecular 

interactions can exist within one system simultaneously5. Hydrogen bonding, ionic bonding and π-π 

stacking are the main mechanisms present within the systems considered in this project. 

1.1.1 Hydrogen Bonding 

Hydrogen bonding is a directional intermolecular interaction and acts on a continuum of acceptor/ 

donor bond polarity through to formal ionic interaction.  It is typically observed when a proton is 

attracted to atoms which have lone pairs of electrons and have high electronegativity.  As in the case of 

water where there are 2 hydrogens to every oxygen.  Oxygen has 2 lone pairs and as such is 

electronegative.  The hydrogens are very electropositive and attract towards the oxygen.  A strong 

interaction is formed between the molecules (Figure 1.1).  
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Figure 1.1 Hydrogen bonding in water. 

Hydrogen bonding is the reason why water is a liquid at room temperature where you would expect it to 

be a gas.  Carbon dioxide does not exhibit hydrogen bonding hence it being a gas at room temperature.  

1.1.2 Ionic Bonding 

Ionic bonding is present in salts such as  with sildenafil where a salt/cocrystal screen was carried out 

producing several salt forms with dicarboxylic acids6.  Often ionic bonds are stronger than hydrogen 

bonding and are used in pharmaceuticals to improve the stability and solubility of the compound.  

Where a neutral cocrystal is compared to its salt phase the salt is often the most stable form 

(demonstrated in this work with a new 1:1 salt 3-(aminocarbonyl) Pyridinium Malonate compared to its 

two 2:1 neutral polymorphic cocrystals), however, a system with citric acid and isonicotinamide is 

presented in Chapter 6 where the salt is the least stable (metastable) form compared to three 

polymorphs of the neutral cocrystal, showing the variability of the strength of each motif.  Ionic bonds 

are produced when the proton on a molecule is removed and transferred to the electron dense proton 

acceptor, as in Figure 1.2 where a proton has moved from the OH acid group on the malonic acid to the 

pyridine nitrogen on the nicotinamide.  This causes the acceptor molecule (nicotinamide) to become 

positively charged and the proton donator (malonic acid) negatively charged.  The molecules are 

attracted towards each other producing an ionic bond.  This salt example is not reported on the CSD to 

date and is reported in Chapter 6 of this work for the first time. 
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Figure 1.2 3 - (Aminocarbonyl) Pyridinium Malonate salt crystal structure. The proton fixed on the 
malonate appears as bonded to both oxygens however is likely resonating between the two due to 
charge formed by donation of proton to the pyridinium. 

1.1.3 π-π Stacking 

π – π stacking is a directional bonding motif which exists in many of the novel structures reported 

herein.  It involves aromatic components stacking in a similar plane, utilising its π clouds of electrons to 

form a weak bond which is formed where hydrogen bonding is not available7. 

The definition of π-π is an interaction between two aromatic rings in which either (a) the angle between the 

ring planes is less than 30° and the distance between the ring centroids is less than 4.4 Å (face-to-face), or (b) 

the angle between the ring planes is between 60° and 120° and the distance between the ring centroids is 

less than 5.5 Å (edge-to-face)8.  

1.2 Phase Equilibria Solubility and Viscosity 

1.2.1 The Phase Rule and Solubility 

A phase is a homogeneous physically distinct and mechanically separable portion of a system1. Examples 

include a gas, liquid, solid, and solution.  Knowledge of each is important when designing crystallisation 
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systems due to the interactions between the solid compounds, the liquid solvents and the dissolution of 

the solute in the solvent to produce a solution. 

Equilibrium is defined as the point at a constant temperature, pressure and composition where a system 

is balanced.  For example, a crystal in a saturated solution grows and dissolves at the same rate, both 

mechanisms being balanced.  If one parameter is changed then the equilibrium will change, and the 

system will align to a new equilibrium point.  So, continuing the crystal in a saturated solution analogy, if 

the system becomes supersaturated, the crystal will grow until the solution is saturated.  Many of the 

compounds with crystallisation issues are highly soluble which can bring problems of very high viscosity.  

The higher the viscosity the slower the molecules move in solution, decreasing the chances for 

molecules to collide and align to produce crystals.  Therefore, high viscosity causes low nucleation rate.   

The solubility of a compound in water can be determined by stirring the compound in excess at a 

constant temperature.  The system will eventually reach equilibrium between the solid solute, and the 

maximum mass of solute possible dissolved in the water/solvent.  The solution will have a maximum 

mass of solute dissolved per unit volume of water/solvent.  The solution is saturated at this point and is 

the solubility value.  If a change was made to the composition where HCl was added the equilibrium of 

the system would change according to the amount of HCl added and the total effect HCl has on the 

system. 

For a saturated solution of a compound in water and the compound the number of phases is 3; the solid 

compound, the solution of water and the compound, and air above the surface of the solution.  The 

number of constituents is 2; compound and water.  Hence there are 2 components in the system.  The 

number of components is the minimum number of chemical compounds (constituents) required to 

express the composition of any phase. 
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To determine the number of variables set for a given equilibrium (degrees of freedom) Gibbs phase rule 

is used. 

𝑃 + 𝐹 = 𝐶 + 2  (Eq. 1.1) 

Where P is the number of phases, C the number of components and F the degrees of freedom.  The 

phase rule tells us under which conditions certain systems can be in equilibrium. 

For a 2-component system of compound and water the equation is altered to: 

F = 2 + 2 – 3 = 1.   

Again, by specifying any one of the variables temperatures, pressure or composition an equilibrium is 

defined.  If you take a temperature from the phase diagram for this system and increase the 

temperature, the solubility increases, achieving a new equilibrium.  Continuing to increase the 

temperature increases the solubility producing a curve.  This curve is the solubility curve. 

 

Figure 1.3 Solubility curve of four sugars in water.  Fructose Δ (Silva, 2010), sucrose Ο (Ouiazzane et al., 
2008), glucose  (Alves et al., 2007), lactose □ (Brito, 2007).9 
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Solubility curves will be used in this project because it is vital information when calculating 

supersaturation, where the solution has more solute dissolved than the solubility value.  The equilibrium 

point is shifted causing the solution to become unstable producing a lower solubility value for the new 

conditions and drives the appearance of crystals.  When a system is supersaturated, seed crystals may 

be added to the solution to accelerate the equilibrium process due to solute having a structure to 

integrate into which is separate from the solution.  When a system is saturated the system lies on the 

solubility curve.  If the system is cooled a new equilibrium is required so the solution becomes 

supersaturated or unstable.  The system has too much solute dissolved than at saturation, and organises 

itself to produce nuclei which precipitate out of solution, reducing the amount of solute dissolved and 

bringing the system back to equilibrium or saturation.  This process of producing a supersaturated 

system is called undercooling and will be used as a main method to determine the maximum reduced 

temperature possible before the system spontaneously nucleates. 

Solubility in Mixed Solvent Systems 

The solubility of a compound will vary if different solvents are used and depend on the polarity of the 

solute and solvent and resulting intermolecular bonds between each.  In this work, water and ethanol 

will be used as solvents so the solubility of each compound in water/ethanol mixtures is important.  For 

nucleation to take place inside the microfluidic channel, a suitable antisolvent is required10.  The 

solubility of the compound in the antisolvent should be low compared to the solubility of the compound 

in the solvent.  However, the sample collected after the fluidic run will be 50:50 water:ethanol.  

Therefore, the solubility in mixed solvents is important.  In some systems mixed solvents can increase 

the solubility above the solubility of each single solvent.  In this case the antisolvent is not suitable to 
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force crystallisation because the solution will be undersaturated and hence, no nucleation will take 

place11. 

Solubility of Small Crystals 

Molecules within the bulk crystal lattice will be fully bonded to the maximum number of molecules 

allowed in a three-dimensional lattice.  Molecules such as these are not under stress and are stable.  The 

molecules on the surface, however, are not fully bonded to the maximum number of molecules, 

therefore, they are under stress (unstable).  Layers will form on the surface of the lattice to stabilise the 

surface molecules.  This causes an increased pressure on the interior molecules, higher than the 

pressure exerted on the molecules in solution. 

If we say the pressure exerted on the interior molecules (due to maximising interactions and contact), in 

the crystal (bulk) is pb and the pressure exerted on the molecules in solution is ps, the increase of 

pressure from the solution to the bulk is related to interfacial tension: 

𝑝 −  𝑝 = 2𝛾/𝑟    (Eq. 1.2) 

As the radius r decreases pb increases so the chemical potential, μb of molecules in the bulk crystal 

increases.  At equilibrium, the chemical potential of molecules in the crystal and in solution are equal, 

so: 

𝜇 =  𝜇 =  𝜇 + 𝑅𝑇𝑙𝑛𝑥 (𝑟)  (Eq. 1.3) 

Hence the solubility increases as the crystal size decreases.  The Ostwald-Freundlich equation shows 

that smaller crystals are more soluble than large. 

( )

( )
= exp    (Eq. 1.4) 
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Where νc = molar volume of the crystal. 

If a polydisperse suspension is in equilibrium with respect to the large crystals it is undersaturated with 

respect to the smaller crystals.  Therefore, the smaller crystals will dissolve and the molecules which 

originally made up the small crystals will be used to continue the growth of the large crystals.  This is 

called Ostwald’s ripening and is important when attempting to seed crystal growth from nanoparticles. 

1.2.2 Viscosity and Diffusion 

Viscosity is the measure of a liquids resistance to flow, which varies as the strength of intermolecular 

interactions varies12.  The higher the viscosity, the greater the strength of intermolecular interactions in 

the solution.  This causes the flow of the solution to slow down, hence diffusion and mass transport is 

slower13 and the nucleation rate is low.  This can be problematic when considering a system where 

diffusion is the main mechanism for mixing as in a microfluidic device. 

The Stokes-Einstein equation regarding the kinetics of diffusion is14: 

𝐷 =        (Eq. 1.5) 

Where D is the diffusion constant, kB is the Boltsman constant, T is the absolute temperature, η is the 

dynamic viscosity and r is the radius of the spherical particle.  This shows that the viscosity of solution is 

inversely related to the diffusion coefficient and influences the kinetics of diffusion and hence 

nucleation.   

Ficks law of diffusion explains that the mass flux J depend on its diffusivity down a concentration 

gradient. 

𝐽 =  −𝐷      (Eq. 1.6) 
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Where D is diffusivity and  is the negative concentration gradient. Diffusivity depends on mass, the 

larger moving more slowly.  Therefore, we can assume in the three-component microfluidic stream, that 

the smaller molecules diffuse the fastest.  In a saturated solution of citric acid in water, flowing next to a 

stream of ethanol, the water being the smallest will diffuse the fastest into the ethanol, followed by 

ethanol diffusing into the solution, while lastly, the citric acid molecules being the largest will diffuse 

into a mixture of water and ethanol.  This means we need to account for dilution effects which will be 

address using phase diagrams once the solubility of each acid is measured in water, ethanol and a 

mixture of the two.  This will enable us to determine whether the antisolvent is sufficient to cause 

supersaturation when dilution effects are taken into account and predict whether particles will be 

produced within the microfluidic channel. 

  As per the Stokes-Einstein equation (Eq 1.5), high viscosity slows diffusion and can prevent effective 

mixing within a channel.  As a solution is cooled, it becomes supersaturated which when increased 

reduced the energy barrier to produce a nuclei.  At the same time cooling can cause viscosity to 

increase, which is involved with the kinetics of nucleation rate.  As the viscosity increases, diffusion 

slows which leads to low nucleation rate.  Therefore, in highly viscous materials it is less likely that solid 

nanoparticles will be produced.  The viscosity will be measured for each organic acid of interest in this 

work, comparing to the viscosity of the solvents used, ethanol and water, and will help determine the 

likelihood of producing nanoparticles. 

The Kinematic Viscosity of the solvent.  Before the viscosity of solutions of organic acids can be 

measured, the viscosity of the solvents must be measured.  The viscosity of the solvent used is called the 

kinematic viscosity, which will be entered as a value for each measurement of organic acid solution 

viscosity.  The software will then calculate the relative viscosity of the saturated solution, which is the 

ratio of the viscosity of the solution compared to the solvent it is dissolved in.  The kinematic viscosity is 
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the ratio of the dynamic viscosity μ to the density of the fluid ρ.  It is usually denoted by nu (ν) and has 

units m2/s.  The relative viscosity ηrel is the ratio of the flow time or viscosity of the solution relative to 

the flow time or viscosity of the solvent. 

𝜂 =  =    (Eq. 1.7)  

 

1.2.3 Supersaturation and Metastable Band Widths 

Supersaturation, σ, is the driving force of crystallisation, which is a kinetic process.  Supersaturation 

defined in thermodynamic terms is the dimensionless difference in chemical potential between a 

molecule in an equilibrium state μeq and a molecule in its supersaturated state μss.1 

𝜎 =  
 

    (Eq. 1.9) 

 

 

Figure 1.4 Supersaturation diagram. 
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A supersaturation diagram illustrating the solubility curve is shown in Figure 1.4. At the phase 

equilibrium boundary onset, the solution is undersaturated, so any crystals present will dissolve.  When 

the solubility curve is approached no more solid will dissolve.  Reducing the temperature further causes 

the solution to become unstable.  The concentration has exceeded the maximum solute concentration 

for saturation and has become supersaturated.  Only in this state can the solute nucleate and grow.  

Nucleation is the process of solute molecules arranging within the solution to a cluster large enough 

whereby a solid particle can begin to grow from the solution, more details can be found in Section 1.3.  

Crystallisation can only occur when a system is supersaturated.  When all solute is fully dissolved in this 

metastable zone, the solute does not nucleate immediately, despite its supersaturation.  Reducing the 

temperature further reaches a point where nucleation must occur spontaneously and is known as the 

metastable point.  This is called primary homogeneous nucleation which is the nucleation of a system 

occurring alone without the aid of seeds or foreign matter, both of which can reduce the width of the 

metastable band by allowing solute molecules a lower activation energy to reach a critical cluster size.  

The metastable point is defined as a body or system existing at an energy level (metastable state) above 

that of a more stable state and requiring the addition of a small amount of energy to induce a transition 

to the more stable state.  This small amount of energy initiates rapid and spontaneous nucleation.  The 

difference between the metastable point and the solubility curve is known as the metastable band 

width.  This process of cooling past saturation to the metastable limit is called undercooling, and the 

maximum undercooling can be measured by the difference in temperature between the temperature 

the solute dissolves and the temperature it nucleates at a certain cooling rate.  This method of cooling 

will be used in this project to measure the effects of adding nanoparticles as seeds to the metastable 

band width. 

Wherever seed crystals are present nucleation occurs more readily due to the lower energy loss in 

growing on bulk crystals rather than producing seed clusters from solution.  Seed crystals lower the 
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activation energy of nucleation.  The dissolved molecules only require the energy to integrate itself to 

the bulk crystal rather than require the energy to produce a cluster of critical size with other singly 

dissolved molecules.  More information on the topic is given in Section 1.3.  Growth occurs rapidly on 

the seed crystals which causes the system to shift towards to the solubility curve more rapidly in the 

systems effort to return to equilibrium.  This theory is relevant to this project due to attempts made to 

reduce very large metastable band widths by firstly producing nanoparticles from the same desired 

product, and then seeding batch crystallisers with the particles to initiate nucleation at an increased 

temperature that reduces the metastable band width. 

1.3 Nucleation 

Nucleation is the process of creating a solid phase from a supersaturated homogeneous liquid phase.1 

Nucleation will be examined thoroughly in this project demonstrating the difficulty of some compounds 

to nucleate spontaneously without the presence of seeds, but also to improve the chances of nucleation 

by seeding with nanoparticles in an undercooled system.  Therefore, it is important to understand the 

mechanisms of nucleation, how it occurs, to enable an informed design of experiment. 

1.3.1 Kinetics of Nucleation  

Critical Size 

Some molecules in a crystal end up in the bulk interior of the crystal and some molecules end up on the 

surface.  A cluster or nucleus containing z molecules of which zb molecules have properties of the bulk 

solid and zs are surface molecules.  gz, the free energy of the cluster is the sum of the free energy of 

bulk molecules gb and the surface molecules gs. 

So: 

𝑔 = 𝑧 𝑔 +  𝑧 𝑔     (Eq. 1.8) 
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With the interfacial tension, γ, between the cluster and the solution with cluster surface area, A: 

𝛾 = (𝑔 −  𝑔 )𝑧 /𝐴   (Eq. 1.9) 

Hence: 

𝑔 =  𝑧𝑔 +  𝛾𝐴    (Eq. 1.10) 

If z molecules form a 3D cluster: 

𝐴 ∝  𝑧 /      (Eq. 1.11) 

In terms of the chemical potential, the free energy of the cluster is: 

𝑔 =  𝑧𝜇 +  𝛽𝛾𝑧 /    (Eq. 1.12) 

Where β is an area shape factor dependant on the nucleus shape. 

μb is the chemical potential of a molecule in the bulk of the cluster. 

If a cluster is formed from molecules of A in solution at mole fraction xss, the nucleation event may be 

written as a quasi-equation between monomers and clusters: 

𝐴  ↔ 𝐴      (Eq. 1.13) 

The free energy change per mole of Az nucleated is: 

∆𝐺 =  𝑔 −  𝑧     (Eq. 1.14) 

Where μ is the chemical potential of the monomers. 

Since: 
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𝜇 =  𝜇 + 𝑘𝑇ln𝑥       (Eq. 1.15) 

∆𝐺 = 𝑧𝜇 +  𝛽𝛾𝑧 − 𝑧(𝜇 + 𝑘𝑇ln𝑥 )  (Eq. 1.16) 

For a saturated solution x = xeq hence, 𝜇 =  𝜇 + 𝑘𝑇ln𝑥  becomes: 

∆𝐺 =  −𝑧𝑘𝑇ln +  𝛽𝛾𝑧 /     (Eq. 1.17) 

Therefore, ΔG depends on z according to equation 1.19.  The critical size is the point at which the ΔG is 

at its maximum value on the curve (Figure 1.5).  This corresponds to the size where further growth leads 

to a decrease in free energy.  For smaller sizes a decrease in free energy can only happen by dissolution. 

 

Figure 1.5 Free energy change by cluster size. 
The chance of forming a large enough cluster depends on the height of the free energy barrier relative 

to kT; the thermal driver for process.  As supersaturation increases the height of the barrier and hence 
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critical size decreases.  Increasing the supersaturation further eventually the barrier becomes small 

enough for spontaneous nucleation (the metastable limit is reached).  The rate of nucleation is defined 

as the rate at which clusters grow through this critical size.   

The Rate Equation 

To understand more about the kinetics of nucleation the rate equation will be discussed.  Building upon 

the critical cluster size theory we can discuss other factors contributing towards nucleation and growth 

of particles.  Here we find that the nucleation rate within the metastable zone is low until the 

metastable limit is reached.  In this project, nano-seeds will be added to supersaturated solutions.  The 

seeds need to be added at an appropriate stage when the system is supersaturated but not past the 

metastable limit.  This is because when the solution is in a metastable state the seeds are the most 

effective at causing nucleation.  We may also understand that mass transport is important in crystal 

growth rates.  Mass transport is the ability of solute molecules to move towards a bulk crystal to 

integrate and hence cause growth of the crystal.  Therefore, agitation is often required in highly viscous 

or thick solutions to reduce mass transport problems. 

If we assume clusters form stepwise aggregation for molecules A with a critical size zc: 

𝑧 𝐴 →  𝐴       (Eq. 1.18) 

The equilibrium constant for the reaction is: 

𝐾 =  
[ ]

[ ]
      (Eq. 1.19) 

The equilibrium constants are disguised free energies: 

ln𝐾 =  
∆       (Eq. 1.20) 
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Hence the concentration of critical nuclei [Ac] is related to the activation free energy for nucleation 

ΔGc, by: 

[𝐴 ] = [𝐴] exp −
∆

    (Eq. 1.21) 

Assuming nuclei are spherical, ΔGc can be expressed in terms of crystal radius r, and interfacial tension 

γ. 

−∆𝐺 = ∆𝐺 + 4𝜋𝑟 𝛾   (Eq. 1.22) 

Since r = rc, dΔGc/dr = 0, the free energy per mole in the bulk crystal, ΔGb = -2γ/rc, the 

concentration of critical sized nuclei is: 

[𝐴 ] = [𝐴] exp −    (Eq. 1.23) 

The rate of nucleation J, is this concentration with the value of rc multiplied by the probability P that a 

critical nucleus will grow to a mature crystal. 

𝐽 = 𝑃[𝐴 ] = 𝑃[𝐴] exp −   (Eq. 1.24) 

Or simplified: 

𝐽 = 𝐾 exp −     (Eq. 1.25) 

At decreased supersaturation, interfacial tension dominates so there is insufficient free energy available 

via supersaturation to create a new surface.  So, J = 0.  At a critical value of supersaturation, the 

nucleation rate increases by a large amount.  This critical value is the metastable limit, the point at 
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which nucleation occurs spontaneously.  Within the metastable zone the nucleation rate is low, past the 

metastable point, the nucleation rate is high.   

Discovering the critical supersaturation value and hence the metastable limit allows you to map out the 

metastable zone width.  It is within this zone width where seeding is most effective as seeds will remain 

in suspension causing growth to occur without the formation of spontaneously created nuclei. 

1.3.2 Nucleation of Polymorphic Systems 

In 1897 Ostwald proposed a rule called the rule of stages: A system progresses from supersaturation to 

equilibrium in stages, each stage representing the smallest possible change in free energy.  Therefore, a 

polymorphic system would move through each possible polymorphic structure before the most stable 

phase appears.  This rule has been applied to the citric acid screen where 4 phases were discovered and 

reported.  It was found that the order of appearance did not always give the same order of stability 

when other analyses such as computational modelling is used. 

Each phase in a dual polymorphic system has its own solubility curve.  If the system is composed of 

conditions between the two solubility curves, the least soluble phase (II) can precipitate but the more 

soluble (I) cannot.  This is because the system is supersaturated with respect to phase II but is 

undersaturated with respect to phase I.  This is important knowledge due to many compounds discussed 

in this project being polymorphic. 
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If the system is composed of conditions above both solubility curves, both phases can precipitate.  This 

is because the system is supersaturated with respect to both phases.  In these conditions one of three 

things may occur: 

1. Above a value of supersaturation phase, α has the highest nucleation rate whereas below this 
value phase β does. 

2. The stable phase has the highest nucleation rate at all supersaturation values. 
3. The metastable phase has the highest nucleation rate over the intermediate range of 

supersaturations. 

 

Monotropic systems (Figure 1.6 top) considers a system where one form is more stable than all other 

forms at all temperatures whereas an enantiotropic system (Figure 1.6 bottom) is a system where the 

most stable form can be different at different temperature, with a transition point.  This is the case with 

citric acid where the most stable form is the monohydrate below 34°C but above this temperature the 

anhydrate is the stable form. 

The overall expression of one phase over another is considered to be related to the nucleation and 

growth rate product of each phase, which is underpinned by the solubility profiles of the respective 

phases and whether or not the system is monotropic or enantiotropic.   
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Figure 1.6 Solubility curves of 2 polymorphs of a monotropic system (top)11 and an enantiotropic 
system (bottom). 
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1.3.3 Primary Heterogeneous Nucleation and Epitaxial Seeding 

Secondary particles (impurity) within systems can catalyse nucleation i.e. the system will nucleate at 

lower supersaturations than in a homogeneous system.  This happens by non-oriented adsorption of 

solute.  This lowers the ΔGc value.  The more similar the structure the foreign body is to the bulk crystal 

the lower the ΔGc gets.  Epitaxy is seeding growth by the addition of structurally similar seeds.  It 

induces oriented adsorption and mimics the crystal structure.  This may be useful for difficult to 

crystallise material, seeding with particles like the desired final crystal, such as its salt or cocrystals. 

On undercooling, just past saturation normally the nucleation rate is low.  The nucleation rate will reach 

a maximum within the metastable zone due to increased supersaturation, however, before the 

metastable limit has been reached the nucleation rate decreases as the supersaturation increases.  This 

is due to transport resistance of the solute.  As temperature decreases, the viscosity, or resistance to 

flow increases.  Due to the seeds similar and regular structure, epitaxy provides a template for 

nucleation to occur on the surface, and an anchor for growth to continue.  It allows the system to 

achieve a high nucleation rate at low supersaturations.  This work may be adapted to use the modified 

properties of a compound as in a cocrystal, to be used to seed the nucleation and growth of the pure 

compound.  This involves producing a cocrystal which may have improved solubility and viscosity 

properties, hence, easier to produce that the pure compound, then adding the cocrystal to a pure 

supersaturated solution of compound to epitaxially initiate nucleation and growth of the pure 

compound, at supersaturations where the compound would not normally nucleate. 

It is difficult to produce a true homogeneous solution, however, Turnbull (1950) suggested that if a bulk 

solution were broken down into small drops, each individual drop be individual crystallisers, most of 

which are homogeneous.  The few impurities that were present before are isolated in a few of the 

drops.  
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The homogeneous drops observed had a much lower nucleation rate than batch solutions which 

illustrates the impact a few impurities can have on nucleation rate. 

1.3.4 Secondary Nucleation 

Secondary nucleation is nucleation by the addition of seeds of the same crystal structure as the solute.  

This mode of nucleation will be used in this project by seeding supersaturated solutions with 

nanoparticles using undercooling methods with the Integrity 10 system.  The more similar a foreign 

particle has the lower the ΔGc.  Therefore, secondary nucleation reduces ΔGc to the lowest possible 

value.  This means nucleation takes place at the lowest supersaturation out of all nucleation methods. 

Secondary nucleation can occur by: 

1. The addition of a dry seed, where dust on the surface of the seed can be removed and they 
themselves seed growth. 

2. Crystals which form thin needles are often fragile and can break and form seeds. 
3. Shear nucleation where the forces imposed on a crystal face by the solution flowing past 

produces secondary nuclei from the surface. 
4. Contact/collision nucleation or collision breeding.  Contact of crystals with the walls of the 

container, stirrer or other crystals breaks off smaller seeds.  

For materials of high solubility such as citric acid, contact nucleation occurs most frequently.  The 

nucleation rate depends on the supersaturation, the concentration of crystals in suspension MT, and 

hydrodynamic interactions such as stirrer speed N, or average power input to the solution: 

𝐵 =  𝑘 𝑀 𝑁 ∆𝑐       (Eq. 1.26) 

Where B = the secondary nucleation rate.  b is usually 1 – 2.5, much lower than for primary nucleation.  

Most collisions occur at the wall or stirrer rather than with other crystals.  Many nuclei produced are 

from fragments rather than from the solution.  
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1.3.5 Detecting Nucleation Events 

Methods for detecting nucleation are varied.  Each method observes a different parameter: 

1. Temperature 
a. Nucleation increases the temperature of the system, just as dissolution decreases 

temperature.  Therefore, if the temperature begins to increase, the nucleation rate is 
assumed to have increased. 

b. Differential Scanning Calorimetry (DSC) may be used. 
2. Volume 

a. A solid has a different density as a liquid.  This can be measured using dilatometry. 
3. Optical Transmittance 

a. Nucleation produces a dispersion of small crystals.  The turbidity changes can be 
detected by IR turbidity probes.  This method is used in this project using the Integrity 
10 system. 

4. Concentration Measurement 
a. As nucleation increases, the concentration of the solution decreases.  Conductivity, 

density and RI can be measured. 

 

In isothermal systems, the induction time τ can be estimated. 

𝐽 ∝         (Eq. 1.27) 

ln ∝       (Eq. 1.28) 

Induction time is a function of supersaturation and so can be used to estimate the interfacial tension γ. 

1.4 Crystal Growth 

Once nucleation has occurred, and the surface continues to be exposed to a supersaturated 

environment the number of units joining the surface is greater than the number of units leaving.  This is 

crystal growth.  The ability of the surface to integrate arriving growth units is dependent on strength and 

the number of bonds that can form. 
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Figure 1.7 Crystal showing free bonds on each face.1 
Figure 1.7 illustrates that some faces only have 1 bond free, however, face 1 shows that 2 bonds are 

free.  Therefore, it is more likely that growth will occur on this face faster.  Assuming linear growth rate ν 

of a face is proportional to the total binding energy of a growth unit to that surface then: 

𝜈  >  𝜈  >  𝜈       (Eq. 1.29) 

Where ν is the linear growth rate, k is a kinked face, s a stepped face and f a flat or terrace face (Figure 

1.8).   
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Figure 1.8 Kinks, steps and terraces15. 

Each face in a 3-dimensional lattice has 3, 2 and 1 bond(s) free respectively.  The growth theory is 

defined by the slowest growth face, f. Growth can only continue as k and s are created.  If a growth unit 

is integrated onto a flat face a kink has been created.  As other units surround this unit a stepped face is 

created.  This is called roughening. 

1.4.1 Crystal – Fluid Interfaces 

Roughening has been described by a multilayer model by Temkin (1966) where both fluid and solid are 

illustrated as blocks (Figure 1.9).  On a flat face, the solid and liquid blocks are both grouped so there is a 

flat division between solid and fluid phase.  Temkin described roughening as the removal of one block 

from the solid phase which is then placed on top of the solid creating a kink or step.  This allows further 

growth units to bond with a much lower bonding energy. 

 

 



  
 

26 
 

It is possible to deduce ΔE when a flat is roughened.  There are 3 energies: 

1. φss, the interaction energy between the sides of each solid block. 

2. φff, the interaction energy between the sides of each fluid block. 

3. φsf, the interaction energy between the solid and fluid blocks. 

∆𝐸 = 2𝜑 + 2𝜑 − 4𝜑     (Eq. 1.30) 

 

Figure 1.9 Temkin's roughening model. 

 

Or:  

𝛼 =  
∆        (Eq. 1.31) 

Where α is the ease at which surfaces form sites with multiple bonding interactions or the ease at which 

the crystal grows.  If α is low, growth is easy/fast and vice versa. 

For growth in solution: 

𝛼 =  𝜉 − 𝑙𝑛𝑥      (Eq. 1.32) 
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Where xeq is solubility and ξ is a crystallographic factor describing intermolecular interactions on the 

crystal surface.   

𝜉 =   ≈        (Eq. 1.33) 

Where Esc is the total interaction E per molecule in the layer of the growth face and Ess is the total 

lattice energy.  α is usually 2-20 and as the terrace or flat face = φss it can be said that a step site is 2φss 

and a kink site 3φss corresponding to the total bonding interactions each face contains. 

1.4.2 Growth Mechanisms 

If α < 3 the energy required to form a step is low which with the implication that there will be many 

steps and kinks and growth is easy.  This suggests every growth unit finds a kink or step and the growth 

rate is linear normal to the surface, ν. 

𝜈 =  𝑘        (Eq. 1.34) 

 

Surface Nucleation 

As 3 < α < 5 the surface roughness decreases and arriving molecules don’t always find a kink or step so 

they either return to the fluid phase or join other adsorbed units to form surface islands or nuclei.  This 

surface nucleus adds steps which facilitate growth along the plane of the nucleus until another flat plane 

is created where another nucleus will form (Figure 1.10). 
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Figure 1.10 Surface nucleation. 

 

The linear growth rate: 

𝜈 =  𝑓  × 𝑓  ×  𝑓       (Eq. 1.35) 

Where f1 is the number of critical nuclei formed per unit time, f2 is the step height and f3 is step 

velocity.  The simplified kinetic expression for this is: 

𝜈 = 𝑘 exp −      (Eq. 1.36) 

Spiral Growth 

If α > 5 the surface is flat.  This is because γe is high which inhibits surface nucleation.  Therefore, growth 

only takes place if a step is created by an energetically cheap process.  A dislocation in the crystal lattice 

can provide a route for growth.  A dislocation is where one part of a crystal becomes misaligned due to 

growth from impurities or seeds.  These misalignments produce steps where growth can continue and 

often appear spiral in shape (Figure 1.11).  
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Figure 1.11 Spiral growth. 

This time for: 

𝜈 =  𝑓  × 𝑓  ×  𝑓       (Eq. 1.37) 

f1 is the step velocity, f2 the step height and f3 the step density.  As supersaturation increases the spiral 

winds tighter and step density, f3 increases and growth rate increases.  Growth rate can depend on the 

crystal dislocation structure. 

Identifying Growth Mechanism 

To identify which growth mechanism a crystal exhibits, experiments may be conducted such as the 

following: 

A large single crystal is mounted in a supersaturated solution where the advancing face is monitored by 

eye.  This can be repeated over several supersaturations as the growth mechanism may change 

depending on the σ.  The growth rate is usually fastest when the mechanism is continuous, then spiral 

growth, then surface nucleation.  Alternatively, optical microscopy can be used.  Detecting interference 

contrast, phase contrast, interferometry, reflection microscopy or atomic face microscopy.  
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1.4.3 Mass Transport 
The solute concentration is less at the crystal – solution interface than in the bulk solution c∞.  

Increasing the solution velocity past the crystal results in increased growth rate because mass transport 

resistance is reduced at a higher flow rate.  Mass transport and surface integration take place 

consecutively.  The solution concentration at the surface adjusts so both steps are equal. 

Power Law Expression 

𝑅 = 𝑘 (𝑐 −  𝑐 )      (Eq. 1.38) 

Where kr is the growth rate coefficient and Rg is the overall mass growth rate.  This is related to face 

growth rate ν: 

𝑅 =  𝜌 𝜈       (Eq. 1.39) 

The diffusion step: 

𝑅 =  𝑘 (𝑐 −  𝑐 )     (Eq. 1.40) 

Where kd is the mass transfer coefficient.  Eliminating the unknown ci gives: 

𝑅 =  𝑘 [ 𝑐 −  𝑐 −  ]     (Eq. 1.41) 

If the surface integration step is first order (r=1): 

𝑅 = 𝑘 (𝑐 −  𝑐 )      (Eq. 1.42) 

Where: 

=  +        (Eq. 1.43) 
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This is the addition of both resistances in series, mass transfer then integration.  Therefore, the growth 

rate increases as the solution velocity increases and as the supersaturation increases. 

The surface integration effectiveness factor ηi is the actual growth rate divided by the growth rate is the 

interface were exposed to the bulk.  Where growth is totally controlled by the integration step ηi is at its 

maximum value and is unity.  

𝜂 = (1 −  𝜂 𝐷𝑎)       (Eq. 1.44) 

Where Da is the Damko̎ler number. 

𝐷𝑎 =  𝑘 (𝑐 −  𝑐 ) /𝑘     (Eq. 1.45) 

When Da is large growth is diffusion controlled and ηi approaches Da-1 when Da is small, ηi approaches 

1.  So, growth is controlled by the integration step.  In other words, if the integration step >> the mass 

transport step (Da>>1) the overall rate is controlled by mass transfer. 

Temperature Controlled 

The diffusion step kd and integration step kr are both dependent on temperature:  

𝑘 =  𝑘 exp −
∆      (Eq. 1.46) 

𝑘 =  𝑘 exp −
∆      (Eq. 1.47) 

As ΔEd is usually 8-20kJ/mol and ΔEr is usually 40 – 80kJ/mol the integration step usually increases 

more rapidly with temperature than the diffusion step does.  Therefore, crystal growth rates are 
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diffusion controlled at increased temperature and integration controlled at lower temperatures.  The ηi 

values are close to unity at lower temperatures but at increased temperatures ηi decreases. 

1.5 Maximum Undercooling or Δθmax 

Everything discussed until now gears toward the importance of supersaturation, nucleation and 

dissolution, which can be brought together in one experiment: Maximum undercooling (Δθmax).  As 

discussed, the metastable limit is measured as the difference between the solubility curve and a 

spontaneous nucleation curve.  The maximum undercooling temperature is a similar measurement 

where the difference between the point of dissolution and the point of nucleation is measured at a 

certain cooling rate.   

The Δθmax is measured by the difference between the dissolution temperature and the nucleation 

temperature.  These values are measured using a IR-turbidity probe which detects whenever there are 

particles present in an agitated system.  The nucleation temperature is taken as the temperature when 

particles first begin to appear in solution, or when the IR value begins to fall.  The dissolution 

temperature is the temperature at which all particles have just dissolved producing a homogeneous 

solution, or when the IR value just reaches the maximum value (Figure 1.12).   
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Figure 1.12 Undercooling measurements. 

If several cooling rates are measured the Δθmax can change due to relaxation periods of the solution 

and induction times.  For example, for high cooling rates the nucleation temperature may have been 

reached but due to induction times, precipitation does not begin until the temperature has rapidly 

dropped further, which increases the Δθmax.  Also, if the cooling rate is low, the Δθmax will be smaller 

and possibly more accurate.  This gives a variety of Δθmax values which can be plotted on a graph of 

cooling rate vs Δθmax.  This gives a metastable band at several different cooling rates, which is used to 
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determine a temperature at any cooling rate at which seeds can be added, the reduce the nucleation 

temperature. 

Seeding has been shown to reduce the Δθmax (Figure 1.13) 

This is the aim of this work, first to determine the Δθmax which may be very large or small, use these 

data to add nanoparticles as seeds at a point where the system is metastable to initiate nucleation at a 

higher temperature, or in other words, to increase the probability of nucleation occurring at a more 

predictable temperature.  

 

Figure 1.13 Example of seeding decreasing the Δθmax1. 

The wider the Δθmax the more problematic the system and the more unpredictable spontaneous 

nucleation is, but more crucially, this method allows us to measure the effect of the nanoparticles on 

the system, observing when nucleation takes place before and after seeding. 
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1.6 Cooling and Antisolvent Crystallisation 
To force nucleation and crystal growth, supersaturation must be created.  Two of the best ways to 

produce supersaturation is cooling a saturated solution or adding an antisolvent.   

First a saturated solution can easily be produced by stirring a solute in excess in the solvent.  It is helpful 

to know the solubility of the solute in the solvent at the given temperature.  If cooling is the method of 

choice to produce supersaturation, it is helpful to produce the supersaturated solution at an elevated 

temperature.  For wide metastable zone widths, nucleation may be difficult to achieve if cooling below 

0°C is required, especially if the solvent used is water.  For example, a saturated solution of citric acid at 

90°C, may not crystallise for a long time when cooled to 5°C.  Cooling causes the molecules to come 

closer together, increasing the likelihood of collisions, and hence increases the nucleation rate.  

However, cooling also causes the molecules to slow down and become more viscous.  This prevents 

nucleation from taking place, and antisolvent adding may be the preferred approach for highly viscous 

systems. 

An antisolvent is a solvent where the solute has become less soluble in the mixture of solution and 

antisolvent.  So, when the antisolvent is added to a saturated solution, less solute can be fully dissolved, 

and the system becomes supersaturated.  An effective antisolvent should have the effect to reduce the 

solubility enough for nucleation to spontaneously occur.  The solubility should be lower than the dilution 

effect of adding the antisolvent and will be determined in each system for this work using solubility 

phase diagrams.  The benefits of using antisolvents over cooling are lower viscosity, which is a main 

problem with highly soluble systems.  It enables freedom of movement whilst still being supersaturated, 

hopefully increasing the nucleation rate. 

Both cooling and antisolvents will be used to produce crystals in this work.  Cooling will be done to 

measure metastable band widths, and antisolvents will be used with microfluidics, attempting to cause 

nucleation at a higher viscosity than if the system was cooled. 
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1.7 Microfluidics  

Microfluidics will be the method of synthesis of nanoparticles which will be used as seeds as mentioned 

when maximum undercooling is discussed.  Flow through microfluidic reactors will be discussed, 

adapting antisolvent systems to a controlled confined reactor. 

Microfluidics has been used in crystallisation in many ways16.  One important use has been to produce 

miniaturized crystallisation ‘vessels’ by passing the bulk solution into a carrier solvent, where drops are 

separated within the channel.  The purpose is to study primary nucleation by removing any larger 

impurities which are more likely to be present in the bulk solution.  These impurities can initiate crystal 

growth at a higher temperature than the true temperature required for primary nucleation.  It also 

removes hard barriers such as tiny cracks in the walls of the bulk vessel which may increase the chances 

of nucleation. 

Others have used microfluidics for continuous crystallisation, utilising a similar setup as this work, using 

antisolvent drown out where a stirred batch solution is passed through the device and a suitable 

antisolvent joining the solution to create supersaturation, nucleation and growth within the channel. 

Many designs have been utilised with this setup, some using long winding mixing channels before exit, 

others using mixing reservoirs within the mixing channel before exit. All are designed to promote 

turbulent mixing with the antisolvent as much as possible.  Here, laminar flow is preferred, to attempt to 

increase the supersaturation within a diffusion band, minimising the dilution effect of the antisolvent.  

This is necessary due to the problematic nature of the compounds used.  

To produce nanoparticles of each organic acid, the crystalliser will be reduced in size by using 

microfluidics.  Microfluidics is the study of flow at the micrometre scale.  A microfluidic system consists 

of narrow channels of <1mm diameter which are designed according to the application of the reactor.  It 

can be used to produce many micro crystallisers to produce highly homogeneous saturated solutions 
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which can give true primary homogeneous nucleation rate values.  Monodisperse crystals can also be 

produced in this way.  Microfluidics is advantageous where the material to be crystallised is in short 

supply, which is very common for new drugs recently discovered.  Many experiments can be carried out 

in small spaces making it a very efficient technique. 

Microfluidics will be utilised in the simplest of ways.  Two impinging streams of liquid, a saturated 

solution and an antisolvent will be passed through a Y-shaped chip where the two streams will converge 

at specific angles.  The two solutions will flow separately, otherwise known as laminar flow, where the 

interface between each liquid will be separate until diffusion begins to occur.  The flow will continue 

until diffusion is complete and the resultant mixture is collected. 

1.7.1 Fluid Dynamics through a Channel 

An important aspect to consider when looking at miniaturised systems is the density of the fluid.  Within 

a fluid and especially for saturated solutions, the density tends to fluctuate at very small volumes.  This 

is due to the molecular structure of the molecules, or how the solute behaves in the solvent.  As the 

volume increases, the density value remains constant.  The only explanation to the fluctuations in 

smaller volumes is the existence of fluid particles, which is defined as a volume containing many 

molecules.  This would only be a problem in very narrow tubes on the nanometer scale since these fluid 

particles are only a few nanometers. 

The viscosity of the fluid is important when discussing microfluidics.  Viscosity is a quantity expressing 

the magnitude of internal friction, as measured by the force per unit area resisting diffusion in which 

parallel layers unit distance apart have unit speed relative to one another.  For highly viscous liquids the 

energy required for a molecule to break away from its nearest neighbours is high, more energy is 

required for diffusion.  Within the microfluidic channel, where the solution is highly viscous, the solute 

resists diffusion to the antisolvent and nucleation is prevented.   
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The viscosity μ is given as: 

𝜇 = 𝐴 𝑒𝑥𝑝       (Eq. 1.48) 

Where A is a constant and E is energy.  The diameter of the fluid particle where a molecule is required to 

escape from is on the scale of a few nanometers, so the above expression is true for systems much 

larger and is true for the scales used in this report.  

1.7.2 Modes of Flow 

In fluid mechanics, a fluid will either move in laminar flow, turbulent flow or transitional flow depending 

on the Reynolds number (Re).  The Reynolds number is the ratio of inertial to viscous forces: 

𝑅𝑒 = =  
      (Eq. 1.49) 

Where:  

ρ = density of fluid 

v = velocity of flow 

d = diameter of channel 

μ = viscosity of fluid 

 

Inertia is the force exerted on the channel wall by the fluid and depends on the density of the fluid, the 

velocity and the diameter of the channel.  If all three components are high the inertial force will be high.  

This will, in turn, increase the Reynolds number at a constant viscosity.  If the three components are low 

the Reynolds number will be low with the same viscosity.  With constant inertial force and varied 

viscosity, the Reynolds number will be low for a high viscosity and vice versa. 

Laminar flow (Figure 1.14) involves the movement of layers of fluid in one direction without disrupting 

adjacent layers.  The Reynolds number for this type of flow is usually <2000.  This can happen with high 
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viscosities or low densities, velocity or channel width.  This report will focus on reducing the Reynolds 

number to a minimum by utilising very low channel widths (1mm or below).  

 

Figure 1.14 Diagram of laminar flow.  

With a Reynolds number or >3000 turbulent flow commences (Figure 1.15).  This can occur when the 

solvent system has changed which can change the magnitude of viscosity, density or velocity in the 

same channel width. 

 

Figure 1.15 Diagram of turbulent flow.  

For the Reynolds number of between 2000 and 3000, this is known as transitional flow where a mixture 

of laminar and turbulent flow is observed.  
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Figure 1.16 Laminar flow through a microfluidic chip.  

Mixing within a channel where streams travel in laminar flow is done by diffusion.  The time of diffusion 

can vary based on the viscosity of the solution.  The microfluidic chips were designed to undergo laminar 

flow before being fully mixed when the channel turns a 90° bend.   Supersaturation within this diffusion 

band is increased due to the antisolvent which drives nucleation.  According to Fick’s law17 highly 

concentrated molecules will flow from the high concentration to a low concentration by diffusion.  

Within the diffusion band nucleation and crystal growth is taking place, solute is flowing towards the 

diffusion band, although more slowly than the solvent.  Due to the size of the solvent, mixing will occur 

with the antisolvent before the solute, which creates an environment more supersaturated than the 

solution.  If the antisolvent affects the solubility of the solute enough, spontaneous nucleation will occur 

within the channel. 

1.7.3 Breakdown of Flow within Channel 
The microfluidic setup used was a Y-mixer, where one stream containing saturated solution flows 

alongside an antisolvent stream.  When each stream meets, laminar flow commences, we assume total 

separation at the liquid liquid interface at the onset. As flow continues, diffusion occurs between each 

stream, until finally both streams are fully mixed. A breakdown of each stage is shown in Figure 1.17. 

 

Diffusion band 
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Figure 1. 17 Schematic of liquid liquid flow through a microfluidic channel. 

 

Flow through the microfluidic channel can be broken down into three sections or lengths l1-l3.  At l1, the 

fluid flow is laminar.  The concentration of the solution is at a maximum, c1, whereas the antisolvent has 

a concentration c2 of zero.  The solvent and antisolvent used in this project were water and ethanol, 

which are much smaller molecules than the solute, an organic acid.  Therefore, within l1, the water will 

diffuse fastest, being the smallest. Either from the solution or from the antisolvent into the solution, 

depending on if it was used in the solution or the antisolvent.  Diffusion by ethanol is closely followed.  

We assume that the solute remains mostly static during l1.  With this exchange of solvents, 

supersaturation is created when the volume of each separated flow remains the same. As previously 

determined the solute is less soluble in the antisolvent, therefore when some of the solvent is 

exchanged with the antisolvent supersaturation ensues.  It is within l1 where nucleation occurs at a rapid 

rate.  

The second length of the channel, l2, is where mixing between each stream begins to become more 

turbulent.  Laminar flow is the main mode of flow at the onset of l2, but by the end of l2, turbulent 
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mixing is prevalent.  This is where the system shifts to a lower supersaturation due to dilution due to 

mixing, solute molecules being slower, have started to move towards lower concentration.  When 

supersaturation reduces, growth of particles slows, in some systems, dilution may cause 

undersaturation, which will cause dissolution of particles.  Within the third length, l3, mixing of each 

stream is complete, and dilution effects are at a maximum.  Supersaturation will be at its lowest in l3, 

hence slowest particle growth or most rapid particle dissolution.   

An ideal system will remain supersaturated in all sections of the channel, and within the collection vessel 

to allow stable particulates, rather than particles which will dissolve rendering them ineffective at 

seeding batch systems.  To determine whether the particles produced will be stable or will dissolve, the 

solubility of each organic acid is measured in mixtures of ethanol and water, as well as separately in 

each solvent.  The solubility values will then be used to construct solubility phase diagrams which can be 

used to map the dilution effects of the antisolvent and tell whether the system remains supersaturated 

at the l3 stage, or if the particles produced will later dissolve. 

 

1.8 Aims and Objectives 

This project will study the crystal properties of certain compounds which are difficult to crystallise by 

primary homogeneous nucleation to develop a method of producing high-quality monodisperse 

nanoparticles of each compound as contained in Chapter 4.  Questions to be solved within Chapters 3 

and 4 include: 

 Are the chosen compounds difficult to crystallise? 
 What causes the difficulty of crystallisation of each compound? 
 Will microfluidics overcome these difficulties? 

Any nanoparticles produced can then be used to seed batch samples of each compound utilising 

secondary nucleation to initiate crystal growth in a predictable way as in Chapter 5.  Research questions 

answered in Chapter 5 include: 
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 Is it possible to make nano crystals of each compound by microfluidics? 
 Will the nanoparticles act as effective seeds? 

Furthermore, Chapter 6 details screening for new crystal phases i.e. co-crystals and salts, important 

work done in industry to find the best form for administration18.  Questions answered in Chapter 6 

include: 

 How else can the problematic compounds improve crystallisation properties? 
 Is cocrystal screening an effective method? 
 Is microfluidics useful for polymorph/cocrystal/salt screening? 

The following bullets set out ways the above questions will be answered in the thesis, along with brief 

explanations of methods used: 

 Select organic acids which have been known to be difficult to crystallise in a controlled manner.  
Requirements include: very high or low solubility, very high viscosity which decreases the 
likelihood of nucleation due to poor mass transport by diffusion, very wide metastable band 
widths (Chapter 3). Chosen compounds are detailed in Chapter 2. 

 Produce nanoparticles of each using microfluidics in Chapter 4.  The microfluidic system requires 
prerequisite knowledge of solubility and viscosity in the solvent system chosen, which will be 
measured.  Once known the microfluidic chip converging angles and channel widths will be 
varied to determine the optimum conditions to produce particles.  Other variables include pump 
rate and ratio.  Once synthesized the nanoparticles will be analysed using NanoSight particle 
analysis which provides the particle size distribution and number of particles. 

 Measure the maximum undercooling temperature in Chapter 5, which is the difference between 
the nucleation temperature and the dissolution temperature of each compound using the 
Integrity 10 controlled heating and cooling machine.  The cooling rates will be varied to produce 
a graph of increasing maximum undercooling temperature.  This will be used to compared to 
seeded systems, so nucleation occurs at a reduced supersaturation.  Seeding will be done with 
nanoparticles produced by microfluidics.  

 Improve the properties of the organic acids by screening for cocrystals and salts in Chapter 6.  
This screening will be done in the classic method of benchtop screening, adding a coformer at 
different molar ratios to the compound and in different solvents to produce new and existing 
cocrystal forms.  The improved properties include solubility, viscosity and stability. 

 Also, in Chapter 6, use microfluidics to drive selectivity of polymorphs and stoichiometries.  
Microfluidics can produce very high supersaturation which can help produce different, more 
metastable forms of the same product.  Such as the conversion from a stable polymorph to a 
metastable polymorph. 
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Chapter 2: Experimental Design 

2.0 Experimental Design 

To understand the properties of several organic acids, the following will be considered: 

 Solubility, which is measured at 25°C in both water and ethanol and a mixture of the two.  This is 
the temperature at which the microfluidic experiments will be carried out.  It allows a 
knowledge of which solvent may be used as the antisolvent and which is to be used as the 
dissolution solvent.  Water and ethanol are the main solvents used to produce nanoparticles in 
an antisolvent system therefore the solubility will need to be known in each solvent to 
determine which solvent will be used as the antisolvent.   

 Viscosity which is important due to some highly soluble acids producing a highly viscous solution 
which can affect the diffusion of solute as the system flows through the microfluidic reactor and 
can prevent nucleation due to poor mass transport.  Relative viscosity measurements will be 
taken using a viscometer relative to water and to ethanol. 

 Nucleation kinetics, primary and secondary nucleation, metastable band widths, induction 
times.  Primary nucleation will be studied by measuring the maximum undercooling 
temperatures1 of each acid using the Integrity 10 system.  Heating and cooling at set rates.  The 
induction times, the time it takes for a supersaturated system to nucleate, can also be estimated 
using this method.  A knowledge of the metastable zone is essential to determine the optimum 
conditions for seeding.  Nanoparticles will be produced using the microfluidic system which will 
be used for seeding. 

 Secondary nucleation.  Once nanoparticles are successfully produced by microfluidics they will be 
used as seeds for supersaturated systems to reduce the maximum undercooling temperatures 
and initiate nucleation. 

 Property enhancement, cocrystals and salts.  A polymorph screen will be carried out with citric 
acid and isonicotinamide, cocrystals of which are not found on the CSD.  A screen will also be 
carried out with malonic acid and nicotinamide, 2:1 cocrystals exist in literature in two 
polymorphs19,20, however a 1:1 stoichiometry is not reported.  Polymorphs, stoichiometries and 
salts will be examined, utilising the microfluidic method to direct polymorph or stoichiometric 
choice.  New crystal forms will be presented using analysis techniques such as PXRD, SCXRD, 
DSC, HSM, spectroscopy and computational techniques. 
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2.1 Materials 

All materials were used as supplied unless otherwise stated.  All materials are listed in Table 2.1. 

Table 2.1 List of Materials Used. 

Material Purity Supplier 
Citric acid anhydrate 99% Fisher 
L-Tartaric acid >99% Fisher 
Malonic acid 99% Fisher 
Mandelic acid 99+% Acros 
Oxalic acid anhydrate 98% Fisher 
Adipic acid 99% Acros 
L-Glutamic acid 99% Acros 
Salicylic acid 99.5% Fisher 
Nicotinamide >99.5% Sigma Aldridge 
Isonicotinamide 99% Sigma Aldridge 
Water 18.2MΩ University of Lincoln 
Ethanol Absolute Fisher 
Microfluidic Chips - Epigem 
 

2.2 Selected Compounds for Study 

This project aims to study the nucleation and crystal growth behaviour of hard to crystallise material and 

to develop new methods of seeding by microfluidics to nanosize these materials21.  Citric acid is of 

special interest due to its very wide metastable band width and long induction times and will be 

considered more fully in this section22.   

  The other organic acids investigated are used for similar reasons but to a lesser extent.  A variety of 

acids were chosen by differences in solubility so if a method used does not work for the most 

problematic compound, it may work for lesser problematic compounds.  The solubility is the basis of 

many of the problems of each acid.  Solubility is affected by several conditions, such as temperature, pH, 

and viscosity.   
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2.2.1 Citric Acid 

OO

OHO

OH

OHOH

  

Figure 2.1 Chemical structure of citric acid.  

Citric acid is a triacid with the empirical formula of C6H8O7.  Due to its three acid groups and additional 

alcohol group, it is very polar and as such very soluble in water.  Hydrogen bonds form easily within the 

crystal structure.  Used widely mainly for human consumption in food and drinks.  It is found naturally in 

citrus fruits particularly in lemons and is the reason for its tartness.   Citric acid can exist as an anhydrous 

form and a monohydrate.   

Citric acid is expected to be highly soluble due to its three acid groups, being able to form many 

hydrogen bonds with water and with other citric acid molecules.  This is expected to be problematic due 

to many strong interactions in solution causing high viscosity. 

The crystal structure of anhydrous citric acid was established by Bennett and Yuill in 193423. The 

anhydrous form was obtained by Bennett by cooling a hot aqueous citric acid solution and stated that 

the method used was developed by Buchner and Witter in 1892.  The anhydrous phase formed despite 

the proximity to water.  Helmdach and Ulrich describing this concluded that the monohydrate formed at 

lower temperatures24.  If saturated solutions were prepared at elevated temperatures (above 36.15 to 

36.45 °C) the concentration was so high that citric acid preferred to crystallise in the anhydrous form. 
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Solubility of Citric Acid 

Citric acid is highly soluble in water.  Its absolute solubility value has been reported many times however 

the reported value has varied widely.  It is likely that some methods used to achieve the solubility value 

have not allowed the system to fully equilibrate before measurements are taken.  It is possible that the 

depth of solution at which the measurement is taken can affect the value due to non-uniform mixing 

although sampling at different depths by the author produced reproducible results.  Citric acid tends to 

oil out separating from the solution producing highly concentrated pockets25.   

Söhnel and Garside discussed reported solubility variation and states that the initial particle size of the 

solute can affect the solubility26. Using the Gibbs Thomson equation, the surface energy is considered 

where the smaller the particle the higher the surface energy and the more likely it is to dissolve.  This is 

further supported by Ostwald’s ripening27 where small particles dissolve where a larger particle with 

lower overall surface energy is present in solution.  An example given by Sohnel and Garside is the 

variation of solubility of K2SO4 where small particle solubility was compared to large particles28. It was 

found that a large variation of solubilities exists for particles below 1µm in diameter.  Therefore, any 

disparity in solubility of reported values given below, may primarily due to the initial particle size of the 

solute, especially where powders are used over larger crystals. 

Oliveira et al29 attempted to measure the solubility by a static analytical method. A jacketed equilibrium 

cell was used to keep the temperature constant.  The cells were sealed to prevent evaporation.  The 

solubility was then measured ranging in temperature from 293.7 to 333.1K. Citric acid was weighed in 

excess straight into beakers containing the solvents.  The cells were continuously stirred at 1300rpm for 

3 hours before the stirrers were turned off and left to stand for >8 hours.  3 samples were taken from 

10ml glass syringes apparently at the same time.  The samples were placed in volumetric flasks which 

were then placed in an oven at 74°C until a constant dry weight was achieved.  The solubility value was 

reported as a mole fraction of 0.1510 at 303.3K. 
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Daneshfar et al30 attempted the solubility of citric acid by a similar gravimetric method where saturated 

solutions were prepared and held at temperature by circulation water.  An excess of solute was added 

and stirred for 10 hours.  This is preferable to the previous method, as equilibrium is more likely to have 

been achieved.  Undissolved solute was then left to settle for two hours with no stirring.  It is mentioned 

that the upper section of the solution was sampled using a warmed pipette which was then sealed in a 

pre-weighed vial.  The vial was placed in an oven at 50°C and weighed until constant mass.  It was 

mentioned that the dissolution varied from 2-10hours finally reaching equilibrium at 10 hours.  The 

solubility value of citric acid in water was reported as 0.058 mole fraction at 303.2K.  This is very 

different to the value reported by Oliveria et al.  Such a vast difference in solubility value can be because 

of the solution not being in equilibrium, or due to the particle size which is never mentioned.  

Yang et al31 used a similar method but stirred the solutions for at least 48 hours. The same method was 

used as Oliveria et al where an excess of solute was weighed into beakers of solvent.  With the notable 

difference of the time of equilibration.  However, a small section mentioned where they claimed to 

achieve equilibrium by approaching from supersaturation is very suspect.  Equilibrating from an 

increased temperature can cause the solute to fully dissolve and if the temperature is then reduced the 

solution will become supersaturated and may take months to achieve equilibrium again where the 

excess solute is crystallised.  2 days most likely is not enough for this crystallisation to take place for such 

a low supersaturation.  Hence samples taken will probably still be supersaturated and give an increased 

and hence inaccurate value of solubility. 

An Abbe refractometer was used to determine solution composition which can be assumed to be an 

accurate measurement where a value of 0.1445 mole fraction was reported at 303.15K.  This value is 

like the value reported by Oliveria et al.  It is assumed that the supersaturation method to achieve 

equilibrium has not affected the results more than Oliveria et al’s method however both methods may 
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have not achieved equilibrium in similar quantities, and they both may have used similar size particles 

such as powdered citric acid. 

Interestingly both Oliveria et al and Yang et al. reported that citric acid is more soluble in ethanol than it 

is in water.  However, for Daneshfar et al and for the present work the opposite is true.  

One of the earlier attempts was in 1976 by Laguerie et al32 where solubility, density, viscosity, refractive 

index, pH and diffusivity was measured. The solution was equilibrated for 5-6 hours before sampling for 

solubility.  An excess of solute remained undissolved.  Two methods were used for solubility 

measurements: 

1. Dry weight.  Where a volume of saturated solution was placed in a pre-weighed container before 
being dried.  The volume of solvent evaporated can be calculated by the difference in weight 
between the initial sample and the dry sample.  The solubility is taken as the dry mass per 
volume of solvent evaporated. 

2. Titration with sodium hydroxide.  Where the concentration of CA was determined by adding a 
known concentration of sodium hydroxide solution with an indicator to the end-point. 

 

At 303.5K method 1 produced a very high solubility value of 240g/100g water and method 2 at 303.7K a 

value of 239.5g/100g.  Both methods agreed very well however the actual values may be so high since 

the citric acid was the monohydrate which when dissolved would increase the volume of water by the 

number of moles of citric acid monohydrate was dissolved which would increase the amount of citric 

acid that can dissolve.  

The density was found to be 1.3151cm-3 at 298K at a concentration of 220.9g/100g water and increased 

as concentration increased.  The viscosity at 298K at a concentration of 217g/100g water was 23.8cP 

and increased as concentration increased.  The pH at 293K at 217.5g/100g water was 3.027 and 

decreased as concentration increased.  The refractive index at 293K at 216.5g/100g water was 1.4375 

and increased as concentration increased. 
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The wide variability in the reported solubility values demonstrates the difficulty in fully equilibrating a 

saturated solution, which is one reason why citric acid will have special attention in this project.  This 

may be especially difficult due to the difficulty of achieving a perfectly saturated citric acid solution.   

During this work, the solubility of each organic acid will be measured taking the methods used in the 

literature in mind.  This will add to the current database of reported values, helping to achieve a more 

accurate true average. 

The Metastable Zone Width of Citric Acid 

Groen et al22 attempted to measure the supersaturation of citric acid by using in situ attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR). The metastable zone widths were 

mapped for both citric acid monohydrate and anhydrate.  Citric acid monohydrate was used as the 

solute.  The solubility was first measured by preparing slurries of citric acid in excess at varied 

temperatures.  The slurries were stirred for 24 hours before ATR-FTIR spectra were taken in triplicate.  

This was repeated over temperatures of 10-70°C.  At each temperature, crystals were removed, dried 

and tested by XRD.  Those tested above 40°C were found to have transformed from monohydrate to the 

anhydrate. 

The supersaturation was measured by cooling a saturated solution gradually, taking ATR-FTIR every 60 

seconds.  The solution was cooled until crystallisation occurred.  The solution was then heated until 

dissolution and repeated.  For each crystallisation, the crystals were sampled and tested on XRD to 

determine which phase is being produced. 
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Figure 2.2 Metastable zone width (MSZ) of citric acid22, the lower line showing the solubility curves of 
the monohydrate (below 34°C) and the anhydrate (above 34°C) and the upper dotted line showing the 
metastable limit where spontaneous nucleation should occur. 

Figure 2.2 shows that the temperature of the solution can depend on which phase is produced.  Above 

34°C, it shows that the anhydrate is the stable form, however, below this temperature the monohydrate 

is the stable form.  The most stable form changes at 34°C, and even though the system is not truly 

polymorphic, it is enantiotropic.  Water gives an effect where the metastable limit cannot be reached at 

0°C when a saturated solution at 34°C is cooled.  Saturated solutions at around 90°C are required in 

order to crash cool to the metastable limit of around 10°C.  It is assumed that for all citric acid cooling 

experiments in this work contain the anhydrate form and attempts to shorten this very large metastable 

zone width are reported herein. 

The primary nucleation behaviour of citric acid was explored by Bravi et al33 where impurities were 

added to pure solutions. At first solubility measurements were taken by stirring excess citric acid for 48 

hours allowing sediment to settle for two hours before taking three 2ml samples and titrating against 

NaOH.  It was noted that there was a temperature gradient between the wall of the 200ml jacketed cell 
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used and the centre, varying by up to 0.5°C.  This gradient is important when discussing variance of 

solubility values and the position at which the samples are taken.  A value of approximately 0.7g/g water 

was reported at 30°C which is more than half the values obtained by others. 

The primary nucleation was studied by completely dissolving citric acid at a temperature slightly above 

saturation.  The solution was then cooled at different rates until nucleation occurred.  Bravi et al. 

detected nucleation events by eye which is not the most reliable of methods, although it will give a 

rough estimate, it can be difficult to watch the solution the entire time unless the time of nucleation was 

known previously.  As expected once the nucleation rate became very high, the temperature of the 

solution increased by 2-3°C due to nucleation being exothermic.  

Different cooling rates were used.  This is useful to find an accurate value for the metastable zone width 

however if the cooling rate is too slow primary nucleation can occur when the system has not yet 

reached the metastable limit which will then go on to seed growth in secondary nucleation which is 

much more rapid.  Therefore, false values can be obtained. 

Bravi et al concluded that the metastable zone width was wide when the temperature is varied.  Which 

is the main reason why citric acid will be a focal point of this research. 

Secondary Nucleation of Citric Acid 

As previously discussed secondary nucleation can drastically increase nucleation rate.  As Bonacci34 

published in 2014 this is also true for citric acid. It was shown that the lack of seeding (primary 

nucleation) prevented controlled nucleation rates.  Bonacci varied the size of seeds added and found 

that for very large seeds the surface area was too low to achieve a desirable crystal size distribution and 

that smaller seeds were preferable.  This work will take this principle to the extreme by nanosizing the 

seeds.  This takes the surface area to a maximum whilst increasing the likelihood of an even crystal size 

distribution.  



  
 

53 
 

For this work to be successful first the seeds must be synthesised.  This nanosizing or the reduction in 

the size of the seed to the nanometre scale will be carried out by a bottom-up approach.  Crystallising 

citric acid and other organic acids by microfluidics. 

Summary 

Citric acid was selected as the main problematic compound of interest due to several factors. There are 

many reported values for solubility, which proves the difficulty of reaching a precise measurement.  The 

metastable band width is very large, decreasing the chances of nucleation at extreme undercooling 

temperatures.  Secondary nucleation has proven effective at increasing the chances of nucleation, which 

ties in well with the plan set out in this work. 

2.2.2 Other Organic Acids 

A list of other organic acids will also be used carrying out the secondary nucleation by the production of 

nanoparticles for the seeding of batch crystallisers.  These are: 

 L-Tartaric acid 
 Malonic acid 
 Mandelic acid 
 Oxalic acid 
 Adipic acid 
 L-Glutamic acid 
 Salicylic acid 

A summary of crystal chemistry for these acids is as follows: 
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L-Tartaric Acid 

OH

OH

OH

OH

O

O  

Figure 2.3 Chemical structure of L-tartaric acid. 

Tartaric acid (TA) is another highly soluble compound due to high polarity, two acid groups and two 

alcohol groups, allowing for easy hydrogen bonding.  It has two chiral centres and occurs as two 

enantiomers and a diastereoisomer.  The (R, R) or L form is naturally occurring and is the mirror image of 

the (S, S) or D form.  The meso form is also possible meaning it is optically inactive due to being 

superposable on its mirror image. 

Two polymorphs of D-TA have been reported35,36, and one structure of L-TA.  The meso-TA has 3 

polymorphs reported37,38 totalling 6 different phases of TA.  TA also exists as a monohydrate where 

three polymorphs have been reported with the racemic DL-TA monohydrate. 
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Figure 2.4 Turbidity trace of tartaric acid. 

Zhang et al39 attempted to calculate the metastable zone width of DL-tartaric acid using turbidity 

measurements (Figure 2.4) similar to those conducted in this work. A turbidity probe allows the user to 

determine the nucleation point when the turbidity begins to increase due to the nucleation of tartaric 

acid.  When the turbidity is at its maximum the system was then heated gradually until the turbidity 

began to decrease.  This point was taken as the point of dissolution; however, this was not used as the 

point of dissolution in this work but the point at which all particles had dissolved was used, hence the 

lowest turbidity.  Another difference in this work was the turbidity was measured using IR probes which 

gives an inverse graph to that in Figure 2.4.  When particles are present the IR beam is blocked causing 

low IR reading which is turbid, when particles are absent the IR beam is unimpeded, and the value is 

high meaning low turbidity.   
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Figure 2.5 Solubility curve of tartaric acid. 

Zhang used turbidity measurements to produce a solubility curve (Figure 2.5) and the metastable limit.  

Data closely matched gravimetric methods and the literature reported solubility values.  The solubility 

value at 30°C was reported to be 0.03 whereas Apelblat et al40 reported it as 0.15 mole fraction. 

In summary, tartaric acid exhibits many of the same problems as citric acid due to its high solubility, 

viscosity and metastable band width and is an excellent candidate for this work.  An additional problem 

is TA being chiral, however, one enantiomer will be selected for this work.  

Malonic Acid 

HO OH

O O

 

Figure 2.6 Malonic acid chemical structure. 

A search for malonic acid (MAL) solid forms discovered three polymorphic forms crystallising in space 

groups P-1, P21/n and Pbcn respectively41,42. 
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MAL is also highly soluble due to its two acid groups allowing for easy hydrogen bonding.  Daneshfar et 

al30 tested the solubility along with citric acid and reported a mole fraction solubility of 0.126 at 303K, 

more than twice as soluble as some citric acid values. Apelblat et al40 also reported the Solubilities of 

several organic acids including malonic acid. An excess of solid was stirred for ten hours before allowing 

the excess settle overnight.  The saturated samples were titrated against NaOH.  Reported solubility of 

0.2309 mole fraction at 303.15K, a vast difference to that reported by Daneshfar et al.  The metastable 

zone width measurements have not been found in the literature but will be measured later in this work. 

In summary, malonic acid is problematic due to its high solubility and viscosity, but also the polymorphic 

nature of MAL can raise inaccuracies in solubility measurements due to polymorph selection. 

Mandelic Acid 

O

OH
OH

 

Figure 2.7 (R)-Mandelic acid chemical structure. 

Mandelic acid (MAN) has one chiral centre with an acid and alcohol group.  The polar side of the 

molecule allows for high solubility with the aromatic ring reducing the solubility, meaning MAN is 

expected to be soluble but not as soluble as other more polar molecules.  The racemate was used in this 

work.  Two polymorphs of the racemate has been reported as orthorhombic and monoclinic crystallising 

in space groups Pbca and P21/c respectively43.  The S-MAN also has two polymorphs reported, both in 

the same space group of P21.  
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Figure 2.8 Ternary Phase Diagram of the mandelic acid enantiomers in water. 

Its solubility is high in water as reported by Lorenz et al in 200244,45. Each stereoisomer was tested 

separately, and it was found that the racemic compound was twice as soluble as the (S) enantiomer 

(Figure 2.9).  Reported in mass percent the values were 24.79% and 11.90% respectively both at 303K.  

 

Figure 2.9 Solubility of racemic mandelic acid and (+)-mandelic acid in water. ♦, rac, Lorenz et al.44; ◊, 
(+)-mandelic acid, Lorenz et al.44; ▲, rac, Angus/Owen46; Δ, (+)-mandelic acid Angus/Owen46; ■, rac, 
Nishiguchi et al.47; □, (+)-mandelic acid, Nishiguchi et al.47; ●, rac, Rauls44. 
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Figure 2.9 shows the difference in solubility across varied temperature the racemate being the more 

soluble.  This system gives an example of one form being more stable at all temperatures meaning the 

system is monotropic.   

Oxalic Acid 

 

Figure 2.10 Oxalic acid chemical structure. 

Oxalic acid is a small dicarboxylic acid naturally found in many foods.  If consumed in excess is toxic due 

to its ability to form calcium oxalate crystals in kidneys (kidney stones).  The anhydrate exists as 2 

polymorphs crystallising in space groups Pcab and P21/c.  It also exists as a dihydrate crystallising in 

space group P21/n48.  Apelblat et al40 reported the solubility as 0.02690 mole fraction at 303.15K, almost 

ten times less soluble than malonic acid.  

Oxalic acid is an excellent median between the highly problematic compounds already discussed and the 

less problematic low solubility compounds yet to be discussed.  This is due to the solubility being much 

lower than CA, but much higher than AA, due to the shorter carbon chain increasing the polarity of the 

molecule higher than longer chain diacids such as adipic acid.  This means OA is important because some 

methods may not work for high solubility compounds and some may not work for low solubility 

compounds.  OA is a good indicator to determine a limit of each method described.  Although problems 

are still in place for OA such as polymorphs and hydrates forming.  Care must be taken to report the 

solubility of the correct form. 
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Adipic Acid 

 

Figure 2.11 Adipic acid chemical structure. 

 

Adipic acid (AA) is reported as forming three polymorphs crystallising in space groups P21/a, P21/n and 

P-1 respectively49.  Also reported by Apelblat et al40 the solubility of adipic acid was 0.01591 mole 

fraction.   

Adipic acid is much less problematic than CA due to its lower solubility, which allows less viscous 

solutions have a greater mass transport to nucleate more easily, with a shorter metastable band width. 

L-Glutamic Acid 

OH OH

O O

NH2  

Figure 2.12 L-Glutamic acid chemical structure. 

Glutamic acid (GA) is a chiral amino acid.  L-GA exists in two polymorphs both crystallising in space group 

P21212150,51.  Mo et al52 reported the solubility of α and β forms of L-glutamic acid as 0.001841 and 

0.001223 mole fraction respectively at 303K.  

Glutamic acid is problematic due to it being insoluble in many solvents.  Water was found to solubilise it 

the most however some measurements such as viscosity could not be measured in ethanol due to 

nothing being dissolved. 
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Salicylic Acid 

 

Figure 2.13 Salicylic acid chemical structure. 

Salicylic acid (SA) is slightly different from other organic acids used however is included because 

nanoparticles of salicylic acid have previously been made.  Therefore, SA will be used as a standard and 

will be a starting point in the development of methods to produce nanoparticles of all other organic 

acids.  SA is not reported to be polymorphic at the current time.  SA has a low solubility reported by 

Pires et al53 as 0.0169 mole per kg water at 303K. 
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Table 2.2 Crystal Chemistry of Forms of Organic Acids used in this Work 

Organic Acid Crystal Chemistry 

 

Malonic Acid 

Space group: P-1 Number: 2 
Cell a: 5.156(1) b: 5.341(1) c: 8.407(1) alpha: 71.48(2) beta: 76.12(2) gamma: 

85.09(2) volume: 213.103. 
Polymorph: beta triclinic54 

 

Citric Acid 

Space group name: P212121 Number: 19 
Cell a: 6.234(1) b: 9.288(1) c: 15.246(2) alpha: 90.00 beta: 90.00 gamma: 90.00 

volume: 882.826. 
Habit: block 

Form: monohydrate55 
 

L-Tartaric Acid 

Space group name: P-1 Number: 2 
Cell a: 5.00(<1) b: 5.938(<1) c: 19.987(1) alpha: 90.00 beta: 90.00 gamma: 

90.00 volume: 593.468. 
Colourless.  Habit: Block56 

 

Mandelic Acid 

Space group name: P-1 Number: 2 
Cell a: 5.00(<1) b: 5.938(<1) c: 19.987(1) alpha: 90.00 beta: 90.00 gamma: 

90.00 volume: 593.468. 
Colourless.  Habit: Block.56 

 

Oxalic Acid 

Space group name: P21/c Number: 14 
Cell a: 5.327(1) b: 6.013(1) c: 5.446(1) alpha: 90.00 beta: 115.80(3) gamma: 

90.00 volume: 157.020. 
Colourless.  Habit: Block.  Polymorph: beta57 

 

Adipic Acid 

Space group name: P21/n Number: 14 
Cell a: 7.179(1) b: 5.137(<1) c: 10.016(1) alpha: 90.00 beta: 111.23(2) gamma: 

90.00 volume: 344.308. 
Colourless.  Habit: plate.  Polymorph: I57 

 

L - Glutamic Acid 

Space group name: P212121 Number: 19 
Cell a: 5.159(5) b: 17.300(20) c: 6.948(7) alpha: 90.00 beta: 90.00 gamma: 

90.00 volume: 620.114. 
Polymorph: beta51 

 

Salicylic Acid 

Space group name: P21/c Number: 14 
Cell a: 4.889(<1) b: 11.241(1) c: 11.335(1) alpha: 90.00 beta: 91.92(<1) gamma: 

90.00 volume: 622.631. 
Colourless.  Habit: needle58 
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2.3 Instrumentation 

2.3.1 NanoSight 

The NanoSight nanoparticle analyser59 measures the size and distribution of nanoparticles within the 

range of 10nm to 1μm.  Particles are measured using a laser which is shined across the sample.  In the 

absence of any particles the laser passes through the sample with zero interference.  Where particles 

are present, an interference pattern is observed by diffraction.  These diffraction patterns are observed 

using the attached microscope which are recorded by an attached camera (Figure 2.14), which is 

connected to the Nanoparticle Tracking Analysis (NTA) software60.  The software runs a sample by 

recording the particles observed by interference patterns for 1 minute.  The software then processes the 

video images frame by frame, detecting individual particles and tracking their path.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 NanoSight instrument for measuring particle size and distribution. 

Sample insert. 

Manual sight 

Camera 

Block mount 
including laser 

Microscope 
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The temperature of the sample should be constant during analysis and can be controlled using the 

software.  The temperature was set to 20°C for all analyses.  The viscosity was set for each sample 

according to the measurements taken.  

The laser is set up fire across the sample causing light to be scattered in all directions (Figure 2.15), 

including towards the microscope lens, making analysis possible visually as well as using software. 

 

Figure 2.15 NanoSight Diagram. 

The software works by recording their Brownian motion61, the random movement of particles in a 

suspension which is due to the fastmoving solvent molecules colliding with the particles.  Smaller 

particles move faster than larger particles because of momentum conservation through collisions.  The 

NanoSight measures particles of all sizes in the sample meaning the resolution for particle size 

distribution (PSD) is high.  A Dynamic Light Scattering instrument like the Zetasizer proved to exhibit 

decreased resolution for PSD due to the lack of visual validation.  Therefore, the light beam could be 

scattered a large amount for large particles which could mask the presence of smaller particles.  The 

Zetasizer was used at first in this work however when the NanoSight was compared it was found to be 

far superior in resolution.  Polydisperse samples would need to be measured by NanoSight. 
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2.3.2 Harvard Dual Syringe Driver 

The Harvard Pump 33 dual syringe driver62 is used to pump the solution and antisolvent through the 

microfluidic reactor at specific rates. It can be programmed to use syringes up to 50ml.  To calculate the 

correct pump rate the syringe diameter is input, then the syringe driver will compress the syringe at the 

rate programmed.  Specific pump rates can be programmed so the volume of sample being pumped 

through the microfluidic chip can be controlled.  The syringe driver was used extensively in this work and 

was validated for use before use and found to be accurate and precise.  There are 3 key modes 

employed for solution flow to the micro mixer: 

Autostop mode  

Autostop mode operates in a 1:1 ratio and stops when the syringe is empty or if too much resistance 

from the syringe is noticed.  The theoretical time to take each syringe to fill the 10ml cylinders is the 

same for each rate attempted.  This mode was the primary mode used.  A 1:1 ratio was required in most 

systems and continuous mode would not be suitable due to using the same sample in syringes for 

multiple syntheses, so back pumping would have contaminated the samples with mixed 

solution/antisolvent. 

Proportional mode 

Proportional mode allowed the syringes to be run at a ratio with one syringe pumping at a different rate 

than the other.  The theoretical time to pump 10ml will be different for each syringe. 

Continuous mode  

Continuous mode is the same as autostop mode running at a 1:1 ratio however when the syringes are 

empty the pump continues running, but the direction is changed so the syringes begin to fill back up as 

long as there is water to fill it.  The theoretical time is the same for each syringe. 
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2.3.3 Integrity 10 

Integrity 1063, a controlled heating and cooling apparatus provided by Electrothermal where ten 

different experiments can run at the same time. It will be used to conduct maximum undercooling 

experiments for primary and secondary nucleation.   

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.16 Integrity 10 controlled heating and cooling system. 
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Each cell is individually controlled using the touch screen on the instrument (Figure 2.16) and can be 

controlled by an attached computer.  Each cell contains a reaction vessel tube where two probes can be 

inserted to detect temperature and turbidity change.   

The turbidity probes are IR probes where an IR laser is emitted from the bottom of the notch to a 

detector at the top of the inside of the notch (Figure 2.17).  The intensity of the beam is then calculated 

using the Integrity 10 software.  Where no particles are present in solution, the IR beam is received 

unimpeded by the detector and the software presents a high IR value on the software trace.  When 

particles are present, the IR beam is scattered by solid particles, preventing the receipt by the detector, 

therefore the IR trace decreases.  If the solution becomes opaque by many particles in the sample, the 

beam cannot reach the detector at all and the IR trace will be at zero.   

 

Figure 2.17 IR Probe Diagram. 

Temperature probes accurately measure the temperature of the sample at any time.  When the IR trace 

starts to reduce, the nucleation point has been reached, and the temperature of nucleation can be 

recorded.  When the IR trace has increased to its maximum value, the temperature of dissolution is 

recorded.  The difference between the NT and DT relates to the maximum allowable undercooling limit 

for the cooling rate used and will be measured for unseeded and seeded systems at different cooling 

rates to determine the affect nanoparticles have on seeding batch samples. 
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2.3.4 Hot Stage Microscopy (HSM) 

HSM is a thermal analysis technique where the melting point or any other transitions may be observed 

under a microscope.  A few crystals of sample are placed between two glass slides and secured inside a 

heating block on a Linkam THMS600 stage mounted on a Zeiss microscope.   

 

Figure 2.18 Hot Stage Microscopy Setup. 

The block is cooled by a stream of water to increase temperature control.  It is connected to a computer 

where the sample may be heated by manually setting a ramp rate, which can be altered as the program 

progresses.  A camera is attached to the microscope where live video can be observed on the software.  

The temperature can be held if changes are occurring or if the analyst requires to take a snapshot of the 

sample.  The snapshots can be labelled with the temperature and saved for later reporting. 
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2.3.5 Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 

DSC and TGA can both be measured using the same instrument, the Netzsch STA449F364.  They are both 

thermal analysis techniques normally done after HSM if the sample does not sublime.  A ground sample 

(10mg) is weighed in pre-weighed aluminium crucibles and the lid is placed on top.  The filled crucible is 

then placed on the autosampler.  The weights are added in the software to an experiment created by 

the user.  The experiment comprises of heating until after the melting point of the sample, or until a 

phase transition occurs.  The crucible is placed on an accurate balance inside a furnace which detects 

mass changes as heating progresses.  The sample may change polymorphic form, reach a glass transition 

temperature, degrade, or simply melt.  All changes are observed on the DSC and TGA in different ways.  

The TGA measures the mass changes whereas the DSC measures the energy changes.  

For example, if the sample contains water it will be released at around 100°C, the boiling point of water.  

The mass of the sample will reduce according to the number of moles of water present in the sample.  If 

the sample is a monohydrate 1 mole of water will be released and the mass will be reduced by 1 moles 

worth of water.  The sample may then rearrange into a different crystal structure which will be detected 

by DSC according to the energy required to change structure. 
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Figure 2.19 Example DSC Thermogram65 showing all possible transitions detectable. (not a real sample) 

If the sample begins to melt the energy required to break the intermolecular bonds has been exceeded 

and a large rearrangement occurs which is endothermic i.e. energy is required to break bonds therefore 

the DSC trace will reduce according to the total energy required to melt the sample.  Once the melt has 

completed the energy returns to the original value creating a peak on the trace.  The area of the peak is 

equal to the melt enthalpy (Figure 2.19). 

If a sample from the melt recrystallises the process is exothermic producing a similar peak to a melt but 

the inverse, releasing energy before returning to baseline.  The area of this peak is the crystallisation 

enthalpy.   

An amorphous sample can be either a glass or plastic (flexible).  If the amorphous sample is a glass the 

sample is hard and brittle, like a crystal but without long range order.  When this sample is heated, it will 

reach a transition temperature where the sample appears to become more mobile, viscous or rubbery.  

This temperature is called the glass transition temperature and is detected by DSC as a slight energy 
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change like a melt but much less intense due to the energy required to break intermolecular bonds 

being so low in amorphous samples. 

 

Figure 2.20 TGA of Stepwise Degradation of CaC2O4.
66 Degradation products, loss of water(red), followed 

by loss of CO (blue), finally loss of CO2 (green). 

The TGA can also detect degradation of a sample.  If a sample breaks down chemically in parts, the 

degradation products can be determined by the mass lost and the mass remaining.  This can be used for 

example in drug development to determine whether any degradation products are harmful and whether 

they are released at temperatures in certain climates, affecting the shelf life of any product in those 

climates.  An example is given with CaC2O4 in Figure 2.20 by Mettler Toledo. 
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2.3.6 Spectroscopy – FT-IR and Raman 

Spectroscopy is the study of how a sample reacts under spectroscopic conditions i.e., by shining IR in the 

case of FT-IR or visible light in Raman, on the sample.  Structural information can be determined 

according to how different functional groups vibrate.  Shifts in wavenumber can be detected where the 

same functional groups are in different bonding environments.  This makes spectroscopy useful for 

detecting differences in polymorphs due to molecules being arranged in different hydrogen bonded 

environments, even though the molecules in each polymorph is the same.  The differences arise due to 

different strengths of bonding between molecules.  Where a more stable polymorph is analysed the 

structure may exhibit a higher bonding energy which can affect the ability of bonded functional groups 

to vibrate at a specific frequency and hence a shift in the peak is observed compared to a metastable 

polymorph which may vibrate at a slightly different frequency according to the strength of the 

intermolecular bonds67. 

The FT-IR used was a Perkin-Elmer Spectrum 100 FT-IR Spectrometer68 and the Raman used was a 

Bruker Senterra69.  FT-IR and Raman were taken for any new phases produced in this work but are not 

extensively discussed because other methods were used to discern between the order of stability of the 

phases produced. 

2.3.7 Powder X-Ray Diffraction (PXRD) 

Powder X-ray Diffraction (PXRD) is used to obtain structural information of a crystalline sample.  It is 

used initially when a new phase is suspected to compare to all known structures of that type.  When the 

molecules are arranged differently, different peaks will appear due to the different diffraction angles of 

the x-ray beam.  This is especially useful for samples which are chemically identical but are arranged 

differently. 
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Powder patterns contain peaks corresponding to planes (Figure 2.21).  Each peak gives a miller index 

(hkl) to identify different planes in the structure.  They define directions and distances between planes.  

The position of peaks is determined by the distance between parallel planes. 

 

Figure 2.21 Diffraction Illustration. 

Bragg’s law calculates the angle where constructive interference from X-rays scattered by parallel planes 

of atoms will produce a diffraction peak.  As the X-ray wavelength λ is fixed, a family of planes produces 

a diffraction peak only at a specific angle 2θ. 

Braggs Law: 

𝜆 = 2𝑑 𝑠𝑖𝑛𝜃    Eq.2.1 

A sample is ground so that uniform particle sizes are present.  The sample is placed on a transmission 

well plate which was secured inside the Bruker D8 Discover Powder Diffractometer70.  Samples were 

subjected to X-ray radiation emitted from a Cu source which was rotated around the sample at different 

angles, in this case between 3-40°.  The powder particles diffract the x-rays which then hit a detector in 

a regular pattern.  This method is used as a first point of call when attempts are made to produce new 

crystal forms.  The patterns can be compared to the CSD and where no pattern matches, a new crystal 

form has been produced. 
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If a new cocrystal polymorph is suspected the PXRD pattern will be compared to patterns of other 

polymorphs, as well as its individual coformers.  Some cocrystal synthesis attempts may fail where the 

solubility of each coformer is very different, a single coformer may crystallise out of solution where the 

other coformer is still dissolved.  The sample will be confirmed as the coformer by the matching peaks of 

the coformer structure.  The time of analysis is short compared to single crystal XRD and prevents time 

loss.  PXRD patterns can be difficult to determine crystal structure, where a new phase is detected, a 

single crystal x-ray diffractometer can be used to produce an accurate crystal structure. 

2.3.8 Single Crystal X-Ray Diffraction 

Single Crystal X-Ray Diffraction (SCXRD) provides detailed information about the internal lattice of 

crystalline substances, including unit cell dimensions, bond lengths and bond angles.  Single crystals 

suitable for x-ray diffraction measurements were mounted on MiTeGen Dual-Thickness MicroMounts 

and analysed using a Bruker D8 Venture71 diffractometer with a Photon detection system.  Unit cell 

measurements and data collections were performed at 173 K using a Cu Kα radiation (λ = 1.54056 Å).  

Structure solutions were carried out by direct methods and refinement with SHELXL72 was finished using 

the ShelXle73,74 software.  All non-hydrogen atoms were refined anisotropically, the C-H hydrogen atoms 

placed in idealized position and the N-H and O-H hydrogen atoms found from the electron density map 

and refined with fixed bond distances and thermal parameters riding on the parent atom. 

Data collection normally takes longer than PXRD (sometimes >24 hours for a single sample if detailed 

information is required but can be shorter if less resolution is sufficient) and the result is a more detailed 

crystal structure producing a crystallographic information file (CIF) which can then be used to visualise 

the unit cell in software such as Mercury.  Further calculations can then be done to determine molecular 

interactions, morphology and lattice energies.  These calculations were useful in this work and 

presented as new phases were discovered. 
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With SCXRD, the X-ray beam is focused on the crystal which produces more intense diffraction spots 

whereas PXRD coats the sample in X-rays and uses the high number of crystals present to detect some 

of the diffracted beams from some of the crystals, which decreases the resolution.  Each atom is more 

accurately placed, bond lengths can be calculated which can determine whether proton transfer has 

occurred thereby producing a salt.  Salts and polymorphs can be differentiated using this method.  A CIF  

is produced for new phases which can then be inserted into software such as Mercury to examine 

packing etc. 

2.4 Computation 

Computational techniques were used which is explained more fully in each section.   

GCrystal is a software for modelling industrial scale crystallisers which will be scaled down to model a 

microfluidic channel.  Three reactors were placed in series where the product of one reactor was the 

reagent of the next.  In each reactor a varied ratio of antisolvent was pumped, mimicking the 

increasingly mixed diffusion band in the channel.   

Accelrys Materials Studio version 6, 201875 was used with the morphology module to calculate the 

morphology and attachment energies of new crystal forms compared to polymorphs, salts, or 

stoichiometries.  It was used to determine the stability of each form.   

Mercury was used to calculate the UNI potentials76,77, or the unified pair potentials to determine the 

potential energy of each motif in each phase.  This allows an explanation to why the growth of each face 

is fast or slow. 

A more in-depth description is given in each section where it was used. 
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Chapter 3: Organic Acid Studies 

3.0 Organic Acid Studies 

3.1 Solubility 

The solvents used in the measurement of solubility will be the same solvents used for microfluidic 

experiments.  Each solute was stirred in excess in three solvent systems: water, ethanol and a mixture of 

the two.  The solvent systems were chosen because each solute will be dissolved in either water or 

ethanol, preparatory to be pumped through the channel where mixing occurs with the antisolvent, 

water or ethanol.  By the time the reaction is complete the solution will contain a mixture of ethanol and 

water in equal volumes.  Thus, the solubility is required to determine which solvent will be used as the 

dissolution medium, and which will be used as the antisolvent. 

It is evident from the literature, there are some differences in the solubility values obtained for the 

compounds of interest, which had led to a repeat of the determination of solubility.  The solubility was 

measured at 20°C using water, ethanol and a mixture of 50:50 water: ethanol. 

Once the solubility values were determined phase diagrams were constructed to determine whether the 

antisolvent was sufficient for nucleation to occur when dilution effects are taken into account. 

3.1.1 Experimental 

Each compound of interest was weighed in excess in either separate integrity 10 tubes or in a batch 

jacketed beaker.  The solvent (either water, ethanol or a 1:1 mixture) was added and stirred at 20°C for 

at least 3 days to ensure equilibration.  Stirring was stopped to allow the excess solid to settle for 24 

hours.  1ml clear samples were taken and filtered using volumetric pipettes and placed in pre-weighed 

vials in duplicate.  The samples were then allowed to evaporate fully to dryness and the final mass was 

recorded and solubility calculated.   
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The final solubility was calculated by multiplying the dry mass by 1/the actual volume of solvent 

evaporated.  The volume of solvent evaporated was calculated by the formula (mass of 1ml saturated 

solution - dry mass)/density of solvent. 

3.1.2 Results and Discussion 

The solubility of each organic acid in each solvent is given in Table 3.1 and compared in a bar graph in 

Figure 3.1.  Malonic acid failed to dry in both ethanol and the mixture of water and ethanol and could 

not be reliably reported, possibly due to hygroscopicity.  The samples became highly viscous and sticky 

and solvent may have remained in the sample which would give an unreliable result. 

Table 3.1 Solubilities of Organic Acids at 20°C. 

Acid Solubility in Water 
(g/L) 

Solubility in 50:50xx Water: Ethanol 
(g/L) 

Solubility in Ethanol 
(g/L) 

Citric 1861.3 1420.2 268.5 
Tartaric 1328.6 895.5 192.8 
Malonic 1529.2 - - 

Mandelic 152.7 1102.8 976.8 
Oxalic 134.6 239.0 656.3 
Adipic 19.1 71.0 86.1 

Glutamic 7.5 1.0 0.1 
Salicylic 2 70.2 372.4 
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Figure 3.1 Solubility of organic acids, although each sample was measured in duplicate, error bars are 
not shown due to very small standard deviation between replicates as shown in Table A1 in the 
appendix.   

For citric acid, the reduction in solubility from water to ethanol is only slight at 50:50 water:ethanol but 

the reduction is larger when no water is present. This slight reduction is not enough according to the 

phase diagram in Figure 3.2.   

Mandelic acid is most soluble in the mixture but is only slightly higher than pure ethanol.  The effects of 

adding water to an ethanol solution increase the solubility slightly before dropping off considerably in 

pure water.  This is problematic in nanoparticle synthesis which would prevent nucleation taking place in 

a 50:50 mixture due to undersaturation also demonstrated in the phase diagram in Figure 3.3.   

Overall, most acids gave a trend of reduction from one solvent to the other where only mandelic acid 

having the highest solubility in the mixture.  

3.1.3 Solubility Phase Diagrams 

Phase diagrams10 were constructed in Figures 3.2-3.8 The diagonal line represents dilution from one 

solvent to the other in a saturated solution. If the point at 50:50 water:ethanol was below the solubility 

value of 50:50 water: ethanol the sample collected at the outlet of the channel has become 
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undersaturated and as such the antisolvent system caused dissolution of particles created within the 

laminar flow section within the channel.  Where the point is above the solubility of 50:50 water:ethanol 

the solution remained supersaturated at sample collection and as such allowed for stable particles. 

 

Figure 3.2 Phase diagram of citric acid in mixed water:ethanol solvents. Showing dilution effects 
prevents ethanol being an effective antisolvent. 
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Figure 3.3 Phase diagram of tartaric acid in mixed water:ethanol solvents. Showing dilution effects 
prevents ethanol being an effective antisolvent. 

 

Figure 3.4 Phase diagram of mandelic acid in mixed water:ethanol solvents. Showing dilution effects 
prevents water being an effective antisolvent. 
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Figure 3.5 Phase diagram of oxalic acid in mixed water:ethanol solvents. Showing dilution effects does 
not prevent water from being an effective antisolvent. 

 

Figure 3.6 Phase diagram of adipic acid in mixed water:ethanol solvents. Showing dilution effects 
prevents water being an effective antisolvent. 
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Figure 3.7 Phase diagram of glutamic acid in mixed water:ethanol solvents. Showing dilution effects 
does not prevent ethanol from being an effective antisolvent. 

 

Figure 3.8 Phase diagram of salicylic acid in mixed water:ethanol solvents. Showing dilution effects does 
not prevent water from being an effective antisolvent. 
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Out of all the 8 organic acids it was found that oxalic, glutamic and salicylic acids caused supersaturation 

enough to stabilise nanoparticles on collection, whereas citric, tartaric, malonic, mandelic and adipic 

were not.  Therefore, within the microfluidic channel where solute are dissolved in 50:50 ethanol:water 

only the three acids mentioned would reliably produce solid nanoparticles which would not dissolve on 

collection.  Particles observed in other acids suggests particles produced would quickly dissolve which 

would not be suitable for seeding.  Connections can be drawn to the ability of nanoseeding to cause a 

reduction in Δθmax or an increase and will be discussed in Chapter 5. 

3.1.4 Conclusions 

The solubility of all eight compounds was measured at 20°C in pure water, pure ethanol and a mixture of 

the two.   

Malonic acid could only be measured accurately in water due to not fully drying in ethanol and the 

mixture.  Other methods such as HPLC or rotary evaporation would be required to accurately measure 

the solubility of malonic acid in ethanol and the mixture.   

All acids showed a high to low trend of solubility from either water to ethanol and vice versa, except 

mandelic acid which showed a slight increase in the mixture. 

From the phase diagrams produced to account for dilution effects, oxalic, glutamic and salicylic acids 

would be in supersaturation when each sample was collected, and particles would be suitable for 

seeding experiments. 
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3.2 Viscosity 

3.2.1 Introduction 

Many organic acids saturated in solution become very viscous78. This is problematic within a narrow 

channel as with microfluidics.  Viscous solutions flowing through the microfluidic channel reduces the 

rate of diffusion of the solute and hence nucleation as describes in the Stokes-Einstein equation.  

3.2.2 Experimental 

To prepare saturated solutions, each acid was stirred in excess in beakers with 30ml of solvent at 20°C 

for at least two days.  The solutions were centrifuged, and the supernatant removed.  The solutions 

were filtered into the viscometer capillary through a syringe filter to avoid solid particles.  A narrow 

capillary was used despite long analysis times because it mimics conditions in a microfluidic chip.  The 

samples were then run at 20°C.  When a sample is analysed, the software takes the average of three 

tests, which are all done on the same sample, the software then gives an average result of the three 

tests which is shown in Table 3.2.  For this reason, there are no error bars shown in Section 3.2.3, as the 

same sample was only tested once. 

3.2.3 Results 

Table 3.2 summarises the viscosity measurements for each compound dissolved in water.  The relative 

viscosity is the ratio of the viscosity of the solution compared to the kinematic viscosity of water and as 

such has no units79.  Therefore, when the relative viscosity is 1, the viscosity of the sample is the same as 

the viscosity of water.   

Water Kinematic Viscosity – 1.1166mm2/s 

Ethanol Kinematic Viscosity – 1.7102mm2/s 
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Table 3.2 Viscosity of Saturated Solutions in Water and Ethanol. 

Acid Average ηrel of Organic Acids Saturated in 
Water 

Average ηrel of Organic Acids Saturated in 
Ethanol 

Salicylic 1.00472 1.37601 
Adipic 1.04443 1.33974 

Glutamic 1.01543 Insoluble in Ethanol 
Oxalic 1.14117 2.14839 

Mandelic 1.36289 6.6423 
Malonic 3.80142 4.16499 
Tartaric 11.84320 2.66289 

Citric 18.60412 13.2228 
 

 

Figure 3.9 Relative viscosity of solutions in water. 
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Figure 3.10 Relative viscosity of solutions in ethanol. 

 

3.2.4 Discussion 
Figure 3.9 reflects the relative viscosity of each compound in approximate order of solubility.  It clearly 

shows that as the solubility in water increases, the effect on the relative viscosity increases, with CA 

having the largest effect.  The three most soluble acids malonic, tartaric and citric show the largest 

increase in viscosity and as such as less likely to produce nanoparticles in a microfluidic channel due to 

very slow diffusion rates and hence nucleation rate.  It is likely that the solution will not have time to mix 

with the antisolvent before the solution is expelled from the channel.  When this occurs, mixing is 

turbulent, increasing the dilution effects to the maximum, and according to dilution phase diagrams in 

Figures 3.2-3.8 will not produce particles. 

The relative viscosity shown in Figure 3.10 again follows the trend of viscosity increasing as the solubility 

in ethanol increases.  GA being practically insoluble in ethanol having no effect on viscosity.   It was 

found that mandelic, malonic and citric acids are particularly viscous saturated in ethanol.  Some 

measurements using the viscosity capillary would take up to 45 minutes to drop through and if this is an 

indication of the time it might take to diffuse in the microfluidic channel there would not be enough 

time before the exit from the microfluidic chip. 
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3.2.5 Conclusions 

The viscosity was measured for all organic acids saturated in water and ethanol.  Citric acid exhibits the 

highest viscosity.  This further shows that the compounds of interest are indeed problematic and when 

used at saturation in the microfluidic reactor the solution viscosity may be very high, preventing 

effective diffusion and hence nucleation rate80.  When compared to the solubility phase diagrams in 

mixtures of ethanol and water, indications suggest that many of the organic acids will not be successful 

at producing stable nanoparticles using the microfluidic antisolvent drown out method. 
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Chapter 4: Preparation of Nanoparticles by Microfluidics 

4.0 Preparation of Nanoparticles by Microfluidics 

4.1 Introduction 

Many successful attempts have already been made to produce nano sized crystals of different 

compounds using microfluidics81.  Others have utilised laminar flow to force high supersaturation to 

produce nanosized particles.  Notable examples are the production of hydrocortisone nanoparticles by 

Ali et al.27 and ibuprofen and salicylic acid nanoparticles by Toni Brook82. The latter of which was 

examined again in this work as a starting point to the further development of a method to produce 

particles for all the compounds of interest.  It should be noted that this work is a continuation of similar 

work done by past students and as such is the forth generation and has become a refined process.83   It 

has been proven that it is possible to produce organic nanoparticles using similar methods, but it has 

never been done for any of our compounds of interest excepting salicylic acid.  

It was determined by solubility phase diagrams that some samples collected at 50:50 solvent: 

antisolvent would not be supersaturated with the antisolvent chosen, however, each compound was still 

used, and results discussed.  Questions to be solved within Chapter 4 include: 

 Can nanoparticles be produced for each compound? 
 Can monodispersity be improved by varying flow rate/channel width or converging chip angle? 

 

Several microfluidic devices were produced by Epigem of several different converging angles with 

channel widths of 1mm, 0.5mm and 0.1mm (Figure 4.1).  The same microfluidic chips were used early 

on in this work before new chips were purchased.  Many of the used chips were blocked and a newer 

cleaner design was required.   
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Figure 4.1 Epigem Microfluidic Chip with Partial Blockage. 

New chips were purchased which were much more user-friendly (Figure 4.2).  The entire chip was self 

mounted, and the only assembly required was to screw-in tubing.  The new chips could also be designed 

to suit this work more fully, the new chips being longer allowing more time for nucleation and growth 

whilst still in a laminar flow regime.  The right angle just before the outlet was necessary so the flow 

would become turbulent to fully mix any remaining unmixed fluid streams84.  The new chips were 

relatively cheap due to the advances in technology the chips were produced by Epigem and once a 

general design was set up it was easy to change the converging angle and channel width.  
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Figure 4.2 New Microfluidic Chip. 

The new chips were very similar in size to microscope slides and could be easily used to observe whilst 

experiments are running.  This was not possible in the previous design because of the solid mounting 

block. 

Once the setup was determined with new microfluidic chips several variables were chosen to determine 

the effect on particle size and distribution.  For example, the pump rate, channel width and converging 

angle were used as variables.  The particles were analysed using the NanoSight. 

4.2 Experimental 

The experimental setup is depicted in Figure 4.3.  A dual syringe driver Pump 33 was purchased from 

Harvard.  Two 20ml syringes were filled with saturated solution and antisolvent respectively.  It was 

found that the best brand to use was BD Plastipak because of its smooth plunger action.  Norm-ject 

brand supplied by Henke sass wolf, would often stick and jump causing a build up and release of 

pressure rather than constant flow.  The syringe driver was programmed to run at the correct rate by 

inputting the internal syringe diameter of the new syringes.  The Harvard system was calibrated by 

changing flow rates and timing how long it took to fill 10ml measuring cylinders.  
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Figure 4.3 Microfluidic Setup. 

The tips of the syringes each had a flat end 5cm long luer-lock needle attached where a short piece of 

1.6mm diameter polyethylene clear tubing was attached.  An HPLC blanking column was then attached 

to seal the needle onto the tubing to prevent leakage.  The other end of the blanking column had longer 

tubing leading to the microfluidic chip.  Another outlet tube was attached to the outlet section of the 

chip for ease of collecting samples. 

Fresh syringes were used before each experiment and the chips were thoroughly rinsed and dried after 

each experiment by pumping solvent through the chip then drawing it backwards out of the chip.  This 

was to prevent contamination but also to prevent blockages or any organic acid residue inside the chip.  

Each sample was prepared by stirring in excess in the solubilising solvent determined in Chapter 3 

(either water or ethanol).  Each sample was covered and left stirring overnight to equilibrate to 

saturation at room temperature.  The sample was then centrifuged at 7000rpm for 20 minutes and the 

supernatant removed, filtered, and placed into a 20ml syringe which was then placed on the syringe 
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driver.  The corresponding pure antisolvent (either water or ethanol) was placed in a second syringe 

which was placed in the second position on the syringe driver. 

The desired flow rate was then programmed at a 1:1 antisolvent:solution ratio and started.  The samples 

were pumped through the microfluidic chip and poured out of the outlet tube into vials.  Samples were 

then tested on the NanoSight as soon as possible to confirm nanoparticle production with minimal 

particle growth.  However, even within the short time between sample collection and analysis, it was 

found that samples were very changeable in this short period, meaning particle size was difficult to 

reproduce. 

4.3 Results and Discussion 

4.3.1 Blank Run 

Before actual samples were prepared, it was necessary to prove that no particles were present in the 

pure solvents, in the saturated samples, and pure solvents after they had been pumped through the 

microfluidic chip.  Once there was confidence that no particles are produced in any of these media, any 

peaks observed using the NanoSight was assumed to be free from background noise or interference.  

Initially a bottle of 96% ethanol was available in the lab, however, it was found to be contaminated with 

particles, therefore absolute ethanol was purchased.  When a sample of absolute ethanol was tested by 

NanoSight it was found that there were no particles present.  Pure water was also tested and found to 

contain no particles.  When pure water and ethanol were run through the microfluidic chip the resulting 

sample was also free from particles and had not formed any kind of emulsion but had mixed uniformly.  

It was concluded that the water is suitable for use and absolute ethanol should always be used.  

Before each nanoparticle experiment, the saturated solution was tested by NanoSight to determine 

whether particles were present before reaction.  This was done by stirring the organic acid in excess for 
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24 hours before filtering the supernatant and testing by NanoSight.  Where particles remained, they 

were low in number and could be distinguished from post microfluidic reaction. 

4.3.2 Salicylic Acid 

The synthesis of salicylic acid nanoparticles was previously carried out by Toni Brook.82 Therefore, a 

good starting point for this work was to replicate this work and adapt the method to other compounds 

of interest. 

The solvent used was ethanol with water as the antisolvent85.  Water is a very effective antisolvent due 

to salicylic acid being very insoluble in water compared to ethanol; therefore, some problems arose with 

the rapid nucleation and growth of large crystals within the channel causing blockages.  Similar 

problems were found in Brooks work, blocking the larger Y pieces, although the rate of flow was very 

low allowing the induction time to be reached before the flow could outlet.  Most blockages were 

observed and rinsed with ethanol before it could fully block the channel.  To remedy this a lower 

concentration was used where the metastable limit would still be reached but not as rapidly.  The 

sample was collected in a vial which was left stagnant overnight to allow crystals to grow. 

Blockages formed due to low pump rate and short residence times.  Four pump rates were attempted, 

and comments were noted in Table 4.1. 

Table 4.1 Salicylic Acid Pump Rate Variation and Observations. 

Sample Number Pump Rate 
(ml/min) 

Comments 

1 1.0 Crystals formed in the collection vial before the sample 
could be tested. Crystals began to form in the 
microfluidic channel before the blend was finished. 

2 2.5 Clear sample.  Particles observed.  Slight blockage in exit 
tube. 

3 5.0 Sample slightly turbid.  Particles observed. 

4 10.0 Sample slightly turbid.  Particles observed. 
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It was found that to avoid blockages the pump rate should be increased to 5ml/min or above which also 

produced smaller particles.  Any slower would cause crystals to form before analysis could be done.  

Samples were tested as soon as possible after exiting the outlet tube using the NanoSight.   

 

Figure 4.4 NanoSight capture of Salicylic Acid nanoparticles synthesised by microfluidics using 5ml/min 
pump rate through a 50° converging angle 1mm channel width chip. 

Samples exhibited a combination of agglomeration and rapid particle growth.  This can be seen in Figure 

4.4 where three main peaks are observed.  The peaks are spaced in regular intervals of approximately 

100nm.  Agglomeration is observed by multiple peaks.  The initial peak being the most intense with 

subsequent peaks half and quarter the concentration as the initial peak.  The initial peak gives a particle 

size of approximately 100nm which then rapidly stick to each other producing particles of double the 

size which are observed with the second peak at 200nm.  These particles then accept another 100nm 

particle which produces particles at 300nm hence the peak.  This continues with the decrease in 
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concentration for each successive larger peak.  Where agglomeration is the main mechanism the peaks 

would be resolved to baseline.  Where the peaks are not resolved it is assumed that crystal growth is 

occurring.  Therefore, particle synthesis was successful and salicylic acid undergoes agglomeration and 

particle growth simultaneously.  In some systems agglomeration would be undesirable however in this 

work, it is not undesirable due to the purpose of the nanoparticles being used for seeding batch 

crystallisers. 

 

 

Figure 4.5 NanoSight Capture of Salicylic Acid Exhibiting Crystal Growth. The same sample as Figure 4.4 
tested 10min later. 

When the sample is measured again (Figure 4.5) after a short time (10minutes) growth is observed to 

overtake agglomeration as the main mechanism.  The concentration of 100nm particles is reduced and a 

more polydisperse solution is seen.  Ostwald’s ripening86 is observed where the concentration of smaller 

particles is reduced to integrate into larger particles. 
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4.3.3 Citric Acid 

Citric acid was dissolved in water using ethanol as an antisolvent.  5 pump rates were initially used 

varying from 1ml/min up to 20ml/min and again ran in a random order.  The chip used was 1mm 

channel width 50° converging angle. 

Table 4.2 Citric Acid Nanoparticle Observations. 

Sample Number Pump Rate 
(ml/min) 

Comments 

1 1.0 Turbid.  Particles observed.  Very polydisperse. 

2 2.5 Turbid.  Particles observed.  More monodisperse than 2. 

3 5.0 Turbid.  Particles observed.  Slightly more polydisperse 
than 1. 

4 10.0 Turbid.  Particles observed.  More monodisperse. 

5 20.0 Turbid.  Particles observed.  Very monodisperse. 

 

It was found that the higher the pump rate the more monodisperse the suspension.  This is due to the 

time the sample is flowing through the channel being reduced and hence the time the nuclei can grow.  

It was found that the average particle size was reduced as the flow rate increased.  The number of 

particles increased as flow rate increased.  Increasing the pump rate increased mass transport which 

promotes the chance of nucleation. 

Citric acid nanoparticles were successfully produced for the first time.  However, when samples were 

left to crystallise the particles would tend to dissolve.  It is likely that the particles produced were 

solubilised in the sample mixture and required further supersaturation.  This is supported by the 

solubility phase diagram of citric acid, and explained by Section 1.7.3, the initial section of the channel 
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causing supersaturation and nucleation, but dilution effects reduced supersaturation to a level too low 

for particle stabilisation.  

 

Figure 4.6 NanoSight Capture of Citric Acid Nanoparticles run at 5ml/min through 50° Converging Angle 
1mm Channel Width Chip. 

An initial principle peak at 150nm was observed (Figure 4.6) to be the most abundant concentration of 

particles.  The peaks then begin to diminish by approximately half each time.  This suggests 

agglomeration of particles where 150nm particles stick together and produce particles of 300nm size.  

More 150nm particles then stick to the 300nm particles producing the peak at 450nm.   The peak at 

750nm shows that 450nm particles are sticking to 300nm particles.   
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Figure 4.7 NanoSight Capture of Citric Acid Nanoparticles run at 20ml/min through 50° Converging Angle 
1mm Channel Width Chip. 
 
When the pump rate is increased to 20ml/min the sample becomes more monodisperse and produces 

smaller particles (Figure 4.7).  A sharp initial peak at 50nm size is observed which then agglomerates to 

produce the sharp peak at 100nm and again 150nm.  The yield was not determined. 
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Figure 4.8 Average Particle Size by Pump Rate (ml/min) of Citric Acid. 

 

Figure 4.9 Number of Particles by Pump Rate (ml/min) of Citric Acid. 

 

Figures 4.8 and 4.9 show the average particle size and number of particles respectively which was 

calculated by the NanoSight software for each measurement.  A trend where the increased pump rate 
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produces more and smaller particles.  This is due to the system having less time in the channel to diffuse 

across the liquid-liquid interface, meaning the diffusion band is thinner, producing smaller particles.  

Due to the dilution effects of ethanol on citric acid, a faster flow rate would cause the Reynolds number 

to increase and increase turbulence in the channel, the faster the antisolvent mixed with the solution, 

the faster solubilisation could occur, hence the particles produced by the initial supersaturation had less 

time to grow before dissolution took over. 

Table 4.3 Adipic Acid Nanoparticle Observations. 

Sample Number Pump Rate 
(ml/min) 

Comments 

1 2.5 Clear sample.  Particles observed. 

2 1.0 Clear sample.  Particles observed. 

3 10.0 Sample slightly turbid.  Particles observed. 

4 5.0 Sample slightly turbid.  Particles observed. 
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Figure 4.10 Screenshot of Adipic Acid Nanoparticles from Recording. 

Tartaric, malonic, mandelic, oxalic, adipic and glutamic acid were all dissolved in its respective solvent, 

using the correct antisolvent according to solubility studies.  The same 50° 1mm chip was used.  Four 

different rates were used and were the standard for all compounds of interest.  Nanoparticles were 

produced for the first time in all samples.  It was also found that the samples did not need to be turbid 

for particles to be present. 

Visual analysis of a screenshot from the NanoSight recording (Figure 4.10) clearly shows particles 

present in the sample by the light scattering halo. 

4.4 Varying Channel Width and Converging Angle 

An in-depth experiment was run with adipic acid building a database of average particle size by varying 

channel width and converging angle which may affect the particle size distribution87.  Due to the large 

number of variables possible the pump rate was fixed at 5ml/min.  The possible angles to run varied 

from 10° up to 70° with increments of 2 or 3°.  Due to the large number of angles possible only 10° 



  
 

102 
 

increments were used, with more repeats on the more important angles, 30, 40 and 50°.  The possible 

chip channel widths were 1mm and 0.5mm.  The number of variables was reduced as much as possible 

due to 56 different variations when 7 converging angles are used, with two channel widths and 4 pump 

rates.  To make the data significant at least three repeats for each variable would be required which 

gives 168 experiments per organic acid.  With 8 organic acids, this would require 1344-time consuming 

experiments.  Therefore, the pump rate was fixed and adipic acid and oxalic acid were used as the main 

samples of interest, this is due to adipic acid and oxalic acid reliably forming particles which did not 

dissolve after synthesis.  Despite reducing the variables, it was found that the method was not very 

repeatable with regards to particle size.  Many more repeats would be necessary to produce more 

accurate conclusions. 

 

Table 4.4 Varying Chip Angle Pumped at 5ml/min with Adipic Acid. 

Chip Angle (°) Average Particle Size 
(nm) 

10 384 
20 254 
30 198 
40 278 
50 273 
60 193 
70 217 
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Figure 4.11 Comparison of chip angle on particle size at 1mm channel width pumped at 5ml/min with 
adipic acid. 

The trend for chip angle decreases particle size as chip angle increases (Figure 4.11).  However, less 

repeats were performed for the extreme angles and more were performed on the middle angles.  The 

trend would become more apparent if more repeats are performed.  This is suggested due to the four 

repeats of 50°/1mm having a standard deviation of 47 and the average particle size varying from 212 to 

314nm.  This problem is seen in all repeats such as with 50°/0.5mm varying from 149 to 273nm.  

Although the method was consistently successful in producing particles, it was common for the particle 

size to vary by more than 100nm.  The samples rapidly agglomerated suggesting the time of 

measurement is very important.  Where the measurement time could vary by even 1minute, the results 

would vary.  Care was taken to analyse at similar times after synthesis but unless a stopwatch was used, 

it was impossible to tell whether time of analysis after synthesis the main contributor is.  Many more 

repeats would be required using a stopwatch to produce better conclusions but with the data shown 

here, the particle size is reduced by over 100nm as the chip angle is increased from 10° to 70°.  This 

decrease in particle size may be due to a reduction in laminar flow as turbulent flow is encouraged as 

the converging angle is increased.  Laminar flow is still present but is reduced.  This would reduce the 
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supersaturation and decrease the nucleation rate, hence the extra time required for particles to grow 

larger. 

Table 4.5 Varying Channel Width Pumped at 5ml/min with Adipic Acid. 

Chip Angle (°) Channel Width 
(mm) 

Average 
Particle Size 

(nm) 
30 1 198 
40 1 278 
50 1 273 
30 0.5 241 
40 0.5 210 
50 0.5 211 

 

 

Figure 4.12 Comparison of channel width on particle size pumped at 5ml/min with adipic acid. 

The trend for varying channel width shows a very slight reduction in particle size as the channel width is 

reduced (Figure 4.12).  This reduction in particle size may be more apparent were it not for the low 

particle size in 30°/1mm.  This could be due to an outlying low repeat of 118nm which when removed 

the average is increased to 239nm, which is close to the largest particle size of 0.5mm channel widths.  

When this is taken into consideration it is more apparent that the particle size is reduced as channel 

width is reduced.  The reduction is also more apparent when this change is applied to varying 
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converging angle.  The reduction due to channel width may be due to the diffusion band being narrower 

in a narrow channel, giving the particles less room to grow.  Normally a reduction in particle size means 

a more monodisperse sample which suggests a more stable suspension.  The increase in particle size at 

the time of analysis is due to agglomeration rather than particle growth.  Many more repeats would be 

required to confirm this for the above reasons. 

Table 4.6 Varying Chip Angle at 1mm Channel Width Pumped at 5ml/min with Oxalic Acid. 

Chip Angle (°) 
Average 

Particle Size 
(nm) 

10 170 
20 241 
30 163 
40 129 
50 258 
60 203 
70 193 

 

 

Figure 4.13 Comparison of chip angle on particle size 1mm channel width pumped at 5ml/min with 
oxalic acid. 
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When the particle size of oxalic acid as the converging angle varies is considered (Figure 4.13), there is a 

slight increasing trend across all angles however the particle size decreases for 30° and 40° at 160nm 

and 130nm respectively, before increasing rapidly for 50° at 255nm before again decreasing slightly as 

the angle continues to increase.  The particle size is reported as the average but when a NanoSight trace 

is observed the average size depends on the elapsed time before analysis due to rapid agglomeration 

and growth.  It is possible the largest variations between angles are due to analysis taking place even 1 

minute faster than another causing the former sample to achieve a smaller particle size and the latter 

sample achieving a larger particle size due to enough time allowed for agglomeration. 

Table 4.7 Varying Channel Width Pumped at 5ml/min with Oxalic Acid. 

Chip Angle (°) / 
Channel Width (mm) 

Average Particle Size 
(nm) 

30/1.0 163 
40/1.0 129 
50/1.0 258 
30/0.5 263 
40/0.5 145 
50/0.5 131 

 

 

Figure 4.14 Comparison of channel width on particle size pumped at 5ml/min with oxalic acid. 
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When the channel width is considered for oxalic acid (Figure 4.14) the particle size increases as the 

channel width decreases for both 30° and 40° converging angles.  The increase is only slight for 40° but 

large for 30°.  For 50° the particle size is reduced as the channel width is reduced in a large amount.  

Instead of giving us confident insight, the data only shows how imprecise the method is.  This is further 

supported by the data for varying chip angle, which slightly increases as chip angle increases, but mainly 

supports the conclusion that the method is imprecise.  Many more repeats would be required. 

4.5 Discussion 

It was determined in Chapter 3 that only three compounds were expected to produce nanoparticles 

with the water/ethanol antisolvent system.  However, it was found that all the compounds produced 

particles.  The measurement technique used to characterise the particles, however, could not 

differentiate between solid nano crystalline solids, or particles of some other phase or structure.  It is 

possible that for the compounds not expected to produce supersaturation and hence nano crystals, that 

the particles observed by NanoSight were amorphous or oiled out highly concentrated liquid particles, 

which rather than nucleate and grow into larger crystals, recombined and dissolved into the resulting 

50:50 water:ethanol mixture.  If this is the case, particles observed within Chapter 4 would not be 

suitable to be added to supersaturated batch crystallisers, for seeding.  This method of seeding will be 

attempted with all compounds of interest in Chapter 5, where any reduction in the maximum 

undercooling temperature is assumed to show that nanoseeding is effective where solid nanoparticles 

are produced.  But where an increase in the undercooling temperature is observed, the particles used 

are assumed to be liquid or amorphous, and as such ineffective seeds.  
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4.6 Conclusions 

A method to produce nanoparticles by microfluidics was designed.  Particles were successfully produced 

for all organic acids of interest.  The method was found to consistently produce particles.  Particle size 

varied a lot due to the system rapidly equilibrated to a state where either the particles were undergoing 

growth in a supersaturated environment, or else they were undergoing dissolution in an undersaturated 

condition. 

When channel width and converging chip angle was compared, it was found that the method was 

always successful at producing nanoparticles, but the particle size was never reproducible.  It uncovered 

how imprecise the method was at producing uniform particle size, however, incubation time would be 

required to allow the system to return to equilibrium.  Rapid testing a good to determine whether 

supersaturation occurred at any point within the channel, and it was found that it was in all cases.  

However, allowing the sample to equilibrate before repeat testing would have determined whether the 

system was dissolving the particles or causing more growth. 

 No clear conclusion could be made about the effects of varying channel width and chip angle, but with 

enough repeats, a more accurate conclusion could be drawn. 

4.7 GCrystal – Modelling Microfluidics  

4.7.1 Introduction 

GCrystal is a crystalliser modelling software which can be used to determine the kinetics of industrial 

crystalliser.  We thank PSE for their support in a license to explore the possibility of using G-crystal to 

model the fluidic system a reactor cell sequence reflecting the crystallisation stages along the fluidic 

reactor.   
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Critical Criteria include for the process model within GCrystal: 

 Global specifications which is used to program the materials used and their properties.  
Important to note is the solvent density, viscosity, molar mass, as well as the antisolvent 
properties and the solute.  A knowledge of the saturated solution viscosity is required and 
important because of the highly soluble materials used causing high viscosity. 

 Solution and antisolvent feed.  The feed machine determines which material is pumped through 
channels to the crystalliser.  One feed contains the saturated solution which is pumped to the 
first crystalliser from the global specifications machine, the resulting mixture is then pumped 
from one crystalliser to the next with changing antisolvent ratios, like the fluidic channel.  Three 
antisolvent feeds are necessary, pumped to each of the crystallisers, each subsequent crystalliser 
will increase in antisolvent volume until the final crystalliser is equally mixed. 

 The pump machines are required after each feed machine to set the pump rate and pump 
direction of each feed.  This is important as the difference in pump rate can affect the particle 
size.  To achieve an accurate comparison the pump rate used is the same as the actual pump 
rate used in nanoparticle synthesis. 

 Crystallisers are the main reaction vessels.  The volume of which can be set to the desired model.  
In this case the smallest volume is used to mimic the microfluidic channel.  Probes can be 
attached to them to measure specific data. 

 PSD sensors are used to measure the particle size distribution of the vessel over time.  Once 
processed graphs are produced at certain reaction times to see how PSD changes over time.  
Each crystalliser required a PSD sensor to show whether a difference between mixing ratios can 
be determined. 

 Other connectors are used to connect all reactor interconnections together and to maintain the 
correct program parameters. 

 

GCystal was adapted to model the conditions within a narrow channel by reducing the volumes used 

down to microfluidic levels.  Three crystallisers were used – the first to model the point at which the two 

streams within the microfluidic chip initially meet with very low diffusion, the second to model a point in 

the channel where a diffusion band is present, but the streams are not fully mixed, and a third to model 

the point in the channel where the streams are fully mixed. 

The particle size distribution was measured for each crystalliser to observe the differences in the 

number and size of the particles, as well as the supersaturation of each 1x1x1mm vessel.  Such an 

analysis was undertaken to examine if in silico simulation would aid in understanding the dynamics 

occurring within the microfluidic vessel. 



  
 

110 
 

4.7.2 Procedure 

Three reactors were connected where an input of saturated organic acid in either ethanol or water was 

fed into the first vessel at a pump rate of 5ml/min as with the microfluidic setup.  The output of this 

vessel was the input of the next vessel and the output of the middle vessel was the input of the last 

vessel.  An antisolvent stream of the other solvent was introduced to each vessel in varying volume 

ratios increasing from low to high until the ratio of solution to antisolvent was equal.  This mirrors the 

diffusion of the initial segment of the microfluidic Y-mixer where diffusion is low.  The final vessel 

mirrors the final output of the microfluidic mixer where the sample is fully mixed with antisolvent.  This 

system can be extended to more vessels with a gentler increment of diffusion to give a curve.  

 

Figure 4.15 GCrystal setup mirroring microfluidic channel crystallisation sequence. 

Each vessel had a particle size distribution (PSD) sensor and a liquid composition sensor attached to 

measure with time. 

4.7.3 Results and Discussion 

The PSD sensors could not give any data possibly due to the inability to detect nanosized particles.  The 

data produced were collected from the vessels themselves. 
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Table 4.8 Data Summary of GCrystal Vessels. 

Vessel 1 2 3 
Absolute Supersaturation (kg/m3) 45.11 55.02 47.54 

Maximum Crystal Growth Rate (µm/s) 0.53 1.26 1.61 
Driving Force for Mass Transfer at 1mm particle size 

(kg/m3). 0.5 1.2 1.4 

Driving Force for Surface Integration at 1mm particle 
size (kg/m3). 4.0 4.3 3.3 

Driving Force for Mass Transfer at 100nm particle size 
(kg/m3). 0 0 0 

Driving Force for Surface Integration at 100nm particle 
size (kg/m3). 4.5 5.5 4.7 

 

 

Figure 4.16 GCrystal Growth Rate of Three Vessels. 

 

Figure 4.17 GCrystal driving force for mass transport and surface integration. 

When the supersaturation is examined in each vessel it is found that the supersaturation is high in all 

vessels which increases in vessel 2 before reducing again by the time the stream is fully mixed in vessel 

3.  The highest supersaturation is shown to be on equal mixing where the diffusion band would be in full 
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effect.  It is expected that the supersaturation is lowest when there is the least volume of antisolvent to 

drive supersaturation.  

The crystal growth rate increases for each vessel which is observed with experimental particle analysis.  

It was found that due to Ostwalds ripening the largest particles dominate as the smallest particles 

dissolve.  The overall net growth is slow at first due to some particles achieving negative growth on 

dissolution.  Once the solution stabilises with less dissolution of small particles only growth is observed 

given an overall positive net growth rate.  This growth rate should eventually slow down as the solution 

reduces in supersaturation and achieves equilibrium.   

The driving force for growth mechanisms such as mass transfer and surface integration as a function of 

particle size was also examined.  The driving force for mass transfer was found to be zero in all vessels 

for the smallest particles but for surface integration of the smallest particles was found to be high in all 

vessels meaning the rate of surface integration (or growth) is high for small particles and correlates well 

with the supersaturation of each vessel.  For the largest particles of 1mm the driving force for mass 

transfer is increased whereas the surface integration driving force is reduced but is still the main driver 

for growth.  

4.7.4 Conclusion 

An initial setup was developed using GCrystal to model a microfluidic setup with oxalic acid.  A full data 

set could not be achieved however some data proved useful to understand more about the 

supersaturation dynamics behaviour through a laminar channel.  This model can be expanded to any 

other compound of interest to determine whether particles will be produced through a microfluidic 

reactor in a certain antisolvent system where the solubility of the compound is known.   
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Chapter 5: Seeding Batch Crystallisers with Nanoparticles 

5.0 Seeding Batch Crystalliser with Nanoparticles 

5.1 Introduction 

Crystallisation is a widely utilised step employed in the production of active pharmaceutical ingredients 

(APIs)88 and food ingredients89 to ensure stability and purity.  Within the spectrum of physico chemical 

properties encountered are compounds which are highly soluble; such as citric acid29, an important 

natural product used heavily as an additive in many drinks and foods to bring a tart flavour.  High 

solubility is problematic in crystallisation processes due to increased solution viscosity, reducing ease of 

mass transport, decreasing the chances of nucleation and crystal growth90.  On the other end of the 

spectrum are compounds with low solubility which is also problematic in the development of APIs91.  To 

ensure purity and stability crystallisation is preferred however, insoluble compounds may remain 

amorphous with no long-range structural order, which increases the solubility, but decreases the 

stability.  Amorphous structures have led to considerable research into amorphous formulations such as 

solid dispersions92, 93. 

It is the former group (highly soluble compounds) that was the focus of this current study.  By example  

a method used in the continual manufacture of citric acid crystals is seeding94.  The key point for such 

reported approach is obtaining in the first instance a robust route to the generation of seeds; ideally 

with a specific morphology, and size distribution.  Seeding for this contribution is the addition of already 

formed crystals to a supersaturated solution to initiate growth, where the seeds can then cascade and 

undergo secondary nucleation (particles shear to form smaller particles in solution which will then grow) 

to reduce the overall supersaturation required to observe crystals. 
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One of the other reported difficulties of primary nucleation (or the spontaneous nucleation in the 

absence of seeds) is the inability of a highly viscous solution95 to randomly assemble to a solute cluster 

in solution.  This cluster must be large enough to continue growth, too small and the cluster would not 

separate from solution as a solid particle.  This is a statistical occurrence which is unlikely in a viscous 

material. 

The type of issues and considerations encountered for the notion of crystallisability, relate the random 

probability of nucleation occurring at a set temperature96 which defines the supersaturation profile and 

onset of nucleation.  This temperature is called the metastable limit and the difference between the 

saturation temperature and the maximum allowable undercooling temperature (Δθmax) for which 

nucleation is noted.  When conditions are in a zone between the dissolution and nucleation 

temperatures the system is metastable.  The metastable zone has a lower probability of nucleation than 

the metastable limit but is still unstable.  

Many compounds have very wide metastable zones due to high solubility which is paired with high 

viscosity and poor mass transport97, 98.  This is the case with citric acid where the viscosity is increased so 

much the metastable limit is difficult to determine22 (variable nucleation temperatures, long induction 

times, low nucleation rate).  Therefore, seeding is an excellent method to observe particles at a 

predictable supersaturation within the metastable zone99.  Large seeds may cause variable particle size 

distribution (PSD) by shearing, collisions and other mechanisms. 

One option we report is the idea of seeding by miniaturizing the seeds to nanoparticles.  Miniaturisation 

of seeds causes less disperse final PSD100.  They will be synthesised using microfluidics, confining an 

antisolvent system to a narrow channel under flow.  Controlling this environment causes monodisperse 

particles to be produced which will be used to seed supersaturated batch crystallisers, to reduce the 

maximum allowable undercooling temperatures of each system.  Compounds used include citric, 
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tartaric, malonic, mandelic, oxalic, adipic, glutamic and salicylic acids, chosen due to variation of 

solubilities, determining whether the method works over a certain solubility range.  

It is important to note that several compounds are either polymorphic or form hydrates.  The strenuous 

conditions placed on solutions of each form may cause stable forms to change on cooling and heating.  

For example, citric acid is enantiotropic, i.e. the monohydrate is more stable below 34°C but at elevated 

temperatures the anhydrate is more stable.  The solubility of each form is different in water and due to 

the temperature varying above and below 34°, if nucleation occurs, different forms may crystallise and 

give error.   

Other multi-phase samples include malonic acid, which exists as 3 polymorphs crystallising in space 

groups P-1, P21/n and Pbcn respectively40,41; DL-mandelic acid, which exists as 2 forms crystallising in 

space groups Pbca and P21/c respectively43; oxalic acid, existing as two polymorphs of the anhydrate and 

a dihydrate, crystallising in Pcab, P21/c and P21/n respectively48; adipic acid, existing as three polymorphs 

in P21/a, P21/n and P-1 respectively49; L-glutamic acid existing as two polymorphs both crystallising in 

P21212150,51.  L-tartaric acid and salicylic acid are currently monophasal. 

5.2 Experimental 

Materials 

Citric acid anhydrous (99% Fisher), L-Tartaric acid (>99% Fisher), Malonic acid (99% ACROS), DL-Mandelic 

acid (99+% ACROS), Oxalic acid anhydrous (98% ACROS), Adipic acid (99% ACROS), L-Glutamic acid (99% 

ACROS), Salicylic acid (99.5% Sigma Aldridge), Absolute Ethanol (Fisher).  
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Primary Nucleation Measurements 

Each acid was weighed into integrity 10 tubes appropriate so the acid dissolves below 80°C and 

recrystallises above 5-10°C, estimates for solution make up is presented in Table 5.1.  Samples were 

heated using varied rates up to 80°C, or 90°C for citric acid, then held for over 12 hours to ensure total 

dissolution and equilibrium.  The samples were then cooled at the same rate down to 5°C.  The 

temperature ramp rates used were 5, 2, 1, 0.5 and 0.1°C/min, which were cycled 4 times or 3 times for 

the slowest ramp rate to ensure precision.  Dissolution and nucleation temperatures were recorded.  

The Δθmax was then calculated as the difference between the dissolution temperature and nucleation 

temperature.  

Table 5.1 Solution Make-up for Each Primary Nucleation Sample. 

 

Assessment of Undercooling Approach and Principles.   

This was undertaken using the Integrity 10 controlled heating and cooling system where varied ramp 

rates were used.  Δθmax values are taken as the difference between the dissolution temperature and 

the nucleation temperature.  These values can be measured where the IR – turbidity probes detect 

changes in the solution.  The dissolution temperature is taken when the turbidity is at its lowest point, 

shown as the highest IR value due to lack of obstruction of the light beam.  The nucleation temperature 

is taken as the temperature at which the first particles are detected in solution, or when the IR trace just 

begins to fall.  The assumption is that the probe is accurate at detecting these transitions.  

Organic 
Acid 

Mass used 
(g) 

Volume of Water 
Added (ml) 

Elevated Temperature 
(°C) 

Reduced Temperature 
(°C) 

Citric 12 5 90 5 
Tartaric 11 5 80 5 
Malonic 10 5 80 5 
Mandelic 5 10 80 5 
Oxalic 3.5 20 80 5 
Adipic 0.5 20 80 5 
Glutamic 0.5 20 80 5 

Salicylic 0.05 20 
 80 5 
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Mullin has stated that as the cooling rate increases, the Δθmax should increase1.  This is especially 

evident where the induction time is longer.  The slower the nucleation rate, the longer it takes to be 

detected, by the time it is detected the temperature is much lower at higher cooling rates.   

Thus, a plot of Δθmax by ramp rate will then be constructed.  Using the data from the primary 

nucleation the metastable zone is known and seeding carried out where the system is supersaturated 

before the metastable limit.  The full data set will therefore be two plots on a graph to observe fully the 

differences between systems. 

Nanoparticle Synthesis 

The nanoparticles were produced using antisolvent addition through a Y-mixer microfluidic chip.  The 

microfluidic chip used was a Y-mixer, converging at 50° with a 1mm channel width (Figure 5.1).   

 

Figure 5.1 Microfluidic Chip Setup.  

The syringe pump was set at 5ml/min. Particles were produced a few minutes before seeding. 

Seeding Experiments 

Solutions of each organic acid were prepared at the same concentration as the unseeded experiment.   

The samples were prepared in the controlled cooling instrument ‘Integrity 10’ tubes which were 

individually controlled and stirred. The experiment was set up the same ramping at the same 5 

temperature rates.  When the temperature reached the middle of the MSBW, guaranteeing 
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supersaturation for the acid, approximately 1ml nanosuspension which included a mixture of solvent, 

antisolvent, solute and nanocrystals, was added using a 2ml syringe.  

5.3 Results 

Δθmax by Primary Nucleation 

A summary of the average Δθmax of each organic acid is given in Table 5.2 which were calculated using 

data collected from the turbidity probes in each sample and explained in Figure 5.2.  An extended data 

set is found in Appendix B Table A9.  The nucleation temperature was taken as the temperature at 

which the first particles are observed or when the IR trace begins to decrease.  The dissolution 

temperature was taken as the point at which the last particles have dissolved or when the IR trace is at 

its maximum.  The Δθmax was then calculated as the difference between each temperature.  The 

induction time is the time required for crystals to appear from the point the solution is supersaturated.  

It was calculated as the time elapsed between the dissolution point and the nucleation point.  An 

example trace taken from Integrity 10 is found in Figure 5.2. 

Table 5.2 Summary of Δθmax by Primary Nucleation.  

Cooling 
Rate 
(°C/min) 

Δθmax 
Citric (°C) 

Δθmax 
Tartaric 
(°C)  

Δθmax 
Malonic 
(°C)  

Δθmax 
Mandelic 
(°C) 

Δθmax 
Oxalic 
(°C) 

Δθmax 
Adipic 
(°C) 

Δθmax 
Glutamic 
(°C) 

Δθmax 
Salicylic 
(°C) 

0.1 59.7 33.8 11.3 31.5 6.5 2.7 14.1 9.2 
0.5 13.3 17.4 17.1 23.4 13.7 5.3 29.2 12.5 
1.0 56.8 19.5 11.4 24.8 25.8 10.0 25.6 15.3 
2.0 8.2 60.1 23.5 25.6 25.3 9.8 36.6 19.1 
5.0 12.7 32.9 27.7 27.9 30.0 13.9 43.6 32.8 
 

The general trend is that the Δθmax increases as ramp rate increases.  Induction times can be very long 

because nucleation is a random occurrence.  This gives a large variation in Δθmax.  Where the ramp rate 

is increased the temperature changes more rapidly before the induction time has elapsed, nucleation 

temperatures and hence wider undercooling temperatures.  The Δθmax represents the metastable 
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zone, therefore seeding of nanoparticles may occur in the median metastable temperature to maximise 

the effectiveness of the seeds without increasing the supersaturation too high.  A balance between high 

enough supersaturation to reduce the thermodynamic energy required to produce a nuclei, and low 

enough viscosity to increase the kinetic ability of diffusion of solute molecules, increasing the chances of 

critical nuclei arranging to increase nucleation rate, is required.  

 

 Figure 5.2 Induction Times and Undercooling Measurements from Integrity 10 Dataset. 
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Citric acid was the main problematic compound, once dissolved at 90°C, nucleation would not occur 

reliably at 5°C due to a very wide metastable band width.  Longer holding times at 5°C of three hours 

was attempted however the induction times were so long that crystallisation sometimes occurred when 

the temperature was already increasing.   All data collected was relatively precise except for citric acid.  

Measurements for citric acid are difficult because if more solid is used higher temperatures than 90°C 

would be required risking boiling the solvent or lower than 5°C temperatures are required risking 

freezing the solvent. 

Similar problems were observed with other highly soluble compounds such as tartaric and mandelic 

acids where a marked reduction in Δθmax occurred between 0.1 and 0.5°C/min ramp rates before 

increasing.  Precision was difficult to achieve due to the unpredictable nature of primary nucleation 

especially in highly soluble compounds. 

Nanoparticle Synthesis and Contrast of Unseeded versus Seeded Samples.   

Nanoparticles of organic acids were produced 5 minutes before addition to each sample.  The time of 

addition is important due to the monodispersity depending on the elapsed time after microfluidic 

reaction.  A sample of nanosuspension was tested by NanoSight where PSD and number of particles 

were measured.   
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Figure 5.3 Salicylic Acid Nanoparticles NanoSight Capture. 

Figure 5.3 shows an example NanoSight trace where salicylic acid nanoparticles were produced.  Three 

peaks are observed which diminish in concentration as the particle size increases.  Initial particles of 

100nm were produced which then rapidly undergoes agglomeration as evidenced by the subsequent 

peaks at 200nm and 300nm.  Particle growth also occurs which allows merging of peaks where some 

particles grow from 100 to 200nm.  Merging of peaks increases as particle size increases meaning 

agglomeration is an initial stabilising reaction before steady particle growth can occur by Ostwald’s 

ripening.  It shows that the timing of seed addition is vital to ensure a more monodisperse sample, 

which encourages a monodisperse PSD in the final product.  

An example of the decreased PSD is found in Figure 5.4 where two methods of crystallisation was 

attempted:  the first: crystal growth in a vial (solution saturated and allowed to cool or solvent allowed 

to evaporate off), and the second: producing nanoparticles by microfluidics as seeds, with the 

subsequent addition before allowing the particles to grow.  The key point is without intervention the 

crystals are larger, indicative of low nucleation and intergrown, with intervention the crystals are 

uniform in size indicative of the window of nucleation with subsequent growth.   



  
 

122 
 

 

Figure 5.4 Crystals produced by slow evaporation (a) and by microfluidics (b). 

Crystals grown by slow evaporation are large with a long stalk-like needle habit which are intergrown.  

The total number of crystals is low.  The sample pumped through microfluidics was left to grow 

overnight. Resulting crystals grown are very monodisperse.  Figure 5.4b is a sample of nanoparticles 

produced with microfluidics which were grown on the bench overnight.  The particles are smaller 

(approx. 1mm) exhibiting a cubic like twinned particle which is an advantageous habit when undergoing 

pharmaceutical development.  Needles tend to break on processing leading to varied PSD.  Microfluidics 

intervention in this way clearly removed many problems associated with crystallisation this is allied to 

the reduction in the size of the particles to nano scale.  All particles are within a small coefficient of 

variation between 0.8 and 1.2mm wide whereas Figure 5.4a exhibits large crystals which would be more 

difficult to process. 

Δθmax by Seeding with Nanoparticles 

To follow the impact of seeds, the impact on under cooling was examined.  Within Table 5.3 for the 

series of organic acids studied, the temperature range at which dissolution and nucleation was detected 

is given.  The seeding temperature was selected as the middle of the metastable zone ensures 
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supersaturation without primary nucleation and is the ideal temperature to add seeds.  Unsurprisingly, 

the stochastic nature of the processes101, is reflected in the data, as with different temperature ramp 

rates give differences in dissolution and nucleation temperatures so the table gives the minimum and 

maximum temperatures each organic acid dissolves and nucleates across all ramp rates.  Where 

possible, the seeding temperature was chosen as above the maximum nucleation temperature for any 

ramp rate and below the minimum dissolution temperature of any ramp rate for each organic acid. 

Table 5.3 Seeding Temperatures were decided by taken the lowest and highest dissolution and 
nucleation temperatures measured in all samples of the primary nucleation experiment.  This allowed a 
temperature width where the sample was metastable but unlikely to spontaneously nucleate, this area 
was chosen as a point to add the seeds in the seeding experiment. 

 

Seeding was performed by firstly producing nanoparticles using the microfluidic method, the suspension 

being collected in a vial (approx. 3ml).  1ml of the suspension was taken from the vial using a 3ml syringe 

which was then injected into the crystalliser vessel on the Integrity 10 system.  This was done from a 

height of around 3ml above the surface and was done with minimum force.  This makes agitation an 

important aspect of seeding.  For more highly viscous samples mixing may not have been enough for the 

Acid Dissolution Temp. 
Range (°C) 

Nucleation Temp. 
Range Unseeded (°C) Seed at Temp. (°C) 

Citric 60-90 10-77 50 

Tartaric 66-75 38-55 60 

Malonic 38-48 20-28 35 

Mandelic 30-60 5-27 30 

Oxalic 34-51 20-27 30 

Adipic 36-34 20-24 30 

Glutamic 55-62 19-41 50 

Salicylic 29-49 16-22 25 
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seeds to be dispersed throughout the sample.  For future work, repeats may be carried out investigating 

the effects of injecting within the centre of the sample using a needle or at the bottom where agitation 

is most effective. 

The full seeded data is found in Appendix B.  Table A11 in the appendix compares the two systems; 

unseeded and seeded of the Δθmax.  Full induction time data and comparisons between unseeded and 

seeded are found in Tables A12 – A14.   A summary table for seeded systems is given in Table 5.4.  

However, graphs are a more visual representation of the data and will be discussed more fully.  

Table 5.4 Summary Table of Δθmax of Seeded Systems. 

Cooling 
Rate 

(°C/min) 

Δθmax 
Citric 
(°C) 

Δθmax 
Tartaric 

(°C) 

Δθmax 
Malonic 

(°C) 

Δθmax 
Mandelic 

(°C) 

Δθmax 
Oxalic 

(°C) 

Δθmax 
Adipic 

(°C) 

Δθmax 
Glutamic 

(°C) 

Δθmax 
Salicylic 

(°C) 

0.1 58.9 - 9 - 0.2 19.5 13.5 2.4 
0.5 - 61.9 12.8 - -0.2 21.1 24.9 9.9 
1 34.1 28.1 16.8 17.9 -3.5 14.8 39.7 13.1 
2 49.5 23.6 28.9 17 17.1 20.7 37.3 21 
5 - - - 24.6 14.4 19.5 - 28.5 

 

Δθmax and Induction Time Comparison Graphs 

The calculated Δθmax and induction times of each experiment was presented in graphs for comparison.  

Nucleation is a statistical process and as such can lead to unpredictable results, however, promising 

conclusions may be drawn for many systems tested. 

When the primary nucleation results are examined for citric acid (Figure 5.5a), the nucleation 

temperatures are unpredictable, which emphasises the problem with citric acid.  However, this is 

expected due to the statistical nature of nucleation, especially in highly soluble compounds such as citric 

acid.  The Δθmax is highest at the slowest cooling rate and is due to long induction times (Figure 5.5b).  

For faster cooling rates the induction times are still so long that the sample crystallised when the 

temperature was already increasing, which then decreases the Δθmax giving the inverse trend found 
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here.  The largest Δθmax is the slowest rate because the holding times are naturally longer allowing 

induction times to expire before the temperature begins increasing.  Seeding with nanoparticles was 

unsuccessful at reducing the Δθmax and is connected to the undersaturated seeding sample as shown in 

Figure 3.2 phase diagram.  So, any particles observed by the NanoSight are already undergoing 

dissolution, meaning any sample added to the system would cause further undersaturation of the 

system and be ineffective at reducing the Δθmax.  The induction time of the seeded sample at 1°C/min 

cooling rate is lower because of the highly statistical nature of the induction times. 
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Figure 5.5 Effect of seeding vs unseeding citric acid solutions on maximum undercooling temperatures 
(top) and induction times (bottom). 

Another problem was that even at 5°C the metastable limit had not been reached, further decreasing 

the chances of nucleation.  To remedy this the sample would need to be saturated at a higher 

temperature so that the sample is more likely to nucleate at 5°C.  This is difficult due to the solvents 

boiling point approaching the temperatures required for dissolution.  Much longer holding times at the 

lower temperature is required to allow time for nucleation, although due to the metastable limit not 

being reached at 5.0°C, the crystallisation of sample could extend to weeks.    
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Figure 5.6 Effect of seeding vs unseeding tartaric acid solutions on maximum undercooling temperatures 
(top) and induction times (bottom). 

When Tartaric acid by primary nucleation is examined (Figure 5.6a), an inverse trend is observed as with 

citric acid although the overall data is still unpredictable as expected with some omitted anomalous 

results.  The slowest 0.1°C/min rate shows a higher Δθmax than the two next fastest rates.  As explained 

with citric acid, seeding is ineffective due to the inability of the antisolvent to drive supersaturation 

enough to produce stable nanoparticles to be used as seeds.  The induction time is reduced by seeding 
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only at 2.0°C/min where the time is reduced by more than half, making nucleation more predictable, 

however this cannot be a conclusion because of the highly statistical nature of nucleation and many 

more repeats would be required to confirm. 

 

 
Figure 5.7 Effect of seeding vs unseeding malonic acid solutions on maximum undercooling 
temperatures (top) and induction times (bottom). 

Malonic acid exhibits a more predictable set of data (Figure 5.7a), with both unseeded and seeded 

experiments giving a desirable trend.  Unseeded samples produce a steeper line meaning little change of 
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Δθmax as ramp rate increases. Seeded samples show a larger variance of Δθmax as ramp rate increases. 

This causes a crossover at 2.0°C/min where seeding becomes ineffective at reducing the Δθmax. 

However, at slower ramp rates seeding is very effective reducing the Δθmax by a marked amount.  This 

is interesting and supplies extra information regarding the ability of the antisolvent system causing 

supersaturation in the microfluidic channel.  A phase diagram could not be constructed for malonic acid 

in Chapter 3 because the solubility could not be measured at all conditions.   

If seeding occurs at ramp rates below 2.0°C/min, it will be effective at initiating nucleation and crystal 

growth.  Induction times follow a similar trend (Figure 5.7b) where seeding is effective at reducing the 

induction time at rates <1.0°C/min, however, at, and above this rate seeding is ineffective at reducing 

the induction time.  The induction times are not affected as much as other samples where seeding and 

unseeding is compared. 

 

 

 

 

 



  
 

130 
 

 

 
Figure 5.8 Effect of seeding vs unseeding mandelic acid solutions on maximum undercooling 
temperatures (top) and induction times (bottom). 

For mandelic acid, the unseeded samples (Figure 5.8a) exhibited the highest Δθmax compared to the 

seeded samples.  This is surprising as Figure 3.4 explained that the particles would be within an 

undersaturated environment in the microfluidic channel.  However, the addition of ‘seeding’ sample to 

the system may have shocked the system into allowing movement to occur in the vessel, increasing the 

chances of primary nucleation.  Seeding was most effective at 2.0°C/min where the Δθmax was reduced 
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from the unseeded value 25.6°C to the seeded value 17.0°C.  A similar trend is observed when induction 

times are compared (Figure 5.8b). Seeding proves effective at reducing the induction times at all rates 

except the fastest 5.0°C/min rate, where the induction times are very similar between seeded and 

unseeded samples. 

 

 
Figure 5.9 Effect of seeding vs unseeding oxalic acid solutions on maximum undercooling temperatures 
(top) and induction times (bottom). 
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Seeding was very effective at reducing the Δθmax for oxalic acid (Figure 5.9a).  This is supported by 

Figure 3.5 which showed that oxalic acid was one system where antisolvent addition was effective at 

producing supersaturation in the fully mixed microfluidic sample.  There is some confidence that 

particles using for seeding were stable solid particles and is evidenced by the reducing in Δθmax across 

all cooling rates.  Seeding was most effective at 1.0°C/min ramp rate with a large reduction in Δθmax 

from 25.8°C to -3.5°C.  Negative values are possible depending on the dissolution temperatures.  If the 

nucleation temperature is higher than the dissolution temperature in the average cycle for that rate due 

to seeding the Δθmax result becomes negative.  Results between induction times and Δθmax are very 

comparable.  The induction times (Figure 5.9b) are reduced by seeding at all ramp rates, especially at 

0.5 and 1.0°C/min, like data for the Δθmax. 
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Figure 5.10 Effect of seeding vs unseeding adipic acid solutions on maximum undercooling temperatures 
(top) and induction times (bottom). 

Seeding adipic acid (Figure 5.10a) proved to be ineffective at all ramp rates, which is expected because 

of the inability of the antisolvent to produce enough supersaturation in the fully mixed sample within 

the microfluidic channel.  Any particles observed would already be undergoing dissolution, and as such 

ineffective at seeding.  The increase in Δθmax across all cooling rates shows that the ‘seeding’ sample 
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only diluted the system and delayed nucleation. Similarly, the induction time (Figure 5.10b) is increased 

by seeding at all ramp rates. 

 

 
Figure 5.11 Effect of seeding vs unseeding glutamic acid solutions on maximum undercooling 
temperatures (top) and induction times (bottom). 

Glutamic acid (Figure 5.11a) showed that seeding does not reduce the Δθmax, except at 0.5°C/min.  

However, at 0.1 and 2°C the Δθmax is very similar seeded or unseeded.   The phase diagram in Figure 

3.7 shows that antisolvent addition causes supersaturation in the collected sample after the microfluidic 
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reaction, it is possible the supersaturation was not enough to show a larger impact to the system.  For a 

similar reason, seeding did not seem to affect the induction times (Figure 5.11b). 

 

 
Figure 5.12 Effect of seeding vs unseeding salicylic acid solutions on maximum undercooling 
temperatures (top) and induction times (bottom). 

Salicylic acid (Figure 5.12a) showed that seeding is more effective at reducing the Δθmax at all ramp 

rates except 2.0°C/min where a small crossover is observed.  Salicylic acid was one of the acids deemed 

suitable for antisolvent nucleation in the phase diagram Figure 3.8.  The seeds produced were likely 
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solid particles and perfect for seeding.  Salicylic acid has fast induction times which means seeding only 

exhibits limited effects.  The induction times (Figure 5.12b) are hardly affected by seeding except by the 

slowest 0.1°C/min rate, where it caused almost immediate nucleation, which would not have occurred 

for up to an hour otherwise, increasing the predictability of nucleation. 

5.4 Discussion 

To fully understand whether seeding with nanoparticles is an effective mechanism, we must first 

examine whether the particles were collected in a state of growth or dissolution.  It was previously 

determined using the solubility data that only three of the organic acids could realistically be produced 

in a fully mixed system using the antisolvents shown, namely oxalic, glutamic and salicylic acids. On 

examination of the seeding data and whether seeds reduced the nucleation temperature compared to 

primary nucleation, it was found that overall the most successful systems were those which were 

expected to produce stable nanoparticles undergoing growth in the microfluidic channel.  

It was found that oxalic acid and salicylic acid were both clearly successful in reducing the Δθmax.  This 

suggests the method of seeding with nanoparticles would be successful if only good enough antisolvents 

were found for the other organic acids. 

However, there were some exceptions; glutamic acid failed to reduce the Δθmax, however it was similar 

in both seeded and unseeded systems.  It suggests the importance of the extent of supersaturation as 

the seeds are added.  There are other considerations such as the polymorphic behaviour and short 

induction times of less soluble compounds which can prove difficult to separate a seeded and unseeded 

data set.   

Mandelic acid was an exception.  It was shown that seeds would not be produced using the phase 

diagrams, however, the addition of seeds helped reduce the Δθmax in the batch sample.  This was even 

more surprising because mandelic acid was the only acid which exhibited the highest solubility in the 
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mixture of water and ethanol, the proposed recipe where nucleation should take place within the 

microfluidic channel.  Possible reasons for this could be the large difference in solubility of each 

stereoisomer of mandelic acid.  If the antisolvent addition caused nucleation of the least soluble isomer, 

solid particles may have formed and become effective at seeding the batch system. 

Malonic acid was also found that produce effective seeds, which suggests that the antisolvent system 

was sufficient, despite the inability to measure the solubility at all conditions. 

Overall, it was found that batch crystallisers may be seeded successfully if a suitable antisolvent is found. 

5.5 Conclusion 

The Δθmax was calculated for all organic acids by primary nucleation and by seeding with nanoparticles.  

Seeding with nanoparticles was found to be effective at reducing the Δθmax in half of each organic acid 

system: malonic, mandelic, oxalic and salicylic acid. Seeding increased the Δθmax for the other half of 

the samples, citric, tartaric, adipic and glutamic acids.  The induction time was also compared between 

seeded and unseeded samples where seeding was found to reduce the induction time in all samples at 

least one ramp rate, except adipic acid.  This proved that seeding with nanoparticles increases the 

predictability of nucleation if effective seeds are produced.  An increase in precision of this work would 

be advantageous with future work being more repetitions.  Full analysis on the particle size distribution 

would be required in future work to assess the probability of improved PSD by microfluidics verses 

classical crystallisation techniques. 
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Chapter 6: Cocrystals 

6.0 Cocrystals 

6.1 Introduction 

Polymorphs are different crystal structures of the same compound composition (molecule or ion), 

forming from different crystallisation conditions such as temperature, solvent and pressure.  The 

concomitant aspects of multiple crystal forms have been extensively reviewed102, 103.  Screening efforts 

are undertaken to optimise and probe for all possible phases.  A prerequisite for regulation and 

intellectual property of drug products includes awareness and knowledge of multiple crystal forms104,105, 

as the tendency to convert to different forms may be detrimental to these due diligence steps106.  This is 

particularly important where polymorphs exhibit differing bioavaibilities107. 

 
Co-crystals, i.e. multi-component molecular crystals108 which contain neutral non-solvent molecules, are 

becoming an increasingly important dosage option for pharmaceuticals comparable to the often used 

salt forms109.  This is because when screening is undertaken with poorly soluble drugs, a wide variety of 

forms would be beneficial due to the variation of solubility between salts and cocrystals.  Cocrystals 

often contain intermolecular hydrogen bonds which are weaker than the ionic bonds formed within 

salts, theoretically increasing the solubility in cocrystals further, compared to salts.  Within the context 

of dosage form design, examples have been presented in the literature as potential crystal engineering 

strategies to improve the solubility110, bioavailability111 and other properties of neutral active 

pharmaceutical ingredients (APIs).  The Cambridge Structural Database (CSD) cites several examples of 

polymorphism exhibited by co-crystals112.  Gadade et al.113 recently compiled a table of representative 

polymorphic co-crystals.  Overall, citations and the database reveal a wide interest in co-crystal phases 

and an emerging recognition of the polymorphic behaviour of co-crystals114,115.  Consequently, a screen 

for polymorphism in co-crystals is a necessary step in dosage form design.  
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The aim of this chapter was to explore new coformers for citric acid (CA) to reduce the solubility of 

adduct forms. Another minor aim was to report a new 1:1 stoichiometric ratio of malonic acid (MA) and 

nicotinamide (NI).  This system was screened as it was omitted from the literature, where the 1:1 form 

was probable.  When organic acids were screened for possible cocrystals nicotinamide and 

isonicotinamide was used because of its known dimer motif, although the 1:1 MA:NI salt did not 

conform to this motif. 

It was found that when microfluidics was used to produce nanoparticles of the cocrystal forms, 

nanoparticles of metastable polymorphs of the cocrystals were produced where an initial stable 

polymorph was used as the initial target.  This suggested that microfluidics could direct polymorph or 

stoichiometry choice between all forms considered as well as two known stoichiometries of oxalic acid 

(OX) and NI. 

Reports of co-crystals exist for a range of carboxylic acids, for example; malonic acid or oxalic acid4, with 

nicotinamides.  However, it was noted that citric acid and isonicotinamide (IN) was one combination for 

which a structure is not found on the CSD to date. 

CA is reported to form many salts and co-crystals.  Specifically, CA does form co-crystals with the isomer 

of IN, nicotinamide (NIC) which has been reported by Lemmerer et al.116 to exist as a 2:1 ratio NIC:CA 

(CSD code CUYXUQ).  Another relevant system is the co-crystal formation between CA and isonicotinic 

acid (INA), a very similar hydrogen bond motif structure to IN where an acid group replaces the amide 

group.  In this CA:INA example the isonicotinic acid presented as a zwitterion in the lattice, which may 

have contributed to the stabilization of CA preventing proton donation and consequent salt formation 

(CSD code RUWGAS)117. 

It is important to note IN is itself polymorphic.  Li et al. succeeded in isolating three different forms118.  

Many salts for IN have been reported with various proton donors as it readily accepts a proton at the 

pyridine nitrogen.  For example with picric acid,119 in a 1:1 ratio where picric acid donates its single OH 
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proton to one IN (CSD code GAHJAB).  Another salt forms with the diacid squarate120 which donates two 

protons, one to each molecule of IN in the asymmetric unit (CSD code DAYFEP).  A similar system was 

found with oxalic acid (CSD code ULAWAF)72.  IN does not always form salts as in the case with another 

of Lemmerer et al.’s works121 where co-crystals were produced with several cycloalkanecarboxylic acids, 

some of which were polymorphic. 

The investigations reported herein yielded four phases containing citric acid and isonicotinamide.  These 

were found to be 3 polymorphs of a 2:1 (IN:CA) cocrystal and a 2:1 salt.  This study adds an example of a 

trimorphic cocrystal, and contributes, as far as the authors are aware, the first case of a salt form 

identified as the metastable phase transient to the polymorphs of the cocrystal forms.  

A new salt form of using a 1:1 ratio of malonic acid and nicotinamide is also reported and compared to 

the 2:1 stoichiometric ratio cocrystals of which there are two known polymorphs19,20. A similar pattern is 

observed where malonic acid exhibits degrees of freedom where the acid groups in the cocrystals are 

anti to each other whereas within the salt the molecule is symmetrical.  

6.2 Citric Acid Cocrystals - Experimental 

6.2.1 Materials 

Citric acid anhydrous (99% ACROS), isonicotinamide (99% Aldrich), absolute ethanol, were purchased 

from Fisher Scientific or Sigma Aldrich.  Water was used from a Millipore 18.2MΩ water purification 

system. 

6.2.2 Cocrystal Synthesis 

Cocrystals were synthesized by recrystallization in water.  CA and IN were weighed in beakers at molar 

ratio 2:1, 1:2, and 1:1, where the 1:2 ratio cocrystal was formed in each case.  The subsequent repeats 

were all weighed at a 1:2 ratio where approximately 0.75g IN to 1g CA was weighed and dissolved in 5ml 

water.  As dissolution of the coformer mixture was taking place, the solution rapidly became highly 

supersaturated with regards to the salt form, which began to nucleate before the coformers were fully 
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dissolved at room temperature.  To produce the three polymorphic cocrystals, dissolution of the salt 

form was required.  The salt was dissolved by heating to 80°C using a hotplate.  The samples were then 

removed from the hotplate and allowed to cool on the bench, where crystallization occurred for α and β 

within 2 hours, and γ within 24 hours.   

  

Figure 6.1 α form (left) and β form (right).  

Unique to the β form the solution turned a bright yellow although the crystals remained white (Figure 

6.1).   It is unknown why the colour of the solution changed. 

6.2.3 Solubility Studies 

The relative solubility of each form was gauged by weighing 0.1g where it was available into vials and 

adding different solvents, pure water, 50:50 water: ethanol and pure ethanol using the autopipetting 

Zinsser LISSY in 100μl increments, mixing after each addition, until dissolved. 
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6.2.4 PXRD Analysis 

Samples were analysed using a Bruker D8 Discover Powder Diffractometer.  Samples were ground 

before being placed on a transmission well plate where they were subjected to X-ray radiation emitted 

from a Cu source and measured at a 2θ range of 3-40°.  Powder patterns were compared to simulated 

powder patterns generated using the CIFs from single crystal analysis on the Mercury Software.  The 

indices were assigned and presented in Appendix C. 

6.2.5 SCXRD Analysis 

Single crystals suitable for X-ray diffraction measurements were mounted on MiTeGen Dual-Thickness 

MicroMounts and analysed using a Bruker D8 Venture diffractometer with a Photon detection system.  

Unit cell measurements and data collections were performed at 173 K using Cu Kα radiation (λ = 1.54056 

Å).  Crystal data and refinement parameters are presented in Appendix D.  Structure solutions were 

carried out by direct methods and refinement with SHELXL21 was finished using the ShelXle73, 74 software.  

All non-hydrogen atoms were refined anisotropically, the C-H hydrogen atoms placed in idealized 

position and the N-H and O-H hydrogen atoms found from the electron density map and refined with 

fixed bond distances and thermal parameters riding on the parent atom.  

In form α the CA is disordered over two positions regarding the arrangement of the acid and hydroxyl 

groups in the central carbon atom. Two positions were identified with occupancies of approximately 

80% and 20%. -OH hydrogen atoms for the 20% occupancy part were fixed with AFIX 147, while the 80% 

occupancy hydrogen atoms were identified from the electron density map. Because this disorder affects 

the hydrogen bonding, only the higher occupancy part is used in the discussion. 

The γ form was originally solved in a centrosymmetric space group (C2/c) with CA cleanly disordered 

over a two-fold rotation but it would not refine well (R=14.6).  Changing to Cc made the refinement 
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better (R=4.5) and the disorder was no longer present.  This seems to be a case of supramolecular 

chirality of the citric acid molecule122.   

The salt form has disorder on one of the IN-amide groups where a slight twisting is seen.  Two positions 

were identified with occupancies of approximately 66% and 34%.  This disorder does not affect the 

hydrogen bonding. 

6.2.6 Thermal Analysis 

Thermomicroscopic experiments were performed on a Linkam THMS600 stage mounted on a Zeiss 

microscope.  Samples were heated at a rate of 10°C/min until the melting point was attained.   

Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) was measured on a 

Netzsch STA449F3 from 30 to 180°C in three rates of 5°C/min, 10°C/min and 20°C/min under N2 flow at 

50ml/min.  

6.2.7 Spectroscopic Analysis 

FT-IR spectra were acquired using a Perkin-Elmer Spectrum 100 FT-IR Spectrometer.  The background 

was measured before each sample was measured with 16 acquisitions.  

Raman spectra of each sample were measured on a Bruker Senterra using the 785nm laser operating at 

100mW with an acquisition time of 8 or 16 times 2 seconds. 

6.3 CA Cocrystals - Results and Discussion 

6.3.1 Cocrystal Synthesis 

 
Three polymorphs: α, β and γ along with a salt were discovered in a 2:1 ratio of nicotinamide: citric acid.  

Other stoichiometries were attempted, however, the 2:1 phase formed in each case.  Examining the 

structure, it is evident that the motifs present in each form are much more stable at a 2:1 ratio, with the 

isonicotinamide dimers hydrogen bonding to the larger more electron dense citric acid.  Forms α, β and 
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the salt were found to have a similar block morphology whereas form γ were needles/plates.  Images of 

crystal habit found in Figure 6.2. 

 

Figure 6.2 Images of the crystal habits of forms α (a), β (b), γ (c) and the salt (d). 

A schematic for the formation of each form is found in Figure 6.3. The salt is the kinetic form and is 

easily isolated due to rapidly forming before the coformers had fully dissolved.  It is unknown why the 

salt forms most rapidly.  As per Ostwalds rule of stages it is assumed that the first form to appear is the 

metastable form.  So the salt structure is not as stable as the neutral cocrystals.  All forms α, β and γ 
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crystallised on cooling, growing at the following rates:  Form α crystallised first within a few hours, due 

to it being the second kinetic product after the salt.  β formed at very similar rates as α, though at much 

lower yields.  γ only formed after at least 24 hours but rapidly nucleated at higher supersaturation.  

 

Figure 6.3 Schematic for the formation of each phase.  All forms were crystallised in water.  As the 
coformers were stirring the salt form appeared rapidly.  Once the salt form was dissolved at a higher 
temperature the vials were left open and stagnant until crystals formed by a combination of cooling and 
evaporation.   

The α and β forms are very similar in structure.  From repeat powder x-ray diffraction analysis, it shows 

a variation of purity between one form and the other, suggesting a mixture of the two forms, whereas 

single crystal x-ray diffraction only examines the single crystal, it is difficult to tell whether there is any α 

form present in a vial assumed to be β. 

An explanation for the rate of formation of each can be offered by examination of the induction times.  

Which is to say the elapsed time after supersaturation was achieved and the onset of primary 

nucleation.  Primary nucleation is known to occur randomly1, especially in highly viscous solutions where 

mass transfer is low, as in this system.  Once the solution becomes supersaturated after the salt is 

dissolved, the α form is preferred at lower supersaturations (higher temperatures).  The low 
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supersaturation favours both α and β forms but the α form is preferred kinetically over β, where β 

forms in approximately 1 in 10 samples.  This was observed in hot stage microscopy (HSM) and 

differential scanning calorimetry (DSC) where melts of γ and the salt may prefer to recrystallize into the 

α form rather than the β form at the onset of melting.  If primary nucleation had not occurred within 24 

hours, the supersaturation had continued to rise as the temperature decreases and the solvent 

evaporates, moving further into the metastable zone where the γ form is preferred.  Melting points 

were determined using HSM and are discussed further in the thermal analysis section but stated here 

from lowest to highest:  Salt: 146.7°C, γ: 150.0°C, α: 154.1°C, β: 156.0°C. 

6.3.2 Solubility Studies 

The difference in solubility between the individual coformers and the cocrystal is shown in Table 6.1.  

The solubility of citric acid cocrystals are much lower than citric acid alone, decreasing problems of 

viscosity, metastable band width and induction times. 

Table 6.1 Solubility Estimates of CA Cocrystals. 

Sample Citric Acid Isonicotinamide α β γ Salt 

Solubility in 
Water (mg/l) 

802.9 191.7 35.9 46.1 45.5 52.7 

Solubility in 
50:50 EtOH: 
H2O (mg/l) 

657.9 104.7 23.7 18.5 32.2 22.3 

Solubility in 
EtOH (mg/l) 

223.5 166.87 25.6 11.4 6.5 8.3 

 

The order of solubility in water is: α < γ < β < salt, in 50:50 ethanol water: β < salt < α < γ and in ethanol: 

γ < salt < β < α.  However, each were not accurately measured but were an estimate to show the 

difference in solubility of the cocrystals compared to the coformers alone.  Only the difference in 

solubility between the coformers and cocrystals is noted. 
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6.3.3 PXRD Analysis 

The powder patterns for each phase are shown in Figure 6.4.  When the patterns of the α and β forms 

are compared there are many similarities.  However, β exhibits noticeable unique peaks at 2θ 11.1° and 

especially the large peak at 25.0° annotated with coloured marks on Figure 6.4.  Initially, these peaks 

were disregarded as an impurity or mixture of cocrystal and coformer, however, SCXRD analysis 

removed these possibilities.  The β form was found to be monoclinic whereas the α form is triclinic.  

γ has small unique peaks at 2θ 5.5° and 11.5° with especially large peaks at 18.7° and 28.2°.  The salt 

exhibits high crystallinity with many unique peaks notably: 13.5°, 21.2°, 24.0° and 27.3°. 

 

Figure 6.4 Powder XRD patterns of four forms; α (blue), β (red), γ (green), salt (orange). 
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6.3.4 SCXRD Analysis 

The overall crystal chemistry, the key features of motif, conformation and packing networks are 

presented.  Along with the appropriate packing analysis between the isolated forms.  The full crystal 

structures summarized in Table 6.2.  

Table 6.2 Crystal Data and Refinement Parameters of Four Forms. 

 α β γ Salt 
Chemical formula C6H8O7·2(C6H6N2O) C6H8O7·2(C6H6N2O) C6H8O7·2(C6H6N2O) C6H7O7·C6H6N2O· 

C6H7N2O 
Mr 436.38 436.38 436.38 436.38 
Crystal system, 
space group 

Triclinic, P-1 Monoclinic, P21/c Monoclinic, Cc Triclinic P-1 

a (Å) 10.4670 (4) 10.3854 (4) 31.4521 (12) 9.5658 (3) 
b (Å) 10.4844 (4) 21.0202 (8) 5.3196 (2) 10.6257 (4) 
c (Å) 10.5487 (4) 17.6219 (7) 11.7729 (5) 11.3057 (4) 
α (°) 98.7808 (11) 90 90 111.3323 (10) 
β (°) 112.535 (1) 94.0777 (16) 101.4741 (19) 102.8329 (11) 
γ (°) 109.0792 (12) 90 90 108.2681 (10) 
V (Å3) 957.90 (6) 3837.2 (3) 1930.39 (13) 940.21 (6) 
Z 2 8 4 2 
m (mm-1) 1.06 1.06 1.05 1.08 
Crystal size (mm) 0.36 x 0.24 x 0.12 0.36 x 0.15 x 0.11 0.46 x 0.11 x 0.05 0.46 × 0.20 × 0.17 
Tmin, Tmax 0.649, 0.754 0.651, 0.754 0.627, 0.754 0.603, 0.754 
Measured refl. 14673 40494 9836 18147 
Independent refl. 3746 7534 3610 3691 
Refl. [I > 2s(I)] 3598 6685 3386 3473 
Rint 0.023 0.047 0.046 0.035 
R[F2 > 2s(F2)] 0.040 0.050 0.045 0.035 
wR(F2) 0.101 0.114 0.120 0.093 
S 1.15 1.13 1.05 1.05 
Parameters 362 607 305 329 
Restraints 16 16 12 10 
Dρmax, Dρmin (e Å-3) 0.28, -0.19 0.43, -0.25 0.44, -0.27 0.32, -0.26 

 

α and β Forms 

The α and β forms are considered together due to very similar structures.  The α form crystallized in 

spacegroup P-1 with two molecules of IN and one disordered molecule of CA in the asymmetric unit 

(Figure 6.5a).  Whereas the β form crystallized in spacegroup P21/c with 2 molecules of CA and four 

molecules of IN in the asymmetric unit (Figure 6.5b).   
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Figure 6.5 a) Asymmetric unit of form α; b) Asymmetric unit of form β; c) H-bonding dimer motif of IN; 
d) H-bonding dimer motif of CA. 

A hydrogen bonding dimer motif exists in both forms α and β with the pairing of IN and of CA 

respectively.  IN is paired as a dimer in all four forms with IN bonded at the amide end (Figure 6.5c).  In α 

and β, CA is paired as a dimer with a CA H-bonded to another CA at two points (Figure 6.5d).  For both 

forms the difference in symmetry of the two IN molecules within the asymmetric unit is evident and is 

labelled IN1, IN2 etc.  One-dimensional ribbons form in the order of CA, IN1, IN1, CA, IN2, IN2 where IN1 

is flat and IN2 angles upwards creating a slight stepwise structure in 2D (Figure 6.6a).  The same 

stepwise structure is evident in the β form (Figure 6.6b) with differences in symmetry due to reflection 

above the glide plane, hence the larger asymmetric unit. 
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Within the CA dimer, each molecule is hydrogen bonded from the central methyl carboxylic acid OH of 

CA1 to the carbonyl at the end of CA2, and vice versa.  One CA is flipped so equivalent bonds can be 

made from one CA to the other. 

 

Figure 6.6 a) Hydrogen bonding in the α form showing the paring of symmetrically equivalent IN 
molecules and CAs.  b) Hydrogen bonding in the β form showing the pairing of symmetry in equivalent 
IN molecules and CA.  c) Crystal packing similarity of α (grey) and β showing the mismatch when 
extended outside the pink glide plane.  Non-hydrogen bonding hydrogen atoms, CA disorder and 
hanging contacts hidden for clarity. 

As well as being paired via their amide groups, the IN-amide nitrogens are bonded to the remaining 

oxygens on the CA, IN2 bonding to the carbonyl on the central methyl acid and IN1 bonding to the 

central alcohol group. 

Overall packing trends are an easy way to distinguish between the CA: IN polymorphs.  When packing is 

observed down the a-axis in the α form layers are not observed.  Instead, pairs of CA are observed at 

alternate positions between groups of mixed IN.  Down the b-axis, no layering is observed.  CA is 
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distributed between IN.  At this angle, the difference in angle of each IN can be observed, where IN1 lays 

flat and IN2 is angled upwards.  Down the c-axis, a similar pattern is observed where CA is paired 

between groups of IN. 

When the α and β forms are compared more closely, the packing of β is almost identical to that in α.  

Structure similarity search in Mercury123 yields a cluster of 13/15 molecules matching but when larger 

numbers are compared this ratio is reduced to 21/40 molecules matching.  It was found that in one layer 

two molecules thick between the glide planes the packing is identical.  But when another layer above or 

below is added there are clear differences (Figure 6.6c).  The β form exhibits reflection then 

translational movement outside the glide plane whereas the α form only exhibits translational 

movement.  In this way, the layering is the same in α but different in the β form. In β there is no 

disorder of the CA – the two CA match with the main CA in α.  

The remaining IN is bonded to each CA from the nitrogen on the amide group to the alcohol group on 

the central methyl acid.  Ergo, for CA1, this occurs with IN3 and for CA2 with IN1. 

The remaining two H-bonds on the CA are bonded with another CA in the same way as the α form 

where the molecules face each other and are bonded from the central methyl acid OH to the end 

carbonyl. 

When packing is observed down the a and b-axis layers are not observed.  Down the c-axis, differences 

can be observed in the layering patterns observed.  The α form exhibits layers that consist of rounder 

bumps whereas the β form layers are wavy.  
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γ Form 

The γ form crystallizes in spacegroup Cc with one molecule of CA and two IN in the asymmetric unit 

(Figure 6.7a).  The structure is clearly different than the α and β forms.   

Similar dimers exist with symmetrically inequivalent IN as in Figure 6.5c, although CA does not form 

dimers, but rather a chain of CA.  

  

Figure 6.7 a) Asymmetric unit of form γ.   b) γ form showing H-bonding. 

The central methyl acid OH is bonded to the next CA at an outer acid OH group and the inner OH (Figure 

6.7b).  Clear layers of IN1, IN2, CA are formed.  The pyridine nitrogen is bonded to an outer acid OH as 

per both α and β forms.  As well as bonding in its dimer motif, the NH2 on the amide is bonded to the 

carbonyls at the ends of CA.  In this way, one IN is bonded to two CA.  Overall CA is bonded to four IN, 
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two symmetrically equivalent IN molecules on one side and two on the other.  The inner OH hydrogen 

donor does not take part in hydrogen bonding. 

When packing is observed down the a-axis layers are easily distinguished.  Clear layers of IN1, IN2, CA 

are shown.  The layering creates a perforated sheet.  Down the b-axis layering is easily observed.  The 

layers are equally spaced and are parallel. Down the c-axis layering is again observed.  

Salt Form 

The salt form crystallizes in spacegroup P-1 with one molecule of CA and two of IN in the asymmetric 

unit (Figure 6.8a).  Although technically this is a 1:1:1 ternary system where a 4-carbamoylpyridinium (4-

CP) citrate salt forms with the addition of another IN molecule.  An ionic bond is produced when proton 

transfer occurs between the central methyl acid OH and the nitrogen on the pyridine of IN1.  In all the 

previous structures the IN-pyridine nitrogen has bonded to the carboxyl groups at the end of the citrate 

molecule. 

Further proof of the ionic bond formation can be demonstrated using bond lengths. The atoms of 

interest are labelled as N2 and O7 in the CIF.  The hydrogen bonding table gives a bond length of 0.97Å 

between N2 and the proton whereas the length between the proton and O7 is 1.64Å, which is clearly 

longer.  When this is compared to the neutral cocrystals, the β form for example, the atoms of interest 

are labelled as O7 and N6, where the bond lengths are effectively reversed, the O7-H bond being 0.88Å, 

clearly closer than the hydrogen bond between H-N6 at 1.73Å. A full comparison of bond lengths 

between each form is given in Table 6.3. The difference between the cocrystals and the salt is the 

different acid groups bonding with pyridine.  The cocrystals always bonding with an end acid group 

whereas the salt bonds with the central acid group, the most acidic and hence most likely to form an 

ionic bond. 
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Table 6.3 Comparison of bond lengths between pyridine nitrogens and acid groups of each form, 
showing the ionic bond proves salt formation. 

Form D—H···A D—H H···A D···A D—H···A 

α O6—H6O···N2 0.89 1.74 2.61 164 

β O7—H7O···N6 0.88 1.73 2.61 171 

γ O4—H4O···N2 0.87 1.80 2.61 153 

Salt N2—H2N···O7 0.97 1.64 2.58 165 

 

 

   

Figure 6.8 a) Asymmetric unit of the salt form.  b) Ring shape formed in the salt.  This figure shows the 
hydrogen atoms bonded to the pyridine nitrogen as way of showing the charged species.  c) Hydrogen 
bonding in the salt, including the ionic bond formed between the positively charged pyridine nitrogen on 
the isonicotinamide and the negatively charged central acid group on the citrate.  d) Citrate 2 H-bonding 
arrangement. 

IN and 4-CP form dimers as in Figure 6.5c.  IN bonds from the nitrogen on the pyridine ring to the 

carboxyl OH at the end of the citrate.  This bond also shows some limited evidence of a salt formation 

with the slightly longer bond length between the proton and the oxygen on the end acid OH group.  

There is also some electron density where the proton would be if it were a true salt as with 4-CP.  
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The arrangement of the pairing of IN and 4-CP and the ionic bond between 4-CP and the central acid OH 

of the citrate gives the extended ring shape shown in Figure 6.8b. 

IN is additionally bonded from the amide N-H to the central citrate hydroxyl group. 4-CP is bonded from 

the nitrogen on the amide to the carbonyl on the end acid group on the citrate.  The citrate is 

consequently bonded to two IN and two 4-CP molecules. π – π stacking is observed in Figure 6.8c. 

The distances between the layered IN molecules which are π stacked are given in Table 6.4. The 

distances show the aromatic rings are layered almost parallel, with a slight offset on one side compared 

to the other.  The distances are consistent with the definition of pi pi stacking, which states that the 

distances between the ring centroids is less than 5.5Å and that the plane angles are between 60° and 

120°124. 

Table 6.4 π Stacking distances between equivalent atoms in the pyridine rings of two stacked 
isonicotinamides. 

IN1 Atom IN2 Atom Distance (Å) 

C2 C8  3.696 

C3 C9 3.992 

C4 C10 3.878 

N2 N4 3.627 

C5 C11 3.460 

C6 C12 3.478 

 

The rings, however, are not layered exactly on top of each other, but lie at an offset where the angle of 

the planes of the rings are approximately 68-70° (Figure 6.9). 
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Figure 6.9  π-π Stacking of IN in Salt 

 

As the structure is extended a chain of citrate molecules is observed built by two hydrogen bonding 

arrangements.  One involves the central OH and an ending carbonyl and the other the central 

carboxylate and an ending acid OH (Figure 6.8d).  

When packing is observed down the a-axis layers are observed.  A layer of citrate molecules is flanked by 

alternate pairs of each IN which are arranged in a zigzag shape.  Down the b-axis, no layering is 

observed.  Down the c-axis layering is again observed as described in the bonding section with layers of 

IN intercalated. 
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6.3.5 Thermal Analysis 

Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) 

The DSC and TGA were measured for each sample at three rates, 5°C/min, 10°C/min and 20°C/min 

presented in Figures 6.10-12.   

 

Figure 6.10 DSC and TGA of α (blue), β (red), γ (green) and the salt (orange) Ramped at 5°C/min. 
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Figure 6.11 DSC and TGA of α (blue), β (red), γ (green) and the salt (orange) Ramped at 10°C/min. 

 

Figure 6.12 DSC and TGA of α (blue), β (red), γ (green) and the salt (orange) ramped at 20°C/min.  
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Table 6.5 Summary of DSC Data for Four Forms.  

Sample 
Ramp Rate 
(°C/min) 

Onset 1 (°C) Onset 2 (°C) 

α 

5 153.5 - 

10 154.1 - 

20 153.8 - 

β 

5 156.0 - 

10 156.8 - 

20 157.5 - 

γ 

5 145.8 153.3 

10 146.6 154.7 

20 147.3 156.7 

Salt 

5 142.7 150.7 

10 138.6 154.9 

20 139.6 154.8 

 

The thermogravimetric analysis (TGA) of each sample suggests decomposition as each sample melts.  

Because of decomposition, the melting energy cannot be accurately calculated due to the 

decomposition process interfering with the melting energies. 

Form γ and the salt both undergo two phase changes which may be a melt and recrystallization into a 

form consistent with the MP of the α form and sometimes the β form.  This, however, was noted as 

requiring further analysis to confirm the transition from salt to cocrystal by melting such as hot stage 

PXRD which should be a concern for future work.   

Hot Stage Microscopy (HSM) 

The melting points were determined for all forms and presented in Table 6.6. The order of melting 

points suggests the order of stability of forms to be from lowest to highest; salt, γ, α and β. 
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Table 6.6 Hot Stage Microscopy Data for Four Forms. 
Sample Melting Point (°C) 

β 156.0 

α 154.1 

γ 150.0 

Salt 146.7 

 

6.3.6 Spectroscopic Analysis 

 

Figure 6.13 FT-IR of four forms overlaid: α (blue), β (red), γ (green), salt (orange). 
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Figure 6.14 Raman of α (blue), β (red), γ (green) and the salt (orange) overlaid. 

 

6.3.7 Computational Analysis – Morphology, Attachment Energy and Intermolecular Potentials 

An analysis was conducted using Accelrys Materials Studio software75 to more fully support the order 

of stability of the different forms, utilizing all experimental data to fully explain the reasons for the order 

of stability.  Materials Studio is a modelling software and includes a crystallization module.  

Investigations with crystals include predicting and modifying crystal structure and crystal growth. 

Calculations can be made of morphology and predicts polymorphs.  The morphology module was used 

here by opening the cif in the software and using the crystal structure determined by SCXRD.  The 

morphology and attachment energy is calculated, which is the energy required to add a new face to the 

crystal by way of integration of molecules.  The stability of each phase is studied by using attachment 

energy values and the lattice energy, where the more negative the higher the stability of the phase.  This 

allows the order of stability to be confirmed after all other physical analyses.  The growth rate is 
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examined depending on the face which gives the morphology of each phase, which further contributes 

to the overall stability of the phase. 

Morphology and Attachment Energy 

The morphology and attachment energy (Eatt) were calculated and presented in Figure 6.15 and Table 

6.7 respectively.  The morphology and Eatt illustrate which faces accept the integration of molecules 

into the bulk lattice easier than others, depicting the slow and fast-growing faces, which contributes to 

the overall morphology observed.  This method of analysis develops understanding in growth 

mechanisms and could be used to develop methods to improve morphology. 

Table 6.7 Attachment Energies with the Slowest Faces Highlighted in Red and the Fastest in Green. 

Phase (hkl) Attachment Energy (kJ/mol) 

α 

(100) -235.89 
(001) -233.01 
(01-1) -224.29 
(1-10) -173.30 
(010) -169.62 
(10-1) -130.89 

β 

(110) -662.20 
(100) -568.40 
(111) -541.16 
(011) -461.33 
(020) -411.96 

γ 

(11-1) -513.71 
(111) -500.36 
(110) -463.84 
(002) -372.46 
(202) -354.80 
(-200) -131.21 

Salt 

(1-11) -172.51 
(10-1) -159.28 
(001) -141.21 
(01-1) -128.83 
(010) -121.59 
(100) -118.87 
(1-10) -113.14 
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Figure 6.15 Calculated morphology of α (a), β (b), γ (c), Salt (d). 

α, β and the salt all have block morphologies whereas γ exhibits a more needle-like plate habit.  The 

fastest growing faces for α are, by definition, corner faces such as (1-1-1) which display a high 

attachment energy.  The slowest growing face corresponds to the face with the lowest attachment 

energy and is the largest face (010).  The attachment energies of all faces of α, β and the salt are not 

very disperse allowing similar growth rate in all directions giving its block habit.  

The slowest and fastest faces of γ exhibit the largest energy difference of all forms which gives rise to 

needle-like morphology.  The β form has the highest Eatt of all forms where the slowest faces are still 
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faster than the fastest faces on α and the salt.  The salt has the lowest overall Eatt meaning it is the 

slowest growing form.  Therefore, the order of growth rate from slowest to fastest is salt, α, γ and β.  A 

comparison between the lattice energies, and Eatt for the fastest and slowest faces in each phase is 

given in Table 6.8.  The α and salt forms retain the order of stability when both the order of appearance 

and energies are considered together, whereas according to the energy calculations, the β form grows 

the fastest but appears third, the opposite being true for the γ form.  However, when considering all 

analysis including thermal data, the overall stability of each phase is the order given by the experimental 

order of appearance. 

Table 6.8 Comparison Between Phases of Calculated Energies Parameters and Phase 
Appearance and Molecular Volume within the Lattice. 

Property 
Appearance of phase 

(grey) and calculated 

crystal properties 

Initial or Lowest 

Ranking property 

  Final or Highest 

Ranking property 

Order of appearance of 

phase sampled by 

PXRD 

Salt (<3min) α (~30-120min) β (~120min) γ (~24hr) 

Lattice Energy Salt (-382kJ/mol) α (-546kJ/mol) γ (-862kJ/mol) β (-921kJ/mol) 

Eatt slowest faces Salt (-113kJ/mol) α (-131kJ/mol) γ (-131kJ/mol) β (-412kJ/mol) 

Eatt fastest faces Salt (-173kJ/mol) α (-236kJ/mol) γ (-514kJ/mol) β (-662.20kJ/mol) 

V/Z Salt 470.1 Å3/mol α 478.9 Å3/mol β 479.6 Å3/mol γ 482.5 Å3/mol 

 

However, when considering all analysis including thermal data, the molecular volumes and the overall 

stability related to appearance of each phase experimentally the impression is that the nucleation and 
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growth as reflected in the order of appearance experimentally indicates the salt is the most metastable 

phase, followed by α, with β then γ.  The growth-related calculation around lattice energy and Eatt 

indicate the salt is the most metastable phase, followed by α, with γ then β.  From a packing volume 

perspective, the order reflects the trend seen in order of appearance experimentally, the salt is the most 

metastable phase, followed by α, with β then γ.  At one level this may be an over simplification however 

this reflects the subtle interplay between the thermodynamic and growth perspective and the kinetic 

and nucleation aspects of the polymorph appearance.   

6.3.8 Intermolecular Potential 

The intermolecular potential illustrates the difference between the total energy of a pair of molecules in a 

given relative orientation and the molecules in isolation125.   

Table 6.9 contains the intermolecular potentials for each form76, 77.  When all phases are compared the 

intermolecular potentials are very comparable.  The three-main molecular paired motifs within each 

phase are between CA-CA, CA-IN and IN-IN.  A comparison is summarized in Table 6.11.  

Table 6.9 Intermolecular Potential Energy. 
Phase Mol1 Mol2 Distance (Å) Energy (kJ/mol) 

α 

CA CA 5.97 -37.63 
CA IN 5.38 -31.52 
IN IN 7.67 -30.57 
IN IN 7.65 -29.80 
CA IN 8.48 -24.80 

β 

CA CA 5.90 -35.87 
CA IN 5.46 -33.54 
CA IN 5.67 -31.26 
IN IN 7.64 -30.10 
IN IN 7.70 -28.73 

γ 

IN IN 7.59 -32.06 
CA IN 7.67 -27.69 
CA IN 5.99 -27.10 
CA CA 5.32 -21.79 
CA IN 6.49 -21.51 

Salt 

CA CA 5.61 -59.47 
IN IN 7.79 -31.69 
IN IN 3.74 -30.80 
CA IN 6.06 -25.72 
IN IN 4.14 -25.50 
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Table 6.10 Lattice Energies of Four Forms. 

Form Lattice Energy (kJ/mol of molecules) 
α -545.99 
β -920.51 
γ -861.74 

Salt -382.30 
 

Table 6.11 Strongest Bonded Motif within Each Phase Green being Strongest and Red Weakest. 

Phase CA-CA CA-IN IN-IN 

α -37.63kj/mol -31.52kj/mol -30.57kj/mol 

β -35.87kj/mol -33.54kj/mol -30.10kj/mol 

γ -21.79kj/mol -27.79kj/mol -32.06kj/mol 

Salt -59.47kj/mol -25.72kj/mol -31.69kj/mol 

 

The intermolecular potential energies are all similar due to similar H-bonding and π-stacking in similar 

forms.  In the α, β and salt forms CA-CA motifs are strongest where the salt clearly shows the strongest 

due to ionic H-bonding.  The strongest motif in the γ form is the IN-IN arising due to very different 

morphology. 

The diagrams presented in Figure 6.16 represent the fastest and slowest faces of the α form.  These 

analyses further support the conclusions drawn by attachment energies, with the slowest and fastest 

growing faces highlighted, the structure can determine the direction of growth towards slower or faster-

growing faces.  
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Figure 6.16 Calculated intermolecular potentials of α form with slowest growing faces in red and fastest 
growing faces in green.  a) Fastest face (100).  b) Second fastest face (001).  c) Second slowest face (010).  
d) Slowest face (10-1). 

The fastest face on the α form (100) (Figure 6.16a) grows by π-π stacking which in this case is the easiest 

method of integration into the lattice.  The intermolecular potentials are not shown for this stacking due 

to weaker interactions.  The second fastest face (001) (Figure 6.16b) grows rapidly due to strong 

intermolecular potentials and ease of integration by chain growth.  The two slowest faces (001) and (10-
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1) (Figures 6.16c and d) have little potential for growth due to the chain growth being oriented away 

from the face. 

 

Figure 6.17 Calculated intermolecular potentials of β form with slowest growing faces in red and fastest 
growing faces in green.  a) Fastest face (110).  b)  Second fastest face (100).  c)  Second slowest face 
(011).  d) Slowest face (020). 

 

The fastest faces in the β form (Figures 6.17a and b) (110) and (100) exhibit easy chain growth directly in 

the face whereas the slowest face (Figure 6.17c) (020) shows the layers are oriented perpendicular to 
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the plane of the face.  This makes it difficult for an approaching molecule to integrate into the face make 

it much less likely.  The second slowest face (Figure 6.17c) (011) shows growth occurs in directions away 

from the face therefore growth of this face only occurs by the growth of other faster faces. 

 

Figure 6.18 Calculated intermolecular potentials of γ form with slowest growing faces in red and fastest 
growing faces in green.  a) Fastest face (11-1).  b) Second fastest face (111).  c) Second slowest face 
(202).  d) Slowest face (-200). 
The fastest faces of the γ form (Figures 6.18a and b) (11-1) and (111) are the fastest growing faces out of 

all phases considered.  Growth is very easy due to the linear chains and sheets formed in these 
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directions.  Single sheets of CA are layered in these directions which are then layered on the top and 

bottom by IN.  The slowest faces (Figures 6.18c and d) (-200) and (202) show that molecules chain 

growth orients away from these faces where growth of the slower faces is only possible by the growth 

of the faster faces. 

 

Figure 6.19 Calculated intermolecular potentials of the salt form with slowest growing faces in red and 
fastest growing faces in green.  a) Fastest face (1-11).  b) Second fastest face (10-1).  c) Second slowest 
face (100).  d) Slowest face (1-10). 
The salt form growth mechanism is very like the α form.  The two fastest-growing faces (Figures 6.19a 

and b) are (1-11) and (10-1) respectively.  The fastest face is due to π-π stacking and the second fastest 
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due to ease chain growth with strong intermolecular interactions.  Growth of the slowest faces (Figures 

6.19c and d) is slow because chain growth occurs away from these faces. 

6.4 CA Cocrystals Conclusions 

Three new phases of Bis(isonicotinamide) citric acid cocrystals and its salt 4-carbamoylpyridinium 

citrate isonicotinamide were successfully isolated and the crystal structures reported herein.  The salt 

form is metastable to the three co-crystal forms, based upon the overall physical form data obtained.   

Overall with regards crystal packing landscape, the three co-crystal polymorphs exhibit the following 

features:  The α and β forms are very similar in structure but have different melting points.  The β form 

packing presents a larger Z’, however, is configured to support a packing of higher stability. 

The relevant inter dependence of the respective forms will be subject of future work, and to date, the 

γ form and the salt transform to the α form when melting.  The implication for β is less kinetically 

favourable than the α form and hence why the γ and salt forms don’t transform to β, which is the most 

stable form on melting.   

The growth rates of each phase and indeed each face were estimated and explained using 

computational analysis of simulated morphology along with the structure.  

An implication of the findings to date is the selection and isolation of the salt over the co-crystal form 

in a concomitant regime; afforded by the possibility of tuning the solubility and subsequently the 

dissolution profile of the 2:1 adduct by the crystallisation conditions applied.   

The outcomes presented in the contribution adds a novel first perspective to crystallisation behaviour 

of binary adduct systems, with the notion the salt form is a transient and concomitant to the 

polymorphic forms of a co-crystal. 
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6.5 New 3-(aminocarbonyl) Pyridinium Malonate Salt – Experimental 

Different stoichiometric ratios are often produced during cocrystal screening, varying the temperature, 

solvent etc.  It is important to discover these forms as well as any polymorphs.  Malonic acid itself is 

polymorphic, Reddy et al.  reported a fifth polymorph in 201342.   

Malonic acid will be crystallized with nicotinamide to form a salt 3-(aminocarbonyl) Pyridinium 
Malonate at a 1:1 molar ratio.  Two polymorphs of the cocrystal form existing at a 2:1 ratio 

bis(nicotinamide) malonic acid (CSD code NUKXUN and NUXUN02 respectively) (Abbreviated to BMI and 

BMII hereafter) have been reported in the past by Karki et al.19 and Lemmerer et al.20 respectively.  The 

former authors reporting that the 1:1 stoichiometric ratio of nicotinamide and malonic acid (AM) was 

either not possible, or highly unstable.  However, a change in solvent resolved this structure and is 

reported for the first time here. 

6.5.1 Materials 

Malonic acid (MA) (99% ACROS), nicotinamide (NI) (>99.5% Sigma), absolute ethanol, were purchased 

from Fisher Scientific or Sigma Aldrich.  Water was used from a Millipore 18.2MΩ water purification 

system. 

6.5.2 Salt Synthesis 

The 1:1 salt was synthesized by recrystallization in water.  MA and NI were weighed in beakers at molar 

ratio 1:1, weighing approximately 2.53g NI and 2.13g MA adding 5ml water, dissolved, and left to stand 

on the bench until crystallisation.  Crystals were not visible until after 48 hours exhibiting diamond 

shaped flake morphology. A known 2:1 (NI:MA) cocrystal polymorph I19 was also synthesized for 

comparison using ethanol as a solvent.  
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6.6 New 3-(aminocarbonyl) Pyridinium Malonate Salt – Results and Discussion 

6.6.1 Salt Synthesis 

The salt 3-(aminocarbonyl) Pyridinium Malonate (AM) was discovered in the 1:1 ratio of nicotinamide: 

malonic acid.  AM was found to have a diamond shaped flake morphology (Figure 6.20a) whereas the 

known bis(nicotinamide) malonic acid (BMI) were long flat plates (Figure 6.20b).  

 

Figure 6.20 Images of the crystal habits of new and known samples a) AM, b) BM. 

BMI was more metastable than AM, rapidly growing into needles from a quickly evaporating solvent.  

AM grew much more slowly over the space of a few days, the yield only reaching a desirable quantity 

after a week of growth.  Further stability comparisons were extended to the other known polymorph II20 

(BMII) using computational methods. 

6.6.2 PXRD Analysis 

The powder patterns for AM and BMI are given in Figure 6.21 and compared to library patterns.  The 

experimental sample BMI matches the library pattern for BMI and not BMII, confirming assignment.  

Especially noticeable is the absence of peaks present for BMII between 2θ 18-21.5° and the absence of 

the large peak at 2θ 17.1°.   
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Figure 6.21 Powder XRD Pattern Comparison: Experimental AM (Green), Experimental BMI (Orange), 
Library BMI (black), Library BMII (green). 

AM, however exhibits several unique peaks to both library patterns for BMI and BMII, noticeably at 

10.5°, 27.8° and 30.9°.  Single crystal XRD confirmed the new structure. 
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6.6.3 SCXRD Analysis 

Table 6.12 Crystal Data of AM.  

 AM 

Chemical formula C6H7N2O·C3H3O4 

Mr 226.19 

Crystal system, space group Triclinic, P-1 

a (Å) 5.0970 (6) 

b (Å) 10.1920 (9) 

c (Å) 10.3521 (12) 

α (°) 66.135 (5) 

β (°) 76.715 (7) 

γ (°) 83.525 (5) 

V (Å3) 478.52 (9) 

Z 2 

m (mm-1) 1.12 

Crystal size (mm) 0.30 x 0.16 x 0.13 

Tmin, Tmax 0.599, 0.754 

No. of measured reflections 7219 

No. of independent reflections 1872 

No. with [I > 2s(I)] 1622 

Rint 0.035 

R[F2 > 2s(F2)] 0.049 

wR(F2) 0.131 

S 1.07 

No. of reflections 1872 

No. of parameters 158 

No. of restraints 0 

Dρmax, Dρmin (e Å-3) 0.54, -0.25 
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Figure 6.22 Asymmetric Unit of AM (a), Ribbon pattern (b). 

Within the unit cell each molecule is not H-bonded to one another, but are on different layers within the 

crystal structure. Only one proton is donated requiring only a single molar ratio of NI to accept. The 

flexibility of MA allows the remaining proton to stabilise the malonate by being shared between its acid 

OH groups. NI molecules are not paired in dimer motifs as in BMI and BMII. The MA are paired with the 

acid OH groups facing each other. Due to proton donation the other carbonyl on the MA has been left to 

be an excellent electron donor and formed two H-bonds, each one to a different amide nitrogen. These 

amide nitrogens also H-bond to two of these carbonyls forming a diamond shaped configuration as in 

Figure 6.22b. Due to limited H-bonding this produces a two molecule thick ribbon which are layered by 

π-π stacking. 

6.6.4 Thermal Analysis 

Hot Stage Microscopy (HSM) 

Initial melting of AM began at around 107°C which agrees well with DSC measurements.  No apparent 

phase transition occurred before melting fully.  BMI melted at the lower temperature of 103.7°C 

therefore AM is more thermodynamically stable. 

Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) 

The DSC was measured for AM and BMI heating at a rate of 10°C/min and presented together in Figure 

6.23.  For both samples, a very clear melt is observed at the onset temperature of 106.6°C for AM and 
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103.2°C for BM.  For both samples, the peak returns to baseline so the melt enthalpy could be calculated 

as 962.8μVs/mg and 936.2μVs/mg respectively.  The TGA begins to reduce slightly at the end of the run 

indicating degradation at this point.  BMI melts at a lower temperature with a lower melt enthalpy 

suggesting the salt is the more stable form.  Both onset temperatures are like those found in HSM and 

agree well with the order of stability. 

 

Figure 6.23 DSC and TGA ramped at 10°C/min of AM (green) and BMI (orange).  

6.6.5 Computational Analysis – Morphology, Attachment Energy and Intermolecular Potentials 

The predicted morphology and attachment energy (Eatt) was calculated for all the forms isolated, and 

the projection with faces indices are presented in Figure 6.24.  A summary table of the attachment 

energy of the fastest and slowest growing faces is given in Table 6.13. 
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Figure 6.24 Calculated morphology of a) AM, b) BMI, c) BMII. 

All three calculated morphologies exhibit similar morphology with long block shapes, where PII is the 

longest.  The experimental salt morphology is different to the calculated, possibly due to solvent effects.  

By examining the attachment energies, the difference in energy between the fastest and slowest 

growing faces is smallest in the salt, allowing for closer growth rates over all faces.  The largest 

difference in energy between fast and slow faces is polymorph I.  The slowest and fastest growing faces 

have been highlighted red and green respectively. 
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Table 6.13 Attachment Energies of Fastest and Slowest Growing Faces 

Phase (hkl) Attachment 
Energy (kJ/mol) 

AM (1-10) -112.21 
(101) -107.82 
(001) -57.20 
(010) -66.07 

BMI (211) -714.75 
(110) -685.59 
(201) -419.24 
(200) -296.56 

BMII (112) -755.17 
(111) -746.34 
(10-2) -275.64 
(100) -255.14 

 

Table 6.14 Lattice Energies of Malonic Acid Forms. 

Form Lattice Energy (kJ/mol) 
AM -180.46 
BMI -1216.29 
BMII -1267.82 
 

When the lattice energies are examined (Table 6.14) the salt is by far the lowest and hence the most 

stable.  Slow growth rate was observed in the experimental AM sample taking up to a week to grow to 

large enough size to analyse.  The high lattice energies of the polymorphs support the rapid growth 

observed experimentally.  Using water as the solvent for the salt form acted as a stabilising agent to 

prevent rapid nucleation by increasing the induction times.  BMII was found to exhibit the highest lattice 

energy and is the metastable form.  The lattice energies of both polymorphs, however, are similar.  The 

packing structure of BMII was arranged in a way for the easiest lattice integration in one direction which 

is why the morphology appears longer than all other forms. 
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Figure 6.25 Calculated intermolecular potentials of AM with slowest growing faces in red and fastest 
growing faces in green.  a) Fastest face (1-10).  b) Second fastest face (100).  c) Slowest face (010).  d) 
Second slowest face (001). 
When the intermolecular potentials are examined76,77 it was found that the fastest two faces (Figure 

6.25a and b) (1-10) and (101) grow by a combination of π-π stacking and easy chain growth with the 

strongest interaction being the ionic bond between MA and NI which extends into the face.  The slowest 

two faces (Figures 6.25c and d) show that growth is slow due to the weakest interaction growing into 

the face.  The interaction is none H-bonding between the top of the MA on the most electropositive side 
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and the aromatic pyridine ring in a separate layer.  All growth mechanisms are much slower than the 

slowest growth of the two polymorphs meaning the salt is by far the most stable. 

 

Figure 6.26 Calculated intermolecular potentials of BMI with slowest growing faces in red and fastest 
growing faces in green.  a) Fastest face (211).  b) Second fastest face (110).  c) Slowest face (200).  d) 
Second slowest face (201). 
For the 2:1 cocrystal polymorph I there are some symmetrical faces with the same attachment energies, 

which promotes rapid growth in one direction.  The fastest faces (Figures 6.26a and b) grow by π-π 
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stacking which are also the second strongest interactions of -69.9Kj/mol where the slowest faces are 

perpendicular to this growth.  The slower faces (Figures 6.26c and d) grow by weak interactions 

between MA and NI at -24.7Kj/mol which are non-ionic and only occur on separate layers.  Due to weak 

interaction between layers, new layers are difficult to form and may form by surface nucleation. 

 

Figure 6.27 Calculated intermolecular potentials of 2:1 MA cocrystal Polymorph II with slowest growing 
faces in red and fastest growing faces in green.  a) Fastest face (112).  b) Second fastest face (111).  c) 
Slowest face (100).  d) Second slowest face (10-2). 
For the 2:1 cocrystal polymorph II, the fastest faces (Figures 6.27a and b) are very similar and are both 

located on the ends of the needle.  They grow by π-π stacking where all chain growth occurs towards 
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these faces.  The slowest faces are slow due to growth occurring away from both faces.  Weak 

interactions occur between layers suggesting difficultly in producing new layers. 

6.7 New 3-(aminocarbonyl) Pyridinium Malonate Salt - Conclusions 

The 1:1 salt AM was successfully isolated, and its structure was reported and compared to the 

experimentally synthesised 2:1 cocrystal bis(nicotinamide) malonic acid polymorph I (BMI).  Further 

comparisons were made to both cocrystal polymorphs BMI and BMII by computational methods.  The 

salt form was found to be more stable than both cocrystal polymorphs, based upon the overall solid 

form data obtained. 

6.8 Nanoparticle Synthesis – Directing Polymorphism and Stoichiometry using 
Microfluidics - Experimental 

Batches of saturated solutions of cocrystals/salts were made up in the solvent which solubilised the 

sample the most (water or ethanol) by stirring in excess.  The sample was filtered before use.  Larger 

batches of each cocrystal were produced, the excess crystals were removed and tested by PXRD to 

determine which polymorph the batches were.  

Nanoparticles were produced by passing the solution through the microfluidic system.  Ethanol or water 

was used as the antisolvent and the microfluidic chip Y-mixer used had 30° converging angle 1mm 

channel width.  The pump rate was 5ml/min.  The nanosuspension was collected and tested by 

NanoSight instrument to determine if particles were present, their size and distribution.  

To prove that particles would not be present using a different method, direct addition was used as a 

comparison to the microfluidic system to prove the concept.  Direct addition involved adding antisolvent 

to a saturated solution by pouring an equal volume of antisolvent into the saturated solution, with 

swirling before a sample is taken for particle analysis.  The filtered blank saturated solution was also 

measured for particles to prevent contamination. 
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Table 6.15 Explanation of Batch Numbers. 

Batch Number Batch Name Pre-microfluidics 

1 CA Cocrystal α form. 

2 CA Cocrystal α form. 

3 CA Cocrystal α form. 

4 CA Salt. 

5 MA Salt 

6 Bis(nicotinamide) Oxalic Acid 

7 Bis(nicotinamide) Oxalic Acid 

 

Once the samples had grown into large enough crystals they were tested by PXRD and compared to the 

initial excess powder to determine whether the crystal form changed by using microfluidics. 

6.9 Nanoparticles Synthesis – Directing Polymorphism and Stoichiometry using 
Microfluidics – Results and Discussion 

6.9.1 Nanoparticle Synthesis 

Observations of all samples are found in Table 6.16.  The blank samples all contained a very small 

number of large particles.  Batches 1 and 2 by direct addition both contained particles which highly 

reflected the laser beam.  Batch 3, however did not contain any particles after direct addition.   
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Table 6.16 Observations by NanoSight of each Batch by Direct Addition and Microfluidics. 

Batch Number Direct Addition Microfluidics 

1 A few large particles Many small particles 

2 A few large particles Many small particles 

3 No particles Many small particles 

4 A few large particles Many small particles 

5 A few large particles Many small particles 

6 No particles Many small particles 

7 No particles Many small particles 

 

The particle analyses are presented in Figures 6.28-35.  Batch 4 produced too many particles to measure 

using the NanoSight. 
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Figure 6.28 Particle analysis by NanoSight of batch 1 after direct addition. 

The multiple peaks present arise due to agglomeration.  As in Figure 6.28 the initial peak at 100nm is 

followed by a peak at double the size at 200nm.  This arises due to the 100nm particles sticking 

together.  More 100nm particles then stick to the 200nm particles which produces a peak at 300nm.  

The 200nm particles stick to 300nm particles producing a smaller number of 500nm particles.  Which 

then stick to some 300nm particles producing a small number of 800nm particles.  This agglomeration 

occurs in all samples.  If stabilizers were required they could be added to reduce agglomeration but 

growth is needed for PXRD analysis.   



  
 

187 
 

 

Figure 6.29 Particle analysis of batch 1 after reacting by microfluidics. 

Where broader peaks are observed such as in Figure 6.29 at between 80-300nm, growth is occurring as 

well as agglomeration.  This is preferred over agglomeration due to the increased quality of the crystals.  

This is observed more often in microfluidic samples where an environment has been created to promote 

growth rather than agglomeration.  Batch 1 produces particles in a more monodisperse sample using MF 

favouring growth rather than agglomeration as in DA and is the preferred method to producing 

nanoparticles. 
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Figure 6.30 Particle analysis of batch 2 after direct addition. 

Figure 6.30 shows DA of batch 2 and contains many sharp peaks starting at the small particle size of 

50nm.  Each subsequent peak is around half the concentration as the previous peak at intervals of 50nm 

suggesting agglomeration.  There is some evidence of growth with the merging of the first three peaks 

between 50-150nm.  The concentration of particles overall is low compared to MF which may be due to 

the very large particles being present in the sample which may have been too large to be displayed on 

this graph. 
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Figure 6.31 Particle analysis of batch 2 after reacting with microfluidics. 

MFs produces a more growth-oriented sample due to the large broad peak between 80-600nm.  There is 

some agglomeration occurring evidenced by the peaks at around 75 and 150nm.  The concentration of 

particles is around 5 times higher than DA making this the better method to use for producing 

nanoparticles. 
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Figure 6.32 Particle analysis of batch 3 after reacting with microfluidics. 

Figure 6.32 shows particles being produced using MFs successfully whereas DA was unsuccessful at 

producing any particles.  Particles around 50nm are produced as the main peak suggests.  

Agglomeration is present due to sharp peaks at regular intervals.  Some initial growth is observed by 

merging peaks between 50-200nm. 
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Figure 6.33 Particle analysis for batch 5 after direct addition. 

Direct addition of batch 5 (Figure 6.33) shows particles at 100nm with some good growth through all 

sizes.  However, some large particles were observed in the sample which was very polydisperse.  
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Figure 6.34 Particle analysis of batch 5 after microfluidics. 

Batch 5 produced a very monodisperse sample using MF (Figure 6.34) with much smaller particles 

starting at 50nm.  Much smaller peaks are observed at 100, 200 and 300nm which gives some evidence 

of agglomeration.  MFs is the desired method to produce nanoparticles due to the increased 

monodispersity. 
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Figure 6.35 Particle analysis of batch 6 after microfluidics. 

Batch 6 by MF (Figure 6.35) produced a very monodisperse sample with small particles of 50nm.  No 

particles were produced by DA. 

6.9.2 PXRD Analysis 

The first three bulk samples were analysed before and after reaction and are presented in Figure 6.36.  

The initial Batches 1-3 were the CA cocrystal α form whereas all subsequent samples formed the CA 

cocrystal γ form.  This shows that direct addition causes the change from α to γ as well as microfluidics.  

However, microfluidics achieved many more nanoparticles which were monodisperse. 
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Figure 6.36 Comparison powder patterns of bulk 1-3. 

From top to bottom: Bulk 1, Bulk 2, Bulk 3, Bulk 1 after microfluidics, Bulk 2 after microfluidics, Bulk 3 
after microfluidics, Bulk 1 after direct addition, Bulk 2 after direct addition, Then for Comparison: CA 
cocrystal α form, CA cocrystal β form, CA cocrystal γ form. 

 

Bulk Sample 4 was made differently to the others whereby the quickly precipitating solids were not 

redissolved before being allowed to crystallise.  This is the fastest forming form being the salt.  The 

excess solution was reacted in the same way as the other bulk samples; namely direct addition and 

microfluidics and the resulting crystals were tested by PXRD.  
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Figure 6.37 Comparison powder patterns of batch 4 and 3 samples. 

From top to bottom: Repeat of batch 4, Batch 3 after microfluidics, Batch 4 by direct addition, Batch 3 by 
direct addition, Polymorph 1, 2, 3 and 4. 

 

Batch 4 was the CA salt and the before and after PXRD analysis is presented in Figure 6.37.  Batch 4 after 

direct addition matches the CA salt form and hence did not change from the initial bulk sample.  Using 

microfluidics showed a conversion to the CA cocrystal α form. 
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Figure 6.38 Comparison powder patterns of batch 4 samples. 

From top to bottom: Batch 4, Batch 4 after direct addition, Batch 4 after microfluidics, For Comparison: 
CA Cocrystal Polymorph α, β, γ and salt. 

An attempt was made to produce crystals of the 1:1 MA salt however the particles dissolved, and 

crystals could not be produced. 

The XRPD pattern of batches 6 and 7 are compared in Figure 6.38.  The initial batches 6 and 7 were the 

2:1 OA salt whereas after reacting with microfluidics it had converted to the metastable 1:1 salt. 
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Figure 6.39 PXRD comparison between before and after microfluidics. 

From top to bottom: Batch 6, Batch 7, Batch 7 after MF, Batch 6 after MF. 

Table 6.17 Summary of Microfluidic Samples of Citric Acid Isonicotinamide Cocrystals. 

Sample Name Initial Phase Phase After DA Phase After MF 

Batch 1 CA Cocrystal α CA Cocrystal γ CA Cocrystal γ 

Batch 2 CA Cocrystal α CA Cocrystal γ CA Cocrystal γ 

Batch 3 CA Cocrystal α CA Cocrystal γ CA Cocrystal γ 

Batch 4 CA Salt CA Salt CA Cocrystal α 

Batch 5 1:1 MA Salt Unknown Unknown 

Batch 6 2:1 OA Salt 2:1 OA Salt 1:1 OA Salt 

Batch 7 2:1 OA Salt 2:1 OA Salt 1:1 OA Salt 

 

The successful conversions of solid forms are highlighted in Table 6.17. The CA salt was successfully 

converted to the α form cocrystal.  The 2:1 OA salt was successfully converted to the 1:1 OA salt twice. 
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6.9.3 Morphology Comparisons 

 

Figure 6.40 Images of the crystal habits of CA cocrystal forms α (a), β (b), γ (c) and the salt (d). 

The most obvious difference in morphology with the CA:IN forms (Figure 6.40) is with the γ form which 

were needles whereas the other three all had similar block morphologies. 
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Figure 6.41 2:1 OA salt (a and c) compared to 1:1 OA Salt (b). 

The 2:1 OA salt produced stalks or long block shapes (Figures 6.41a and c) whereas the 1:1 OA salt has a 

cubic block habit with twinning (Figure 6.41b) Note the uniformity of particle size for the 1:1 salt.  These 

were produced after microfluidics and grown from nanoparticles suggesting a good method for 

producing monodisperse particles. 

6.10 Nanoparticles Synthesis – Directing Polymorphism and Stoichiometry using 
Microfluidics - Conclusion 

Phase selection was achieved using microfluidics by converting CA cocrystal form α to the more 

metastable γ form.  The metastable CA salt form was successfully converted to the more stable α form, 

which only occurred by microfluidics and not direct addition. 

Batch 5 (1:1 MA salt) produced nanoparticles however crystals would not grow due to ethanol being a 

poor antisolvent.  Other antisolvents were attempted but none produced the desired crystals from post 

microfluidic analysis. 

Batches 6 and 7 (2:1 OA salt) both converted to the 1:1 OA salt by microfluidics where direct addition 

failed. 

c) 
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The conversion of batches 1-3 occurred by direct addition suggesting that microfluidics is unnecessary 

for polymorph selection where a change from the CA cocrystal α form to the γ form is desired.  The β 

form does not appear in this method due to the α form being preferred kinetically in the same 

conditions as the β form. 

A method to produce the CA cocrystal γ form from the salt could be achieved by using microfluidics to 

convert from the salt to the α form, then use either direct addition or microfluidics to convert from α to 

the γ form. 
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Chapter 7: Conclusions and Future Work 

7.0 Overall Conclusions and Future Work 

7.1 Overall Conclusions 
 

When reflecting on the aims of the project it can be concluded that each aim has been examined 

thoroughly and additional knowledge has been gained in each area, especially that the problematic 

compounds are still problematic i.e. difficult to control crystallisation behaviour, especially in predicting 

nucleation and MSBWs.  However, steps have been taken towards reducing these problems and the 

methods developed in this project have seen improvements.  Overall, there is still a lot to learn towards 

producing a reliable method to consistently easily crystallising each compound of interest. 

A method has been designed to improve the likelihood of crystallising hard to crystallise material by 

initiating nucleation using microfluidics.  An antisolvent system is used using a bottom up approach, 

nucleation occurs at a liquid-liquid interface where a highly supersaturated diffusion band occurs.  Due 

to such a confined environment the particles have little time to grow and were produced at the 

nanoscale. 

Investigations into modes of flow and physical properties of each material was carried out to fine tune 

the method such as solubility and viscosity measurements.  It was found that citric acid solutions 

exhibited the highest viscosity.  A trend was identified where increased solubility increases viscosity and 

increases the chances of being a problematic compound. 

Nanoparticles were observed by NanoSight for the eight organic acids of interest, however, as 

determined by solubility phase diagrams, only a few compounds of interest likely produced stable 

nanoparticles where the others ended up in an undersaturated state, causing dissolution of particles 

produced initially within the channel.  This is further supported by the seeding experiment results where 
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systems not expected to produce nanoparticles could not lower the maximum undercooling 

temperature of batch crystallisers. 

Some experiments were carried out to observe the behaviour of the particles in suspension over time.  It 

was found that for the less soluble compounds, macrocrystals were grown within 24 hours whereas for 

highly soluble compounds the particles would dissolve, suggesting insufficient supersaturation in the 

fully mixed sample.  For these reasons it is possible that the particles were not as suitable as seeds for 

batch crystallisers which could explain the variation in results and unclear trends. 

 Several repeats for nanoparticle synthesis did little to fine tune the method to produce specific particle 

size, concluding that the method was accurate, but not precise.  The imprecise method was further 

uncovered when the channel width and converging chip angle was compared.  It was again found that 

the method was always successful at producing nanoparticles, but the particle size was never constant.  

The effect of time of analysis after particle production was tested, where if samples were kept in the 

collection vial a few seconds longer, the particle size varied vastly due to the system equilibrating to its 

new saturation state caused by the mixing of the antisolvent.  No clear conclusion could be made about 

the effects of varying channel width and chip angle, but with enough repeats in the future, a more 

accurate conclusion may be drawn. 

The maximum undercooling temperatures of each compound of interest was measured, both unseeded 

and seeded. Unseeded samples exhibited very unpredictable nucleation rates and induction times, 

whereas some seeded samples exhibited an improvement to predictability of nucleation.  It was found 

that as the solubility, viscosity and hence the problematic nature of the compound increases, the 

effectiveness of seeding decreased.  This is most likely because the seeds produced were undergoing 

dissolution at the time of addition as shown by the solubility phase diagrams.   
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The most extreme example of wide metastable band widths is citric acid, which when saturated at 80°C, 

would not spontaneously nucleate even at 5°C in water.  This is highly problematic because the system is 

needed to be fully dissolved and at such high temperatures there is a risk of solvent evaporation or 

boiling, changing the makeup of the system, and requires such low temperatures to force nucleation 

that the solvent risks freezing. 

However, seeding with nanoparticles was promising, where there was always an improvement in the 

probability of nucleation at a ramp rate for each sample, concluding that nanoparticles can be used to 

improve the system, if the conditions are optimum.  The failed compounds may still be used if a suitable 

antisolvent is determined for microfluidic experiments.  More concrete conclusions could be drawn 

where enough data points are collected.  Unfortunately, the method is tedious and long, requiring many 

man hours to fully investigate. 

Cocrystal screens were carried out and a polymorphic cocrystal-salt concomitant system was discovered 

with citric acid and isonicotinamide at a 2:1 and submitted for publication in Crystal Growth and Design.  

The paper examined and reported all four new crystal structures, the metastable form being the salt, 

which is unusual, and the three other forms being polymorphs, α, β and γ.  The α and β forms were 

suspected to be the same form but after closer examination using x-ray diffraction, thermal and 

spectroscopic techniques the forms were found to be very similar but distinct.  When packing 

comparisons were conducted it was found that a bilayer matched, but outside the glide plane the 

subsequent layers did not match.  Using Mercury software, it was found that the β form reflected and 

transformed outside the glide plane whereas the α form only transformed.  The γ form was very 

different to the other two in structure and exhibited a supramolecular chirality despite the coformers 

being achiral.  It was found that the order of stability of the four forms were from most stable to least 

stable: β, α, γ and salt.  The melting points of each were β: 156.0°C, α: 154.1°C, γ: 150.0°C, Salt: 146.7°C. 
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Further, the morphology and growth rates were calculated using Mercury and the reason for the fast 

and slow growing faces presented using attachment energy and UNI potential calculations. 

A new salt 1:1 of 3-(aminocarbonyl) Pyridinium Malonate (AM) was also presented and compared to its 

known polymorphic 2:1 cocrystals of bis(nicotinamide) malonic acid. The same analysis was employed 

and it was found that the new salt was the most stable form of the three.  

A method of directing stoichiometric and polymorphic control was proposed using microfluidics.  It was 

found that conversion is possible between polymorphs, salts and stoichiometries which could potentially 

be useful in industry where a certain form is preferred.  A comparison was conducted between direct 

addition (DA) and microfluidics (MFs) for a proof of concept.  It was found that some systems converted 

using both DA and MFs and some only converted using MFs but not DA.  Only a few systems were 

examined, and more systems and more repeats would be required to confirm the usefulness of 

microfluidics for this application, however, it does suggest there is a hint that microfluidics could be 

used in this way to produce a specific desirable form of a drug. 

7.2 Future Work 

Only a limited number of compounds have been examined in this work to test a new method.  If the 

method is to be validated fully, other compounds will require testing.  Even the compounds discussed in 

this work require many more repeats to produce repeatable data sets.  Especially for seeding 

experiments where long experiments to ensure accuracy, produce limited data in a set time.  The 

accuracy is important so many more months would be required to produce a more concrete conclusion 

to whether the method of seeding with nanoparticles is effective at reducing problems with crystallising 

troublesome compounds. 

More work may be done in selecting suitable antisolvents for the more problematic compounds.  Those 

were identified in this work as compounds which were not expected to produce stable nanoparticles.  
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Antisolvent selection is limited if the solvent used in the saturated solution is water.  This is because of 

miscibility problems.  If the solvent used is changed, more antisolvents would be made available if the 

system is miscible. 

A novel polymorphic cocrystal with citric acid and isonicotinamide has been examined which 

demonstrates the ability of citric acid to form polymorphic cocrystals due to many degrees of freedom 

such as rotation around each acid group.  Malonic acid produces polymorphic cocrystals with 

nicotinamide for the same reasons.  A full screening experiment may be conducted discovering 

polymorphic cocrystals with coformers such as adipic acid or other diacids or triacids due to each having 

the ability to rotate and fix in certain conformations and motifs.  

More should be done regarding polymorph selection using microfluidics, using more polymorphic 

systems and even different stoichiometries to produce specific desirable forms. 
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8.0 Appendix 
Appendix A – Full Solubility Data 

Table A1 Solubility in Water at 20°C. 

Acid 

Mass 
of 

Vial 
(g) 

Mass of 
Vial + 
Sat. 

Solution 
(g) 

Mass of 
Saturated 
Solution 

(g) 

Vial + 
Dry 

Mass 
(g) 

Dry 
Mass 

(g) 

Volume of 
Solvent 

evaporated 
(ml) 

Solubility 
(g/ml) 

Mean 
(g/ml) SD 

Citric 
11.71 12.9576 1.2435 12.5233 0.8092 0.4347 1.8614 

1.86 0.000 
11.71 12.9398 1.2306 12.5100 0.8008 0.4302 1.8613 

Tartaric 
11.69 12.9560 1.2677 12.4112 0.7229 0.5453 1.3256 

1.33 0.004 
11.73 12.9682 1.2432 12.4353 0.7103 0.5334 1.3316 

Malonic 
11.69 12.9132 1.2201 12.4320 0.7389 0.4817 1.5340 

1.53 0.007 
11.68 12.9086 1.2316 12.4210 0.7440 0.4881 1.5243 

Mandelic 
11.78 12.8048 1.0215 11.9188 0.1355 0.8869 0.1528 

0.153 0.000 
11.79 12.8119 1.0255 11.9223 0.1359 0.8905 0.1526 

Oxalic 
11.77 12.8084 1.0376 11.8939 0.1231 0.9154 0.1345 

0.135 0.000 
11.66 12.705 1.0436 11.7854 0.1240 0.9205 0.1347 

Adipic 
11.72 13.7612 2.0377 11.7622 0.0387 2.0010 0.0193 

0.0191 0.000 
11.83 13.8715 2.0397 11.8696 0.0378 2.0039 0.0189 

Glutamic 
11.74 21.8182 10.0736 11.8184 0.0738 10.0098 0.0074 

0.0075 0.000 
11.85 21.9099 10.0583 11.9281 0.0765 9.9918 0.0077 

Salicylic 
11.90 21.9336 10.0349 11.9188 0.0201 10.0248 0.0020 

0.0020 0.000 
11.65 21.6753 10.0229 11.6714 0.0190 10.0139 0.0019 
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Table A2 Solubility in 1:1 Water: Ethanol at 20°C. 

Acid 

Mass 
of 

Vial 
(g) 

Mass of 
Vial + 
Sat. 

Solution 
(g) 

Mass of 
Saturated 
Solution 

(g) 

Vial + 
Dry 

Mass 
(g) 

Dry 
Mass 

(g) 

Volume of 
Solvent 

evaporated 
(ml) 

Solubility 
(g/ml) Mean SD 

Citric 
11.69 12.7855 1.0911 12.3602 0.6658 0.4757 1.3995 

1.4202 0.029 
11.81 12.8618 1.0559 12.4575 0.6516 0.4522 1.4408 

Tartaric 
11.79 12.9007 1.1073 12.3484 0.5550 0.6178 0.8984 

0.8955 0.004 
11.78 12.8754 1.0941 12.3279 0.5466 0.6124 0.8925 

Malonic 
11.70 12.8293 1.1339        
11.75 12.8921 1.1413      

Mandelic 
11.64 12.6716 1.0341 12.2069 0.5694 0.5198 1.0954 

1.1028 0.010 
11.71 12.7550 1.0476 12.2877 0.5803 0.5227 1.1102 

Oxalic 
11.80 12.7834 0.9855 12.0040 0.2061 0.8718 0.2364 

0.2390 0.004 
11.70 12.6645 0.9609 11.9080 0.2044 0.8462 0.2416 

Adipic 
11.76 16.5048 4.7496 12.1004 0.3452 4.9266 0.0701 

0.0710 0.001 
11.79 16.4187 4.6269 12.1360 0.3442 4.7905 0.0719 

Glutamic 
11.78 20.9091 9.1279 11.7915 0.0103 10.1987 0.0010 

0.0010 0.000 
11.85 20.9626 9.1148 11.8574 0.0096 10.1848 0.0009 

Salicylic 
11.76 16.3913 4.6290 12.1107 0.3484 4.7881 0.0728 

0.0702 0.004 
11.79 16.3916 4.5985 12.1164 0.3233 4.7821 0.0676 
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Table A3 Solubility in Ethanol at 20°C. 

Acid Mass 
of 

Vial 
(g) 

Mass of 
Vial + 
Sat. 

Solution 
(g) 

Mass of 
Saturated 
Solution 

(g) 

Vial + 
Dry 

Mass 
(g) 

Dry 
Mass 

(g) 

Volume of 
Solvent 

evaporated 
(ml) 

Solubility 
(g/ml) 

Mean SD 

Citric 11.62 12.5091 0.8844 11.8577 0.2330 0.8256 0.2822 0.2685 0.019 
11.75 12.6312 0.8785 11.9672 0.2145 0.8416 0.2549 

Tartaric 11.77 12.6288 0.8632 11.9358 0.1702 0.8783 0.1938 0.1928 0.001 
11.61 12.4853 0.8715 11.7843 0.1705 0.8885 0.1919 

Malonic 11.76 12.7088 0.9521 
 

     
11.80 12.7651 0.9654 

 
   

Mandelic 11.71 12.6569 0.9457 12.2348 0.5236 0.5350 0.9787 0.9768 0.003 
11.69 12.6275 0.9425 12.2059 0.5209 0.5343 0.9748 

Oxalic 11.76 12.7514 0.9947 12.2229 0.4662 0.6698 0.6960 0.6563 0.056 
11.66 12.6445 0.9805 12.0941 0.4301 0.6976 0.6165 

Adipic 11.65 19.7618 8.1089 12.4489 0.7960 9.2686 0.0859 0.0861 0.000 
11.70 19.7839 8.0864 12.4948 0.7973 9.2384 0.0863 

Glutamic 11.71 23.3811 11.6738 11.7089 0.0016 14.7937 0.0001 0.0001 0.000 
11.74 23.4341 11.6934 11.7434 0.0027 14.8171 0.0002 

Salicylic 11.74 14.4127 2.6686 12.6004 0.8563 2.2970 0.3728 0.3724 0.001 
11.72 14.3801 2.6583 12.5736 0.8518 2.2896 0.3720 

 

Table A4 Bis(isonicotinamide) Citric Acid Cocrystal Form α Solubility. 

Solvent Mass weighed (g) Volume required 
for Dissolution (μl) 

Solubility 
(g/ml) 

Water 0.0359 1000 0.0359 
50:50 Water: 

Ethanol 0.0332 1400 0.0237 

Ethanol 0.0358 1400 0.0256 
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Figure A1 Bis(isonicotinamide) citric acid cocrystal form α solubility. 

The solubility of the α form does not vary much between solvents.  The best antisolvent appears to be 

50:50 water: ethanol but is only slightly less soluble in this solvent than ethanol. 

Table A5 Bis(isonicotinamide) Citric Acid Cocrystal Form β Solubility. 

Solvent Mass weighed (g) Volume required 
for Dissolution (μl) 

Solubility 
(g/ml) 

Water 0.0692 1500 0.0461 
50:50 Water: 

Ethanol 0.0647 3500 0.0185 

Ethanol 0.0663 5800 0.0114 
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Figure A2 Bis(isonicotinamide) citric acid cocrystal form β solubility. 

When ethanol is added is acts as a very good antisolvent for the β form, much more than for α or γ. 

Table A6 Bis(isonicotinamide) Citric Acid Cocrystal Form γ Solubility. 

Solvent Mass weighed 
(g) 

Volume required 
for Dissolution 
(μl) 

Solubility 
(g/ml) 

Water 0.1000 2200 0.0455 
50:50 Water: 
Ethanol 

0.0998 3100 0.0322 

Ethanol 0.1006 15500 0.00649 
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Figure A3 Bis(isonicotinamide) citric acid cocrystal form γ solubility. 

The solubility of the γ form does not decrease much until more than 50% ethanol is added.  This shows 

that ethanol is not the best antisolvent except if pumped faster than the solution hence increasing the 

supersaturation. 

Table A7 4-carbamoylpyridinium Citrate Isonicotinamide Salt Solubility. 

Solvent 
Mass 

weighed 
(g) 

Volume 
required for 
Dissolution 

(μl) 

Solubility 
(g/ml) 

Water 0.1002 1900 0.0527 

50:50 Water: 
Ethanol 0.1003 4500 0.0223 

Ethanol 0.0991 12000 0.0083 
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Figure A4 4-carbamoylpyridinium citrate isonicotinamide salt solubility. 

 

Comparison of Solubilities 

The difference in solubility between the individual coformers and the cocrystal is shown below.  It shows 

that the solubility properties of citric acid are greatly improved, removing problems of viscosity and 

mass transfer. 

Table A8 Comparison of Solubilities of Citric Acid Isonicotinamide Cocrystals. 

Sample  Solvent 
Solubility 

(g/ml) 
Citric Acid 

Water 

0.8029 

Isonicotinamide 0.1917 

α 0.0359 
β 0.0461 
γ 0.0455 

Salt 0.0527 
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Figure A5 Comparison of solubilities of citric acid isonicotinamide cocrystals. 
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Appendix B – Full Seeding Experimental Data 

Table A9 Δθmax by Primary Nucleation. 

 

 

 

Organic Acid 
Heating Rate 

(°C/min) 
Average 

Dissolution T (°C) 
Average 

Nucleation T (°C) 
Δθmax (°C) 

Citric 

0.1 69.5 9.8 59.7 
0.5 74.1 60.8 13.3 
1.0 59.9 3.1 56.8 
2.0 82.8 74.6 8.2 
5.0 89.7 77.0 12.7 

Tartaric 

0.1 71.5 37.8 33.8 
0.5 72.1 54.7 17.4 
1.0 66.6 47.1 19.5 
2.0 66.5 6.4 60.1 
5.0 75.3 42.4 32.9 

Malonic 

0.1 58.0 26.5 31.5 
0.5 34.9 11.5 23.4 
1.0 29.80 5.0 24.8 
2.0 31.0 5.4 25.6 
5.0 33.6 5.7 27.9 

Mandelic 

0.1 39.0 27.6 11.3 
0.5 44.3 27.2 17.1 
1.0 38.2 26.9 11.4 
2.0 44.3 20.8 23.5 
5.0 47.7 20.1 27.7 

Oxalic 

0.1 33.7 27.2 6.5 
0.5 36.8 23.1 13.7 
1.0 47.9 22.1 25.8 
2.0 44.9 19.5 25.3 
5.0 50.7 20.7 30.0 

Adipic 

0.1 26.4 23.6 2.7 
0.5 28.3 23.0 5.3 
1.0 31.9 21.9 10.0 
2.0 31.4 21.6 9.8 
5.0 33.7 19.8 13.9 

Glutamic 

0.1 55.1 41.0 14.1 
0.5 56.8 27.6 29.2 
1.0 58.2 32.5 25.7 
2.0 61.3 24.7 36.6 
5.0 61.8 18.7 43.1 

Salicylic 

0.1 28.9 19.6 9.2 
0.5 34.1 21.6 12.5 
1.0 34.3 19.0 15.3 
2.0 39.5 20.4 19.1 
5.0 48.8 16 32.8 
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Table A10 Δθmax Seeded with Nanoparticles. 

 

 

 

 

Sample Number 
Heating Rate 

(°C/min) 
Average 

Dissolution T (°C) 
Average Nucleation 

T (°C) Δθmax (°C) 

Citric 

0.1 63.3 4.4 58.9 
0.5 - - - 
1.0 40.5 6.4 34.1 
2.0 53.3 3.8 49.5 
5.0 - - - 

Tartaric 

0.1 - - - 
0.5 68.7 6.8 61.9 
1.0 62.2 34.1 28.1 
2.0 66.7 43.1 23.6 
5.0 - - - 

Malonic 

0.1 22.3 13.4 9.0 
0.5 28.2 15.4 12.8 
1.0 29.5 12.8 16.8 
2.0 31.5 2.7 28.9 
5.0 - - - 

Mandelic 

0.1 - - - 
0.5 - - - 
1.0 32.3 14.4 17.9 
2.0 33.3 16.3 17.0 
5.0 28.1 3.5 24.6 

Oxalic 

0.1 39.5 39.3 0.2 
0.5 30.9 31.1 -0.2 
1.0 33.3 36.8 -3.5 
2.0 45.9 28.8 17.1 
5.0 41.1 26.6 14.4 

Adipic 

0.1 39.0 19.5 19.5 
0.5 36.0 14.9 21.1 
1.0 36.3 21.6 14.8 
2.0 37.0 16.3 20.7 
5.0 37.2 17.7 19.5 

Glutamic 

0.1 48.8 35.3 13.5 
0.5 54.0 29.1 24.9 
1.0 53.4 13.7 39.7 
2.0 50.4 13.1 37.3 
5.0 - - - 

Salicylic 

0.1 49.4 47.0 2.4 
0.5 58.2 48.3 9.9 
1.0 53.0 39.9 13.1 
2.0 48.8 27.8 21.0 
5.0 45.6 17.1 28.5 



  
 

217 
 

Table A11 Comparison of Both Seeding Systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Number Heating Rate (°C/min) Δθmax (°C) Unseeded Δθmax (°C) Seeded 

Citric 

0.1 59.7 58.9 
0.5 13.3 - 
1.0 56.8 34.1 
2.0 8.2 49.5 
5.0 12.7 - 

Tartaric 

0.1 33.8 - 
0.5 17.4 61.9 
1.0 19.5 28.1 
2.0 60.1 23.6 
5.0 32.9 - 

Malonic 

0.1 11.3 9.0 
0.5 17.1 12.8 
1.0 11.4 16.8 
2.0 23.5 28.9 
5.0 27.7 - 

Mandelic 

0.1 31.5 - 
0.5 23.4 - 
1.0 24.8 17.9 
2.0 25.6 17.0 
5.0 27.9 24.6 

Oxalic 

0.1 6.5 0.2 
0.5 13.7 -0.2 
1.0 25.8 -3.5 
2.0 25.3 17.1 
5.0 30.0 14.4 

Adipic 

0.1 2.7 19.5 
0.5 5.3 21.1 
1.0 10.0 14.8 
2.0 9.8 20.7 
5.0 13.9 19.5 

Glutamic 

0.1 14.1 13.5 
0.5 29.2 24.9 
1.0 25.7 39.7 
2.0 36.6 37.3 
5.0 43.1 - 

Salicylic 

0.1 9.2 2.4 
0.5 12.5 9.9 
1.0 15.3 13.1 
2.0 19.1 21.0 
5.0 32.8 28.5 
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Table A12 Induction Times - Unseeded. 
Citric Acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

69.5 0.1 
2016-10-15 9:42 2016-10-15 19:37 9hours 55min 

10hours 52min 
2016-10-16 22:05 2016-10-17 9:54 11hours 49min 

74.1 0.5 2016-10-15 21:04 2016-10-15 23:33 2 hours 29min 2hours 29 min 

59.9 1.0 
2016-10-18 3:25 2016-10-18 7:06 3hours 41min 

3 hours 26min 
2016-10-18 12:30 2016-10-18 15:40 3hours 10min 

82.8 2.0 

2016-10-17 17:31 2016-10-17 17:32 1min 

4min 2016-10-18 1:05 2016-10-18 1:09 4min 

2016-10-18 8:38 2016-10-18 8:46 8min 

      

      

Tartaric Acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

71.5 0.1 
2016-10-15 7:23 2016-10-15 13:22 5 hours 59min 

6 hours 6 min 
2016-10-16 12:04 2016-10-16 18:16 6 hours 12min 

72.1 0.5 

2016-10-13 17:01 2016-10-13 17:32 31min 

42min 2016-10-14 0:23 2016-10-14 1:18 55min 

2016-10-14 7:36 2016-10-14 8:16 40min 

66.6 1.0 

2016-10-13 16:06 2016-10-13 16:27 21min 

21min 2016-10-13 20:43 2016-10-13 20:58 15min 

2016-10-14 1:26 2016-10-14 1:54 28min 

66.5 2.0 2016-10-11 16:29 2016-10-11 17:00 31min 33min 

 
75.3 

 
5.0 

2016-10-11 19:54 2016-10-11 20:29 35min 
 

5min 
2016-10-11 23:15 2016-10-11 23:47 32min 

2016-10-13 15:11 2016-10-13 15:16 5min 
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Malonic acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

39 0.1 

2016-10-08 9:13 2016-10-08 11:12 1 hour 59min 

2 hours 2min 2016-10-09 12:13 2016-10-09 13:35 1 hour 22min 

2016-10-10 15:15 2016-10-10 18:01 2 hours 46min 

44.3 0.5 

2016-10-08 1:41 2016-10-08 2:19 38min 

38min 2016-10-08 8:41 2016-10-08 9:22 41min 

2016-10-08 15:40 2016-10-08 16:13 33min 

38.2 1.0 

2016-10-10 22:56 2016-10-10 23:09 13min 

14min 2016-10-11 3:27 2016-10-11 3:43 16min 

2016-10-11 7:58 2016-10-11 8:10 12min 

44.3 2.0 

2016-10-10 17:37 2016-10-10 17:49 12min 

13min 
2016-10-10 20:54 2016-10-10 21:09 15min 

2016-10-11 0:10 2016-10-11 0:25 15min 

2016-10-11 3:25 2016-10-11 3:36 11min 

47.7 5.0 

2016-10-10 17:13 2016-10-10 17:18 5min 

7min 
2016-10-10 19:49 2016-10-10 19:58 9min 

2016-10-10 22:24 2016-10-10 22:29 5 min 

2016-10-11 0:58 2016-10-11 1:05 7min 

      

      

Mandelic Acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

58 0.1 2016-10-16 11:17 2016-10-17 1:39 14hours 22min 14hours 22min 

34.9 0.5 
2016-10-14 19:41 2016-10-14 20:33 52min 51min 

  2016-10-15 3:03 2016-10-15 3:52 49min 

29.8 1.0 

2016-10-14 17:59 2016-10-14 19:13 1hour 14min 

57min 
2016-10-14 22:42 2016-10-14 23:37 55min 

2016-10-15 3:24 2016-10-15 4:01 37min 

2016-10-15 8:05 2016-10-15 9:05 1hour 

31 2.0 

2016-10-17 15:56 2016-10-17 16:18 22min 

30min 2016-10-17 21:15 2016-10-17 21:57 42min 

2016-10-18 2:35 2016-10-18 3:01 26min 

33.6 5.0 

2016-10-17 15:26 2016-10-17 15:49 23min 

19min 2016-10-17 19:58 2016-10-17 20:18 20min 

2016-10-18 0:33 2016-10-18 0:46 13min 
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Oxalic acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

33.7 0.1 

2016-10-08 9:33 2016-10-08 10:18 45min 

51min 2016-10-09 13:15 2016-10-09 15:16 1hour 1min 

2016-10-10 16:32 2016-10-10 17:18 46min 

36.8 0.5 

2016-10-07 3:25 2016-10-07 3:58 33min 

33min 2016-10-07 10:23 2016-10-07 10:56 33min 

2016-10-07 17:19 2016-10-07 17:53 34min 

47.9 1.0 

2016-10-06 23:06 2016-10-06 23:38 32min 

30min 2016-10-07 3:42 2016-10-07 4:11 29min 

2016-10-07 8:19 2016-10-07 8:48 29min 

44.9 2.0 

2016-10-06 17:49 2016-10-06 18:02 13min 

14min 
2016-10-06 21:07 2016-10-06 21:21 14min 

2016-10-07 0:25 2016-10-07 0:39 14min 

2016-10-07 3:43 2016-10-07 3:56 13min 

50.7 5.0 

2016-10-06 17:25 2016-10-06 17:32 7min 

7min 
2016-10-06 20:03 2016-10-06 20:09 6min 

2016-10-06 22:41 2016-10-06 22:48 7min 

2016-10-07 1:19 2016-10-07 1:26 7min 

      

      

Adipic acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

26.4 0.1 

2016-10-06 12:05 2016-10-06 12:36 31min 

30min 2016-10-07 11:36 2016-10-07 12:06 30min 

2016-10-08 11:00 2016-10-08 11:29 29min 

29.3 0.5 

2016-10-05 19:51 2016-10-05 20:01 10min 

10min 2016-10-06 2:10 2016-10-06 2:21 11min 

2016-10-06 8:30 2016-10-06 8:40 10min 

31.9 1.0 

2016-10-05 17:50 2016-10-05 18:00 10min 

10min 2016-10-05 22:00 2016-10-05 22:10 10min 

2016-10-06 2:09 2016-10-06 2:19 10min 

31.4 2.0 

2016-10-05 16:59 2016-10-05 17:04 5min 

5min 2016-10-05 20:06 2016-10-05 20:12 6min 

2016-10-05 23:14 2016-10-05 23:19 5min 

33.7 5.0 

2016-10-05 16:27 2016-10-05 16:30 3min 

3min 2016-10-05 18:57 2016-10-05 19:00 3min 

2016-10-05 21:28 2016-10-05 21:32 4min 
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Glutamic Acid 

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

55.05 0.1 

2016-10-06 5:47 2016-10-06 8:27 2hour 40min 

2 hour 40min 2016-10-07 5:14 2016-10-07 7:40 2 hour 26min 

2016-10-08 4:35 2016-10-08 7:28 2 hour 53min 

56.8 0.5 

2016-10-05 17:47 2016-10-05 18:59 1 hour 12min 

1 hour 4min 2016-10-06 0:05 2016-10-06 1:01 56min 

2016-10-06 6:21 2016-10-06 7:25 1 hour 4min 

58.2 1.0 

2016-10-05 16:21 2016-10-05 16:52 29min 

27min 2016-10-05 20:31 2016-10-05 20:58 27min 

2016-10-06 0:43 2016-10-06 1:09 26min 

61.3 2.0 

2016-10-05 15:41 2016-10-05 16:04 23min 

20min 2016-10-05 18:48 2016-10-05 19:05 17min 

2016-10-05 21:56 2016-10-05 22:15 19min 

61.8 5.0 
2016-10-05 15:23 2016-10-05 15:33 10min 

11min 
2016-10-05 17:13 2016-10-05 17:24 11min 

      

Salicylic Acid      

Average Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

28.9 0.1 

2016-10-08 10:30 2016-10-08 12:19 1 hour 49min 

1hour 40min 2016-10-09 13:24 2016-10-09 14:59 1hour 35min 

2016-10-10 16:18 2016-10-10 17:54 1 hour 36min 

34.1 0.5 

2016-10-06 21:10 2016-10-06 21:38 28min 

27min 
2016-10-07 4:11 2016-10-07 4:37 26min 

2016-10-07 11:12 2016-10-07 11:39 27min 

2016-10-07 18:13 2016-10-07 18:39 26min 

34.3 1.0 

2016-10-06 19:20 2016-10-06 19:37 17min 

17min 
2016-10-06 23:52 2016-10-07 0:08 16min 

2016-10-07 4:23 2016-10-07 4:40 17min 

2016-10-07 8:55 2016-10-07 9:12 17min 

39.5 2.0 

2016-10-06 18:26 2016-10-06 18:37 11min 
11min 

  
  
  

2016-10-06 21:45 2016-10-06 21:56 11min 

2016-10-07 1:04 2016-10-07 1:14 10min 

2016-10-07 4:22 2016-10-07 4:32 10min 

48.8 5.0 

2016-10-06 17:57 2016-10-06 18:04 6min 

7min 
2016-10-06 20:32 2016-10-06 20:41 9min 

2016-10-06 23:07 2016-10-06 23:14 7min 

2016-10-07 1:42 2016-10-07 1:49 7min 
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Table A13 Induction Times - Seeded 
Citric Acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

63.3 0.1 2017-02-27 5:22 2017-02-27 16:19 10 hours 57min 10 hours 57min 

48.8 
1.0 

2017-02-14 10:52 2017-02-14 11:44 52min 
49min 

32.1 2017-02-15 11:25 2017-02-15 12:11 46min 

53.3 2.0 2017-02-07 10:27 2017-02-07 11:13 46min 46min 

 
Tartaric Acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

73.5 
0.5 

2017-02-21 9:36 2017-02-21 13:16 3hours 40min 
2hours 53min 

63.8 2017-02-22 10:24 2017-02-22 12:30 2hours 6min 

61.7 
1.0 

2017-02-14 10:38 2017-02-14 10:56 18min 
1hour 4min 

62.6 2017-02-15 10:48 2017-02-15 12:38 1hour 50min 

75 

2.0 

2017-02-07 10:26 2017-02-07 10:37 11min 

13min 64.4 2017-02-08 10:43 2017-02-08 10:55 12min 

60.7 2017-02-09 10:56 2017-02-09 11:12 16min 

 
Malonic acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

27.1 
0.1 

2017-02-27 11:48 2017-02-27 13:36 1hour 48min 
1hour 38min 

17.5 2017-03-01 14:27 2017-03-01 15:54 1hour 27min 

39.1 

0.5 

2017-02-21 10:31 2017-02-21 11:05 34min 

27min 23.2 2017-02-22 11:22 2017-02-22 11:40 18min 

22.3 2017-02-23 11:49 2017-02-23 12:19 30min 

30.2 
1.0 

2017-02-14 11:11 2017-02-14 11:28 17min 
19min 

28.8 2017-02-15 11:25 2017-02-15 11:45 20min 

36.1 
2.0 

2017-02-07 10:58 2017-02-07 11:15 17min 
19min 

26.9 2017-02-08 11:09 2017-02-08 11:29 20min 

 

Mandelic Acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

32.3 1 2017-02-14 11:10 2017-02-14 11:29 19min 19min 

34.2 

2 

2017-02-07 11:08 2017-02-07 11:14 6min 

9min 33.9 2017-02-08 11:18 2017-02-08 11:29 11min 

31.9 2017-02-09 11:29 2017-02-09 11:39 10min 

29.7 

5 

2017-01-31 13:00 2017-01-31 13:20 20min 

20min 29.3 2017-02-01 12:12 2017-02-01 12:34 22min 

25.3 2017-02-03 10:33 2017-02-03 10:52 19min 
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Oxalic acid 

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

36.7 
0.1 

2017-02-27 10:05 2017-02-27 10:07 2min 
29min 

39.5 2017-03-01 11:21 2017-03-01 12:16 55min 

27.5 

0.5 

2017-02-21 11:06 2017-02-21 11:13 7min 

-1min 
28.9 2017-02-22 11:27 2017-02-22 11:23 -4min 

32.7 2017-02-23 11:42 2017-02-23 11:42 0min 

34.6 2017-02-24 12:01 2017-02-24 11:56 -5min 

28 

1.0 

2017-02-14 11:26 2017-02-14 11:25 -1min 

-3min 
37.9 2017-02-15 11:27 2017-02-15 11:31 4min 

33.6 2017-02-16 11:46 2017-02-16 11:40 -6min 

33.8 2017-02-17 11:59 2017-02-17 11:48 -11min 

41.8 

2.0 

2017-02-07 11:16 2017-02-07 11:22 6min 

9min 
48.3 2017-02-08 11:25 2017-02-08 11:36 11min 

46.5 2017-02-09 11:36 2017-02-09 11:46 10min 

47.1 2017-02-10 11:46 2017-02-10 11:56 10min 

39.3 

5.0 

2017-01-31 13:17 2017-01-31 13:21 4min 

4min 
40.3 2017-02-01 12:34 2017-02-01 12:38 4min 

43.7 2017-02-02 11:50 2017-02-02 11:53 3min 

40.9 2017-02-03 11:06 2017-02-03 11:09 3min 

 
 

Adipic acid      
Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

39.3 

0.1 

2017-02-27 9:53 2017-02-27 13:26 3hours 33min 

3hours 33min 37.3 2017-03-01 12:05 2017-03-01 15:19 3hours 14min 

40.4 2017-03-03 13:22 2017-03-03 17:04 3hours 52min 

39.7 

0.5 

2017-02-21 10:50 2017-02-21 11:33 43min 

45min 
36.2 2017-02-22 11:20 2017-02-22 11:58 38min 

33.3 2017-02-23 11:48 2017-02-23 12:34 46min 

34.9 2017-02-24 12:07 2017-02-24 13:01 54min 

40.1 

1.0 

2017-02-14 11:21 2017-02-14 11:38 17min 

17min 
34.5 2017-02-15 11:39 2017-02-15 11:52 13min 

36.8 2017-02-16 11:51 2017-02-16 12:06 15min 

33.8 2017-02-17 12:06 2017-02-17 12:28 22min 

36.1 

2.0 

2017-02-07 11:28 2017-02-07 11:37 9min 

12min 
40.4 2017-02-08 11:35 2017-02-08 11:47 12min 

36.7 2017-02-09 11:51 2017-02-09 12:05 14min 

34.9 2017-02-10 12:03 2017-02-10 12:16 13min 

40.2 

5.0 

2017-01-31 13:33 2017-01-31 13:38 5min 

5min 
35.9 2017-02-01 12:50 2017-02-01 12:55 5min 

35.9 2017-02-02 12:06 2017-02-02 12:11 5min 

36.6 2017-02-03 11:21 2017-02-03 11:25 4min 
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Glutamic Acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

48.8 0.1 2017-02-27 7:59 2017-02-27 10:25 2hours 26min 2hours 26min 

53.8 
0.5 

2017-02-21 10:19 2017-02-21 11:09 50min 
54min 

54.1 2017-02-22 10:41 2017-02-22 11:38 57min 

53.4 1.0 2017-02-14 10:57 2017-02-14 11:40 43min 43min 

50.4 2.0 2017-02-07 11:30 2017-02-07 11:51 21min 21min 

 

Salicylic Acid      

Disso Temp (°C) Ramp Rate (°C/min) Date/time disso temp reached Time of nucleation Induction time Average 

49 

0.1 

2017-02-27 8:08 2017-02-27 10:27 2hours 19min 

25min 40.2 2017-03-01 11:29 2017-03-01 10:07 -1hour 22min 

58.9 2017-03-03 10:00 2017-03-03 10:17 17min 

51.1 

0.5 

2017-02-21 10:25 2017-02-21 10:48 23min 

22min 
56.8 2017-02-22 10:36 2017-02-22 11:01 25min 

63.1 2017-02-23 10:46 2017-02-23 11:05 19min 

61.9 2017-02-24 11:12 2017-02-24 11:31 19min 

45.2 

1.0 

2017-02-14 11:21 2017-02-14 11:43 22min 

14min 
55.4 2017-02-15 11:22 2017-02-15 11:37 15min 

55.7 2017-02-16 11:33 2017-02-16 11:44 11min 

55.5 2017-02-17 11:48 2017-02-17 11:57 9min 

43.6 

2.0 

2017-02-07 11:34 2017-02-07 11:44 10min 

12min 
47.7 2017-02-08 11:41 2017-02-08 11:53 12min 

52.6 2017-02-09 11:48 2017-02-09 12:00 12min 

51.1 2017-02-10 11:59 2017-02-10 12:11 12min 

43.2 

5.0 

2017-01-31 14:01 2017-01-31 14:07 6min 

6min 
46.2 2017-02-01 13:12 2017-02-01 13:19 7min 

46.3 2017-02-02 12:24 2017-02-02 12:30 6min 

46.6 2017-02-03 11:35 2017-02-03 11:41 6min 
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Table A14 Induction Time Summary – Unseeded vs Seeded  

Sample Ramp Rate (°C/min) Induction time Unseeded (min) Induction time Seeded (min) 

Citric Acid 

0.1 652 657 

0.5 149   

1 206 49 

2 4 46 

Tartaric Acid 

0.1 366   

0.5 42 173 

1 21 64 

2 33 13 

5 5   

Malonic Acid 

0.1 122 98 

0.5 38 27 

1 14 19 

2 13 19 

5 7   

Mandelic Acid 

0.1 862   

0.5 51   

1 57 19 

2 30 9 

5 19 20 

Oxalic Acid 

0.1 51 29 

0.5 33 -1 

1 30 -3 

2 14 9 

5 7 4 

Adipic Acid 

0.1 30 213 

0.5 10 45 

1 10 17 

2 5 12 

5 3 5 

Glutamic Acid 

0.1 160 146 

0.5 64 54 

1 27 43 

2 20 21 

5 11   

Salicylic Acid 

0.1 100 25 

0.5 27 22 

1 17 14 

2 11 12 

5 7 6 
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Appendix C – Powder Pattern Indexing of 4-Phase System 

 

 

Figure A6 Experimental (top) and simulated (bottom) powder pattern of α form. 
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Table A15 Peak List Comparing Simulated to Actual Powder Patterns – α Form. 

Simulated Peak Counts Actual Peak (hkl) 

9.556 135 9.402 (001) 

10.126 4151 10.018 (100) 

10.5 232 10.542 (1-10) 

11.091 309 10.923 (01-1) 

13.051 38   (1-1-1) 

14.701 1042 14.413 (11-1) 

16.505 2568 16.419 (110) 

17.066 1680   (10-2) 

17.252 4768 17.2 (1-20) 

17.532 1892   (2-1-1) 

18.248 6062 18.22 (02-1) 

18.933 541 18.912 (020) 

20.458 1950   (20-2) 

21.733 5927 21.573 (2-2-1) 

22.294 560 22.288 (02-2) 

22.574 483 22.995 (12-1) 

23.601 7568 23.881 (21-2) 

24.596 270   (2-21) 

24.939 290 24.999 (1-22) 

25.654 4961 25.675 (102) 

26.837 9981 26.725 (3-1-2) 

27.21 1255   (3-2-1) 

27.553 5483 27.792 (30-2) 

28.984 328 28.892 (003) 

29.171 328   (02-3) 

29.42 830   (3-2-2) 

30.882 695 30.845 (112) 

31.131 386 31.282 (2-12) 

32.407 328 32.482 (22-3) 

33.185 598   (2-2-3) 

33.465 695   (31-3) 

33.683 386   (2-32) 

34.119 1486 34.192 (202) 

34.492 1544 34.505 (20-4) 

35.146 502 35.05 (1-40) 

35.861 598   (310) 

37.013 1409   (01-4) 

37.977 714 37.891 (3-1-4) 

38.973 985   (32-1) 
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Figure A7 Experimental (top) and simulated (bottom) powder pattern of β form. 
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Table A16 Peak List Comparing Simulated to Actual Powder Patterns – β Form. 

Simulated Peak Counts Actual Peak (hkl) 

10.066 4011 9.99 (002) 

12.007 263   (120) 

15.702 403 15.848 (013) 

16.079 1996   (122) 

16.888 4448 16.836 (040) 

17.131 1646 17.17 (200) 

17.32 2609   (023) 

19.747 10000 19.625 (033) 

20.529 1366   (202) 

20.934 823   (212) 

23.523 841 23.402 (151) 

24.089 3660   (124) 

24.709 1121 24.8 (143) 

25.222 8546   (223) 

25.653 4694 25.651 (20-4) 

26.974 4081 26.971 (233) 

27.541 2750   (204) 

27.864 2925   (214) 

28.539 420   (16-2) 

28.835 473 28.932 (224) 

29.24 560   (243) 

30.912 928 30.855 (22-5) 

32.934 385 32.955 (32-4) 

34.094 1541 34.043 (20-6) 

34.93 823 34.879 (41-1) 

35.685 1524 35.549 (27-2) 

36.818 578 36.769 (16-5) 

37.95 1278 37.997 (42-3) 

38.247 1086 38.166 (24-6) 

39.191 613 39.194 (34-5) 

39.488 438   (44-2) 
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Figure A8 Experimental (top) and simulated (bottom) powder pattern of γ form. 
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Table A17 Peak List Comparing Simulated to Actual Powder Patterns – γ Form. 

Simulated Peak Counts Actual Peak (hkl) 

5.744 725 5.643 (200) 

11.502 446 11.39 (400) 

15.306 882 15.011 (20-2) 

16.927 3047 16.711 (110) 

17.488 10000 17.203 (202) 

18.361 357 18.115 (11-1) 

18.819 4074 18.59 (111) 

19.65 156 19.459 (31-1) 

20.731 246 20.502 (60-2) 

21.001 234 20.76 (402) 

22.082 446   (510) 

22.539 1674 22.179 (11-2) 

23.225 971 22.915 (31-2) 

25.283 8850 24.988 (51-2) 

26.26 1574 26.114 (710) 

28.401 2612 28.141 (71-2) 

28.567 1641   (31-3) 

28.983 391 28.916 (100) 

29.981 3549 29.611 (51-3) 

30.355 525 30.177 (802) 

32.413 469 32.041 (71-3) 

34.949 1016 34.435 (80-4) 

35.323 971 35.129 (404) 

36.051 625   (114) 

36.861 1730 36.687 (11 1-2) 

38.108 725 37.817 (42-2) 

38.711 435 38.341 (604) 

39.667 547 39.5 (621) 

 

The simulated peaks match very closely to the actual, but they are all shifted down by approximately 

0.2-0.3 due to the temperature difference.  Despite the shift all the peaks are present, it is certain that 

the sample was purely polymorph 3. 
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Figure A9 Experimental (top) and simulated (bottom) powder pattern of salt form. 
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Table A18 Peak List Comparing Simulated to Actual Powder Patterns – Salt Form. 

Simulated Peak Counts Actual Peak (hkl) 

9.099 338 8.892 (001) 

9.837 375 9.617 (01-1) 

13.769 1038 13.487 (1-11) 

14.618 2225 14.466 (1-1-1) 

15.043 4100 14.876 (11-1) 

17.367 7238 17.18 (110) 

17.59 7238 17.351 (02-1) 

19.065 1375 18.869 (2-10) 

19.601 2312 19.456 (2-1-1) 

19.914 1100 19.699 (020) 

21.165 825 20.931 (200) 

21.589 4375 21.174 (1-22) 

21.88 1388 21.691 (2-20) 

22.572 1025 22.232 (2-11) 

23.377 800 22.931 (111) 

23.98 862   (2-1-2) 

24.382 2625 23.976 (01-3) 

25.388 888 25.117 (10-3) 

26.103 1450 25.741 (201) 

26.55 1712 26.141 (1-32) 

27.778 10000 27.312 (2-31) 

28.761 4650 28.317 (2-12) 

30.08 700 29.931 (3-1-2) 

31.845 712 31.51 (11-4) 

32.426 2450 32.143 (13-1) 

34.325 1175   (2-23) 

35.196 1150 34.637 (31-3) 

36.179 1112 35.888 (130) 

36.961 800   (1-40) 

38.592 962 38.358 (2-1-4) 

39.24 700   (1-1-4) 

39.844 1012   (4-2-2) 
 

The simulated peaks match very closely to the actual except they are all shifted down by approximately 
0.2-0.3 due to difference in temperature.  Despite the shift all the peaks are present with the addition of 
one peak at 33.749 which may be present in α but due to other notable peaks for α being absent the 
sample was purely the salt. 
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Appendix D – Single Crystal Analysis 

Table A19 Full Crystal Structure of α Form of bis(isonicotinamide) citric acid cocrystal. 

 

Crystal data   

C6H8O7·2(C6H6N2O) F(000) = 456 

Mr = 436.38 
 

Triclinic, P  Dx = 1.513 Mg m−3 

a = 10.4670 (4) Å Cu Kα radiation, λ = 1.54178 Å 

b = 10.4844 (4) Å  Cell parameters from 9916 reflections 

c = 10.5487 (4) Å θ = 4.7–72.2° 

α = 98.7808 (11)° µ = 1.06 mm−1 

β = 112.535 (1)° T = 173 K 

γ = 109.0792 (12)° Block, colourless 

V = 957.90 (6) Å3 0.36 × 0.24 × 0.12 mm 

Z = 2 
 

 

Data collection 

Bruker D8 Venture Photon  

diffractometer 

3598 reflections with I > 2σ(I) 

Radiation source: IμS Cu Rint = 0.023  
θmax = 72.2°, θmin = 4.7° 

φ and ω scans h = −12 12 

Absorption correction: multi-scan  

SADABS 2016/2: Krause, L., Herbst-Irmer, 

R., Sheldrick G.M. & Stalke D., J. Appl. 

Cryst.  48 (2015) 3-10 

k = −12 12 

Tmin = 0.649, Tmax = 0.754 l = −13 11 

14673 measured reflections 
 

3746 independent reflections 
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Refinement 

Refinement on F2 
 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.040 H atoms treated by a mixture of independent 

and constrained refinement 

wR(F2) = 0.101 w = 1/[σ2(Fo
2) + (0.0338P)2 + 0.544P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.15 (Δ/σ)max < 0.001 

3746 reflections Δρmax = 0.28 e Å−3 

362 parameters Δρmin = −0.19 e Å−3 

16 restraints Extinction correction: SHELXL-2016/6 

(Sheldrick 2016), 

Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4 

0 constraints Extinction coefficient: 0.0084 (8) 
 

 

Hydrogen-bond geometry (Å, °)  

D—H···A D—H H···A D···A D—H···A 

N1—H1N···O6 0.88 (2) 2.63 (2) 3.269 (2) 131 (2) 

N1—H1N···O7Ai 0.88 (2) 2.21 (2) 2.955 (3) 142 (2) 

N1—H1M···O1ii 0.91 (2) 2.03 (2) 2.9398 (18) 177 (2) 

N3—H3N···O8Aiii 0.89 (2) 2.24 (2) 3.119 (6) 170 (2) 

N3—H3N···O8Biii 0.89 (2) 2.27 (3) 3.15 (3) 169 (2) 

N3—H3M···O2iv 0.91 (1) 2.03 (2) 2.9380 (16) 172 (2) 

O3—H3O···N4v 0.88 (2) 1.74 (2) 2.6037 (16) 171 (2) 

O6—H6O···N2vi 0.89 (2) 1.74 (2) 2.6081 (17) 164 (2) 

O8A—H8O···O4vii 0.83 (2) 1.99 (2) 2.693 (11) 142 (3) 

O8A—H8O···O9A 0.83 (2) 2.10 (3) 2.578 (7) 116 (3) 

O9A—H9O···O2 0.84 (2) 1.98 (2) 2.818 (2) 170 (2) 

O7B—H7B···O4Bvii 0.84 1.83 2.662 (13) 168 

O9B—H9B···O5 0.84 2.63 3.055 (10) 113 

Symmetry codes: (i) −x, −y+1, −z+1; (ii) −x, −y, −z+1; (iii) x, y−1, z; (iv) −x, −y, −z; (v) x−1, y, 

z−1; (vi) −x+1, −y+1, −z+2; (vii) −x, −y+1, −z. 
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Table A20 Full Crystal Structure of β Form of bis(isonicotinamide) citric acid cocrystal. 

Crystal data 

C6H8O7·2(C6H6N2O) 
 

Mr = 436.38 Dx = 1.511 Mg m−3 

Monoclinic, P21/c 
 

 
Cu Kα radiation, λ = 1.54178 Å 

a = 10.3854 (4) Å Cell parameters from 9843 reflections 

b = 21.0202 (8) Å θ = 3.3–72.2° 

c = 17.6219 (7) Å µ = 1.06 mm−1 

β = 94.0777 (16)° T = 173 K 

V = 3837.2 (3) Å3 Block, colourless 

Z = 8 0.36 × 0.15 × 0.11 mm 

F(000) = 1824 
 

 

Bruker D8 Venture Photon  
diffractometer 

6685 reflections with I > 2σ(I) 

Radiation source: IμS Cu Rint = 0.047 
 

θmax = 72.2°, θmin = 3.3° 

φ and ω scans h = −12 12 

Absorption correction: multi-scan  
SADABS 2016/2: Krause, L., Herbst-Irmer, R., 
Sheldrick G.M. & Stalke D., J. Appl. Cryst.  48 
(2015) 3-10 

k = −25 25 

Tmin = 0.651, Tmax = 0.754 l = −21 21 

40494 measured reflections 
 

7534 independent reflections 
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Refinement 

Refinement on F2 
 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.050 H atoms treated by a mixture of independent 
and constrained refinement 

wR(F2) = 0.114 w = 1/[σ2(Fo
2) + (0.0269P)2 + 3.4024P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.13 (Δ/σ)max < 0.001 

7534 reflections Δρmax = 0.43 e Å−3 

607 parameters Δρmin = −0.25 e Å−3 

16 restraints Extinction correction: none 

0 constraints 
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Hydrogen-bond geometry (Å, °)  

D—H···A D—H H···A D···A D—H···A 

N1—H1N···O2i 0.90 (2) 2.04 (2) 2.942 (2) 179 (3) 

N1—H1M···O10ii 0.89 (2) 2.35 (2) 3.118 (3) 145 (3) 

O5—H5O···N4iii 0.87 (2) 1.78 (2) 2.624 (2) 164 (3) 

O7—H7O···N6i 0.88 (2) 1.73 (2) 2.609 (2) 171 (3) 

O10—H10O···O11 0.84 (2) 1.93 (2) 2.5337 (19) 127 (2) 

O10—H10O···O12 0.84 (2) 2.16 (2) 2.768 (2) 129 (2) 

O11—H11O···O4iv 0.87 (2) 1.89 (2) 2.7430 (19) 167 (2) 

N3—H3N···O1i 0.91 (2) 2.01 (2) 2.912 (2) 176 (2) 

N3—H3M···O17 0.90 (2) 2.19 (2) 3.014 (2) 153 (2) 

N5—H5N···O4iv 0.91 (2) 2.09 (2) 2.997 (2) 174 (2) 

N5—H5M···O16 0.91 (2) 2.15 (2) 3.052 (2) 170 (2) 

N7—H7N···O3v 0.90 (2) 2.05 (2) 2.946 (2) 174 (2) 

N7—H7M···O9 0.89 (2) 2.11 (2) 2.986 (2) 170 (2) 

O13—H13O···N8vi 0.85 (2) 1.77 (2) 2.610 (2) 171 (3) 

O15—H15O···N2vii 0.85 (2) 1.80 (2) 2.619 (2) 162 (3) 

O16—H16O···O8 0.85 (2) 2.02 (2) 2.737 (2) 142 (2) 

O16—H16O···O18 0.85 (2) 2.04 (2) 2.550 (2) 118 (2) 

O18—H18O···O2viii 0.88 (2) 1.91 (2) 2.775 (2) 169 (2) 

Symmetry codes: (i) −x, −y+1, −z+1; (ii) x, −y+1/2, z+1/2; (iii) −x+1, −y+1, −z; (iv) −x+1, y+1/2, −z+1/2; 
(v) −x+1, y−1/2, −z+1/2; (vi) x, −y+1/2, z−1/2; (vii) x−1, y, z; (viii) −x, y−1/2, −z+1/2. 
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Table A21 Full Crystal Structure of γ Form of bis(isonicotinamide) citric acid cocrystal. 

Crystal data 

C6H8O7·2(C6H6N2O) 
 

Mr = 436.38 Dx = 1.502 Mg m−3 

Monoclinic, Cc 
 

 
Cu Kα radiation, λ = 1.54178 Å 

a = 31.4521 (12) Å Cell parameters from 7302 reflections 

b = 5.3196 (2) Å θ = 2.9–72.2° 

c = 11.7729 (5) Å µ = 1.05 mm−1 

β = 101.4741 (19)° T = 173 K 

V = 1930.39 (13) Å3 Needle, colourless 

Z = 4 0.46 × 0.11 × 0.05 mm 

F(000) = 912 
 

 

Data collection 

Bruker D8 Venture Photon  
diffractometer 

3386 reflections with I > 2σ(I) 

Radiation source: IμS Cu Rint = 0.046 
 

θmax = 72.2°, θmin = 2.9° 

φ and ω scans h = −38 38 

Absorption correction: multi-scan  
SADABS 2016/2: Krause, L., Herbst-Irmer, R., 
Sheldrick G.M. & Stalke D., J. Appl. Cryst. 48 
(2015) 3-10 

k = −6 6 

Tmin = 0.627, Tmax = 0.754 l = −14 14 

9836 measured reflections 
 

3610 independent reflections 
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Refinement 

Refinement on F2 Hydrogen site location: mixed 

Least-squares matrix: full H atoms treated by a mixture of independent and 
constrained refinement 

R[F2 > 2σ(F2)] = 0.045 w = 1/[σ2(Fo
2) + (0.0689P)2 + 1.4786P]  

where P = (Fo
2 + 2Fc

2)/3 

wR(F2) = 0.120 (Δ/σ)max < 0.001 

S = 1.05 Δρmax = 0.44 e Å−3 

3610 reflections Δρmin = −0.27 e Å−3 

305 parameters Extinction correction: none 

12 restraints 
 

0 constraints Absolute structure: Refined as an inversion twin. 
 

Absolute structure parameter: 0.4 (3) 
 

Refined as a 2-component inversion twin. 
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Hydrogen-bond geometry (Å, °)  

D—H···A D—H H···A D···A D—H···A 

N1—H1M···O3i 0.87 (3) 2.05 (3) 2.893 (5) 164 (5) 

N1—H1N···O2ii 0.92 (3) 1.97 (3) 2.875 (5) 170 (5) 

C3—H3···O2iii 0.95 2.52 3.192 (5) 128 

C6—H6···O3i 0.95 2.42 3.347 (6) 167 

N3—H3N···O1iv 0.88 (3) 2.03 (3) 2.901 (4) 174 (5) 

N3—H3M···O5v 0.90 (3) 1.98 (3) 2.860 (4) 164 (5) 

C9—H9···O5v 0.95 2.39 3.310 (5) 163 

C10—H10···O7vi 0.95 2.56 3.391 (5) 146 

C10—H10···O8v 0.95 2.52 3.218 (5) 130 

C11—H11···O1vii 0.95 2.60 3.181 (5) 120 

C12—H12···O1vii 0.95 2.59 3.170 (5) 120 

O4—H4O···N2 0.87 (2) 1.80 (2) 2.608 (5) 153 (5) 

O6—H6O···N4 0.85 (2) 1.71 (2) 2.560 (4) 173 (6) 

O7—H7O···O6viii 0.83 (3) 1.89 (4) 2.600 (4) 143 (5) 

O7—H7O···O9viii 0.83 (3) 2.52 (5) 3.081 (4) 126 (5) 

C16—H16A···O8ix 0.99 2.53 3.470 (5) 159 
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Table A22 Full Crystal Structure of Salt Form of 4-carbamoylpyridinium citrate isonicotinamide. 

Crystal data 

C6H7O7·C6H6N2O·C6H7N2O F(000) = 456 

Mr = 436.38 
 

Triclinic, P  Dx = 1.541 Mg m−3 

a = 9.5658 (3) Å Cu Kα radiation, λ = 1.54178 Å 

b = 10.6257 (4) Å Cell parameters from 9855 reflections 

c = 11.3057 (4) Å θ = 4.5–72.4° 

α = 111.3323 (10)° µ = 1.08 mm−1 

β = 102.8329 (11)° T = 173 K 

γ = 108.2681 (10)° Block, colourless 

V = 940.21 (6) Å3 0.46 × 0.20 × 0.17 mm 

Z = 2 
 

 

Data collection 

Bruker D8 Venture Photon  
diffractometer 

3473 reflections with I > 2σ(I) 

Radiation source: IμS Cu Rint = 0.035 
 

θmax = 72.4°, θmin = 4.5° 

φ and ω scans h = −11 11 

Absorption correction: multi-scan  
SADABS 2016/2: Krause, L., Herbst-Irmer, R., 
Sheldrick G.M. & Stalke D., J. Appl. Cryst. 48 
(2015) 3-10 

k = −13 12 

Tmin = 0.603, Tmax = 0.754 l = −13 13 

18147 measured reflections 
 

3691 independent reflections 
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Refinement 

Refinement on F2 
 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.035 H atoms treated by a mixture of independent 
and constrained refinement 

wR(F2) = 0.093 w = 1/[σ2(Fo
2) + (0.0491P)2 + 0.3315P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.05 (Δ/σ)max < 0.001 

3691 reflections Δρmax = 0.32 e Å−3 

329 parameters Δρmin = −0.26 e Å−3 

10 restraints Extinction correction: none 

0 constraints 
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Hydrogen-bond geometry (Å, °)  

D—H···A D—H H···A D···A D—H···A 

N1—H1N···O5i 0.90 (1) 1.99 (2) 2.8778 (15) 169 (2) 

N1—H1M···O2ii 0.91 (1) 1.95 (2) 2.853 (6) 176 (2) 

N1—H1M···O2Bii 0.91 (1) 1.99 (2) 2.878 (12) 165 (2) 

N2—H2N···O7 0.97 (1) 1.64 (1) 2.5840 (13) 165 (2) 

N2—H2N···O9 0.97 (1) 2.57 (2) 3.1587 (13) 119 (1) 

C3—H3···O5i 0.95 2.39 3.3125 (15) 163 

C4—H4···O9 0.95 2.46 3.1085 (15) 126 

C6—H6···O8iii 0.95 2.58 3.2629 (15) 130 

N3—H3N···O1ii 0.91 (2) 2.00 (2) 2.908 (3) 174 (3) 

N3—H3M···O9i 0.88 (2) 2.25 (2) 3.103 (3) 162 (2) 

N3B—H3O···O1ii 0.92 (2) 2.01 (2) 2.919 (7) 169 (5) 

C9—H9···O3iv 0.95 2.42 3.3208 (15) 159 

C10—H10···O5 0.95 2.51 3.1212 (15) 123 

C11—H11···O7iii 0.95 2.32 3.2535 (14) 167 

O4—H4O···O8v 0.89 (1) 1.64 (1) 2.5360 (12) 175 (2) 

O6—H6O···N4 0.94 (1) 1.66 (1) 2.5991 (13) 176 (2) 

O9—H9O···O3 0.83 (1) 2.16 (2) 2.7901 (12) 132 (1) 

O9—H9O···O3vi 0.83 (1) 2.30 (2) 2.9370 (12) 133 (1) 

C14—H14A···O2Bvii 0.99 2.60 3.506 (11) 153 

C14—H14B···O8v 0.99 2.66 3.2997 (13) 123 
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