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Abstract  

Crystallization is widely used as a purification method of Active Pharmaceutical 

Ingredients, APIs. During the process a crystalline compound is generally obtained, and it 

can display general properties and characteristics based on the way molecules organize in 

the space. This molecule organization can be responsible for several characteristics such as 

polymorphism, morphology, particle size distribution, and consequently bioavailability. 

For these reasons we selected APIs subject to polymorphism and displaying needle-like 

morphology. Needle-like crystals are difficult to manufacture due to poor flow property, 

compressibility and differential dissolution, as long as particle breakage. These two 

characteristics can mainly affect solubility, processability and bioavailability of the API.  

Diflunisal was selected for its propensity to generate several polymorphic forms, all of 

which happen to be needle like crystals. For these reasons we studied how diflunisal can 

generate and modify its polymorphic forms when subject to a variety of methods. In order 

to analyse the outcomes, spectroscopic methods were used, because they are sensitive 

detections tools towards small change in functional group interactions, therefore useful for 

the identifications of a specific polymorphic form.  It is also know how solvents can modify 

the crystals morphology, therefore several solvents where used in the process to try and 

change the habit of the polymorphs but no solvent was able to effectively modify the crystal 

habit.  

Because of this ineffective behaviour different approaches were taken in consideration. 

Upon evaluation of the driving force of the crystallization we developed several methods 

capable of stopping needle growth in this system. A co-crystallization approach was 

developed. Several co-formers were successfully identified with the aim to create a co-

crystal and interrupt the van der Waals contact stacking interaction responsible for the 

needle growth. A combination of molecular searching tools from the Mercury® program 

combined with principal component analysis was used in the process to narrow down the 

number of possible candidates. Using this approach, a small library of molecules was 

isolated and used in different stoichiometric ratios. Despite the fact several molecules were 

founds to be effective in create co-crystals this remain a trial and error approach which 

remain time consuming and not always successful. The needle growth formation was 

successfully stopped. Regrettably not all the 3 isolated molecules were classified as GRAS. 
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Furthermore, we designed and developed a method based on thermodynamic principle, 

successfully used to modify the aspect ratio of two different APIs, diflunisal and 

isonicotinohydrazide, both of which grow as needle like crystals. Using a High-Shear 

Ultralow Attrition Agitation apparatus we promoted the crystal growth via two factors, 

Ostwald ripening and maximization of the mass transfer. Experiment shows a significant 

decrease in aspect ratio after 14 days of constant agitation. 

Based on the successful results of this approach we identified a co-crystal (BZA-INA) 

capable of growing as needle-like crystals. We developed a temperature cycling approach 

capable of greatly changing the aspect ratio in a reduced amount of temperature cycles. To 

maximise\ the temperature cycling effect we selected a small library of compounds used to 

modify the growth kinetics of a specific face. Two molecules in particular were able to 

amplify the already significant effect of the temperature cycling further affecting the aspect 

ratio of the final compounds.  

During this work we demonstrate how to perform a polymorphism interconversion analysis 

followed by stress test to evaluate the stability of API polymorphic form.  
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Solid state 

In the solid-state compounds may be crystalline and amorphous. Crystalline compounds 

are characterized by the presence of long-range order, in contrast amorphous solids have 

no long-range order. Crystalline materials are more abundant than amorphous materials, as 

they are more stable as the lattice energy is released when they crystallize. In contrast 

amorphous materials have high energy and are unstable with respect to crystallization. A 

transformation from an amorphous form to a crystalline form over time is a common 

outcome because of the release in energy due to crystallization. In crystalline materials the 

long-range molecular order goes from one end of the crystal to the other, on the other hand 

amorphous compounds are randomly allocated in the space.  The unit cell in Figure 1, is 

the basic building block of a crystal. The crystal lattice is built up by placing unit cells 

beside each other, and it has three distance vectors a, b, c and three angles α, β, γ. 

 

Figure 1. Representation of a centred unit cell. 

In the lattice several lattice planes can be described. A convention know as Miller indices 

is used to represent plane in a lattice. Three parameters (h, k, l) represent a plane.  

The parameters are defined as reciprocal of the intercepts the plane makes with the three-

unit cell axes. When a plane is parallel to a given axis, the corresponding Miller index is 

zero, these indexes can assume positive and negative value and they have the main role to 

help the description of the crystal structure and to identify specific feature of the crystal 

organization and identification of crystallographic faces. 
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Figure 2. Examples of Miller indices planes drawing, in the following schematic 

representation shows how the planes can be used to identify a specific position along the 

area of the unit cell.  

Polymorphism 

Despite having the same chemical structure, polymorphs have different crystal structures, 

which results in each polymorphic form having a unique structure which affects the lattice 

energy and leads to a different property ranging from different densities, solubilities, bio-

availabilities, and different morphologies. Formation of diverse polymorphic forms can for 

instance depend from the solvent used in the crystallization process.  

The lattice energy is often referred as the interaction force between a central molecule and 

all the surrounding neighbours and take in account all the van der Waals and coulombic 

interactions, for this reason it can be used as a general reference point to evaluate certain 

property of the solid structure.  

The supramolecular arrangement of molecules in the crystal lattice is usually driven by 

secondary interactions such as H-bonding and van der Waals interactions.  

These forces can have a major impact on the molecules disposition in the unit cell, 

influencing the listed characteristics.  
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Figure 3. Representation of different polymorphic form of the same geometrical shape. 

The reason for this phenomenon to happen is associated with the different stabilization 

energy which the structure is subjected to, and one form can be more energetically stable 

than another. The formation of organic molecules can be influenced by kinetic, which refer 

to the molecular mobility and take in account how to overcome molecular barrier and how 

fast the process is going to be, on the other hand  thermodynamic factor are the one that 

take in account and evaluate if the obtained structure is the stable one, and if there are 

inducing force which can be responsible for the formation of a particular form. In 

crystallization one of this driving force can be defined as the difference in chemical 

potential  which is the difference in free energy between the liquid and the crystal phase, 

a high difference between these two values guarantee the formation of a crystal. 

The energy difference between two forms can be small,1,2 and this is the reason why 

polymorphic transformation is a common phenomenon and widely observed in solid state 

chemistry. A rule that explains the order of polymorphs was proposed by Ostwald in 1897. 

The Rule of Stages,3,4 assumes that the more stable polymorph is the last to crystallize. 

The least stable appears first and the system converts to a series of more stable forms. Thus, 

before the final form appears, a polymorphic compound will form every possible 

metastable form. This conversion of the polymorphic forms is achieved via small step 

changes in energy.  
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Figure 4. Representation of Ostwald rule of stages 

Polymorphic conversions can be triggered by a change of temperature, pressure, humidity, 

solvent, and presence of impurity. This modification may occur at any time during the 

manufacturing process and during storing of the APIs, thus the need to have a strict and 

efficient polymorphic screen and control.  

In the past years several complications posed problems during the production of the final 

compound. Late identification of polymorphs and disappearing polymorphs are on this 

list.5,6 In the first case the API already in production displays a novel form which can be 

more stable than the previous one and it can potentially cause a relevant issues, such as 

withdrawing from the market, and addition costs for studies if not identified in time. On 

the other hand, the disappearing polymorph is the case in which it is not possible to 

reproduce the chosen polymorphic form anymore due the possible contamination of other 

polymorphic form. This can lead to the withdrawal of the drug product from the market 

because of patient safety concerns and consequently to loss of money for the pharma 

company. The problems highlighted above lay the foundation to have in place a strict 

polymorph classification and identification policy during the early stage of the drug 

characterization. Even though these requirements are in place sometimes the identification 

of polymorphs can be challenging and misleading, and more importantly; 
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“Every compound has polymorphic form and in general, the number of forms know for a 

given compounds is proportional to the time and money spent in research on that 

compound”7 

This statement is generally true, but exceptions exist, and despite time and effort only one 

solid form is known, for example benzoic acid and isonicotinohydrazide are in this 

category. Polymorphs can be classified in two main groups which are packing or 

conformational.8,9,10 In the first case the different polymorphic forms are connected via 

different intermolecular interactions. In the second case a conformational polymorph is 

observed when the modification in the structure is associated to a rotation of the molecule 

around a specific bond.9 Polymorphs can also be classified according to thermodynamically 

related properties,11,10 i.e. monotropic or enantiotropic behaviour. In the first case only one 

polymorph is stable over the full temperature range in which the form is stable, and there 

is no free conversion of one form in to the other one. In the case of an enantiotropic system, 

the free energy vs temperature curves of the two polymorphs cross in a certain position, 

thermal analysis such as different scanning calorimetry can be used to identify any possible 

relation among different forms. This allows a reversible transition for the form at a certain 

temperature. This thermodynamic relation between two or more forms is important for 

controlling the observed final product.  

Pharmaceutical solvates and hydrates  

An important class of compounds with pharmaceutical relevance and interest are solvates, 

this class of compound can also be referred to pseudo polymorphs. This category of 

compounds has a major implication in the pharmaceutical world because 29% of the 

organic molecules are known to form hydrates or solvate form,11 and in an API 

manufacturing process solvents are always present in some step during production. 

Furthermore this class of compounds can display different properties from the equivalent 

anhydrous form.12 The addition of a solvent molecule in the lattice can cause a profound 

change in the 3-D organization leading to a key change in properties such as melting point, 

solubility, crystal habit, density and mechanical properties. In several cases,11 this class of 

compounds is used to improve the API performance. Solvates often have a channel 

structure, in which the solvent is accommodated in void space of the structure. 

Alternatively, the solvent molecules are incorporated into the lattice without the formation 

of a channel structure as shown in Figure 5. 



[Type here] Introduction [Type here] 

6 

 

Figure 5. Schematic representation of a channel solvate structure on the left and on the 

right a solvate structure. Blue blocks refer to the molecule and the yellow one refers to 

the solvate molecule. 

Channel solvate structure can easily form,12,13 but a problematic situation is when the 

hosted solvent is non bio-compatible.  

Stability overtime can be an issue as well, once de-solvation occurs and the solvent escaped 

the original structure can collapse.14 Loss of the solvent can result in the formation new 

structure,15,16 sometime this strategy is used to access a form that is available only upon de-

solvation of a solvate form.17 Another possible scenario is observed when de-solvation 

occurs, but the void space is lower than 20 %,18,19 in this case de-solvation process results 

in the very same unit cell with the solvent missing, creating isomorphic desolvation such 

as in the case of spirapril.20 

Crystallization 

Crystallization from solution is defined as the process where the dissolved molecules 

change physical state and become a solid crystalline material. Crystallization is a solid 

liquid separation process, often is used also a purification method. This procedure is widely 

used in industry due its low energy consumption and cost-effectiveness compared to other 

purification processes,21,22 e.g. distillation. This process can be tuned and engineered to 

develop features of the final crystal product such as polymorphic form, particle size 

distribution and habit modification, which can facilitate downstream processing during API 

manufacturing.  

Crystallization is a two-step process; the first step is the generation of nuclei and the second 

step is crystal growth, both steps heavily rely on solubility of the target molecule in a 

specific solvent, crystallization process begins once the solution is supersaturated.  
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Figure 6. Metastable zone width.  

It is possible to reach this point by reducing the solubility via a cooling crystallization, 

solvent evaporation, antisolvent addition, chemical reaction, solvent diffusion, seeded 

growth or a combination of these methods. Once supersaturation occurs the system is in a 

metastable zone, therefore nucleation and crystal growth can proceed, several method are 

used to produce crystals. 

Different crystallization techniques  

Commonly used techniques include solvent evaporation; slow cooling of the solution, 

solvent/ non-solvent diffusion, vapor diffusion and sublimation and many variations on 

these techniques. The choice of method may be dictated by the amount of sample.  

Solvent evaporation  

This is the simplest technique for air stable samples. A nearly saturated solution is prepared 

in a suitable solvent. The sample is then left in a sample vial that has a perforated cap, 

which allows the solvent to evaporate. In this process the solution will eventually reach the 

supersaturation and the crystal will start to nucleate and grow. 
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Figure 7. Schematic representation of a solvent evaporation procedure.  

Slow cooling crystallization  

Slow cooling crystallization involves a decrease in temperature which causes a reduction 

of compound solubility in a given solvent, and for this reason, it is possible to reach the 

metastable zone, and the crystallization can start. In this method cooling rate and agitation 

can have a great impact on the final product, and these properties can be fine-tuned. In 

particular the choice of the cooling rate can determine the success of the crystallization 

procedure. 

 

Figure 8. Representation of a cooling crystallization practice.  

Temperature cycling crystallization  

This method is fundamentally like the previous methods, but the continuous modification 

of the temperature is often used to control crystal quality, crystal size distribution, size, 

morphology, polymorphism and chirality.23 For example, crystallization followed by a re-

dissolution step can influence the particle size distribution because the small crystals have 

a large relative surface energy are dissolved before the bigger ones. This process can also 

promote crystal growth, and lead to aspect ratio modification.  

 

Figure 9. Different steps during a cooling crystallization procedure. Thermometer in blue 

represents the cooling step and in red the heating step.  
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Slow solvent diffusion  

This method is applicable to mg quantities of sample. It uses the natural diffusion effect 

between layered solvents. One solvent diffuses in to the other to reach a homogeneous 

mixture. This methodology uses two miscible solvents in which the target molecule is more 

soluble in one compared to the other one. The less dense solvent is layered on the top of 

the first solvent. At this point the two solvents start to dissolve one in to the other one 

changing the supersaturation level resulting in the formation of crystals. 

 

Figure 10. Representation of a slow solvent diffusion procedure.  

Vapour diffusion 

The concept is like the previous one, but here vapor is diffused. In this case a smaller 

container is partially filled with a solution in which the target molecule is dissolved. A 

second solvent is then added to the larger vial and then the vial is sealed. This process 

works best when the second solvent outside the first vial is more volatile than the one in 

which the molecule is dissolved. The system slowly equilibrates. The two solvents are 

miscible, and a positive outcome of the experiment is the formation of crystals.  

Figure 11. Illustration of a vapor diffusion procedure.  

Sublimation  

Many compounds can undergo sublimation without decomposition. Generally, a weighted 

amount of the compound is added on the bottom of a container, e.g. a Petri dish. The 
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container is then placed in a vacuum system and an increase in temperature is applied to 

the base. A temperature gradient is created between the bottom part of the container and 

the top. This can lead to the condensation of the sublimed compound and the formation of 

crystals.  

 

Figure 12. Diagram of a vacuum sublimation procedure.  

 

Nucleation  

Nucleation is the start of the crystallization process, once the solubility reaches the 

supersaturation zone, the molecules can start to cluster together, because the solution 

becomes unstable. This instability provides the driving force and the crystallization process 

is then spontaneous. Following the classical nucleation theory, we can identify two energy 

contributions, that dominate the nucleation event.  

Figure 13. Scheme of the energy contribution to the crystallization process. In blue is 

highlighted the drop of energy associated with the cluster formation, in red the increase if 

energy due to surface energy and in green the overall contribution.  

i) Energy decrease due to the increase in the cluster dimension. 

ii) Energy increase due to surface tension.  
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These energetic contributions are competing one against the other, therefore, this step is 

reversible. The molecules can continuously become part of the cluster or dissolve and 

return to the solution phase. This progression becomes a non-equilibrium process once the 

non-reversibility point is reached and the critical nuclei dimensions are encountered.24 

The formation of a critical size nucleus can be reached once a decrease in the overall free 

energy is obtained. After the formation of a critical cluster, the nuclei dissolution rate in 

the solvent is lower than the growth rate. Once this point is reached the activation energy 

barrier is overcome and the crystal can grow.  

 

Figure 14. Schematic representation of a crytical cluster.  

Nucleation and crystal growth combined have the ability to relieve the solution from the 

supersaturation condition, and it is always a combination of the two phenomena that 

dictates crystal shape and particle size distribution.  

The nucleation event can take place in different ways, following a primary homogeneous 

or heterogeneous nucleation path. If the crystal growth follows this condition, the 

nucleation occurs by molecular clustering. On the other hand if a foreign body is present in 

solution heterogeneous nucleation occurs. 25 In this case the activation energy is lower than 

the homogeneous nucleation. The foreign particle can act as a catalyst and decrease the 

activation energy required by the normal process, during this step the particle can create a 
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preferential site or change in the phase boundaries, capable of changing the energy 

necessary for the crystallization event to occur. 

 

Figure 15. Schematic representation of critical nuclei during primary nucleation on the 

left and secondary nucleation on the right.  

Another possible nucleation mechanism is the secondary nucleation.21 During secondary 

nucleation, a crystal fragment or a seed present in solution promote crystal growth even 

though the solution is in a lower supersaturation condition compared to the one necessary 

to promote a primary nucleation process. Because of these different mechanisms and 

because of the different activation energy barriers, the ability of controlling and 

understanding the nucleation step can play a pivotal role in the quality of the final 

compound.  

Crystal growth mechanisms  

Following the formation of a stable nucleus, a fundamental condition for crystal growth is 

that the number of molecules joining the crystal surface must be greater than the molecules 

leaving it. This step is dependent on the strength and number of interactions between the 

molecules on the surface and the growth unit. To sustain the crystal growth a driving force 

is necessary. In the case of a supersaturated solution the chemical potential is generated due 

to the difference in concentration from the supersaturated solution to the saturate solution. 

Δμ=kTln(
𝑪

𝑪𝟎
) 

 

Chemical potential refers to the energy that can be absorbed or release in a system due to 

change in particle number, in the case of crystallization, the crystals formation results in 
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the change of particle number, therefore the change in energy of the system can be 

observed. This also explain why the chemical potential is calculated using the difference 

between supersaturated solution and saturated solution.  

Another important aspect is associated with the ability of the crystal surface to “capture” 

molecules coming from the solution. This ability depends on the coordination capability of 

the growing surface. 

 

Figure 16. The outside dotted line coincides with the observed crystal. Face A is 

shrinking over time because it is growing faster than B and for this reason it becomes less 

important as face in the crystal habit. 

The molecules which are joining the surface can interact with it in different ways. As a rule, 

there are three possible ways of interactions. The more energetically favourable way to 

connect a molecule to the growing face is when a kinked face (K) is formed.  

In this case the molecule near the face can create three secondary interactions once it has 

joined the crystal face. If two coordination sites are generated the stepped face (S) is created 

and if only one coordination is possible a flat face (F) is created. 
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Figure 17. Schematic representation for formation of a kinked face(K) stepped face (S) 

and flat face (F). 

 

The possibility to create an interaction whit a specific face increases the attachment energy, 

Hartman-Perdok theory indicate that the larger the attachment energy, the faster the growth 

rate of a crystal is. We can generalize that kinked site energy EK > stepped face energy ES 

> flat face energy EF. For this reason, the growth of a flat surface is the less energetically 

favourite way for a molecule to join the crystal growing face.22 This approach is generally 

true, but is based on the idea in which all the interactions have an equal importance across 

the different directions, and this is not always true. The presence of functional group along 

one direction can drastically modify the binding energy associate to that particular face.  

Continuous growth mechanism  

To allow continuous nucleation to happen the presence of kinked site and step is high and 

constant during the crystallization. For this reason, the energy necessary to the molecules 

to join the surface of the crystal is minimized, and the presence of this growing site led to 

an energetically favourite crystallization process. This phenomenon can be expressed via 

different theories.  
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Figure 18. Illustration of different crystal growing mechanisms.  

Two-dimensional aggregate 

Two-dimensional aggregate theory explains how molecules are involved in a dynamic 

process which includes the adsorption and desorption of the molecules on the crystal 

surface. In this constant movement the single molecules can collide on the crystal surface, 

and they can create a small cluster. This process continues until a critical cluster is formed. 

This cluster allows the formation of a new face which is the rate determining step for this 

proposed mechanism. Once this growing step is accomplished the formation of a new 

crystal layer is observed. As soon as the surface is completed the next step for the crystal 

growth is the formation of another cluster to allow the growth of the next layer. It is evident 

that the growth rate in this model is heavily dependent on temperature and concentration. 

This model fails to describe the crystal growth if the degree of supersaturation condition is 

too low.  

 Burton-Cabrera-Frank (BCF) model  

Burton-Cabrera-Frank (BCF) model differs from the previous model where the rate 

determining step is the formation of a critical nucleus. The BCF theory tries to describe the 

growth as a continuous process in which the addition of a unit happens only via a “cheap” 

progression. Following this idea this theory proposed that a screw dislocation is present in 

the lattice. A screw dislocation is a dislocation in the lattice structure of a crystal in which 

the atoms are arranged in a helical pattern that is normal to the direction of the stress. In 

this way a step is formed, and it can constantly generate a site in which the coordination of 

a molecule to the growing face is a favourite process. Therefore, the major advantage is the 
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constant creation of kinked sites in which the attachment of the molecule is favourable. The 

major appeal of this theory is that even at low supersaturated conditions crystal growth 

could have a finite growth rate. The rate determining step in this process is the diffusion of 

the material to the kinked site. The growth can spread at infinite velocity. In this case the 

transfer of the matter on the favourite kinked site is the slowest step in this process.  

Diffusion layer model 

In this theory the growth surface is roughened, and the number of kinked sites is always 

high and enough to guarantee a constant crystal growth. 

During this process molecules are in the liquid phase and close to the solid surface, in which 

case they can leave the liquid face and join the crystal surface. Due to this process the 

concentration is diminished in the proximity of the crystal face creating a gradient. The 

solution concentration farther away from the crystal surface is higher than the concentration 

close to the crystal surface. This stagnant region is called concentration boundary layer.  

 

Figure 19. Diffusion boundary layer 

In this layer the solute diffuses to the crystal surface and then is incorporated in the crystal. 

Agitation or solvent motion will reduce the dimension of the boundary level. In this 

mechanism the diffusion capability is the rate determining step of the entire process. 

Knowing the different crystallization mechanisms can help to plan the best counter 

measurement to apply modification the final product.  
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Ostwald ripening process  

The Ostwald ripening process involves the partial dissolution of small crystals and transfer 

of the material in solution to a larger crystal that can grow.26 As final outcome this process 

can lead to a full dissolution of a small crystals and the constant growth of a big ones at the 

expenses of the small ones.27 Such a process can take place once the crystallization is 

finished and the solid and solution are in a near-equilibrium condition. According to the 

Gibbs–Thomson effect, small crystals are highly susceptible to solubility compared to big 

ones.28 The driving force of this process is the minimization of the surface free energy, 

small crystals have a higher relative surface energy compared to big crystals, and this factor 

is independent from crystal shape. Effective mass transfer can be further increased the 

dissolution/ growth process which is referred as Ostwald ripening.  

 

Figure 20. Schematic representation of Ostwald ripening procedure. This picture shows 

the crystal growth mechanism over time 

Crystal morphology  

Until now we focused the attention only on the internal structure of the crystal, but the 

external shape can have a huge implication for example on rheological properties. The 

external shape of a crystal is generally denoted as habit or morphology. This expression 

refers to the faces that are expressed in the crystal, the dimensions, the area and in general 

the shape of the crystal. In each crystal several faces are clearly defined, and there is a 

correlation between the internal crystal lattice and the external appearance.29,30 In theory if 

a full isotropic structure is allowed, a sphere would be the favourite morphology for each 

structure.29  

In the lattice a variety of planes can be identified, following the Bravais Law.31 It is 

commonly assumed that a face is developed if this plane intersects a big number of lattice 

nodes, following the simplest Miller index. Thus, general rules are not enough to assume 
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that the observed faces are expressed only in relation to the position of the molecules in the 

lattice structure.  

As stated before, not only the growth mechanism can affect the crystal growth, but also the 

use of different solvents or the presence of an impurity can drastically change the kinetic 

of growth of one or multiple faces resulting in the change of the morphological importance 

and resulting in the expression of a different morphology. 32,33,34,35,36 

There are methods to predict the morphological structure of the crystal, Bravais, Friedel, 

Donnay and Harker (BFDH) and attachment energy (AE) are some of those. In the BFDH 

morphological prediction is based on the crystal symmetry and crystal lattice which is used 

to create a list of possible growing faces. In this method the prediction is solely based on 

symmetry and unit cell information ignoring any chemical nature and packing of the atoms 

in the lattice. Also, for this method the crystal growth happens in an ideal gas phase case, 

ignoring any possible interaction between the molecule and the solvent. Despite this 

limitation BFDH method can be useful to have an initial understanding of the crystal 

properties. For example, it is possible to have an idea of the face or faces with high 

morphological importance. It is generally accepted that the fastest growing faces are the 

ones that have the least morphological importance, in contrast the ones that grow slowly 

have a major implication in the crystal shape.  

An improvement of this method is the attachment energy calculation, which expends on 

the previous method and includes in the prediction the energetic interactions required to 

attach a new slice on the crystal. Not only the attachment of the single molecules in a 

specific position is important, but also the attachment of an entire layer to a crystal face is 

significant. A value that highlight this value is the attachment energy, which is defined as 

the energy per mol of molecule released when a new layer having thickness dhkl is attached 

to the surface of the crystal. As a rule of thumb, it is assumed that a face with a larger 

attachment energy grows faster compared to faces with lower attachment energy.  

Coulombic and dispersion forces 

Molecules are formed via strong covalent bonds interactions, these guarantee the formation 

of what is defined as chemical bond. These interactions are single, double or triple bonds 

responsible of connecting the atoms. Secondary interactions are the ones responsible for 

the formation of molecular organization, the one, we observe in crystal structure are mainly 

hydrogen bonds and van der Waals interactions. These two interactions can be 
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approximated as Coulombic and dispersion forces. In order to predict and design features 

during the crystallization process it is important to understand the nature of these 

interactions and the way they affect the crystal formation. Programmes like PIXEL37 are 

capable of portioning the lattice energy in coulombic, polarization, dispersion and repulsion 

energy.  

From this program single values can be extrapolated which will tend to give an idea of the 

energy contribution which can be further interpreted to understand if the main energetic 

contribution is due to Coulombic or dispersion energy.  

H-bond interaction is largely polar in nature, for this reason a coulombic approximation 

is well suited in this case. The reason why this is possible is because an H-bond interaction 

is formed between an H-bond donor which is generally associated with a δ+, and a more 

electronegative atom, e.g. oxygen and nitrogen, which are generally associated with a δ- 

charge and act as H-bond acceptors. Based on this concept it is possible to understand why 

the approximation of this interaction as Coulombic interaction type work.  

 

Figure 21. Representation of Coulombic interaction 

On the other hand, vdW interactions follow the definition of dispersion energy, in which 

a polarizable electron cloud is present, and they can create an induced polarized interaction 

which results in the formation of a dispersion energy. This interaction is generally weaker 

than the previously described H-bond interaction but not negligible.  
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Figure 22. Representation of vdW interactions.  

This dispersion forces are subject to a - 1 𝑟6⁄  decay rather than an exponential one as shown 

for the H-bond interactions. This characteristic explains the reason why dispersion forces 

are subject to a shorter action range compared to the H-bond interactions.  

Needle growth 

Secondary interactions such as, 1-D H-bond and effective vdW contact stacking interaction 

can both give rise to needle growth, and it is possible to observe in the literature.38,39,40,41,42 

It is possible to modify the crystal habit but to do it in an effective and efficient way it is of 

pivotal importance to identify which mechanism is involved in the process. In the case of 

a 1D-H bond interaction the formation of a continuous chain of H-bonded molecules can 

be the driving force of the needle crystallization. In the case of a vdW contact stacking 

interaction a certain percentage of the stacked molecules must be in a proximity of a 

neighbour molecules, to identify, the presence of stacking interaction, a software capable 

of easily estimate the nature of the interactions was used.40 

Molecular packing analysis  

In order to analyse the propensity of creating vdW contact stacking interactions in a 

particular crystal structure, OSCAIL programme was used for this purpose.40 The 

molecular packing programme works in the following way;  

- The first part of the procedure is to pack two-unit cells, one in the proximity of the 

other, along the short crystallographic axes.  

The reason why two-unit cells are necessary is because the molecular stack is 

generally oriented alongside the short crystallographic axes, and more than one 
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centroid is necessary to identify the possible stacked in which neighbour molecules 

are observed. 

- The second step of the process is to fill the volume of the unit cell with the molecule 

centroids, atom coordinates are replaced by molecules centroids in the two-unit 

cells, the distance is computed. A general observation during this process is that 

stacked molecules are along the short direction of the unit cell, and not along others, 

this is the reason why is necessary to use minimum of two-unit cell stacked along 

the short direction in the process.  

 

Figure 23. Two-unit cells in the a direction filled with molecule centroids. 

Another requirement is that the centroid must be in line on a stack direction with a default 

displacement or slip freedom set as default between 1.5 Å and 3 Å, above this value vdW 

radius will exceed the vdW limit.  This requirement is necessary because above this safety 

net distance the crystals do not show any needle growth.40 Once the quantification of 

possible vdW contact stacking interaction is made, the estimation is shifted to the degree 

of interaction of two adjacent molecules and so the interactions in which every atom is 

subjected to. It is generally observed that needle growth is observed once the % of 

neighbours molecules is in vdW contact stacking interaction, and this interaction exceed  

50%.43,40 If the observed structure is a needle and this percentage is not observed there is a 

good possibility that the molecules with needle growth are subject to highly directional H-

bond interactions. 

1D H-bond 

H-bond identified as a Coulombic force and operate in a short range. It obeys a R−2 law, 

where R is the distance between two atoms.40 The H-bond strength can vary between -4 to 
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-30 kJ/mol, and depend from several parameters such as distance between the H donor and 

acceptor, and from the H-bond angle.  

 

 

Strength  X-Y distance  
(D, Å)  

H···Y distance 
(d, Å)  

X-H···Y angle 
(θ, º)  

Examples  

Very strong 
(mainly 
covalent)  

2.2 – 2.5  1.2 – 1.5  175 - 180  HF complexes  
Gas phase 
dimers with 
very strong 
acids/bases  

Strong (Mainly 
electrostatic)  

2.6 – 3.1  1.6 – 2.5  145 - 180  Alcohols  
Phenols  
Acids  
Biological 
molecules  

Weak 
(Electrostatic)  

3.0 – 4.0  2.0 – 3.0  110 – 150/180  C-H hydrogen 
bonds  
O-H···π 
hydrogen 
bonds  
Gas phase 
dimers with 
weak 
acids/bases  

 

Table 1. - Distances, angles and characters of different types of hydrogen bonds 

 

Despite the fact H bond can be created in any directions, they can also be highly anisotropic, 

and they can be oriented along one preferential direction. 

The presence of an 1D H-bond interaction can be responsible for the formation of a highly 

directional H-bond chain composed by a series of aligned molecules across the lattice 

structure. This interaction can drive the formation of a needle-like crystal,44 45 the 1D 

interaction can be highly anisotropic and for this reason favoured the growth process along 

one particular axes.  

As an example D-mannitol was found to grow as needle like crystals, 46 
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Figure 24. Crystal of d-mannitol in a needle shape,46 needle grows along c. 

it is possible to identify two different H-bond interactions that extend in two different 

directions. In this case distances and therefore H-bond forces are different, from figure 24, 

it is possible to observe the molecules stacked along the needle growth direction, which 

happen to be the c axes. These H-bonds are shorter and stronger compared to the ones that 

extend along a, this last H-bond interaction doesn’t provide any directional feature. The 

authors highlighted the great difficulty of growing the crystal along any other direction 

apart from the c direction.46 
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Figure 25. Crystal structure of D-mannitol CSD code DMANITOL07, in the top picture 

unit cell oriented along c which is the needle growth direction, in the bottom picture the 

highly directional H-bond motif is shown. 

Another example is the case of 2’-hydroxy-[1,1’-bi(cyclohexane)]-1-carbonitrile, in this 

molecule there are two functional groups, an -OH which is the H-bond donor and a -CN 

which is the H-bond acceptor. In this case the two functional groups are interacting creating 

a 1D H-bond interaction along the c axis. Therefore, this H-bond motif can create high 

anisotropy in the structure and a driving force which can promote the needle growth along 

the c axis. Differently from the previous cases this H-bond is the only one present in the 

structure, but similarly, the molecules are overlapped along the growing direction, this 

feature is likely to be one commune characteristics of needle-like crystals. 
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Figure 26. Crystal structure of N-cyclohexylcyclohexanesulfonamide, CSD code not 

available, the crystal was kindly provided by Dr. Patrick O'Leary and Lola Gbadebo. The 

authors wish to thank them.  Structure in the top unit cell is oriented along c, which is the 

needle growth direction, in the bottom one the 1D H-bond interaction is shown. 

To conclude H-bond interactions can provide a highly directional driving force which can 

promote needle formations. This interaction can be a localized phenomenon, and this fact 

can be used to rationalize two possible effects: 

- The molecules involved in the growing process have more than one site capable 

of creating an H-bond, the wrong interaction can be created, and this can be 

responsible for a slow crystal growth or disorder in the structure. This is also 

supported by the fact that Coulombic forces have an exponential decay energy and 

the force act only at short range from the interaction face. 

- Different solvents can modify the growing mechanism of a specific face, this 

effect can be observed because of a competing mechanism depending on the 

presence of the same functional group in the solvent, which can interfere with the 

growing process.47  
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Figure 27. Morphology of N-cyclohexylcyclohexanesulfonamide  

 

Van der Waals stacking interactions  

Van der Waals forces are weaker forces compared to H-bonds. They can range between 0.4 

– 4 kJ/mol. vdW interactions are induced electrical interactions between two or more atoms 

or molecules that are close to each other. If this kind of interaction is observed, and this is 

the driving force of the crystallization process, it is possible to observe a weak interaction, 

such as dipole-dipole or a vdW contact stacking interaction. The stacking is observed if the 

neighbour molecules in contact with each other are more than 50%.43,40 At this point it is 

important to point out that in the presence of a single aromatic ring the interactions should 

be called vdW contact stacking interactions and not π-π interactions.48 π-π interactions 

are observed only if the aromatic rings are conjugated and the resonance energy associated 

with the aromatic ring can significantly decrease the overall energy of the crystallization 

process. However, van der Waals forces interacting between two objects can be high in 

number, e.g. in the case of an aromatic ring up to six atoms can take part in the vdW 

interactions, and accordingly vdW interaction can be a very effective.  

Once vdW contact stacking interaction occurs there are two types of stacked motif, in one 

case, it is possible to observe a slip of the molecules in the stack, which create an herring 

bone49,50,51 type motif  in which the π- πinteractions are less significant, or in a normal 

columnar stack in which the molecules are simply stacked one on the top of the other one 

like “pizza boxes”. Nevertheless this slipped stack can sometimes provide a higher 

stabilization compared to the columnar one. 52  

Methanol 

Ethanol 

 

Ether 

Acetone 
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In this first example isonicotinohydrazide CSD code ININCAC02 shows a stack along the 

a axis which also is the growth direction. It is possible to see how the molecules are 

organized in to herring bone structure. This space organization provides a driving force for 

the needle growth. From the structure in figure 28 is possible see an H-bond interactions 

which is not giving any directionality to the crystal, but add stability to the structure.  

 

Figure 28. Crystal structure of isonicotinohydrazide CSD code INICAC02. In the top 

picture the unit cell is oriented along the a axis which is the needle growth direction. On 

the bottom picture the slipped vdW contact stacking interaction is higlighted.  

In this second example the alpha polymorph of p-aminobenzoic acid, is reported, from the 

reported structure it is possible to observe the formation of an 𝑅2
2(8) synthon between the 

carboxylic acid and an H-bond between the carbonyl group and the amide is formed. Also 
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in this case the stacking feature is present and is displayed along the b axis, which also is 

the needle growth direction. Once the structure is turned the herring bone structure is 

observed. 

 

Figure 29. Crystal structure of alpha polymorph of p-aminobenzoic acid CSD code 

AMBNAC01. In the picture on the left the unit cell is oriented along the c axis which is 

the needle growth direction. On the right picture the splipped vdW contact stacking 

interaction is highlighted.  

As last example a diflunisal form 1 polymorph is reported. In this case several polymorphs 

are known and all of them grow in a needle like shape. Similarly, to the previous case the 

stack is observed along a axis, direction of the needle growth but in this case the molecules 

are not subject to a slipped stack but they are directly placed one on the top of the other 

one.  
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Figure 30. Crystal structure of diflunisal form 1 polymorph CSD code FAFWIS01.On the 

left picture the unit cell is oriented along a axis which is the needle growth direction. On 

the right the columnar vdW contact interaction is shown.  

It is suggested 53 that a molecule subjected to vdW contact stacking interaction has the trend 

to approach the growing crystal face in a flat way and lies flat on the surface, this effect 

can be explained because the range of action of vdW interaction between the molecules is 

1/r-6. Therefore, the interaction can be observed from a long distance but becomes effective 

if the incoming molecule is close to the surface of the growing crystal unit and when the 

molecule is almost lodged in the lattice. At this point the molecule can fit in and this can 

be a reason why vdW stacking mechanism works.  

Different ways to change the crystal habit 

Several methodologies are reported in the literature to modify the crystal habit.54,55,56 In 

this study these approaches were used to interrupt the formation of needle-like crystals, 

depending on the driving force acting in the crystal growth mechanism.  

Effect of different solvents on crystallization  

The first and foremost method used to change morphology is the change of the 

crystallization solvents.54,57 This approach does not depend on which technique is used to 

perform the crystallization, but different solvents can have different polarities and different 

functional groups that can dramatically affect the outcome of the crystallization. The 

observed morphology depends mainly on the organization of the molecules in the crystal 
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lattice.58 In some cases, specific functional groups are exposed on the growing face, the use 

of a different solvent can drastically change the attachment energy of the crystal face. This 

phenomenon is more relevant when the crystal main interaction is an extended H-bond that 

is expressed along all the lattice structure. This change can be explained because the 

solvent-molecule, can selectively inhibit this possible interaction hindering the growth 

mechanism avoiding the formation of a face. As a result, different solvents can potentially 

have an effect in changing the crystal morphology of the crystal or promoting the formation 

of one polymorph over another. 

It is also possible to assume that in the case in which a strong single interaction 1D H-bond 

chain is the main interaction promoting the crystal growth, triggering a morphology change 

can be a relatively easy process.45 In contrast, if the growth mechanism is promoted by 

vdW stacking, avoiding the formation of this interaction using a different solvent can be 

more difficult because this is a more generic interaction compared to the 1D-H bond 

interaction. For this reason, the only solvent may be ineffective, and it is not as straight 

forward to find a molecule or a phenomenon that can compete with the vdW driving force.  

Influence of additives on crystallization.  

The overall concept is to change the growth kinetics of a crystal face. In this case the effect 

of the additive if added in the process, can be different based on the possible interaction 

with the growing face. Additives can adsorb on a growing face and they can reduce the 

number of active kink sites and this phenomenon can dramatically slow down the 

crystallization rate. 

Additives are well known to be able to selectively drive the formation of a polymorph over 

another form.56,32,34 

Additive molecules can have different dimensions and they can be classified as polymer, 

macromolecules or small molecule. In some cases, the additive molecule has a structure 

similar to the target molecules so that they can be called tailor-made. Occasionally the 

additive molecule can be integrated in the lattice in a non-stoichiometric ratio promoting 

the formation of solid solutions.59 

A macromolecule can be adsorbed on a specific growing face.60 This physical process can 

impact the growth kinetics of the face. Another possibility is that macromolecules are 

incorporated in the lattice. If this is the case there is no major change in the crystal 

morphology because this polymer can be hosted inside a channel already present in the 



[Type here] Introduction [Type here] 

31 

crystal lattice.61,62,63 For example, the absorption of a small molecule can momentarily 

suppress the possibility of forming a critical interaction such as H-bonding interaction. This 

lack of contact can modify the kinetics of the growing face. Small molecules have the 

possibility to be directly introduced in the lattice creating a defect in the growing 

face.64,65Several works show the interaction and incorporation of a molecule in the lattice 

creating a solid solution.66,59 This non-stoichiometric incorporation of the similar molecule 

in the lattice structure often leads to a change in the crystal property such as melting point 

and morphology of the crystal. The great advantage of this small molecules relay on the 

possibility of using them as a way of engineering crystal properties such as particle 

distribution and morphology. The main disadvantage is the fact that not every compound 

is classified as GRAS and they cannot be added to an API. This fact is the main limitation 

of this methodology.  

Temperature cycling  

In recent years temperature cycling became a well-established method to modify the 

morphology of crystals and reduce the presence of fines.55,67 This methodology which is 

based on constant alternation of cooling and heating rate, is based on the notion that 

dissolution and crystal growth in a crystal can be favourable process along one preferential 

axis. This process takes also advantage of the fact that small crystals have a relative higher 

surface energy and so they dissolve before the big crystals.  

After the heating of a crystallized slurry, the crystals dissolve, while a few particles remain 

undissolved in the solution, if the solution is supersaturated at that specific temperature. 

During the cooling process, the dissolved molecules in the liquid due to a deduction of 

solubility can promote the growth of the crystals already present in the crystallization batch, 

avoiding the formation of new nuclei. 

This phenomenon will explain the crystal change in the time frame and also explains why 

the presence of fines is drastically diminished in this process.68,69 Based on this assumption, 

it was studied and proved that temperature cycling is likely based on an Ostwald ripening 

mechanism. 

Co-crystal 

Pharmaceutical co-crystals are defined as multicomponent solid forms in which generally 

one of the components is the API and the second molecule is called co-former. This self-
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assembled structure is created predominantly via H-bond interactions, but other 

interactions are allowed such as stacking and van der Waals interactions. 

The main advantage in the formation of this class of compound is related to the 

improvement of certain properties such as solubility, bioavailability and stability. Co-

crystals can be engineered to better perform compared to the single API. Prediction tools 

such as Cambridge Structure Database (CSD) or pka difference,70 donor and acceptor 

energy between the two molecules, 71 are used to help identify a suitable co-former to use 

in the co-crystallization. CSD offers two main prediction tool such as Molecular similarity 

and Motif search.  

Molecular similarity tool work on a fingerprint concept, it work as such you can draw a 

scaffold of the molecule for a specific molecule, and it is possible to highlight a target H-

bond interaction, after doing that a search in the database begin and once this process is 

completed a possible array of compound is selected from the Cambridge Structural 

Database. This search is comparing the calculated fingerprint to the one present in the 

database, if there is any match the molecule is considered capable or ;likely to create the 

selected H-bond interactions therefor likely to crystallize, the outcome should of a 

crystallizations should be a co-crystal between the selected molecule and the one found in 

the search.  

In the case of motif search, the fingerprint used to find similarity is done using solely a 

specific functional group or a motif defined in the search. After this step the search in the 

database starts and any similarity between the selected system and the one present in the 

database is shown as a possible hit.  

Classically the co-crystal screening is performed using different methods, which can vary 

from milling to normal solution crystallization. The API and co-former are mixed and in 

the best-case scenario a co-crystal is obtained.  

 

Figure 31. Representation of homo- and hetero- synthons and H-bond interaction 

responsible for the formation of co-crystals.  
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In most of the cases co-crystal formation is a thermodynamically favourite process. In 95 

% of the cases the co-crystal has a lower energy compared to the equivalent single crystal 

structure of the API alone.72 As a result, during co-crystal formation a connection between 

an API and co-former is promoted between two functional groups. Following this process, 

a synthon is created, this interaction can be classified as homosynthon or heterosynthon. 

In the first case the interaction is between the same functional group, for example two 

carboxylic acids and in the second case the interactions formed are between two different 

functional groups, for example a carboxylic acid and an amide. The groups involved in this 

interaction are responsible for the strength of the binding and a stronger H-bond interaction 

can result in a more efficient packing and consequently in a more stable structure. 

After the formation of a co-crystal the new interaction can lead to a habit modification. For 

this reason, in the following study co-crystallization was used as a method to promote the 

formation of certain habit over others. Habit modification can be of great advantage 

especially if the morphology of the final product can create problems in the downstream 

production.  

 

 

Aim and objectives 

Solid state property has a major impact for the manufacturing, production and 

commercialization ability of APIs. Certain aspect has major relevance than other, using 

engineering approach it is possible to tune certain characteristic of already existing APIs, 

this not only can save time and money but can also lead to the enhancement of API 

performances.  

In this thesis we aim to study two main concept that can highly impact the final product 

quality, these two characteristics are polymorphism and crystal morphology.  

Polymorphism is a highly recurrent characteristics in solid-state chemistry, the ability of 

predicting changes in polymorphic forms can be of high importance and relevance. 

Polymorphic modification can happen at any given time in the downstream process and is 

vital to master and understand when this modification can be trigger and the reason why 

such change is in place in the first time. Another important issue is to be able to detect in 

time this modification, the failure in doing so can have an expensive implication.  
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Crystal Morphology e.g. needle like crystals and plates are a problematic shape in pharma 

production, the two main identified mechanisms responsible for needle formations are 1D 

Hydrogen bond and van der Waals contact stacking interactions. In this work we rely on 

programs capable of identify the main growth mechanism responsible for creating the 

needle shape, we consequently apply a suitable approach capable of trigger a modification 

in the crystal structure.  

The chosen method can be summarized as follows;   

- Investigating how the needle is formed, understanding which mechanism is 

responsible for the growth and what are the main driving forces and functional 

group involved in the process and using crystal engineering approaches to achieve 

a crystal shape modification. 

 

- Investigating how the formation of co-crystal can stop the formation of stacking 

interactions and avoiding crystal growth caused by vdW contact staking 

interactions.  

 

- Design and optimization of an apparatus capable of change the shape, exploring 

the concept of Ostwald ripening and reduction of the boundary layers on the crystal 

surface, effectively changing the crystal shape without addition of molecules.  

 

- Studying the effect of temperature cycling and additives on needle like crystals. 

Rationalize the reason why certain molecules can influence crystal modification 

and others are neutral towards this phenomenon.  

From a crystallization point of view these approaches can be potentially scaled up to 

produce API, but they also are an innovative and relevant techniques for the field of crystal 

engineering. We aim to add more data that in the future will be used to rationalize the reason 

why certain approach are effective and relevant and other are not. As overall view we hope 

that the case studied, and the relative conclusion draw will be helpful in the feature to better 

understand the reason why needle like crystals are so prominent and also how is possible 

to mitigate this unwanted shape.  
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1 A comprehensive spectroscopic study of the polymorphs of diflunisal and their 

phase transformations 

The aim of this article was to study the phase transitions of the selected target molecule 

Diflunisal (DIF), which shows a propensity to polymorphic transformation. The study was 

performed using milling technique, heating process, melt-quenching, fast solvent 

evaporation and exposure to different degrees of humidity. The findings which include the 

stability order of the studied polymorphs and the bulk formation of polymorph FII via a 

new route not previously reported in the literature, are described in the following 

manuscript.  

Author’s contribution: 

Dr. Anuradha R. Pallipurath: Carried out the Raman study, preformed partial 

interpretation of the results and drafted the discussion and conclusion sections of the article.  

Francesco Civati: Carried out all experimental work related to the polymorphic 

transformations and stability study. He drafted the experimental section of the article. Had 

a role in the experimental interpretation.  

Dr. Juraj Sibik: Performed the terahertz experiments 

Dr. Clare Crowley: Carried out the Differential scanning calorimetry experiments.  

Prof. J. Axel Zeitler: Managed and reviewed the terahertz experiments and analysis.  

Prof. Patrick McArdle: Reviewed the manuscript, helped with the data interpretation.  

Dr. Andrea Erxleben: Managed the project, reviewed the manuscript prior to and post 

submission.  
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Abstract 

Understanding phase transitions in pharmaceutical materials is of vital importance for drug 

manufacturing, processing and storage. In this paper we have carried out comprehensive 

high-resolution spectroscopic studies on the polymorphs of the non-steroidal anti-

inflammatory drug diflunisal that has four known polymorphs, forms I – IV (FI – FIV), 

three of which have known crystal structures. Phase transformations during milling, 

heating, melt-quenching and exposure to high relative humidity were investigated using 

Raman and terahertz spectroscopy in combination with differential scanning calorimetry 

and X-ray powder diffraction. The observed phase transformations indicate the stability 

order FIII > FI > FII, FIV. Furthermore, crystallization experiments from the gas phase and 

from solution by fast evaporation of different solvents were carried out. Fast evaporation 

of an ethanolic solution below 70 °C was identified as a reliable and convenient method to 

obtain the somewhat elusive FII in bulk quantities.  
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Introduction  

The existence of different polymorphic forms of drugs has led to major investment and 

efforts into the discovery and study of polymorphs (Dharmendra, 2004; Lee, 2014). During 

drug manufacturing an active pharmaceutical ingredient (API) undergoes various different 

processes and is subjected to different temperatures, pressures and relative humidities (Qiu 

et al., 2009). It is hence vital to understand any polymorphic transformation that a drug 

substance undergoes under different conditions. Understanding crystallization kinetics 

under various conditions will clarify the processes which underpin polymorphic 

transformations that can play an important role in the activity and stability of drugs.  

Traditional solution crystallization experiments can be controlled by adjusting the 

temperature and concentration of the system (Coquerel, 2014). In a liquid phase, the use of 

higher crystallization temperatures can lead to the most thermodynamically stable 

polymorphic form (Hao et al., 2012). Sublimation (Kamali et al., 2016) and melt quenching 

(Patterson et al., 2005) are solvent free techniques that can be used for purification and for 

the production of amorphous drug forms, respectively. Furthermore, polymorph seeds for 

bulk crystallization can be obtained by sublimation and melt quenching. It has been shown 

recently that templating can be applied to selectively grow polymorphs by sublimation 

(Kamali et al., 2016; Srirambhatla et al., 2016) that otherwise gives the high temperature 

metastable state (Pallipurath et al., 2015). The fast evaporation technique can provide 

access to kinetically controlled polymorphs (Bag et al., 2011). ROY by Eli Lilly is one of 

the most interesting polymorphic compounds, having nine known forms. The presence of 

these polymorphs was detected on a hot stage microscope, where they crystallized from the 

melt (Chen et al., 2005).  

Milling is regularly employed in the pharmaceutical industry for particle size reduction. 

However, it can also lead to polymorphic transformations, often yielding more 

thermodynamically stable forms (MacFhionnghaile et al., 2014). In contrast, cryogenic 

milling can provide access to metastable and amorphous forms (MacFhionnghaile et al., 

2014). This technique has the added advantage that the low temperature used makes the 

material more brittle and thus more millable. Small quantities of solvents added to the 

milling processes act as lubricants or mechanical catalysts for polymorphic transformation 

(Friscic et al., 2009). Liquid assisted grinding is a subset of solvent assisted milling 

techniques that are used to understand polymorphic transformation and also to screen for 

co-crystals (Friscic et al., 2009).  
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Diflunisal is a Biopharmaceutics Classification System (BCS) class II, non-steroidal anti-

inflammatory drug used in the treatment of rheumatoid arthritis. It has four known 

polymorphs, all of which crystallize as long, thin needles. Form I (FI) is crystallized from 

toluene (triclinic; unit cell parameters – 3.8, 6.77, 21.65, 82.3, 83.99, 81.98; REF code: 

FAFWIS01) (Cross et al., 2003). Form II (FII) is precipitated from ethanol using water as 

an anti-solvent (Brittain et al., 2005). The single crystal structure could not be determined 

due to the difficulty in growing X-ray suitable single crystals of this polymorph. Form III 

(FIII) is crystallized from ethanol (Cross et al., 2003) and its structure was solved through 

refinement of its powder pattern (orthorhombic; unit cell parameters – 39.7, 14.1, 3.83; 

REF code: FAFWIS02). Form IV (FIV) has a solvate channel structure and was reported 

by Hansen et al. (monoclinic; unit cell parameters – 34.66, 3.74, 20.737, β = 110.57; REF 

code: FAFWIS) (Hansen et al., 2001). The intrinsic dissolution rate was reported to follow 

the order IV>II>III>I, with zero order kinetics, however the order of thermodynamic 

stability amongst the polymorphs has not been clearly established (Perlovich et al., 2002). 

Sung et al. achieved polymorph control through the use of different surfactants and 

microemulsion systems (Sung et al., 2013). For example, they produced FIII using 

bicontinous or oil-in-water emulsions and the FIV hydrate using water-in-oil emulsion 

(Sung et al., 2013). Sung et al. were also able to modify the size and aspect ratio of crystals 

using various surfactants.  

In this paper, we report extensive spectroscopic studies of the phase transformations of 

diflunisal polymorphs. We have also identified a new technique to obtain FII in bulk that 

is superior to the currently used method.  

 Materials and methods 

 Materials  

Diflunisal was purchased from Baoji Guokang Bio-Technology Co.,Ltd, China. The 

solvents were purchased from Sigma Aldrich and were used without further purification.  

Preparation of polymorphs 

FI is the commercial form and was used as received. FII was obtained by dissolving FI in 

ethanol and precipitating it out with water (Brittain et al., 2005). FIII was obtained by 

recrystallization of FI from ethanol (Cross et al., 2003). FIV was obtained by recrystallizing 
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FI from a 50:50 mixture of acetone and water (Hansen et al., 2001). The identity and phase 

purity of all forms was confirmed by X-ray powder diffraction. 

Ball milling  

Room temperature milling (RTBM) experiments were carried out in an oscillatory ball mill 

(Mixer Mill MM400, Retsch GmbH & Co., Germany) at 25 Hz. using a 25 mL stainless 

steel milling jar containing one 15-mm diameter stainless steel ball. 0.5 g of each sample 

was milled for 5, 15, 30, 60, 90 and 120 mins. For long milling times the jars were allowed 

to cool for 15 min after every 30 mins to avoid overheating.  

Cryogenic milling (CBM) was carried out using the same set-up. The milling jars were 

initially cooled in liquid nitrogen for 5 min and subsequently for 2.5 min after every 7.5 

min of milling. Polymorphs FI, FII and FIII were milled for 60 mins and 120 mins.  

Liquid assisted grinding (LAG) experiments were carried out using the same set up, using 

100 µL of nine different solvents, namely: water, acetone, ethanol, methanol, toluene, 

terahydrofuran (THF), dimethyformamide (DMF), valeric acid (VA) and chloroform. 

These systems were milled for 5, 10 and 15 min at room temperature.  

Fast evaporation 

Diflunisal FI was dissolved in five different solvents: methanol, ethanol, acetone, THF and 

chloroform. The solvents were evaporated at 60 ºC using a rotary evaporator. For higher 

temperatures, up to 130 ºC, fast evaporation was achieved through heating and rapid stirring 

of the solution in a round bottom flask, under reduced pressure in a conventional oil bath 

fitted with a solvent trap.  

Sublimation  

Sublimation experiments were carried out in a vacuum oven as previously described 

(Kamali et al., 2016), under vacuum (<200 mbar, oven temperature of 80 ºC). The samples 

were independently heated using a microheater fitted to the sublimation area to attain a 

final temperature of 160 °C. Sublimation was carried out for a time interval of 24 hrs for 

FI and FII, and 10 hrs for FIII.  
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Melt quenching (QM) 

All three polymorphs of diflunisal were melted on a hot plate and subsequently immersed 

in liquid nitrogen and used for further analysis.  

X-ray powder diffraction (XRPD) 

XRPD patterns of all the samples were collected with an Inel Equinox 3000 (Cu K, 35 

kV, 25 A), between 5 and 80° (2θ) using a curved position sensitive detector calibrated 

using Y2O3. The sample holder was rotated during data collection to reduce preferred 

orientation effects. Calculated patterns for the polymorphs with known crystal structures 

can be found in the Appendix (Fig. A.1).  

Differential scanning calorimetry (DSC) 

DSC experiments were performed on a STA625 thermal analyser from Rheometric 

Scientific (Piscataway, New Jersey) in open aluminum crucibles, at 10 °C/min, under 

nitrogen gas. Calibration was performed using an indium standard. Further DSC 

experiments on FII were performed on a DSC 8500 (Perkin Elmer) in sealed aluminium 

pans at 100 °C/min under nitrogen gas following temperature and enthalpic calibration with 

an indium standard.  

Near infra-red spectroscopy (NIR) 

NIR spectra of bulk samples (~250 mg) were collected in glass vials (15 mm × 45 mm) on 

a Perkin Elmer Spectrum One fitted with an NIR reflectance attachment. Spectra were 

collected in the range of 10000 − 4000 cm−1, with a resolution of 4 cm−1 and 32 integrated 

scans. 

Attenuated total reflectance infra-red spectroscopy (ATR-IR) 

FT-MIR spectra were collected on a Perkin Elmer Spectrum 400 fitted with an ATR 

reflectance attachment. Spectra were collected in the range of 650 − 3600 cm−1, with a 

resolution of 4 cm−1 and four integrated scans on a diamond/ZnSe window.  
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Terahertz time-domain spectroscopy (THz-TDS) 

The terahertz time domain spectra were collected using the Advantest system 

(TAS7500TS) in the range of 0.2 to 5 THz, at a resolution of 7.6 GHz, and 8192 integrated 

scans. The polymorphs were highly absorbing, hence they had to be diluted by geometric 

mixing of the samples with PTFE powder and making pellets using a 2-ton tablet press. 

The pellets were placed in a cuvette under vacuum (2.8 x 10-1 mbar). The temperature was 

controlled using a 50 W heater and data were acquired at 10 K intervals from room 

temperature up to 380 K. The absorption spectra were calculated in Matlab following a 

standard procedure for transmission terahertz measurements such as described by Jepsen 

et al. (Jepsen et al., 2017).  

Raman spectroscopy  

Raman spectra were collected using the Renishaw Invia micro-Raman spectrometer (100 – 

3600 cm-1 range, 4 cm-1 resolution, 10 s exposure time, 0.5% laser power, 785 nm laser).  

Results and Discussion  

IR spectral assignments were carried out by Martinez-Oharri et al. to unravel the 

intermolecular hydrogen bonding interactions involved in all four forms of diflunisal before 

the crystal structures were available (Martinez-Oharri et al., 1999). Martinez-Oharri et al. 

concluded that FI and IV have similar interactions, while the interactions in FII resemble 

those in FIII. The major difference between FIV and the other forms was found for the (C-

F) stretching bands between 1310 and 1410 cm-1. We have now carried out an extensive 

spectroscopic analysis of all four forms, taking into account the crystal structure data that 

are now available.  

Raman spectroscopy (Fig. 1) shows clear differences between the four polymorphs in the 

phonon regions, which suggests differences in crystal structure. FI and FIV have out-of-

plane stretches at 708 cm-1, while FII and III have these stretches at 712 cm-1. All three 

polymorphs have intramolecular H-bonding and the eight membered carboxylic acid dimer 

motifs (Cross et al., 2003). A notable similarity in all four structures is the presence of OH 

deformations of monomeric COOH groups around 1270 cm-1 suggesting that there are free 

COOHs on the surface of the crystals. The major differences between the four structures 

are in the carbonyl regions, which are influenced by intramolecular H-bonding interactions. 
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Three C=O stretches are observed in all polymorphs. Two of the C=O stretches occur at 

1611 and 1629 cm-1. These stretches are roughly 50 cm-1 lower in wavenumber than 

typically observed for carboxylic acids due to the presence of the ortho-hydroxyl group 

(Socrates, 2001). The third C=O stretch indicates the extent of intramolecular H-bonding 

(Socrates, 2001). FI has this band at 1685 cm-1, at higher frequency than the other 

polymorphs. FIV has the corresponding stretch at 1665 cm-1 indicating the next highest 

degree of H-bonding, followed by FII at 1658 cm-1 and FIII at 1651cm-1. While in all 

polymorphs intramolecular H-bonds and the carboxylic acid dimer are present, in FI the o-

hydroxy groups of adjacent diflunisal molecules also form a four-membered ring, which in 

turn leads to the formation of a chain structure (Cross et al., 2003). This feature is missing 

in FIII and IV as the o-hydroxy groups on the adjacent diflunisal molecules face away from 

each other (Scheme 1). A more detailed list of the spectral differences can be found in Table 

1. Brittain et al. carried out fluorescence spectroscopy to study the differences in the 

electronic levels, as a result of structural differences of the polymorphs (Brittain et al., 

2005). This they attribute to the extent of interactions due to salicylate groups. FI had an 

emission pattern different from the others, where the double excitation bands were 

separated to a greater extent, which  
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Figure. 1. Molecular structure of diflunisal, with the positions of the carbon atoms in the 

1,2,4 tri-substituted ring denoted as 1H and 2H (left) and different wavenumber ranges of 

the Raman spectra of the four polymorphs (right). The areas highlighted inside blue boxes 

are the peaks that are influenced by the structural differences in the polymorphs, i.e. the 

nature and strength of H-bonding 
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Scheme 1. Interactions in the polymorphs of diflunisal, (a) FI (FAFWIS01), (b) FIII 

(FAFWIS02), and (c) FIV (FAFWIS). 

Table 1. Raman spectral assignments of peaks that are distinct in the four different 

polymorphs of diflunisal. 

FI FII FIII FIV Assignments 

126 118 (sh) 121 123 

Phonon region 

132 142 137   

181 183 186 181 

204 211 213 204 

234   234 229 

243 238   243 

250 254 254 263 

273 270 275   

        Out-of-plane CH deformation in 

trisubstituted benzenes, 

normally associated with the 

presence of halogen substitution. 

708 712 712 708 

  727 718 725 

        

1230 1221     

CH in-plane deformations  1235   1230 

  1250 1250 1252 

 1275 1271 1273 1273 O-H deformation in COOH 

monomers     1292   

1611 1611 1610 1611 C=O stretching in aromatic 

COOH with ortho-OH 1629 1629 1629 1631 

1685 1658 1651 1665 

C=O stretches involved in intra-

molecular H-bonding 

interactions 
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was attributed to the degree of face to face interactions of the salicylate group, with FI 

having no or lesser interactions than the other forms, owing to the absence of carboxylic 

acid dimers. This study was speculative and was carried out before the X-ray single crystal 

structures were determined. It is now evident that FI has a greater extent of H-bonding, 

with the four-membered ortho-OH group H-bonding motif and the 1D chains apart from 

the carboxylic acid dimers, which could be the reason for the shift in the excitation peaks. 

MIR spectroscopy supports previous findings (Fig. A.2, Appendix-A), where FI is similar 

to FIV and FII is similar to FIII. Out-of-plane CH stretches at 895 cm-1 (1H, Fig. 1), out-

plane-deformation at 649 and 670 cm-1 (2H) in 1,2,4-substituted benzene rings and bending 

modes at 1376 cm-1 of COH in OH associated with C=O through H-bonding (Socrates et 

al., 2001) are present only in FII and III, while they are absent in FI and FIV. While there 

is ortho F disorder in FI and IV, FIII does not have any disordered F atoms (Cross et al., 

2003). The stretching and bending modes at 895, 649, 670 and 1376 cm-1 suggest the 

absence of disorder in FII similar to FIII. Clear differences in the out-of-plane deformations 

of CH and CF can be found in the region between 1877 and 1990 cm-1 (Table 2). The major 

difference in the CH…F interactions is that in FI and FIII these interactions are between 

the rings carrying the F atoms, while in the case of FIV they are between the rings carrying 

the F and the carboxyl-substituted ring of the adjacent molecule. In a previous study, we 

showed that the presence of a co-former in a diflunisal co-crystal prevents disorder due to 

the presence of CH…F interactions between the two molecules (Pallipurath et al., 2016). 

Structural differences between the polymorphs are also reflected in the NIR spectra (Fig. 

A.3 and Table A.1). There are some shifts in the CH-CC combination bands. Red lines in 

Fig. A.3 represent peaks that are similar in Forms II and III, while green lines are peaks 

that are similar in FII, III and IV. Blue lines are peaks that are similar in FI and IV, with * 

denoting slight shifts in peaks in FI compared to FIV.  

 Solution crystallization and fast evaporation techniques  

Diflunisal was crystallized from various solvents by fast removal of the solvent under 

reduced pressure. Acetone, chloroform and THF gave FIV, while methanol gave FIII as 

expected. The corresponding XRPD patterns are shown in Fig. A.4. Interestingly, ethanol 

showed temperature dependent results. Fig. 2a shows the XRPD patterns at intervals of 10 

°C, while Fig. 2b shows the shifting of the Raman peaks in the carbonyl region (1600 – 
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1700 cm-1) to complement the XRPD data. While at higher temperatures no particular 

polymorph was reliably obtained, at temperatures between 40 and 70 °C FII was selectively 

produced. Usually, FII is prepared by precipitation from ethanol with water and tedious 

filtration of the precipitate in small portions to prevent conversion to FIII during filtration. 

As shown here, fast evaporation of an ethanolic solution of diflunisal below 70 °C presents 

a more convenient and reliable method for the preparation of bulk quantities of this 

polymorph. 

  



[Type here] Article 1 [Type here] 

55 

 

Heating-induced phase transformations 

Thermal analysis (TA) 

It is reported that all polymorphs melt at the same temperature, except for FIII that has an 

endotherm at 206 °C. Fig. 3a shows the 

 

 

Figure. 2. (a) X-ray powder diffraction patterns and (b) Raman spectra of diflunisal 

polymorphs obtained by fast evaporation of ethanol at various temperatures. The inset in 

(b) shows the carbonyl region of the Raman spectra, expanded for clarity. Both 

techniques show the formation of FII between 40 °C to 70 °C, and FI or FIII at higher 

temperatures. 
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Table 2. IR spectral assignments of the four polymorphs of diflunisal. 

FI FII FIII FIV Assignments 

  649 649   

Out-of-plane deformation 

(2H) in 1,2,4-trisubstituted 

benzene rings 

  670 670  

698 702 702 700 

714 718 718 716 

728     735 

  894 895   

Out-of-plane deformation 

(1H) in 1,2,4-trisubstituted 

benzene rings.  

1096     1095 C=C stretching in 

asymmetrically substituted 

benzene rings 
  1207 1208  

1298 1329 1329 1297 OH deformations 

  1376 1376   COH bending in OH 

groups associated with 

C=O groups through H-

bonding 
1400 1409 1409 1410 

          

2546 2532 2532 2531 OH stretch in intra-

molecular H-bonded o-

substituted carboxylic acid 

2566 2561 2561  

2603 2623 2618   

2872 2862 2862 2867 
OH stretch in associated 

carboxylic acid 

  2940 2949   

Aromatic C-H stretch   2991 2986  

3075 3052 3063 3077 

  3262 3262   
OH stretch in associated 

carboxylic acid 

1877     1876 

C-H out-of-plane 

deformation, overtones and 

combination bands 

  1908 1905  

   1927  

  1934 1937 1941 

1980  1980 1977 

      1990 

 

DSC plot of the four polymorphs indicating that FI melts at 214.8 °C. FII gives two 

overlapping endothermic events, one peaking at 213 °C and the other at 214 °C, suggesting 

that FII converts to FI before melting. This has not been previously described in the 

literature. FIII shows a clear recrystallization peak at 196 °C and then melts at 214.5 °C, 
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also suggesting a conversion to FI. This suggests that FI is the kinetically controlled, high 

energy phase, in line with the literature (Cross et al., 2003). FIV loses water at 96 °C and 

then melts at 211 °C. Fig. 3b shows the DSC thermograms of FII performed at a heating 

rate of 100 °C/min. On heating (H1) two endotherms are observed at 200.5 and 215.5 °C 

that are assigned to the polymorphic transformation of FII to FI followed by the melting of 

FI, respectively. On cooling from the melt (C1) an exothermic crystallization peak is 

observed at 180 °C. On reheating (H2) only one endotherm is observed at 215.5 °C 

indicating crystallization of FI during cooling.  

Terahertz time-domain spectroscopy 

Terahertz time-domain spectroscopy probes phonon absorption. To see if the observed 

transformations are gradual or sudden re-arrangements of atoms, we carried out 

temperature-dependent terahertz spectroscopy. Fig. 4a shows that FI does not change over 

the whole temperature range, confirming that it is the structure stable at high temperature. 

In contrast to the DSC analysis, conversion of FIII to FI could not be observed on heating 

up to the maximum accessible temperature (Fig. 4b).  
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Figure 3. Thermal analysis of the polymorphs of diflunisal. (a) Solid lines represent 

differential scanning calorimetry (DSC) and the dotted lines represent thermogravimetric 

analysis (TGA) at 10 ºC/min heating rate. The inset in green shows the recrystallization 

event of FIII to FI. The inset in red shows the double peak in the case of FII. (b) DSC of 

FII run at 100 ºC/min (H1), followed by a cooling cycle (C1) and a reheating cycle (H2). 
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Figure 4. Temperature-dependant terahertz time-domain spectroscopic analysis of the 

polymorphs of diflunisal. (a) FI, (b) FIII, and (c) FIV (obtained from acetone and water) 

were mixed with PTFE and heated from room temperature to 205 °C. FIV converts to FI 

at 165 °C.  The colour of the spectra denotes the temperature at which the spectra were 

obtained. The spectral region here represents phonon modes between 33cm-1 and 133 

cm-1 (not achieved through conventional Raman spectroscopy). 

The maximum temperature at which terahertz spectra could be recorded was 480 K (207 

°C). As this is only slightly above the transition temperature observed by DSC it is likely 

that poor heat transfer between PTFE and diflunisal in the sample pellet is the reason for 

the failure to observe the FIII→FI conversion. Fig. 4c shows that FIV very gradually starts 

converting to FI at 440 K (167 °C). Very recently Zhang et al. published the mode analysis 

of FI and FIII, using the chirality of the molecules in the unit cell as a basis (Zhang et al., 

2016). This study suggests that both of these polymorphs have similar vibrational 

characteristics below 200 cm-1 and have significant contributions from the coupling of 

inter- and intramolecular modes. Both forms have two molecules in the unit cell and in the 

case of FI, the two molecules are symmetrically equivalent, while in FIII they are not, 

giving rise to non-identical phonon modes. One may note that while the terahertz spectra 

reported by Zhang show very sharp absorption features, it is not so in our case. This is 

predominantly due to the thermal broadening of the spectral peaks as well as the use of 

PTFE as a diluent. While PTFE is not an ideal diluent for terahertz spectroscopy as it may 

cause scattering effects, it has been chosen over other diluents as it allows measurements 

up to 500 K. Despite these effects, the terahertz spectra reported here have sufficient 

spectral resolution to observe and distinguish different polymorphs of diflunisal.  
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Milling induced phase transformations  

Room temperature ball milling 

XRPD patterns and Raman spectra of the milling experiments are shown in Figs. A.4 and 

A.5 (Appendix-A). On milling for 30 minutes all polymorphs converted to FIII. This 

suggests that FIII is the thermodynamically stable structure. However, in the case of FI, 

FIII converts back to FI, when milling is continued for 120 min. Fig. A.5a shows the Raman 

spectral changes in the H-bonded C=O stretching region.  

Cryogenic ball milling 

Cryomilling of FI, FII and FIII for 60 min resulted in X-ray amorphous diflunisal (FA, 

Figs. 5, A.6 and A.7). The three FA obtained from the different polymorphs were then 

subjected to accelerated temperature and humidity stress testing. Separate samples were 

placed in an oven at 60 °C for 2 hrs, in vacuum for 2 hrs and at 25 and 95 % relative 

humidity. 

 

Figure 5. X-ray powder diffraction patterns of (A) FI, (B) FI cryomilled for 60 min and 

kept under vacuum for 2 hrs, (C) FI cryomilled for 60 min and kept at 60 ºC for 2 hrs, (D) 

FI cryomilled for 60 min, (E) FI cryomilled for 60 min and kept at 25% relative humidity 

and (F) FI cryomilled for 60 min and kept at 95% relative humidity. All patterns show 

ageing and formation of FI.  
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 Similar tests on other systems have been reported (Miyazaki et al., 1976). FA produced 

from all of the polymorphs crystallized to FI (Figs. A.6 and A.7), suggesting that FI is the 

easily accessible high energy state, as per Oswald’s rule of stages (Nývlt, 1995).  

Liquid assisted grinding  

LAG experiments were carried out using various solvents. Solvents like chloroform, 

tertrahydrofuran (THF) and valeric acid resulted in FIV solvates (Fig. 6). Ethanol, 

methanol, acetone, toluene and water gave FIII (Figs. 6 and A.12). The formation of FIII 

on milling in the presence of traces of toluene is noteworthy, as solution crystallization 

from toluene yields FI. Similarly, water and acetone normally yield FIV solvate structures, 

while in the LAG experiments, they seem to act as lubricants and lead to the 

thermodynamically stable FIII.  

 

 

 

 

 

 

 

 



[Type here] Article 1 [Type here] 

62 

 

 

Figure 6. X-ray powder diffraction patterns of diflunisal polymorphs obtained from 

liquid assisted grinding of FI with (a) acetone, methanol, ethanol and water showing the 

formation of FIII and (b) with chloroform, terahydrofuran (THF) and valeric acid 

showing the formation of FIV channel solvates.  
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Humidity induced transformations 

Another important factor during the processing of drugs is their stability under varying 

humidity conditions. All four polymorphs were placed in 95 % relative humidity chambers. 

FI, FIII and FIV were stable for 24 hrs, while FII converted to FIII as evident from the 

XRPD pattern (Fig. A.9). This may be explained by the fact that FII and III have very 

similar intermolecular interactions as discussed earlier, making the pathway for 

transformation easier than in the case of other polymorphs.  

Crystallization from the melt  

Melt quenching is often used as a technique to produce glasses, but in cases of fast 

crystallizers like diflunisal, this often results in the highest energy phase following 

Ostwald’s rule of stages. We have observed that some parts of the melt started crystallizing 

even before it was immersed in liquid nitrogen. The H-bonded carbonyl region in the 

Raman spectrum of melt-quenched FI (Fig. A.10) suggests that the H-bonding pattern of 

the crystallized melt is very much similar to FI. However, while peaks at 783 and 683 cm-

1 in the IR spectrum of melt-quenched FI (Fig. 7b) are in agreement with this, a shoulder at 

848 cm-1 also suggests the presence of FIV. The features around 1096 cm-1 suggest the 

presence of both FI and FIV. The XRPD pattern (Fig. 7a) indicates the presence of FIV but 

some FI cannot be excluded. Fast crystallization possibly gives rise to FI, while liquid 

nitrogen may act as a solvent in crystallizing the remaining melt into FIV. Another 

possibility is that FIV is formed initially and the liquid nitrogen temperature arrests its 

conversion to FI.  

Sublimation 

Sublimation is a technique often used as a recrystallization method to remove impurities. 

In the absence of any template, it invariably results in the high energy metastable phase. 

Sublimation of diflunisal resulted in FI, which is the high temperature metastable state. The 

XRPD pattern is shown in Fig. A.11. We have previously used polymorph templates to 

control the selective crystallization of carbamazepine polymorphs from the gas phase 

(Kamali et al, 2016). Similar templating experiments with diflunisal were unsuccessful and 

only resulted in FI.  
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Order of polymorph stability 

The observed phase transformations give insight into the stability order of the four 

polymorphs of diflunisal. With all forms converting to FI at high temperature, it is safe to 

say that FI is the high temperature metastable form. As all the forms resulted in FIII on 

milling, FIII can be assigned as the thermodynamically stable form. The packing 

coefficients computed for FI and FIII (with disorder removed from FI) of 70.4 and 72.9 % 

respectively also support this stability order. The only technique by which FIV sans solvent 

molecules in its channels can be produced is by melt-quenching, along with FI, suggesting 

that this form is probably formed as the first kinetic product according to Oswald’s rule of 

stages. The presence of solvent in the channels is known to give up to 9 kJ/mol added 

stability to structures (Cabeza et al., 2007), making the FIV solvate more stable than bare 

FIV. FII is known to convert into FIII on milling and also under humid conditions, making 

it less stable than FIII. However, it also converts partially to FI as seen in the thermal 

analysis, making FII less stable than FI at higher temperatures. The stability order of 

diflunisal polymorphs was first deduced from solubility experiments in water at 30 °C and 

was found to be FII > FIII > FI (Cotton and Hux, 1985). This was before the existence of 

either the channel solvates FIV (Hansen et al., 2001) or the more recent hydrate (Sung et 

al., 2013) were known.  

  



[Type here] Article 1 [Type here] 

65 

 

Figure 7. X-ray powder diffraction patterns of FIV and melt-quenched FI (A), FII (B) and 

FIII (C); (b) Mid-IR spectra (transmission mode) of melt-quenched FI, pure FI and FIV 

showing the presence of both FI and FIV in the melt-quenched sample.  
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Scheme 2. Phase transformations of diflunisal polymorphs under various conditions.  

The dashed arrows indicate that the pathway cannot be unambiguously assigned. 

The possibility that conversion to hydrate forms during the original solubility experiments 

could invalidate any stability order conclusions from solubility measurements has been 

raised (Perlovich et al., 2002). The results reported here in contrast to the solubility-based 

work suggest the order FIII > FI > FII, FIV. The relative stability of FII and FIV remains 

unclear and computational studies are currently on-going to establish the order of stability 

of these polymorphs.  

Merit of using spectroscopy 

For studying polymorphic organic or pharmaceutical compounds like diflunisal whose 

polymorphs have very similar and complex powder X-ray diffraction patterns, 

spectroscopic techniques are often superior. In this study we have used several 

spectroscopic techniques to identify the different phases and the choice of the different 

techniques warrant a discussion. Raman spectroscopy is an excellent tool to study crystals 

of different polymorphs and in the case of diflunisal, it has been one of the best ways to 

differentiate between the different forms based on the C=O bond vibrations and relating 

them to the strength of H-bonding of the motifs in the respective structures. However, a 

bulk technique like ATR-IR spectroscopy is generally more suited to study low quantities 

of impurities or of a second phase. For Raman microscopy, a 1-micron laser spot with a X5 
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objective results in the analysis of particles of roughly 200 µm in size, while the window 

in an ATR-IR is about 1mm so that bulk samples can be easily studied. Hence, we employed 

ATR-IR spectroscopy to study the melt-quench samples, while other techniques did not 

give a conclusive result. Terahertz-time domain spectroscopy was used to study the phase 

transformations, as the set up in transmission-mode allowed for the entire sample to be 

placed in a heated chamber, without having significant signal loss. The spectral region (33 

– 133 cm -1) is generally not achievable by conventional Raman microscopes, as it is too 

close to the laser line corresponding to Rayleigh scattering from the sample. The terahertz 

region is an excellent spectral space that reliably distinguishes between different solid-state 

forms, owing to changes in the behaviour of phonons in different structural arrangements.  
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Conclusions 

In conclusion, we have, in this paper carried out extensive spectroscopic and phase 

transformation studies on the non-steroidal anti-inflammatory drug diflunisal. It is often 

difficult to reliably identify the polymorphs formed by XRPD. Spectroscopy can provide a 

useful alternative. The H-bonding patterns of the four polymorphs of diflunisal have a 

major influence on the carbonyl stretching frequencies observed in their Raman spectra. 

These differences provide a reliable basis for the distinction of diflunisal polymorphs. FI 

and IV, both have disordered F atoms and are structurally very similar, resulting in similar 

Raman and IR patterns. FII and III have similar spectral features suggesting that their 

structures are closely related. The various phase transformations undergone by the 

polymorphs are summarized in Scheme 2.  

FII, which has a higher intrinsic dissolution rate than FI and III, has generally been very 

elusive, with preparation of bulk quantities hampered by its rapid transformation into FIII. 

Fast evaporation of an ethanolic solution below 80 °C seems to be a reliable method for the 

production of bulk quantities of FII, especially. However, under high relative humidity 

conditions FII eventually converts to FIII. 
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2 Tailoring Co-crystal and Salt Formation and Controlling the Crystal Habit of 

Diflunisal 

Needle like crystal can pose problem in the downstream production of an API. In this 

manuscript co-crystallization process was used as procedure to change crystal habit. The 

selection of a suitable co-former remains a challenging process which stance limits to the 

co-crystallization formation, despite the efforts to understand the dynamics of co-crystal 

formation and the screening methodology already in place and extensively used to 

guarantee the co-crystallization success. In this article we identify the key intermolecular 

forces responsible for promoting the needle-like crystal formation. We have used prediction 

tools to identify a series of potential co-formers and we have used a screening method to 

verify the effectiveness of the co-former.  
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Abstract   

Crystal habit modification of the drug diflunisal that normally grows into extremely thin, 

long needles has been achieved by breaking the stacking effect with the help of co-formers. 

Eight new co-crystals are reported, along with three crystal structures. In all cases, ortho F 

disorder, often a feature in diflunisal structures was absent due to the presence of CH…F 

interactions. Co-milling diflunisal with oxalic acid produced 1:1 and 2:1 co-crystals. In 

contrast, in solution crystallisation oxalic acid played the role of an additive resulting in the 

crystallisation of diflunisal form I rather than form III. To rationalize co-crystal formation 

a statistical analysis of the CCDC data base for aromatic o-hydroxy carboxylic acids was 

carried out. All co-crystals of o-hydroxy carboxylic acids with the COOH dimer motif have 

an electron-withdrawing group on one of the acids. COOH…Nar motifs are formed 

preferentially over carboxylic homo-dimers in the presence of an Nar co-former.  
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Introduction  

Needle like crystals of drugs not only tend to have dissolution issues but are also known to 

pose a challenge to processing because they have poor flow properties and form tablets of 

variable densities. Diflunisal (Chart 1) which is used for the treatment of rheumatoid 

arthritis2 and chronic lower back pain3 readily crystallizes as acicular needles which are 

difficult to handle.  

Improving the physicochemical properties of drugs can often be achieved through the use 

of techniques like co-crystallisation,4,5 milling,6 using supercritical fluids,7 use of additives8 

and changing pH.9 Co-crystallisation techniques have been widely employed to improve 

many properties of materials like colour,10 fluorescence11,12 and the bioavailability of 

drugs.13 While various techniques like liquid assisted grinding,14 use of phase diagrams,15,16 

and thermochemistry17,18 are used for experimental co-crystal screening, predicting co-

crystallisation success is still quite a challenge.  

 

Chart 1. Molecular structures of (1) diflunisal, (a) pyrazine, (b) 1, 3-di (4-pyridyl) 

propane, (c) 4-(2-pyridine-4-ethyl) pyridine, (d) 4,4’-bipyridine and (e) oxalic acid.  
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Table 1. Crystallographic data for 1a – 1c 

 1a  1b  1c  

Formula weight 290.24 349.32 382.36 

Temperature 299.3(7) K 149.5(8) K 150.1(1) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system triclinic monoclinic triclinic 

Space group P-1 P21/c P-1 

Unit cell 

dimensions 

a =  6.6989(5) Å       

b =  6.7724(6) Å     

c = 15.4897(13) Å             

α = 97.507(7)° 

β = 97.957(7)° 

γ = 108.606(7)° 

a = 6.4959(13)Å 

b = 7.4339(5) Å         

c = 27.064(2) Å 

α = 90° 

β = 95.936(7)° 

γ = 90° 

a = 3.8618(2) Å         

b = 10.9073(7) Å      

c = 21.1215(14)Å     

α = 82.528(5)°                          

β = 86.109(5)° 

γ = 82.588(5)° 

Volume 648.05(10) Å3 3301.0(4) Å3 873.56(10) Å3 

Z 2 8 2 

Density 

(calculated) 

1.487 g/cm3 1.406 g/cm3 1.454 g/cm3 

Goodness-of-fit 

on F2 

1.032 1.098 

 

1.025 

R1 (obs. 

reflections)  

0.0734 0.0469 0.0936 

wR2 (obs. 

reflections) 

0.1547 0.1188 0.1976 

Reflections 

collected 

2919 6500 15026 

Independent 

reflections 

1926 3974 7615 

R (int) 0.0499 0.0188 0.0446 

 

Extensive efforts are being made to understand the selection rules behind the formation of 

co-crystals, but there are still no universal criteria for algorithms that help predict the 

likelihood of co-crystal formation.18 Grecu et al. have used interaction site pairing energies 

as a method of virtual screening for the co-crystallisation of nalidixic acid19 and various 
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other systems.20 Springuel et al. carried out conformational analysis and virtual co-crystal 

screening through identifying the structural resemblance of potential co-formers with those 

already known to form co-crystals with drug molecules.21 Multipolar refinements were 

carried out to try to understand the influence of inter- and intra-molecular H-bonding on 

the interaction energies that define the co-crystal – salt continuum.22 Ab initio DFT-D 

methods have been used to successfully predict 99 out of 102 structures, studied by Chan 

et al. using calculated thermodynamic stabilities relative to those of the starting materials.23  

Tools like Molecular Complementarity24 in the Mercury software25 take advantage of the 

vast collection of crystal structures in the CSD database to give a statistical prediction of 

possible co-crystallisation events. Hydrogen bond propensity calculations have been used 

to quantify H-bonding in intra- and inter-molecular situations.26 While this approach is 

successful in many cases, it cannot predict situations where there is no direct interaction 

between the components, and also situations where adduct formations are a result of mere 

solubility differences.27  

Even though these tools have come a long way in predicting the role of a molecule as a co-

crystalliser, there is still little understanding of the energetics and the kinetics involved in 

the formation of these systems. Empirical rules for co-crystallisations14,28 suggest that a 

pKa difference that is close to 0 between the two molecules under study would give rise to 

a co-crystal, while a ΔpKa value between 0 and 3.75 would give rise to inter-molecular H-

bonding that has no clear ionic or covalent nature. On the other hand, a ΔpKa value greater 

than 3.75 should lead to proton transfer and salt formation. Lemmerer et al. have predicted 

co-crystal or salt formation between carboxylic acids and pyridine by calculating their pKa 

and other differences.29 This study did not extend to the case of ortho-hydroxy substituted 

benzoic acids. Many of the non-steroidal anti-inflammatory drugs (NSAID), like diflunisal, 

aspirin, salisalate, piroxicam and other salicylic acid derivatives are of this type and it has 

been pointed out that the introduction of the ortho-hydroxy group can have a profound 

influence due to its resonance, steric and H-bonding effects.30 Fiedler et al. through 

titrimetry and density functional studies, established that intra-molecular H-bonding has a 

great influence on the acidity of ortho-substituted benzoic acids,31 while they however, 

could not separate the influence of hydrogen-bonding and steric effects on this so called 

‘ortho effect’. Competition between intra- and inter-molecular H-bonding can greatly 

influence the ability of a synthon to form a co-crystal. Understanding these systems will 

help develop empirical rules for their co-crystallisation to improve their physical properties.  



[Type here] Article 2 [Type here] 

76 

Nine co-crystals of diflunisal are known but only three crystal structures have been 

reported. In all cases diflunisal forms 2:1 adducts with the co-formers, with up to twice the 

bioavailability.13 Wang et al. established the presence of COOH…NCO adduct formation 

through FTIR and solid state NMR studies of diflunisal-nicotinamide and isonicotinamide 

co-crystalline adducts in the absence of a crystal structure.32 A diflunisal-nicotinamide co-

crystal was obtained using supercritical CO2.
7 The crystal structures of co-crystals 

containing two active pharmaceutical ingredients (APIs), diflunisal and ciprofloxacin,33 

and of diflunisal-theopylline34 have also been reported. Evora et al. carried out co-crystal 

screening of diflunisal with isomeric pyridine carboxamides using phase diagrams, which 

resulted in three new crystalline adducts, whose interactions were estimated using peak 

shifts in the FTIR spectrum.16 Evora et al. also made use of thermomicroscopy to study a 

new phase of a diflunisal-pyrazinamide co-crystalline adduct.17  

Another technique for improving the dissolution properties and processability of an API is 

a change in crystal morphology. Sometimes, this can be achieved through co-

crystallisation. The use of additives or the presence of impurities are also known to lead to 

changes in the crystal habit. An additive that interacts only with a specific crystal surface 

can give a kinetically controlled metastable polymorph, while thermodynamic stabilisation 

in the presence of an additive can be achieved by the solvent co-adsorption phenomena.35 

An additive that is structurally similar to the compound being crystallised may disrupt both 

nucleation and crystal growth.36  

In this paper we identify key interactions involved in the formation of diflunisal adducts 

with co-formers through statistical, theoretical and experimental methods. We have used a 

molecular similarity tool to predict possible co-formers and carried out co-crystallisation 

experiments to obtain crystalline adducts that are not subject to the crystal growth process 

accelerated by vdW contact stacking which often leads to the formation of needles. We also 

studied the inter-molecular interactions using DFT-D calculations for adducts in the gas 

phase and used PIXEL calculations to partition inter-molecular interaction energies in the 

co-crystals. We have also accessed a range of co-crystal adducts of diflunisal with 

carboxylic acids through mechanochemistry, which were considered unlikely by the 

molecular complementarity tool. 
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Experimental Section 

Materials 

Diflunisal (1) was purchased from Baoji Guokang Bio-Technology Co., Ltd, China. The 

solvents, pyrazine (Py - a), 1,3-di (4-pyridyl) propane (PBipy - b), 4-(2-pyridine-4-ethyl) 

pyridine (EBipy – c), 4,4’-bipyridine (Bipy – d), oxalic acid (OA – e), 4-aminobenzoic acid 

(PABA – f), 2-hydroxypyridine (HP – g), citric acid (CA - i), DL-tartaric acid (TA - j), DL-

malic acid (DLMA - k), L-ascorbic acid (AA - l), trans-aconitic acid (tAA - m), adipic acid 

(APA - n), succinic acid (SA - o), maleic acid (MA - p), glutaric acid (GA - q), pimelic 

acid (PA - r), and fumaric acid (FA - s) were purchased from Sigma Aldrich. 4-Diamino-

6-hydroxypyrimidine (DAHP - h) was purchased from Tokyo Chemical Industry (TCI, 

Europe).  All chemicals were used without any further purification.  

Solution co-crystallisation 

1:1 molar ratios of 1 and the co-formers a (Py), b (Pbipy) and c (Ebipy) were dissolved in 

methanol/acetonitrile (1:1), with stirring and gentle heating. Crystalline adducts were 

obtained through slow evaporation of the solvent mixture. Similar experiments were carried 

out using other co-formers but were unsuccessful in producing single crystals. To study the 

additive effect of e (OA), 1 and 10 % e were dissolved in ethanol, both with stirring and 

gentle heating, followed by slow evaporation.  

Ball milling  

Ball milling experiments with a 1:1 ratio of 1 and co-formers e-s and 1:1 and 2:1 ratio for 

the dipyridyl co-formers (b-d) and Py (a) were carried out at various time intervals, at 25 

Hz using a Retsch ball mill. For long duration of milling the jars were allowed to cool for 

15 min after every 30 min milling. Cryo-milling was carried out on 1:1 combination of 1 

and the carboxylic acid co-formers using the same mill, for different times. The jars were 

initially immersed in liquid nitrogen for 5 min and the millings were carried out in intervals 

of 7.5 min and the jars were cooled in between for 2.5 min. The measured external 

temperature of the jars did not rise above -20 °C during cryo milling.  
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Single crystal X-ray diffraction  

Single crystal diffraction data of all crystalline adducts were collected using an Oxford 

Diffraction Xcalibur CCD diffractometer using graphite-monochromated Mo-Kα radiation 

( = 0.71073 Å) at room temperature (1a) or 150 K (1b, 1c). The structures were solved 

using SHELXT,37 embedded in the OSCAIL software.38 Non-hydrogen atoms were refined 

anisotropically and hydrogen atoms were in calculated positions. Graphics were produced 

with ORTEX and POGL also embedded in OSCAIL. Crystallographic data can be found 

in Table 1. CIF files can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data 

Centre, Cambridge, UK with the REF codes 1491984, 1491985, and 1491986. 

X-ray powder diffraction (XRPD)  

X-ray powder patterns were recorded on an Inel Equinox 3000 powder diffractometer 

between 5 and 90  (2θ) using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). Theoretical 

powder patterns were calculated using the OSCAIL software.38 

Differential scanning calorimetry (DSC) 

DSC experiments were performed on a STA625 thermal analyzer from Rheometric 

Scientific (Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min and 

all runs were carried out between 25 °C and 250 °C. The measurements were made in open 

aluminium crucibles, nitrogen was purged in ambient mode and calibration was performed 

using an indium standard.  

Scanning electron microscopy (SEM) 

The images were captured using a Hitachi S2600N Variable Pressure Scanning Electron 

Microscope with a backscatter BSE resolution of 20 nm at 25 kV, X 903 magnification, 

with an accelerating voltage of 5 kV, an emission current of 10000 nA at a working distance 

of 13.5 mm.  

Computational studies Molecular complementarity  

The Molecular Complementarity tool in the Mercury software25 was used to identify 

potential co-formers for the co-crystallisation of 1. This was carried out using the database 
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of potential targets supplied by the database, and a few other structures were loaded as their 

.mol files saved using the Avogadro software.39 

 

Chart 2. Hydrogen bonding motifs in ortho hydroxy benzoic acids, (I) heterosynthon 

forming chain like motifs with aromatic N, (II) COOH….COOH homosynthon and (III) 

homosynthons forming four-atom rings with the ortho OH and the C=O of the acid.  

CSD search for motifs 

A motif search for three types of H-bonded adducts shown in Chart 2 was carried out, 

using the Conquest software.40 One moiety in each case was an ortho-hydroxy benzoic acid, 

while the second moiety was either a structure with an aromatic N, forming a 1D hydrogen 

bond with the acid or another carboxylic acid group forming a dimer with the acid. The 

criteria used for the search were that the interactions are within a distance of the sum of the 

vdW radii +1 Å, an R-factor < 7.5%, and organometallics were excluded. The results, in 

the form of descriptors, from the searches were then exported to the Mercury software, 

where descriptive statistical analysis and principal component analysis41 of Z’, hydrogen 

bonding distances, number of unique chemical units, and the number of co-ordinates were 

carried out.  

Gaussian calculations 

Gaussian calculations were carried out on the individual molecules (1, a – e) and their 

adducts with a subset of the co-formers (a – e), in the gas phase, using density functional 
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theory (DFT). The B3LYP functional was employed with two different basis sets, 6-

311+g(d,p) and cc-pvtz. The structures were optimised for lowest energy and checked for 

the absence of negative frequencies. Simple formation energies were calculated from the 

minimized energies.  

Stacking analysis  

Stacking analysis1 was performed on the obtained structures using OSCAIL.38 The vdW 

distances of a molecule to its nearest neighbours in potential stacks were calculated.  

PIXEL calculations 

PIXEL calculations42 were carried out to examine the contributions of various interactions 

towards the stability of the crystalline adduct 1a, of the crystal structure of 1 (REF code: 

FAFWIS01) and of co-formers a (REF code: PYRAZI), b (REF code: AZSTBB), c (REF 

code: UGIHAT), d (REF code: HIQWEJ), and e (α form REF code: OXALAC05, β form 

REF code: OXALAC11). In the case of 1, one disordered F in the structure was replaced 

with a H to simplify the calculation.  PIXEL calculations on the other crystalline adducts 

were not possible as they had a Z’ > 2.  

Results and Discussion 

The promiscuity of drug molecules in co-crystal formation and the efficient use of 

supramolecular synthons have been a topic of wide interest for the past decade. Shattock et 

al.43 in their study of the heterosynthon motif OH…Nar carried out an examination of the 

crystal structures in the CSD and established that a COOH…Nar 1D H-bond is preferred 

over OH….Nar.  However, they did not include species with ortho substitution due to their 

complexity.  Amongst the 4922 structures in the CSD that have the COOH…COOH 

homosynthon, 149 of them have a hydroxyl group in the ortho position (motif II), 

equivalent to only 3% of the total. Similarly, a search for COOH…Nar gave 1780 hits out 

of which 82 had a hydroxyl group in the ortho position (motif I). 



[Type here] Article 2 [Type here] 

81 

 

Figure 1. Principal component analysis of the CSD searches for (a) motif I (Chart 2) and 

(b) motif II (Chart 2). The two axes are PC1 and PC2, with the colour variation given by 

PC3 and size of the spot by PC4. The ‘star’ spots are the ones where the interaction 

distances exclude a planar 𝑅 (8)2
2  motif. 

 Adduct formation is known to prefer heterosynthons over homosynthons in the process of 

H-bond formation,28 but only a COOH homodimer can be broken using a heterosynthon, 

while an amide homodimer in contrast is considered quite stable. Hence, here we have 

compared only ortho substituted COOH homosynthons to Nar heterosynthons.  

Out of the 149 structures, identified as having motif II, only eight were co-crystals. From 

an examination of these structures, the following features were identified:  

1) COOH homosynthons between a co-former acid and an o-hydroxy carboxylic acid 

formed when either of them had electron-withdrawing groups present. Examples 

are REFCODES BIZYOA and COLKUL, which have chloroacetic acid and 

dinitrobenzoic acid as co-formers. The presence of electron-withdrawing groups 

would greatly enhance the proton donating ability of the carboxylic acids. The pKa 

values are listed in Table S1 (Supporting Information, SI). The only co-former that 

does not have an electron-withdrawing group is acetic acid (REFCODES: 

YOVVOW, MAMRUP, MAMSAW). 

2) COOH homosynthons between a co-former acid and an o-hydroxy carboxylic acid 

formed when the o-hydroxy acid had a competing group (OH or NH2) that can H-

bond with the co-former. Examples are REFCODES GEQROL, GIDLUB, 

UGOWIY.  
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A search that combined motifs I and II gave only eight hits, and in every single case the 

COOH…COOH distances were greater than 3 Å excluding a planar 𝑅 (8)2
2  motif. The 

normal distance for COOH…COOH interactions is around 2.6 Å.43  

Out of the 149 structures with the type II interactions, 49 showed stacking with the stacks 

slightly slipped. In the case of the COOH…Nar interactions (motif I), out of the 82 that have 

the o-hydroxy acid, 23 are stacked. Survo et al. found rare type III interactions in the co-

crystals of 1 with theophylline. A search on the CSD for structures with motif III gave 78 

structures, of which only 20 were actually in-plane interactions. 

We carried out principal component analysis (PCA) on our searches based on motifs I and 

II in Chart 2 separately, using the tools available in Mercury. The descriptors used for the 

PCA were Z’, distances (the H-bond distances between the H and the acceptor – 1 length 

in motif I and 2 in motif II), the number of atomic co-ordinates in the unit cell, and the 

number of unique chemical units. 

The COOH… Nar interactions: The PCA gave a cumulative variance of 100% for the first 

four PCs. PC1 (49.4% explained variance) was influenced surprisingly by Z’ and the 

number of co-ordinates, PC2 (24.7% explained variance) has a contribution from the 

number of unique chemical units. This is apparent from Figure 1a, where the data points 

are sorted into three distinct layers along the y-axis denoting PC2. It is only PC3 (18.5% 

explained variance), perhaps surprisingly, that has any contribution from the H-bonding 

distances. This is because the COOH…N distances are very consistent (1.6 – 1.8 Å) and 

thus do not contribute to variance. There are three exceptions here that have distances in 

the range of 2.3 - 2.6 Å. However, these systems contain pyridine N-oxide.44  

The COOH…COOH interactions: PCA gave a cumulative explained variance of 99% for 

the first four PCs. PC1 (46.8% explained variance) has the highest contribution from the 

hydrogen bonding distances, as can be seen from Figure 1b, with all the data points with a 

star marker clustering to one side. PC2 (32.98% explained variance) is related to the 

difference in the two H-bonding distances that make the dimer ring, and PC3 (14.64% 

explained variance) is governed by the number of unique chemical entities in each studied 

molecule. PC4 (5.4% explained variance) is related to Z’ and the number of co-ordinates 

had no significance whatsoever. 

Gavezzotti et al. in a recent study have carried out a survey of all H-bonded structures and 

have explored the H-bonding features and the nature of crystal packing amongst other 

features. They found the order of donor ability to be COOH > NH > OH, with the 

COOH…Nar being the most favourable of interactions.45 
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Studies based on diflunisal 

Molecular complementarity calculations revealed that 1 was likely to form co-crystals with 

co-formers which had ‘N’ acceptors, rather than dicarboxylic acids, with exceptions of 

adipic acid (n) and benzoic acid (not studied here). This method makes use of multivariate 

analysis of the structures in the database and projecting the current data to find a possible 

co-crystallisation hit. The data used are various properties, as well as crystallographic 

information.24 Table S2 (SI) lists the possible hits predicted using this method. These 

predictions were tested by carrying out a series of co-crystallisation studies by ball milling 

and solution crystallisation of 1 with the co-formers listed above. 

Solution crystallisation  

Crystals of 1a (Dif-Py), 1b (Dif-Pbipy), and 1c (Dif-Ebipy) were obtained from a mixture 

of 1:1 acetonitrile and methanol and the crystal habits were distinctly different from that of 

1, especially in the case of 1a and 1b. The crystallographic information for 1a-1c are 

summarised in Table 1. Figure 2 illustrates the crystal packing observed in 1a, 1b and 1c. 

While 1a is a co-crystal, 1b and 1c are salts where the proton from the carboxylic acid has 

been transferred to the N in the co-former. In all three cases the H bonding motifs observed 

are linear chains of the co-formers with a molecule of 1 at both ends. This is due to 

competition between inter- and intra-molecular H-bonding possibilities present in the 

molecule of 1. 
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Figure 2. Crystal packing in 1a, 1b and 1c.  

  

 

 

1a

1b

1c
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As can be seen from Figure 3a, 1a has a diamond-like habit. The crystal structure has an 

interleaved pattern with two molecules of 1 spaced by an a, with a 1-a distance of 3.7 Å. 

Figure 3b shows that 1b forms plate like crystals, crystallising in a monoclinic (P21/c) 

system. It has a rather large unit cell, which comprises of one molecule of b and two 

molecules of 1,  

 

  

Figure 3. Microscope images of a) 1a, b) 1b, c) 1c and d) Form I and Form IV of 1 

crystallised in the presence of oxalic acid.  

with the ring carrying the carboxylic acid in 1 being co-planar to the pyridyl rings in b. 1c 

on the other hand forms needles like 1 itself does, and crystallises in the triclinic (P-1) 

system. 1c also has a molecule of the solvent acetonitrile included in its unit cell. 1a and 1c 

are stable, while 1b is very hygroscopic and is unstable when the solvent is removed.  

To understand the direction and mechanism of growth in these systems, stacking analyses 

were carried out using the OSCAIL software.1 Table 2 gives a comparative account of the 

percentage of vdW interactions observed in the crystal lattices along all axes. For a stacking 

interaction to dominate crystal growth it is normally found that more than 50% of the atoms 

in a molecule are in vdW contact with their neighbours above and below them in a stack.1 
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In the case of the crystal form of 1,46 the crystal growth is dominated by the vdW contact 

stacking of the molecules along the short a-axis, resulting in needle formation. 1c is similar;  

Table 2. Stacking analysis carried out using OSCAIL showing the percentage of atoms in 

a molecule in vdW contact with potential stack neighbours. A value >50% indicates a 

significant stacking interaction that will dominate crystal growth. 

 

 

 

 

 

 

 

 

 

 

 

here the growth is dominated by the vdW contact stacking of c on c and 1 on 1, and 84% 

of the atoms in the molecules are in vdW contact with their neighbours in the stack along 

the b axis. The acetonitrile solvent molecules in 1c fill voids and play no role in stacking. 

In the case of 1a, vdW interactions involving molecules along the a and c axes have only 

43.5% and 35.6% of their atoms in vdW contact, respectively. There is obvious interleaving 

of non-identical molecules along b and c and the vdW contact stacking mechanism cannot 

contribute to growth in these directions. In the case of 1b the molecules have only 21% of 

their atoms in vdW contact along the relatively short b-axis and needle growth is not 

expected. A possible reason for the 1c structure being related to that of 1 is that 1 and c are 

closely related in size and shape.   

 

Crystal % vdW contact Crystal habit 

1 
Along a axis – 

Mean %**  84.62% 
needle (acicular) 

1a 

Along a axis – 

Mean %**  42.54% 

Along c axis – 

Mean %**  32.69% 

diamond-like 

1b 
Along b  axis – 

Mean %** 21.05% 
plate-like 

1c 
Along a axis- 

Mean %**  82.01% 
needle 
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Table 3. PIXEL energy calculations (in kJ/mol) for the co-crystal 1a, showing the 

contributions from various interactions between 1 and a  

Another interesting feature of these crystalline adducts is the absence of disorder with 

respect to the F atoms of 1. In the crystal structures of 1 (form I - FAFWIS01 and form IV 

– FAFWIS) the ortho F atom is disordered. This apparent disorder is due to the availability 
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of space for torsion of the F-carrying phenyl ring. In 1a, 1b and 1c, the ortho F is present 

on the side having the carboxylic acid unit in the adjacent ring. The formation is such that 

there is a pocket of C-F and C-H bonds, with the shortest C-H…F distance being 2.5 Å and 

largest F – F distance 5 Å and shortest 3.68 Å. Usually an F…H interaction is not 

considered significant due to the nature of F,47 but here the short C-H…F distance, 2.5 Å, 

indicates a weak interaction (vdW sum 2.67 Å) that seems to be vital in preventing the 

disorder. In rare occasions, aromatic fluorine substitutions, due to the weak F…H 

interactions can affect optimal geometries of structures.47 Such a feature was also identified 

by Bag et al.33 in co-crystals of 1 with ciprofloxacin, where the weak C-F…H interactions 

form tetrameric units. Illustrative figures with measured distances are in the SI (Figure S3). 

The FAFWIS01 structure which has ortho F disorder has been compared to the 

FAFWIS02 (diflunisal form III), 1a, 1b and 1c structures which have no F disorder by 

placing an F atom along the C-H vector where an F atom would be if there was disorder. 

The lattice around the inserted F atom was examined for contacts inside the sum of the 

vdW radii. The results were that in FAFWIS01 neither F position made any contacts inside 

the sum of the vdW radii while the inserted F atom in all of the other four structures made 

contacts inside the sum of the vdW radii (Table S3). 

PIXEL calculations were carried out on 1a, 1, a, b, c, d, and two forms of e to identify 

important interactions and their respective contributions to the stability of the structure. It 

was not possible to carry out the calculations on structures of 1b and 1c, because their Z’ 

>2 is beyond the computational limitations of the code.42 Table 3 lists the interaction 

energies of a central molecule of 1 with its next nearest neighbours in the co-crystal 1a. 

PIXEL energies for 1 and the co-formers (a – e) can be found in the SI (Tables S4 – S10). 

On comparison of the energy involved in 1 (-114.5 kJ/mol) with that of a (-59.7 kJ/mol) 

and 1a (-63.9 kJ/mol), it becomes apparent that there is no thermodynamic advantage for 

the formation of the co-crystal, as reported in the literature by Chan et al. using DFT-D 

methods.23 Gavezzotti et al. in their recent study45 surveyed the CSD for co-crystals and 

carried out CLP calculations on 97 structures. They found that the lattice energies of the 

co-crystals were invariably more stabilising than the lattice energies of the components 

themselves. Their finding would suggest that even though the formation energies of the 

hetero-adducts are higher than that of their individual components, there is increased 

stability due to crystal packing effects. Unfortunately, they were not able to survey 
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pharmaceutical co-crystals in any great length due to the presence of multiple functional 

groups. 

While dispersion energies are dominant in the crystal structure of a, combined with the fact 

that it has low lattice energies, gives it an advantage in forming 1a. The crystal structure of 

1 is however, dominated by the Coulombic energy of the 𝑅 (8)2
2  H-bond dimer it forms 

with itself, followed by the dispersion energy of stack formation. Figure 4 illustrates the 

interactions observed in the 1a crystal, showing the origin of the dispersion and Coulombic 

energies.  

DFT calculations on the H-bonded adducts studied using Gaussian reveal a similar result. 

The formation energies calculated for adducts are much smaller than that of the 1-dimer, 

except for the case of the 1-e adduct, which had very similar formation energies to that of 

the 1-dimer itself. The formation energies for all adducts can be found in Table S11 (SI). 

It has to be noted that the gas phase calculations do not take the proton transfer in 1b and 

1c into account, i.e. the formation of charge-assisted H bonds.  

 

Figure 4. Molecular interactions observed in co-crystal 1a through PIXEL calculations.  

Arderne et al. through their calculations have shown that charge-assisted H-bonding tends 

to give adducts an extra 13 – 14 kJ/mol stabilisation compared to their neutral versions.48 
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Adding in the extra 13 kJ/mol to the formation energies of 1b and 1c would still make their 

formation energy similar to and slightly higher than that of 1 itself. The fact that these 

adducts have lower formation energies suggests that their formation may well be driven by 

entropy, which would favour a heterosynthon over a homosynthon. It would also suggest 

that, being less stable than 1 itself, the adducts should have enhanced dissolution properties 

and hence be more bioavailable. In the case of oxalic acid, the formation energies were 

very similar to that of the 1-dimer and yet it did not produce co-crystals in solution. In this 

case, there is no advantage in terms of formation energies due to the presence of 

COOH…COOH dimers and the entropy difference should also be small.  

While further crystallisation studies were carried out using the other co-formers, they were 

not successful in producing co-crystals or salts. However, oxalic acid (e) had an interesting 

effect in the crystallisation of 1. 1 is known to produce crystals of polymorph III (FIII) in 

pure ethanol.46 However, in the presence of 10-50 % oxalic acid we observed the formation 

of form I (FI) in the same solvent. FI was identified by indexing single crystals on a 

diffractometer. FI is generally crystallised from toluene or from a mixture of benzene and 

methanol.46 Using e as an additive this polymorph can be obtained from the greener solvent 

ethanol. Thomas et al. have made similar observations in the cases of paracetamol,49 

piroxicam,50 and gallic acid,50 where the presence of a large amount of co-former led to the 

formation of rare or previously unknown polymorphs. However, they have not been able 

to identify a mechanism for this behaviour. Due to large quantities of the co-former 

required, as opposed to the small amounts of additives generally known to affect nucleation 

events, we hypothesize that the effect of the co-former might actually be a crystal growth 

effect.  

Together with the experimental observations and the findings of the DFT calculations 

showing very similar formation energies for both the 1 homodimer and 1e hetero-adduct, 

it would seem that, in the presence of a co-former, the increase in entropy presents no 

advantage for the formation of co-crystals, as the enthalpy of formation dominates the 

thermodynamics of the system. It has been observed through ball milling (which we discuss 

in the next section), that 1e co-crystals are formed on milling. This would suggest that the 

co-crystal may have very high solubility at room temperature, preventing its crystallisation. 

The reason for large quantities of co-former causing a change in polymorph of the drug, is 

not currently understood, but further studies on this phenomenon are being carried out.  

After a few months in contact with solution, a few plates of FIV were also found amongst 

the FI needles. In the absence of oxalic acid FIV rapidly crystallises as needles. The 
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transformation to the more thermodynamically favoured plates is a slow process. 

Previously, alkanoic carboxylic acids have been used as additives by Davey et al.51 in small 

quantities to modify the morphology of adipic acid. They observed an increase in the aspect 

ratio of the crystals, eventually leading to the formation of twin crystals of adipic acid in 

the presence of alkanoic acid. A long-established example is that of urea modifying the 

morphology of NaCl crystals. Smith et al. have recently carried out theoretical and 

computational studies to understand the effect urea has on crystal growth.52 They identify 

that urea preferentially stabilises octahedral NaCl, by raising the chemical potential of all 

faces; however, the 111 face was the most stable. 

Ball milling  

Mechanochemistry, due to its non-equilibrium nature, is often employed to produce 

polymorphs6 and co-crystals53 that are not accessible through solution crystallisation. Ball 

milling of 1 with all of the co-formers was carried out initially for 60 min. It was possible 

to produce eight new co-crystals by this method. The results of the ball milling experiments 

are summarised in Table 4. Co-milling of a 2:1 mixture of 1 and a (Py) for 15 min resulted 

in an XRPD pattern similar to the simulated pattern from the single crystal data (Figure 

S2),  
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Table 4. Results of crystallisation and balling milling experiments of 1 (FI) with all co-

coformers  

Co-

former 
Ball milling 

Solution 

crystallisation 

a 
co-crystal (identical to the co-crystal obtained from 

solution) 
co-crystal 

b 
salt (identical to the structure obtained from solution, 

substoichiometric amounts of solvent required) 
salt 

c 1:1 and 2:1 co-crystals salt 

d 1:1 and 2:1 co-crystals 1 (FI) 

e 1:1 and 2:1 co-crystals 1 (FI and FIV) a  

f co-crystal 1 (FI) 

g co-crystal  1 (FI) 

h X-ray amorphous (stability >6 months) 1 (FI) 

i 
Bragg peaks of the acid with an underlying amorphous 

halo 
1 (FI) 

j - s physical mixtures of 1 and the co-former 1 (F1) 

 

suggesting the formation of the same co-crystal. Co-milling 1:1 and 2:1 ratios of 1 and b 

(Pbipy) for 30 min resulted in a physical mixture, while milling in the presence of 25 µL 

of acetonitrile produced the same XRPD pattern as that simulated from the single crystal 

data (Figure S4). The added acetonitrile is required, as proton transfer cannot take place in 

the absence of a solvent. This effect has been previously reported.53 Thermal analysis 

(Figure S5) of the milled material showed melting at 151 °C with no other thermal events 

except for sublimation at a higher temperature.  

Co-milling 1:1 and 2:1 mixtures of 1 and c (Ebipy), gives rise to new XRPD patterns (>5 

new peaks per pattern, Figure S6) that are different to the ones simulated from the single 

crystal structures. This observation is supported by thermal analysis (Figures S7 and S8, 

SI), which shows a thermal event in both cases at 145 – 146 °C and melting endotherms at 

239 °C and 229 °C for the 1:1 and 2:1 samples, respectively. The melting points of the 

different polymorphs of 1 are between 212 and 215 °C 46 and that of c is at 151 °C.  
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Figure 5. XRPD patterns of milled samples of 1 and OA: (A) OA dihydrate. (B) OA. (C) 

diflunisal FIII. (D) 1:1 mixture of 1 and OA milled continuously for 120 min without 

cooling. (E) co-milled 1 and OA heated at 100 °C for 30 min followed by 30 min at 180 

°C. (F) co-milled 1 and OA heated at 100 °C for 30 min. (G) co-milled 1 and OA (1:1, 60 

min). (D) shows peaks similar to FIII of 1 and one new peak at 21 ° (2θ). (G) shows a 

new pattern suggesting the presence of a co-crystal.  
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Figure 6. (a) Simultaneous DSC and TGA of a milled sample of 1 and OA (1:1, 30 min) 

showing thermal events at 67 °C, 171 °C, and 199 °C, with associated weight loss of 

1.5%, 15.5% and 27.2%, followed by melting at 213 °C and sublimation of 1 at 262 °C. 

(b) Simultaneous DSC and TGA of a milled sample of 1 and OA (1:1, 120 min without 

intermittent cooling) showing thermal events at 126 °C, 143 °C, 151 °C, and 178 °C 

without weight loss.  

There is a thermal event at 86 °C in the 2:1 case, the origin of which is not currently 

understood. The absence of the melting endotherms of the starting compounds and the 

differences in the XRPD patterns support the presence of pure co-crystals. Samples of 1a, 

1b and 1c prepared by milling are stable for over two months.  

The XRPD patterns of milled 1:1 and 2:1 mixtures of 1 and d (Bipy), both having >5 new 

peaks (Figure S9, SI), suggest the formation of new co-crystalline adducts. Thermal 
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analysis of the milled 2:1 mixture shows an exothermic peak at 127 °C, followed by melting 

at 202 °C (Figure S10, SI). The absence of a melting endotherm for d (m.p. 114 °C) 

complements the XRPD data.  

XRPD patterns of 1:1 mixtures of 1 and f (PABA), milled at room temperature or cryo-

milled for 120 mins, are completely different compared to the starting materials and have 

a few peaks that distinguish them from each other (Figure S11). The pattern of the cryo-

milled sample shows Bragg peaks with an underlying amorphous halo contributed from 

diffuse scattering. Thermal analysis of a sample milled at room temperature confirmed the 

formation of a new co-crystalline material, with a thermal event at 115 °C followed by 

melting at 165 °C. The melting point of f is 187 °C (Figure S12, SI). 

Co-milled 1 and g (HP) in a 1:1 ratio results in a new XRPD pattern (Figure S13, SI) 

suggesting the formation of a new co-crystalline adduct. This is further supported by the 

thermal analysis (Figure S14, SI) where the material shows an endothermic peak at 187 

°C, followed by melting at 202 °C. These thermal events are different from the starting 

materials, where g is known to melt at 107 °C. HP exhibits lactam-lactim tautomerism. 

Both tautomers can interact with a carboxylic acid via an 𝑅 (8)2
2  motif.  

The case of oxalic acid (e) is very interesting. While the molecular complementarity tool 

in the Mercury software predicted a 0% probability of co-crystal formation, ball milling of 

1:1 ratios of 1 and e resulted in a new pattern as shown in Figure 5, suggesting the 

formation of a 1:1 adduct. Thermal analysis of the milled material revealed four thermal 

events, each with an associated weight loss (Figure 6). The peak at 67 °C corresponds to 

the loss of 1.5% adventitious water. The second event occurs at 171 °C, with a 15.5% 

weight loss, that corresponds to the loss of half of e present in the system. The third thermal 

event occurs at 199 °C, with a weight loss of 27.2%, that corresponds to the loss of all e 

molecules, followed by the melting of 1 at 213 °C. The absence of the melting endotherm 

of e (m.p. 202 – 203 °C) and the loss of half of e at 171 °C suggests the transformation of 

1e from a 1:1 composition to a 2:1 adduct. This is supported by the XRPD patterns. To 

understand the change in composition better, the 1:1 co-milled sample was held at 100 °C 

for 30 min and a second sample at 100 °C for 30 min followed by 30 min at 180 °C. The 

XRPD patterns (Figure 5) reveal the formation of both 1:1 and 2:1 adducts. Another 

experiment was carried out where a 1:1 mixture of 1 and e (dihydrate form) was milled for 

120 min without any cooling interval. This resulted in a bright purple sample (Figure S15), 

which could suggest the presence of a high degree of disorder in the structure.54 The XRPD 

pattern (Figure 5, D) is almost identical to that of FIII with the exception of a new peak at 
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21° (2θ). The thermal analysis however, revealed the presence of a co-crystal that melts at 

178 °C, with two other recrystallisation events. Together with the fact that the material 

melts at a temperature different to that of its starting material and that there is no weight 

loss involved in either of the thermal events, it can be safely concluded that this is a 

polymorph of 1e. Seeded crystallisation experiments using crystals from the milled sample 

were unsuccessful.  

In contrast to all other co-milling experiments, milling a 1:1 mixture of 1 and h (DAHP) 

did not yield an XRPD pattern. Only an amorphous halo was observed, and no Bragg peaks 

appeared during storage for over 6 months (Figure S16). It is possible that crystallisation 

was effectively blocked by the multi-functional h, which has three H-bond donors and two 

acceptors, which could stabilize an amorphous phase by disrupting the formation of the 

acid dimers.55  

 

 

Figure 7. SEM images of (a) co-milled 1 and d (2:1, 15 min), (b) co-milled 1 and f (1:1, 

60 min), (c) co-milled 1 and f (2:1, 60 min) and (d) co-milled 1 and h (1:1, 30 min). 
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Figure 8. SEM images of samples of co-milled 1 and e: (a) 1:1, 120 min milling, (b) 1:1, 

60 min milling followed by heating at 100 °C for 30 min and (c) 1:1, 60 min milling 

followed by heating at 100 °C for 30 min, followed by heating at 180 °C for 30 min. 

Corresponding low magnification images are shown in Figures S17 – S22 (SI). For 1d and 

1h tape like structures grew from flat surfaces which formed due to the impact of milling. 

In both of the 1f cases the samples are completely made up of these tape-like features, with 

the 1:1 tapes slightly wider than the 2:1 ones. Some of these tapes are similar to the ones 

observed on milling 1 alone for 120 min (Figure S17, SI). 

In the interesting case of 1e, milling for 120 min without intermittent cooling (Figure 8a) 

seems to lead to some kind of melting resulting in an amorphous looking material, from 

which some tape like features are growing. The 1:1 sample milled for 60 min with 

intermittent cooling, followed by heating at 100 °C (Figure 8b) shows features similar to 

those in Figure 7. The sample heated at 180 °C that results in the 2:1 adduct as established 

by DSC shows the formation of large well-defined blocks or plank like crystals. This could 

be an effect of the annealing process which could have led to the formation of these blocks 

that deviate from the normal needle like structures.  

Co-milling of 1 with carboxylic acids i – s did not yield any co-crystals. Co-milling 1 and 

s resulted in an X-ray amorphous material that crystallises back to its constituents. XRPD 

patterns for these samples are shown in Figures S23 – S33 (SI). Cryo-milling of these 

systems gave results that were similar to the room temperature studies (data not shown). A 
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discrepancy with the predictions of the molecular complementarity tool in the Mercury 

software is the non-occurrence of co-crystals of n and r, either through milling or solution 

crystallisation, despite a prediction with a 100% hit rate. This tool however, has been 

successful in predicting co-crystallisers for diflunisal in 11 out of 14 cases the exceptions 

being oxalic acid, adipic acid and pimelic acid.  

Conclusions  

Ball milling diflunisal with a range of bipyridines, p-aminobenzoic acid and oxalic acid led 

to the formation of eight co-crystals.  

Solution crystallization of diflunisal with pyrazine gave a co-crystal (1a) and a salt with 

1,3-di(4-pyridyl)propane (1b) both of which unlike diflunisal do not show needle growth. 

However, centrosymmetric 4-(2-pyridine-4-ethyl)pyridine gives a salt which does show 

needle growth. The different morphologies of 1a and 1b are due to the presence of the co-

formers that have a size and shape different to that of diflunisal and that prevent the stacking 

of molecules that dominates growth in the case of diflunisal and its salt with 4-(2-pyridine-

4-ethyl) pyridine. 

Diflunisal FI that is normally crystallised from toluene can also be obtained from the 

greener solvent ethanol in the presence of 10% oxalic acid.  

Gaussian calculations show that the formation energies of adducts of diflunisal with the 

pyridines examined are much lower than that of the diflunisal dimer itself suggesting that 

other factors such as crystal packing may be important in controlling co-crystal formation. 
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3   Conversion of Gel-Forming Crystal Needles to Easily Processable More Equant 

Crystals Using High-Shear Ultralow Attrition Agitation: Accelerated Ostwald Ripening 

without Crystal Attrition  

The aim of this study is to achieve a habit modification taking advantage of different rate 

between growth and dissolution rate in a highly anisotropic crystal. The selected crystal 

displays a needle-like morphology promoted by a vdW contact stacking interaction as 

driving force. Different methodologies to increase mass transfer were used, magnetic 

agitation and high-shear ultralow attrition agitation (HSULAA) were tested in the process. 

As results regular agitation boosts crystal breakage and in contrast HSULAA promotes 

crystal growth without fine formation. The proposed mechanism of action is the promotion 

of crystal growth via Ostwald ripening mechanism in which small crystals with lower 

surface energy dissolve, and the bigger crystals grow, due to mass transfer effect.  
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Abstract 

We demonstrate the first examples of the transformation of gel-forming crystal needles into 

easily processable more equant crystals by accelerated Ostwald ripening without detectable 

crystal attrition. Using high solution shearing to accelerate mass transfer diflunisal and 

isonicotinohydrazide gels are transformed into easily filterable crystals. High-shear-ultra-

low-attrition agitation conditions are generated by spinning with rapid reversal of the 

spinning direction every three seconds. 

Needle type crystals pose problems for pharmaceutical processing.1,2 Difficulties arise in 

the handling of needle crystals due to their poor flow properties and the ease with which 

they can break leading to the generation of fines. It was the anticipation of difficulties with 

needles in the crystallization of ibuprofen that led the Upjohn Company to patent the 

crystallization of ibuprofen from hydroxylic solvents from which it was isolated as more 

equant shaped crystals.3 We have found that isonicotinohydrazide (INH) and diflunisal, 

2',4'-difluoro-4-hydroxy-3-biphenylcarboxylic acid, (DIF) both give rise to stable gel 

formation when crystallized rapidly from solution. When gel-sample containers are spun 

with rapid reversal of the spinning direction every three seconds accelerated Ostwald 

ripening is observed. A stepper motor driven by a microprocessor was used to spin the 

sample vials about their axes and the direction of rotation was reversed every three seconds 

(Fig. S1, Supporting Information, SI). 

 

Figure 1. Structures of INH and DIF.  

INH                                                                   DIF 
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The crystal needles can be observed to gradually adopt a more equant shape and become 

easily filterable without the generation of crystal fines (Figs. S2 and S3, SI). Experimental 

details are described in the SI. Powder X-ray diffraction patterns rule out any polymorph 

change of INH and DIF during the process (Figs. S4 and S5, SI). We describe this process 

as high-shear-ultra-low-attrition-agitation (HSULAA) because the liquid shear generated 

in the spinning reversal due to the density difference between the crystals and the solution 

enhances the rate of material transfer from the needle tips to other crystal faces. Samples 

that were subjected to the spinning process (HSULAA) have been compared to reference 

samples (REF) which were not agitated and to samples that were stirred with a magnetic 

stirrer bar, high attrition agitation (HA). All samples were held at room temperature. In Fig. 

2 SEM pictures of reference samples, HA and HSULAA samples taken at different times 

over 14 days are shown. Over the 14 days the reference samples show little change, the HA 

samples show evidence of crystal fines and the HSULAA samples show progression to a 

more equant crystal shape. Plots of the change in the smallest crystal dimension with time 

are in Fig. 2(d). The corresponding results for DIF are in the SI, Figs. S6 and S7. The 

crystals in the 14day HSULAA sample are of good quality and an INH crystal was indexed 

on a diffractometer, Fig. 3(a). Thus, the HSULAA process can accelerate the 

transformation of micro crystals to good quality single crystals.  
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Figure 2. INH REF, HA and HSULAA samples at (a) day 3, (b) day 7, (c) day 14; (d) plot 

of the mean smallest crystal dimension with time. 

  



[Type here] Article 3 [Type here] 

108 

Figure 3. (a) INH crystal from the HSULAA day 14 sample indexed on a diffractometer, 

(b) crystal structure fitted into the observed crystal shape, (c) Top section of the structure 

in (b) from approximately the same viewpoint and the 4 unit cells in (c) showing the 

stacking down the a axis. 

Ostwald crystal ripening normally involves the transfer of material from small crystals or 

an amorphous phase to larger crystals.4 The material transfer from the small crystals or 

amorphous phase is by their dissolution and crystal growth on the part of the larger 

crystals.5 The process is based on the higher solubility of smaller crystals of the same phase 

of a substance relative to larger crystals.6 The particle size dependence of solubility is due 

to the higher energy of molecules on a crystal surface compared to molecules in the crystal 

bulk.This coupled with the higher surface area per unit mass of smaller crystals compared 

to larger ones leads to the tendency of smaller crystals to dissolve. However, the higher 

solubility of small crystals only becomes effective at very small crystal sizes.5 Ostwald 

ripening of macroscopic crystals is a very slow process.7 This is why the recent resurgence 

a) 
b) 

c) 

d) 
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of interest in Ostwald ripening following the work of Viedma involves the deliberate 

crushing of smaller crystals using glass beads to accelerate the process. 8 

The same principle of solubility difference can exist between different faces of the same 

crystal when highly anisotropic crystal shape is coupled with vdW contact stacking in the 

anisotropic growth direction. Fig. 3(b) shows the crystal structure of INH, CSD code 

INICAC02, inside the crystal shape indexed on the diffractometer. Needle growth is along 

the a axis and Figs. 3(c) and 3(d) show the vdW contact stacking in the needle growth 

direction. The higher energy of the molecules at the top of the stacks is also clear where 

most of the atoms in a molecule will be subject to solvent collisions in contrast to molecules 

along the sides of the stacks where a lower number of atoms in each molecule are exposed 

to solvent. This higher energy will increase the dissolution rate of the crystal tips. A movie 

of the dissolution of a DIF crystal in methanol clearly shows that the needle gets shorter 

faster than it gets thinner, SI. A similar selective dissolution from the needle tips has been 

observed and reproduced using molecular dynamics for carbamazepine which also has a 

stacked structure.9,10 The role of sample spinning induced liquid shear close to the crystal 

surface in the current work is to speed the movement of molecules from the diffusion layer11 

which surrounds the immobile saturated layer12 at the dissolving tips to the bulk of the 

solution without needle attrition. This process is also favoured by the general observation 

that growth rates are slower than dissolution rates.13 

There have been many attempts to predict crystal shape which have met with some success. 

These methods range from the BFDH method which relies on unit cell dimensions alone14 

to methods based on the calculation of slice attachment energies for each crystal face15,16 

to Monte Carlo force field-based methods which have recently been extended to include 

both molecular crystals and covalently bonded crystals.17,18 The Monte Carlo based 

methods give the best results for anisotropic crystal growth in stacked systems and the 

prediction that the aspect ratio is inversely proportional to the gas phase crystallization 

driving force for -phthalocyanine has been confirmed for other stacked systems which 

exhibit needle growth.17,19 It is likely that the systems most likely to benefit from the 

HSULAA process are those which exhibit vdW contact stacking. This type of stacking can 

be detected in crystal structures in an automated procedure using a molecular centroid 

distance matrix analysis which counts the fraction of atoms in a molecule that are in contact 

with their neighbours above and below them in a stack.20 When this fraction exceeds 55%, 
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needle growth tends to be observed in that direction. These fractions are 87 and 74% for 

INH and DIF respectively in the direction of needle growth.  

In summary we have developed a laboratory-scale method for accelerating the Ostwald 

ripening of needle type crystals without detectable crystal attrition. Since vdW stacking is 

a frequent feature of crystal structures that show anisotropic growth the HSULAA process 

should be applicable to a wide range of systems and scale-up should be possible provided 

low-attrition agitation is used in the reactor. 

Associated content 
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Experimental methods, sample pictures, powder X-ray diffraction patterns, scanning 

electron microscope images, plots of the thickness of the smallest crystal dimension 
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4 Manipulating co-crystal size and morphology using a combination of temperature 

cycling and additives  

Co-crystals belong to the widely studied class of multicomponent materials. Due to the 

presence of an extra molecule apart from the target API, co-crystals are more complicated 

to be studied and to be crystallized compared to a single component compound. Also, after 

the discovery of a co-crystal, no process optimization is generally performed. 

For this reason, we identified a co-crystal already well studied, benzoic acid and 

isonicotinamide that can form two different stochiometric compounds, a 1:1 and a 2:1 co-

crystal, in both cases the observed morphology is a needle-like crystal.  

With the following work we developed a systematic approach, which uses temperature 

cycling to alleviate the high aspect ratio observed for this co-crystal, with the aim of 

creating more equant crystals. Furthermore, we combined the successfully developed 

temperature cycling method with the addition of additive molecules. A small library of 

compounds was tested in the process. Two out of the six selected additives were capable 

of amplifying the effect of the temperature cycling alone, creating an even more equant 

crystal shape.  
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Abstract 

Cooling crystallization of benzoic acid and isonicotinamide, in ethanol yields the 1:1 

cocrystal with a needle like morphology. Temperature cycling of the cocrystal suspension 

reduced the mean crystal aspect ratio from 4.8 to 3.3. When tailor-made additives are 

combined with temperature cycling, needle growth is suppressed and crystals with an 

aspect ratio of 1 are produced. Benzamide and nicotinamide were effective additives at a 

concentration of 0.7% w/w. At higher additive levels of 10% w/w similar results were 

observed and the presence of additives in the product was confirmed by Raman and FT-IR 

spectroscopy and quantified using 1H NMR spectroscopy. The effective additives were 

incorporated into the cocrystal structure and p-aminobenzoic acid which had no effect 

crystallized concomitantly the simultaneous use of temperature cycling and tailor-made 

additives offers a new and effective approach for the elimination of unsatisfactory needle 

type crystals during the production of a pharmaceutical cocrystal. 
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Introduction 

Crystal size and shape have a profound effect on the final product properties of 

pharmaceuticals.1,2 For instance, needle-like crystal shapes pose problems during further 

downstream processing, as their suspensions are notoriously difficult to filter, they have 

bad flow properties and their ease of breakage leads to fines generation.3,4 Effective control 

of crystal size, usually measured as crystal size distribution, is also important as it directly 

affects product powder properties such as density and dissolution rate and it was set as a 

2020 goal for pharmaceutical crystallization in 2011.5 Temperature cycling of suspensions 

of sulfathiazole has been shown to increase mean particle size through an Ostwald ripening 

mechanism.6 Recently, a simulation method for describing the effect of thermal cycling on 

Ostwald ripening has been reported.7 The only reported example where temperature 

cycling, and the use of additives have been combined is the use of a polymeric additive 

(pluronic P123) to temperature cycling during the crystallization of succinic acid where it 

was possible to change the crystal shape from plate to diamond.8 Tailor-made additives 

have a close structural relationship to the target system allowing them to influence the 

crystallization process, even at low concentrations. 9 In an early example it was found that 

the addition of tailor-made chiral additives to the crystallization of L-asparagine-

monohydrate provided conglomerate resolution based on induced morphological 

differences in the enantiomorphic crystals.10 More recent examples include the use of in 

situ generated additives to control the crystallization of (2-(3-(4-hydroxystyryl)-5,5-

dimethylcyclohex-2-enylidene)malononitrile) inducing a morphological change which 

gave crystals more suitable for photonic applications  and a range of additives have been 

used to induce a range of reproducible crystal morphologies for methyl paraben crystals11,12 

Here we aim to control product size and shape by the combined use of tailor-made additives 

and temperature cycling. The system that is examined is the 1:1 cocrystal of benzoic acid, 

BZA, and isonicotinamide, INA. 13,14 

Materials and methods  

Benzoic acid (BZA), (≥99.5%), benzamide (BEN) (99%), isonicotinic acid (INIC) (99%), 

isonicotinamide (INA) (99%), nicotinamide (NA) (99%), nicotinic acid (NIC) (99%), 4-

amminobenzoic acid (PABA) (99%), picolinamide (PIC) (99%) and ethanol (≥99.8%) were 

purchased from Sigma-Aldrich, Gillingham, UK and used without further purification.  
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Solubility of BZA-INA in ethanol 

Using the phase diagram for the BZA-INA system14 a series of samples containing specific 

molar fractions of BZA-INA in ethanol were prepared, Figure S1 esi. The samples were 

placed in a Crystalline Reactor System (Technobis) and heating and cooling ramps were 

applied. The starting temperature in this process was 13.7 °C and the maximum temperature 

was 55 °C while a heating or cooling rate of 0.16 °C min-1 was applied, a waiting time of 

30 min was applied al low and high T to guarantee sample equilibration. The clear and 

cloud point temperatures of the sample were determined using light transmission. Some 

solid samples were collected and analysed using XRPD to validate the formation of the 1:1 

cocrystal (CSD code BUDWEC). 

Cooling crystallization and temperature cycling on a 10ml scale 

The BZA-INA cocrystal, 0.675 g, was dissolved in 6.525 g of ethanol, creating an overall 

composition of 81.71 mg/ml with a saturation temperature of 45 °C. The cooling 

crystallization process was performed using a Crystalline Reactor System (Technobis). The 

crystal suspension was monitored through an integrated camera. The slurry was 

equilibrated for 10 min at 20 °C at a stirring speed of 1100 rpm and then heated to 55 °C 

where it was held for 10 min in order to completely dissolve the solid. The solution was 

then cooled to 25 °C at a rate of 0.16 °C /min, during which a sharp drop in light 

transmission was observed when the cocrystals were formed.  

Temperature cycling was performed between 25 and 40 °C with 10 min isothermal holds 

at both the upper and lower temperatures.15 The heating and cooling rates used were 2 °C 

/min and 0.16 °C min-1, respectively. A fast heating rate maximizes the selective dissolution 

of fines.16,17,18 A slow cooling rate favours crystal growth over nucleation.  

Cooling crystallization and temperature cycling experiments on a 100 ml scale 

A 100 mL Easymax reactor 102 Advanced was used containing 80 mL of solvent and a 

stainless-steel three-bladed overhead stirrer with a spinning rate of 300 rpm. The BZA-INA 

concentration and heating and cooling rates was identical to those used in the Crystalline 

system above. The product quality monitored using online FBRM which allowed 

measurement of crystal chord length distribution and particle count. The FBRM used a 

monochromatic laser beam with a rotation speed of 2 m s-1. The focal point was constant 

for all the measurements and time and data points were collected every 2 seconds. 
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Additive addition 

Additives were added to experiments on a weight % basis. The levels used were 0.7, 5, 10, 

20, 30 and 40% of the combined weights of BZA and INA used. 

X-ray powder diffraction 

Samples were analysed by XRPD using either a Bruker D8 ADVANCE II using a 2 θ range 

of 5 to 40 ° (Cu K 50kV 50mA) in transmission mode or an Inel Equinox 3000 with a 2 

θ range of 4 to 80° (Cu K 35 kV 25 A) in reflection mode.  

1H-NMR  

It was possible to quantify the amount of additive incorporated into the crystal products 

obtained in the presence of BEN and PABA. The final suspensions were filtered and 

washed with ethanol and dried in air prior to their dissolution in DMSO-d6 for analysis. 1H-

NMR spectra were recorded on a Varian 500 MHz instrument and chemical shifts are 

reported relative to the residual DMSO-d6 solvent signal (2.50 ppm). In the case of BZA-

INA / PABA samples, the selected signals for analysis were a PABA multiplet at 6.54 – 

6.50 ppm and an INA multiplet at 8.71 – 8.69 ppm. For the BZA-INA BEN system the 

selected signals were a BEN multiplet at 7.87 – 7.84 ppm and an INA multiplet at 8.71 – 

8.69 ppm. 

Raman spectra  

A Renishaw Invia micro-Raman spectrometer was used to obtain spectra in the 100 – 3600 

cm-1 range, with 4 cm-1 resolution, 10 s exposure time and 0.5% laser power using a 785 

nm laser. 

IR-spectroscopy  

FT-IR spectra were collected on a Perkin Elmer Spectrum 400 fitted with an ATR 

reflectance attachment. Spectra were collected in the range of 650 – 3600 cm-1, with a 

resolution of 4 cm-1 and four scans on a diamond/ZnSe window.  

Differiental scanning calorimetry (DSC) 

DSC measurements were made using a Netzsch DSC214 Polyma instrument (Netzsch-

Geratebau GmbH, Selb, Germany) with helium purge gas. Blank correction was carried out 
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with an empty aluminium pan with a pierced lid under the same measurement conditions 

prior to sample analysis. Samples were tested in duplicate. Analysis was carried out using 

the Netzsch Proteus Analysis Software. Samples were heated from 25 °C to 180 °C at a 

heating rate of 10 °C/min. 

Malvern morphologi G3-ID 

The Image analysis was carried out on dry powder using a low-pressure dispersion and 5× 

optics. 

Aspect ratio  

Throughout this paper aspect ratio is defined as length/width. Each aspect ratio was 

calculated using a minimum of 50 crystals. 

PIXEL calculations  

The Pixel program (June 2018 version)19 was used to calculate intermolecular energies. 

Pixel operations and the operation of Gaussian16w for electron density calculations were 

automated by Oscail 20 using CSD code BUDWEC with the C-H bond lengths set to 1.08 

and N-H and O-H bond lengths set to 1.0 Å. 

Centroid distance matrix analysis  

Centroid distance matrix analysis of the BZA-INA structure was carried out using the 

Oscail software package.20 

Results and discussion  

Cocrystallization 

The BZA-INA cocrystal grows from ethanol solution as needles, Figure 2(a) and a crystal 

indexed on the diffractometer shows that the needle growth is along the b axis, Figure 2(b). 

The BFDH calculated crystal shape is block like and quite far from the observed needle 

habit, Figure 2(c). The crystal shape calculated using slice attachment energies is 

somewhat different in that it has a dominant 2 0-2 face, but it is also block like, Figure S2  
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esi. 

(a)                                       (b)                                 (c) 

Figure 2 (a) BZA-INA crystals grown from ethanol, (b) a crystal indexed crystal on the 

diffractometer and (c) BFDH calculated crystal shape 

 

Needle crystal growth 

Studies of the growth of needle crystals show that growth in the needle direction proceeds 

by a different mechanism from growth of the side faces. The needle tips of -pthalocyanine 

grown by sublimation and urea grown from methanol solution show rough growth whereas 

the needle side faces show smooth growth.21,22 Since crystal growth and dissolution have 

analogous mechanisms23 it is interesting to view the rough and changing nature of the 

dissolving needle tips in dissolution movies of carbamazepine form I and diflunisal form 

II.24,25 It is also important to note that in both dissolution movies the crystal needles get 

shorter before they get thiner. The highly anisotropic crystal growth of needle crystals 

arises from kinetic rather than thermodynamic control and thus crystal shapes based on 

BFDH or slice attachment energies, which are thermodynamic in origin, are unlikely to 

reproduce the needle shape, Figures 2(c) and Figure S2 esi.26 The most common reason 

for needle growth in pharmaceutical type compounds is the presence of a stacked crystal 

structure and cabamazepine form I, diflunisal form II and -pthalocyanine are all examples 

of needle crystal forming stacked structures in which molecules within the stacks are in 

vdW contact with their stack neighbours but not H-bonded to them.27 There are two types 

of stacked structures, those which have flat or almost flat molecules stacked directly on top 

of each other along the needle axis with centroid centroid distances often close to 3Å and 

those which have slipped stacks with centroid centroid distances close to 5Å. The BZA-

INA structure belongs to the latter type. 28 Slipped stacks are often described as herring 

bone structures.29 It is also possible to detect structures which are likely to exhibit needle 
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growth using a centroid distance matrix analysis of two filled unit cells along the a, b and 

c directions.20 Structures in which molecules have at least 50% of their atoms in vdW 

contact with their stack neighbours are likely to exhibit needle growth.27 Application of this 

analysis to the BZA-INA structure shows that 51% of the atoms of both of the molecules 

in the asymmetric unit are in contact with their stack neighbours along the b axis. 

The crystal structure of the BZA-INA cocrystal 30 consists of supermolecules in which 

𝑅2
2(8) bridged INA dimers are capped on both sides by a BZA molecule which hydrogen 

bonds to the pyridine group of the INA dimer. This linear group of 4 molecules (numbers 

2-5 in Figure 10(b) form further weaker hydrogen bonds through the amide of the INA 

molecule and the doubly bonded oxygen of the BZA molecule to other, almost 

perpendicularly positioned supermolecules. This structure is closely related to that of 

benzoic acid (CSD code BENZAC11) which has dimeric supermolecules in slipped stacks 

and exhibits needle growth in the stacking direction.   

 

Figure 10. (a) View of the stacking in the in the BZA-INA crystal structure down the b axis 

and (b) Hydrogen bonding and vdW interactions. The molecule numbers are used in Table 

2.  

When the crystal structure is viewed down the b axis, Figure 10(a) it is clear that the BZA 

and INA molecules are independently stacked. The intermolecular interactions in the lattice 

were analysed using the Pixel program.31 The intermolecular energies calculated for the 

seven largest interactions and the total energies are given in Table 2. It is assumed 

coincidental that the numerical values for the total Coulombic and total interaction (lattice) 

energies are identical. Molecules referred to in Table 2 can be identified by their mass 

weighted centroid distances, their symmetry operations and the associated molecule 
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numbers in Figure 10(b). The two strong hydrogen bonds which form the super molecule 

can be easily identified, due to their dominant Coulombic content, in the interactions 

between molecules numbered 3 and 4 and 2 and 3 respectively in Table 2 and Figure 10(b). 

The weaker hydrogen bond between molecules 1 and 8 which links the supermolecules also 

has a dominant Coulombic content. The other four interactions, which include the pair of 

molecules in the asymmetric unit (the entry with no symmetry operation) have dominant 

dispersion energy contributions.  

Table 2 Intermolecular energies (kJmol-1)  

for the BZA-INA structure calculated using Pixel. 
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7.540 -84.9 -28.7 -17.1 65.6 -65.1 1-x, -y, 1-z 3, 4 

5.218 -4.7 -1.9 -14.3 7.9 -13.1  1, 2 

4.945 -7.8 -4.0 -18.2 13.6 -16.4 1-x, 1-y, 1-z 1, 8 

5.151 -0.7 -3.0 -19.2 12.4 -10.5 x, y-1, z 1, 3 

5.151 -0.9 -1.3 -14.0 5.6 -10.7 x,y,1+z 5, 7 

7.492 -105.5 -68.6 -20.3 144.9 -49.4 x, y-1, z 2, 3 

5.365 -41.2 -13.1 -19.6 38.3 -35.6 1-x, y, 1/2-z 1, 9 

Total -107.8 -55.4 -87.4 142.8 -107.8   

 

Stacked structures containing aromatic rings are often loosely described as being -stacked 

with the implication that the aromatic rings have significant interactions with each other. 

In the BZA-INA structure there are few C…C contacts. For example, molecule 1 in Figure 

10(b) has dispersion interactions with both molecules 2 and 3 and in the four dispersion 

dominanted interactions in Table 2 the most common contacts are C…H followed by C…O 

and in each case, there is just one C…C contact. This is due to the slipped nature of the 

contact. However, it is important to try to understand the origin of the higher rate of crystal 
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growth along the b axis. There are several studies which have examined the monomer dimer 

equilibria of carboxylic acids in solution. Benzoic acid has been shown by spectroscopy32 

and osmometry33 to be dimeric in non-polar solvents and monomeric in polar solvents like 

ethanol or acetonitrile. It is therefore likely that both BZA and INA are also not associated 

in ethanol solution. The mechanism suggested for addition of benzoic acid and p-

aminobenzoic acid molecules to nucleation clusters in polar solvents may be operating at 

crystal growth sites in the present case.32 The suggested steps are removal of H-bonded 

solvent from the crystal surface, removal of H-bonded solvent from a molecule approaching 

the surface and the formation of a H-bond between the incoming molecule and a crystal 

surface molecule. This is essentially a H-bond swap mechanism. It has been suggested that 

a low activation energy birth and spread mechanism may be responsible for the rough 

growth at needle crystal tips.26 Why might such a mechanism be more likely to operate on 

the 010/0-10 faces than other faces? The 010 face is the only one where the tops of all of 

the molecular stacks are exposed and an incoming solvated molecule should find it easier 

to attach to surface molecules attracted initially by dispersion force and generate a growth 

site with a relatively low activation energy.  

Suppression of needle crystal growth 

While the use of additives is an important part of this work it is also important to consider 

the possibility of getting some control of needle crystal growth by taking advantage of the 

high anisotropy displayed by both needle crystal growth and dissolution. In a study of the 

gas phase crystal growth of naphthaquinone, -pthalocyanine and benzoic acid it was found 

that the crystal aspect ratio was inversely related to the crystallization driving force. 34 This 

suggests that it might be possible in principle to control needle growth using the 

crystallization driving force. One possible way to do this would be to use temperature 

cycling where the crystallizing step uses a relatively high driving force. Successive 

temperature cycles in which the dissolution steps reduce needle length more than the crystal 

growth steps increase it should ultimately give a more equant crystal product. 



[Type here] Article 4 [Type here] 

123 

Cooling rate and crystal product quality 

A cooling rate of 2 °C min-1 resulted in poorly formed crystals and a rate of 0.05 °C min-1 

gave well-formed crystals but was too slow to be practical. A compromise cooling rate of 

0.16 °C min-1 was chosen. This cooling rate should provide a relatively high crystallization 

driving force which as suggested above might provide some suppression of needle growth. 

A Malvern Morphologi apparatus was used to obtain frequency curves for aspect ratio of 

the crystal product from these cooling runs, Figure 3.  

Figure 3 Cooling curves at, green 0.05, navy 0.16 and brown 0.2 °C.min-1 

As expected from the above discussion the slowest cooling rate has the lowest 

crystallization driving force and displays the largest aspect ratio. XRPD patterns confirm 

that the BZA-INA cocrystal is the sole product of these crystallizations, Figures S3 and 

S4, esi.  

Temperature cycling in the absence of additives 

The temperature profile and pictures taken during the cycles are shown in Figure 4. Initially 

the temperature was raised to 55 °C to ensure complete dissolution. The first nucleation 

event took place after cooling to 25 °C in cycle 0. In subsequent cycles the temperature 

range was from 25 to 40 °C. The crystals increase in size through the cycles and there is a 

constant decrease in the aspect ratio.  
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Figure 4 (a) The BZA-INA metastable region and (b) temperature cycling without 

additives. The pictures were taken at the pause points indicated by the blue and red 

squares.    

Tailor-made additive selection 

Since the needle growth is driven by stacking a strategy for reducing needle growth by 

inducing defects in the molecular stacking was used. “Tailor made” additives based on INA 

which are unable to bind BZA would when incorporated into the structure generate defects 

in the stacks. BEN, PIC and NA, Scheme 1, are suitable candidates for this role as they 

would form shorter two-unit supermolucles which would create defects which would 

10 20 30 40 50 60

C
[m

g
/m

l]

T[°C]



[Type here] Article 4 [Type here] 

125 

hinder further stacking. An alternative could be to try to replace BZA in the structure with 

NIC, INIC and PABA all of which have extra H-bonding ability which could also disrupt 

the stacking but more likely block further crystal growth on some faces  

 

Scheme 1 Structural formulae of additives used in this work  

Temperature cycling in the presence of additives  

The result of temperature cycling experiments in the presence of additives at 0.7% w/w is 

compared to a run with no additive in Figure 5 Visual examination of the product produced 

following the addition of BEN and NA (c and e) indicates that there is a decisive reduction 

in aspect ratio. This contrasts with the addition of PIC, NIC or PABA, (d, f and h), which 

had no significant effect on morphology. The additive INIC reduces crystal growth 

significantly, Figure 5(g). Crystal product XRPD patterns indicate that the only peaks due 

to the BZA-INA cocrystal were observed, Figure S3 esi. Thermal cycling was repeated 

with higher additive concentrations to bring additive levels in the crystal product above 2% 

w/w to permit analysis by Raman and FT-IR spectroscopies as described below. XRPD 

patterns of crystal products obtained with additives at 10% concentration showed that again 

the cocrystal was the only product except in the case of INIC in which formation of the 

cocrystal was completely blocked, Figure S4 esi. 
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Figure 5. In situ images of the suspension after (a) the first nucleation event without 

additives, (b) after 8 temperature cycles without additives, (c)-(h) after 8 temperature 

cycles in the presence of 0.7% of (c) BEN (d) PIC, (e) NA, (f) NIC, (g) INIC and (h) PABA. 

Crystal aspect ratios observed during temperature cycling 

Aspect ratios were calculated for the crystal products obtained from temperature cycling using 

crystal photographs. The results for no additive and NIC at 0.7% are very similar, Figure 6(a) and 

Figure S5 esi. In both cases the aspect ratio reductions are similar and crystal growth, as measured 

by crystal length, is suppressed to some extent by NIC. The results for BEN at 0.7% and 10% are 

shown in Figure 6(b). At 0.7% the aspect ratio is reduced to close to 1 and the final aspect ratio has 

a low standard deviation. This result shows that near perfect control of crystal aspect ratio can be 

obtained when this additive is used with temperature cycling. When the BEN concentration is 

increased to 10% thermal cycling has a small effect on the aspect ratio because this high level of 

additive has reduced the aspect ratio from the start of thermal cycling. It is also interesting that the 

crystal aspect ratios have an observable effect on XRPD peak intensity due to preferred orientation. 

The intensity of the peak close to 17° is enhanced in the BZA-INA samples which have needle 

crystals, Figure 4 esi. The peak close to 17° is due to the -4 0 2 reflection and it is closer to the 
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expected intensity in the samples crystallized in the presence of BEN and NA in which needle 

growth was suppressed. 

 

Figure 6. Crystal aspect ratios and crystal lengths calculated after each thermal cycle (a) 

without additive, (b) with BEN at 0.7% and (c) with BEN at 10%. 

Temperature cycling on a 100 ml scale  

 

The use of a 100 ml EasyMax reactor fitted with an FBRM probe allowed inline cord size 

distribution measurement.35 The temperature cycling regime described above was used 

with a BZA-INA concentration in ethanol of 81.71 mg/ml and the results are summarized 

in Figure 6. In Figure 7(a) three crystal size ranges are plotted with time. After the first 

nucleation event it is possible to see a major reduction of the small particle content in each 
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cycle which eventually levels off. In Figure 7(b) the particle size distribution as measured 

by chord length in each cycle is shown. The increase in particle size in each experiment is 

again clearly evident from the increasing distribution. 

 

 (a) (b) 

Figure 7. FBRM output from BZA-INA crystallization in ethanol (a) FBRM counts for 

particle size ranges 100-1000 m (black), 50-100 m (blue) and 50 m (red) and (b) chord 

length distribution in each cycle  

Analysis of crystal products from temperature cycling in the presence of additives. 

The crystal products were analysed in an effort to establish if additives were incorporated 

into the BZA-INA crystal structure or had crystallized concomitantly. The limit of detection 

for orthorhombic paracetamol in a mixture with the monoclinic form by Raman and FT-IR 

has been reported to be 0.012% by weight.36For ranitidine.HCl, the limit for detection for 

form II in form I is reported to be 2.2% by FT-IR and 3.4% by XRPD.37 While these 

detection limits are close to the lowest solution concentration of additives used of 0.7% the 

actual incorporated level of additives in the crystal product is likely to be lower than 0.7% 

as 100% incorporation of additive from solution is unlikely. For this reason, a series of 

experiments were carried out using higher additive levels of 5, 10, 20, 30 and 40%.  

1H NMR analysis  

Using 1H NMR spectroscopy it was possible to determine the quantity of BEN and PABA 

in the crystallised samples, Figures S6-8 esi. It was not possible to determine the amount 

of NA using this method due to resonance overlap. The results are shown in Table 1. As 

would be expected the additive incorporation from solution is less than 100%. However, 
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the % by weight of BEN and PABA in the crystal product at 5 and 10% additive 

concentration in solution is close to 3% and should be detectable by FT-IR and Raman 

spectroscopies.  

 

Table 1. Additive concentration in BZA-INA determined by -1H NMR 

spectroscopy 

Additive concentration in solution Additive in product by weight% of BZA-INA 

 BEN PABA 

5% 3.0% 2.9% 

10% 3.1% 3.8% 

20% 3.8% 5.4% 

30% 3.7% 9.3 % 

40% 4.3% 14 % 
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Raman and FT-IR analysis  

Figure 8. Raman spectra of BZA-INA cocrystals grown in the presence of (a) BEN and NA 

and (b) PABA and pictures of the crystals used with the target crystal marked by a red 

square 

When the crystal products obtained with the additives BEN and NA at 10% solution 

concentration were examined the Raman spectra had new additional absorption bands not 

in the spectra of BZA-INA, BEN or NA at 140, 690 and 1250 cm-1, Figure 8(a). These 

new absorbance bands indicate additive incorporation into the BZA-INA lattice, In 

contrast, with PABA at the same solution concentration, the sample was found to contain 

two types of crystal, larger crystals and smaller needle shaped crystals. The Raman spectra 

of commercial PABA and BZA-INA cocrystals are shown in Figure 8(b), and when 

compared to the crystal product it was found that the larger crystal (i) and the needle shaped 

crystal (ii) are similar to spectra of pure BZA-INA and PABA respectively. Therefore, it is 

concluded that PABA is not incorporated into the BZA-INA cocrystal lattice and that it has 

crystallized concomitantly.  
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FT-IR spectra support the Raman results. The FT-IR spectra of crystals grown in the 

presence of NA show a shoulder at 3427 cm-1 and smaller features at 1740 and 1720 cm-1 

which are not observed in the spectra of BZA-INA or NA, providing further support for 

incorporation of the additive into the BZA-INA lattice, Figure 9(a). FT-IR spectra of the 

crystal product grown in the presence of PABA shows an additional peak at 3470 cm-1, 

which is in the same position as a peak in the PABA spectrum, Figure 9(b). FT-IR spectra 

of crystal products obtained in the presence of other additives are in Figure S6   

 (a) (b) 

Figure 9. FT-IR spectra of BZA-INA cocrystals grown in the presence of (a) NA and (b) 

PABA. 

  



[Type here] Article 4 [Type here] 

132 

DSC analysis  

DSC data for BZA-INA cocrystals grown in the presence of BEN and NA are shown in 

Figure 10. Aside from one outlier, there is a relatively linear correlation between quantity 

of the additive in solution and the enthalpy of fusion. The observed melting point reductions 

are 6.7, 2.7 and 0.7 °C respectively, Figure 10. These results are similar to a previous report 

of DSC results for organic cocrystal solid solutions.38  

Figure 10. ΔH fusion variation of BZA-INA cocrystals grown in the presence of (blue 

triangles) BEN and (red) NA. The x-axis shows the additive % in solution before 

crystallization. 

Suppression of BZA-INA needle growth by additives and temperature cycling 

The results described above raise two questions. Firstly, is the mechanism suggested above 

for additive suppression of needle growth likely to be operating and secondly what is the 

origin of the multiplicative effect that exists between additive addition and temperature 

cycling? The analytical results have established that at least a portion of these additives is 

incorporated into the BZA-INA lattice. Therefore, it would seem reasonable that the 

suppression of needle growth may be due to the incorporation of BEN and NA dimers in 

place of four-unit super molecules which as suggested above would introduce defects on 

the rapidly growing needle tips and suppress growth at the top of the molecular stacks on 

the 010 face. The origin of the multiplicative effect between the additives BEN and NA 

and thermal cycling could be that their effectiveness may reduce after they are incorporated 
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and buried in the structure. The role of temperature cycling could be to repeatedly release 

the additive, which when incorporated should be near the crystal surface and be easily 

released from the smaller crystals which are tending to dissolve during thermal cycling. 

This would give the additives a catalytic effect. 

In the case of PABA, Raman and FT-IR spectroscopy showed that the additive crystallized 

concomitantly and was not incorporated into the BZA-INA lattice. The failure to 

incorporate PABA in the lattice is very likely due to the presence of one extra non-H atom 

in the molecule relative to INA and without its incorporation into the lattice no effect on 

morphology was observed. In the case of NIC it is likely that due to its structural similarity 

to BZA, direct substitution of BZA in the crystal is tolerated by the overall structure and 

thus there is be no effect on crystal product morphology. The failure of PIC to effect 

morphology may be due to the lower energy calculated for its 𝑅2
2(8) adduct with INA. The 

calculated energy of the adduct is 10% lower than that of the INA dimer and thus it may be 

unable to compete with INA in the formation of 𝑅2
2(8) bridged hydrogen bonds, more detail 

in Table S1 esi. The observation that INIC blocks crystal growth is probably because it can 

replace INA very effectively in the INA dimer. The binding energy in the INIC-INA 𝑅2
2(8) 

adduct is 7% higher than of the INA dimer. While this adduct can be capped by BZA it 

cannot provide the hydrogen bond to another super molecule unit Figure 10(b), and this 

lack of bonding sites effectively blocks growth of the BZA-INA cocrystal lattice. 

Conclusions  

Cocrystals of benzoic acid and isonicotinic acid grow as needles from ethanol solution. The 

crystals have a slipped stack structure which is common to systems which show needle 

growth. 

Temperature cycling of a suspension of the crystals gives a modest reduction in crystal 

aspect ratio and an increase in crystal size. 

Temperature cycling in the presence of the tailor-made additives benzamide or nicotinic 

acid at 0.7% concentration greatly increases the effect of thermal cycling and the aspect 

ratio is reduced to close to 1. 

The multiplicative effect observed between thermal cycling and additive addition is 

probably due to repeated release of the incorporated additive during dissolution steps. 

Raman and FTIR studies show that additives effective in suppressing needle growth were 

incorporated into the cocrystal structure and that they did not crystallize concomitantly. 
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The combined use of thermal cycling and additive addition for crystal morphology control 

is likely to have general application. 
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In this work challenges associated with polymorphism and morphology control of solid-

state APIs were addressed. These aspects of crystal properties can affect the solubility of 

the final product. 

Polymorphism is an important issue in the pharma chemistry, particularly compounds 

delivered as solid-dosage forms can potentially interconvert into a different polymorphic 

form. This propensity of the APIs is still not fully predictable and sometime the classical 

solution crystallization methods are not capable of identifying all the possible polymorphic 

forms of an API. In this work we studied the crystallization capability of diflunisal. Using 

several methods, we were not only able to produce the different polymorphic forms in a 

more environmentally friendly way, but also, we developed a robust and reliable method 

to produce a large quantity of diflunisal form II, which is generally obtained in a low yield 

by solution crystallisation from chloroform.  

Another problem associated with the presence of several polymorphic form is the difficulty 

to distinguish the different polymorphic forms. Also, in the case of interconversion it is not 

always easy to detect the interconversion. Therefore, we successfully developed a screening 

method based on an array of spectroscopic methods which are capable of easily 

distinguishing different polymorphs, when other classical methods such as XRPD are not 

sensitive enough to clearly detect the polymorphs transition of diflunisal. Crystal habit, 

specially needle like shape, can pose difficulties in the downstream production. Several 

ways are used to modify the morphology, but if they fail other approaches must be taken in 

consideration. For this reason, we developed several ways of modifying the crystal habit. 

First, we used the formation of co-crystals as a tool. The co-former selection can be time 

consuming and ineffective, therefore we used prediction tools such as molecular 

complementary and motif search combined with principal component analysis to 

successfully isolate nine new co-crystals and salts. Three crystal structures were 

successfully isolated. In two cases the crystal morphology was successfully modified to a 

more equant shape.  

Following this approach, we successfully modified the crystal habit of the target molecule, 

but the isolation of an effective co-former can be time consuming. Furthermore, the selected 

co-former has to be classified as GRAS; otherwise it won’t be accepted in any chemical 

trial. Therefore, we developed a method capable of modifying the crystal habit using 

Ostwald ripening, a method that shows positive results without the addition of other 
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compounds. This process was successfully used to modify the crystal habit of two API 

creating a more filterable product. This approach can facilitate the sometime problematic 

filtration step. We believe that this approach can be used for other system and that it can be 

scaled up, although, experiments need to be performed on more APIs and on larger scales 

to confirm this. Following the same idea, we used temperature cycling to change the aspect 

ratio of the final product without adding any additives. This process shows promising 

results, the aspect ratio was effectively modified using a deep temperature cycling sequence 

capable of promoting Ostwald ripening. Furthermore, we combined this positive effect with 

the addition of additives capable of stopping the growth of a specific crystal face. However 

out of the six molecules selected just two showed the expected results, which is the 

development of more equant crystals.  

To conclude, during this work, we focused our attention on a pharma issue, which is the 

formation of needle like API crystals and showed that this shape can be modified in several 

ways; the easiest is the use of a solvent capable of triggering the growing mechanism. 

However, if this method is not an option, we demonstrate how other possibilities are 

available and how they can serve the purpose. It is worthy of note that sometimes the 

selection of an appropriate co-former or additive can be time consuming and sometimes 

does not lead to the expected experimental results. For this reason, it is important to exploit 

the importance of prediction methods capable of selecting in a more effective way the 

molecules necessary to perform the selected experiments.  

We hope that the results produced during this PhD can be implemented and used in future 

work to help and better understand the complicated and fascinating crystallization world.  
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Figure S1. Calculated X-ray powder patterns of the three polymorphs of diflunisal with 

known crystal structure (left) and XRPD pattern of all four polymorphs grown from 

solution (right).  

 

 

Figure S2. Different regions of the mid IR spectra of the four polymorphs of diflunisal. 

The areas in boxes represent the areas with changes in vibrational frequencies. 
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Figure S3. Different regions of the NIR spectra of the four polymorphs of diflunisal. Blue 

lines indicate peaks that are the same in FI and FIV, red lines indicate peaks that are 

similar in FII and FIII, green lines indicate peaks that are similar in FII, III and IV and * 

indicates peaks in FI that are shifted compared to FIV. The arrows indicate peaks that are 

exclusive either to FI or FIV. 

 

Figure S4. X-ray powder diffraction patterns of the fast evaporation and ball-milling 

experiments. From top to bottom: fast evaporation, toluene; precipitation by addition of 

water to an ethanolic solution, fast evaporation, ethanol; fast evaporation, chloroform; 

ball-milling FI I for 30, 45, 60, 90 and 120 min. 
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Figure S5. 30 – 230 cm-1 and 1500 – 1600 cm-1 regions of the Raman spectra of FI ball-

milled for different time intervals.  

 

 

Figure S6. X-ray powder diffraction patterns of the cryomilling experiments. From top to 

bottom: FII cryomilled for 60 min, FII cryomilled for 60 min and kept under 25% relative 

humidity for 2 hours, FII cryomilled for 60 min and kept under 95% relative humidity for 

2 hours. FII cryomilled for 60 min and kept at 60 °C for 2 hours and FII cryomilled for 60 

min and kept under vacuum for 2 hours. All patterns show ageing and formation of FI. 
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Figure S7. X-ray powder diffraction patterns of the cryomilling experiments. From top to 

bottom: FIII cryomilled for 60 min, FIII cryomilled for 60 min and kept under 25% relative 

humidity for 2 hours, FIII cryomilled for 60 min and kept under 95% relative humidity for 

2 hours, FIII cryomilled for 60 min and kept at 60 °C for 2 hours and FIII cryomilled for 

60 min and kept under vacuum for 2 hours. All patterns show ageing and formation of FI. 

 

Figure S8. X-ray powder diffraction pattern after solvent drop milling of FI with toluene 

for 15 min, showing the formation of FIII.  
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Figure S9. X-Ray powder diffraction pattern of all polymorphs of diflunisal and FII placed 

in (A) 25% and (B) 95% relative humidity chambers for 2 weeks, showing FII converting 

to FIII.  

 

Figure S10. 1500 – 1800 cm-1 region of the Raman spectra of FI, FIV and melt-quenched 

FI.  
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Figure S11. X-ray powder diffraction patterns of FI (top) and after vacuum sublimation of 

FI, FII and FIII at 160 °C. 

 

 

Figure S12. X-ray powder diffraction patterns of the diflunisal polymorphs obtained by 

fast evaporation of solvent from solution (just below the respective b.p.). (a) Methanol and 

ethanol showing the formation of FIII. (b) Chloroform, terahydrofuran (THF) and acetone 

showing the formation of FIV (channel solvate). The peak marked with * indicates the 

presence of the solvent in the channel, especially in the case of chloroform due to scattering 

from Cl atoms. 
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Table S1: NIR spectral assignments of the four polymorphs of diflunisal. 

FI FII FIII FIV Assignments  

4016 4020 4018 4020 

CH CC combination bands 
4060 4036 4030 4061 

4123 4114 4114 4117 

4150 4154 4174 4174 

4240     4249 

CH CH combination band 

4304 4298 4298 4305 

4346 4348 4352 4342 

4382 4383 4373 4391 

4513 4467 4473 4477 

  4554 4554   

C-C 1st overtone 
  4603 4603  

4651 4660  4660 

4715 4696 4702 4724 

  4844 4844 4859 C=O 2nd overtone 

      5881 

Aromatic CH - 1st overtone 
5993   5971 

  6031 6027  

6068     6068 

      8753 

Aromatic CH - 2nd overtone 8840 8856 8856 8880 

8928       
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Appendix 2 

Tailoring co-crystal and salt formation and controlling crystal habit of Diflunisal 

Anuradha R. Pallipurath, Francesco Civati, Magdalene Eziashi, Elaf Omar, Patrick 

McArdle and Andrea Erxleben* 

School of Chemistry, National University of Ireland, Galway, Ireland 

*Corresponding author email address: andrea.erxleben@nuigalway.ie 

 

 

mailto:andrea.erxleben@nuigalway.ie


[Type here] Appendix 2 [Type here] 

 

157 

Table S1: pKa values of co-formers 

 

 

 

 

 

 

 

 

 

 

  

Compound pKa 

Dichloroacetic acid 1.26 

Acetic acid 4.76 

Dinitrobenzoic acid 2.77 

Salicylic acid 2.97, 13.82 

p-aminosalicylic acid 2.05 

Diflunisal 2.69 

Oxalic acid 1.23, 4.19 

Adipic acid 4.43, 5.41 

Succinic acid 4.16, 5.61 

p-aminobenzoic acid 2.38 

Citric acid 3.13, 4.76, 6.39 

Tartaric acid (DL) 3.22, 4.85 

Ascorbic acid 4.10, 11.6 

trans-aconitic acid 2.80, 4.46 

DL-malic acid 3.40, 5.20 

Maleic acid 1.83, 6.07 

Fumaric acid 3.03, 4.44 

Glutaric acid 4.31, 5.41 

Protonated pyrazine 0.37 

Bipyridine 2.69, 4.77 

Hydroxypyridine/ 2-pyridone 11.65 

DAHP 3.96 
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Table S2: Molecular complementarity tool in the mercury software used to statistically 

predict the formation of co-crystals using in-built principal component analysis model 

based on the structures present in the database.  

 

 

 

 

 

  

Coformer Hit Rate % 

Pyrazine 100 

Ebipy 100 

Pbipy 100 

Bipyridine 100 

4-aminobenzoic acid 100 

Adipic acid 100 

Benzoic acid 100 

Pimelic acid 100 

Citric acid 0 

Oxalic acid 0 

L-tartaric acid 0 

Maleic acid 0 

Malic acid 0 

Succinic acid 0 

Fumaric acid 0 
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Figure S1: Measured F-F and F-H distances in the crystal structures of 1a, 1b, and 1c.  

Table S3: VdW calculation of Diflunisal (1) (Refcode: FAFWIS02 and 1a, 1b, 1c for 

CH…F interactions as a source for the prevention of disorder in structure.  

Compound C-H replaced 

with a C-F 

Contact 

distance (Å) 

F + Atom < 

vdWsum(Å) 

SymmOp 

FAFWIS02 C12-H7 F7 (1.360) C3 (0.287) x,y,1+z 

 C25-H14 F14 (1.360) C16 (0.125) x,y,-1+z 

   C10 (0.047) -x,-1/2+y,1/2-z 

1a C12-H12 F12 (1.350) O1 (0.526) 1+x,y,z 

   H6 (0.152) 1+x,y,z 

1b C13-H13 F13 (1.360) C19 (0.728) x,1/2-y,1/2+z 

   C18 (0.103) x,1/2-y,1/2+z 

   C14 (0.074) x,1/2-y,1/2+z 

 C26-H26 F26 (1.360) F1 (0.361) 1-x,5/2+y,1/2-z 

   H6 (0.011) x,3/2-y,-1/2+z 

1c C13-H13 F13 (1.360) N2 (0.642) 1+x,-1+y,z 

   H4 (0.229) 1+x,y,z 

   C20 (0.283) 1+x,-1+y,z 

   C4 (0.042) 1+x,y,z 
a C-F distance 1.360 Å 
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Table S4: Pixel calculation of Diflunisal (1) (Refcode: FAFWIS01 – Disordered F 

replaced with a H atom) 

 

Table S5: Pixel calculation of Pyrazine (a) (Refcode: PYRAZI) 

Symmetry 

Operation 
Fragment Distance Coulombic Polarisability Dispersion Repulsion Pixel 

56501 Pyrazine 3.815 1.1 -0.7 -15.2 6.8 -8.1 

54501 Pyrazine 3.815 1.1 -0.7 -15.2 6.8 -8.1 

55503 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

55403 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

54503 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

54403 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

45503 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

45403 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

44503 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

44403 Pyrazine 5.837 -7.3 -1.9 -7.4 5.5 -11.2 

 

Table S6: Pixel calculation of Ebipy (b) (Refcode: AZSTBB) 
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R
ep

u
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P
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55601 Ebipy 5.772 -4.7 -2 -26.4 8 -25.1 

55401 Ebipy 5.772 -4.7 -2 -26.4 8 -25.1 

  

Symmetry 

Operation 
Fragment Distance Coulombic Polarisability Dispersion Repulsion Pixel 

65501 Diflunisal 3.8 -2.7 -3.2 -53.5 30.7 -28.6 

45501 Diflunisal 3.8 -2.7 -3.2 -53.5 30.7 -28.6 

56501 Diflunisal 6.77 -12.1 -2.7 -18.3 8.9 -24.2 

54501 Diflunisal 6.77 -12.1 -2.7 -18.3 8.9 -24.2 

66502 Diflunisal 10.82 -119.3 -57.1 -18.5 125 -69.9 
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Table S7: Pixel calculation of Pbipy (c) (Refcode: UGIHAT) 
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55603 Pbipy 5.617 -8.2 -4.1 -18.4 15.9 -14.8 

55703 Pbipy 5.703 -3.7 -2.5 -16.9 11.9 -11.3 

 

Table S8: Pixel calculation of Bipy (d) (Refcode: HIQWEJ); There were two fragments of 

Bipy in this case. The table co-relates to the interaction of Fragment 1 to Fragment 2.  
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46501 Bipyridine 2 7.821 -12 -5.3 -16.8 14.2 -20 

46401 Bipyridine 2 7.834 -16.5 -6.5 -17.4 16.7 -23.6 

55501 Bipyridine 2 7.844 -11.7 -4.9 -16.4 11.7 -21.4 

 

Table S9: Pixel calculation of Oxalic acid (alpha form) (e) (Refcode: OXALAC05) 
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65503 Oxalic Acid 4.94 -37.8 -15.4 -13.7 36.1 -30.9 

65403 Oxalic Acid 4.94 -37.8 -15.4 -13.7 35.7 -31.2 

64503 Oxalic Acid 4.94 -37.8 -15.4 -13.7 36.1 -30.8 

64403 Oxalic Acid 4.94 -37.8 -15.4 -13.7 35.7 -31.2 
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Table S10: Pixel calculation of Oxalic acid (alpha form) (e) (Refcode:OXALAC11) 
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56502 Oxalic acid 4.015 -10.9 -3.9 -11.3 14.6 -11.5 

56402 Oxalic acid 4.015 -10.9 -3.9 -11.3 14.6 -11.5 

55502 Oxalic acid 4.015 -10.9 -3.9 -11.3 14.6 -11.5 

55402 Oxalic acid 4.015 -10.9 -3.9 -11.3 14.6 -11.5 

65501 Oxalic acid 5.317 -90.2 -43.5 -21.1 95.7 -59.1 

45501 Oxalic acid 5.317 -90.2 -43.5 -21.1 95.7 -59.1 
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Table S11: Formation energies of adducts, calculated using Gaussian 09. DFT 

calculations were carried out using B3LYP functional and 3 different basis sets. The 

structures were optimised for energy and frequency. The values in bold are the ones of the 

crystals we successfully grew from solution. 

 

 

Figure S2: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) Pyrazine and (F) of the co-milled (1) and (a) 2:1 for 15 min, showing the 

formation of a new adduct similar to (G) of the pattern simulated from the single crystal.  

Species 

6-311+g(d,p) cc-pvtz 

Energy 

(kJ/mol) 

Formation 

Energy (kJ/mol) 

Dipole 

Moment 

Energy 

(kJ/mol) 

Formation 

Energy (kJ/mol) 

Dipole 

Moment 

1 -2.43E+06 - 3.15 -2.43E+06 - 2.89 

a -6.94E+05 - 0.00 -6.94E+05 - 0.00 

b -1.50E+06 - 0.00 -1.50E+06 - 0.00 

c -1.61E+06 - 2.94 -1.61E+06 - 2.73 

d -1.30E+06 - 0.00 -1.30E+06 - 0.00 

e -9.94E+05 - 0.00 -9.94E+05 - 0.00 

1-homodimer -4.86E+06 -64.78 1.76 -4.86E+06 -64.92 1.48 

1a-adduct -3.13E+06 -44.86 2.37 -3.13E+06 -44.48 2.51 

1b-adduct -3.94E+06 -51.46 3.56 -3.94E+06 -50.76 3.72 

1c-adduct -4.04E+06 -43.50 4.29 -4.04E+06 -42.94 4.29 

1d-adduct -3.73E+06 -50.32 5.17 -3.73E+06 -49.76 5.72 

1e-adduct -3.42E+06 -63.97 3.22 -3.42E+06 -66.03 2.94 



[Type here] Appendix 2 [Type here] 

 

164 

 

Figure S3: Simultaneous thermal analysis of single crystal of 1a, showing thermal events 

at 161°C, 212 °C, and 215°C, with associated weight loss of 13.8% at 161°C, Followed 

by sublimation of 1. 

 

Figure S4: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) PBipy and (F) of the co-milled (1) and (b) 1:1 for 15 min, (G) 2:1 for 30 min, both 

showing that it is a mixture of (1) and (b), (H) is the pattern of co-milled 1 and b 2:1 in the 

presence of drops of acetonitrile giving a new pattern, showing the formation of a new 

adduct similar to (I) of the pattern simulated from the single crystal.  
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Figure S5: Simultaneous thermal analysis of single crystal of 1b, showing melting at 

151°C, followed by sublimation of 1.  

 

Figure S6: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) EBipy and (F) of the co-milled (1) and (c) 2:1 for 15 min with 41 µL of acetonitrile 

(molar quantity for having one solvent molecule per unit cell), showing the formation of a 

new pattern suggesting the presence of a co-crystal, while (G) 1:1 gives the 2:1 crystalline 

adduct and also has some excess (c) and (H) of the pattern simulated from the single 

crystal. 
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Figure S7: Simultaneous thermal analysis of 1:1 ratio of 1 and c, co-milled for 30 min 

showing thermal event at 145°C, 239°C. 

 

Figure S8: Simultaneous thermal analysis of 2:1 ratio of 1 and c, co-milled for 30 min 

showing thermal event at 86°C, 146°C, 229°C. 
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Figure S9: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) Bipy and (F) of the co-milled of the co-milled (1) and (d); 2:1 for 15 min and (G) 

1:1 for 30 min, both showing the formation of a new pattern suggesting the presence of a 

co-crystal.  

 

Figure S10: Simultaneous thermal analysis of 2:1 ratio of 1 and d, co-milled for 30 min 

showing thermal events at 127°Cand 202°C, followed by possibly sublimation at 229°C 
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Figure S11: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) PABA and (F) of the cryogenic co-milled (1) and (f) 1:1 for 120 min, showing the 

formation of a new pattern suggesting the presence of a co-crystal, and (G) showing the 

formation of a new pattern suggesting the presence of a co-crystal different to the CBM 

one. Ball milling for lower time intervals gave X-ray amorphous halo. 

 

Figure S12: Simultaneous thermal analysis of 1:1 ratio of 1 and f, co-milled for 120 min 

showing thermal events at 115°Cand 165°C, followed by possibly sublimation at 239°C 
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Figure S13: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) HP and (F) of the co-milled (1) and (g) 1:1 for 30 min, showing the formation of 

a new pattern suggesting the presence of a co-crystal.  

 

Figure S14: Simultaneous thermal analysis of 1:1 ratio of 1 and g co-milled for 30 min 

showing thermal events at 187°Cand 202°C, followed by possibly sublimation. 
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Figure S15: Co-milled (1) and (e) 1:1 ratio for 120 min at RT without intermittent cooling 

– resulted in a bright purple crystalline solid. 

 

Figure S16: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) DAHP and (F) of the co-milled (1) and (h) 1:1 for 30 min, showing the formation 

of a stable X-ray amorphous halo (stable for over 6 months), with a few peaks of (h).  
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Figure S17: SEM of 1 milled for 120 min at RT.  

 

Figure S18: SEM of 1d (2:1) milled for 15 min at RT.  
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Figure S19: SEM of 1e (1:1) milled for 60 min at RT, followed by 30 min at 100 oC.   

 

Figure S20: SEM of 1f (1:1) milled for 60 min at RT.  
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Figure S21: SEM of 1f (2:1) milled for 60 min at RT.  

 

Figure S22: SEM of 1g (1:1) milled for 30 min at RT.  
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Figure S23: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) CA and (F) of the cryogenic co-milled (1) and (i) 1:1 for 60 min, and (G) co-

milled (1) and (i) 1:1 for 60 min, both showing peaks that of (i). 

 

Figure S24: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) TA and (F) of the cryogenic co-milled (1) and (j) 1:1 for 120 min, and (G) co-

milled (1) and (j) 1:1 for 120 min, both showing peaks that of FII and FIII of (1) with one 

new peak. 
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Figure S25: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) DLMA and (F) of the cryogenic co-milled (1) and (k) 1:1 for 120 min, and (G) 

co-milled (1) and (k) 1:1 for 120 min, both showing peaks that of FI of (1) and (k) mixture. 

 

Figure S26: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) AA and (F) of the cryogenic co-milled (1) and (l) 1:1 for 60 min, and (G) co-milled 

(1) and (l) 1:1 for 60 min, both showing peaks that of FIII of (1) and (l) mixture. 
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Figure S27: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) FIV, 

(E) tAA and (F) of the cryogenic co-milled (1) and (m) 1:1 for 60 min, and (G) co-milled (1) 

and (m) 1:1 for 60 min, both showing peaks that of FIII of (1), (m) and amorphous mixture. 

 

Figure S28: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) APA and (F) co-milled (1) and (n) 1:1 for 60 min, showing peaks that of FIII of 

(1), (n) and a few new ones. 
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Figure S29: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) SA and (F) co-milled (1) and (o) 1:1 for 60 min, showing peaks that of FIII of (1), 

and (o) mixture. 

 

Figure S30: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) MA and (F) co-milled (1) and (p) 1:1 for 60 min, showing peaks that of FIII and 

(1), and (p) mixture.   
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Figure S31: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) GA and (F) co-milled (1) and (q) 1:1 for 60 min, showing peaks that of FIII of (1), 

and (q) mixture. 

 

Figure S32: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) PA and (F) co-milled (1) and (r) 1:1 for 60 min, showing peaks that of FIII of (1) 

and (r) mixture. 
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Figure S33: X-ray powder diffraction patterns of Diflunisal (A) FI, (B) FII, (C) FIII, (D) 

FIV, (E) FA and (F) co-milled (1) and (s) 1:1 for 60 min, showing peaks that of FIII of (1), 

and (s) mixture.  
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Appendix 3 

Conversion of gel-forming crystal needles to easily processable more equant crystals 

using high-shear-ultra-low-attrition agitation: Accelerated Ostwald ripening without 

crystal attrition. 

Francesco Civati,a,b Andrea Erxleben,*a,b Seamus Kellehanb and Patrick McArdle*a,b 

a Synthesis and Solid State Pharmaceutical Centre (SSPC), Ireland. 

b School of Chemistry, National University of Ireland Galway, Galway, Ireland. 

 



[Type here] Appendix 3 [Type here] 

 

181 

Experimental 

Materials 

INH was purchased from TCI and Diflunisal (DIF) was purchased from Baoji Guokang 

Bio-Technology Co.,Ltd, China. The solvents were purchased from Sigma Aldrich and 

were used without further purification. The Arduino controller and stepper motor were 

purchased from RS. 

X-ray diffraction 

X-ray powder patterns were recorded on an Inel Equinox 3000 powder diffractometer 

between 5 and 90° (2θ) using Cu Kα radiation (λ = 1.54178 Å, 35 kV, 25 mA). Theoretical 

powder patterns were calculated using the Oscail software package. 1 An Oxford 

Diffraction Xcalibur system was used to index the crystal. 

Gel formation 

1 g of INH was dissolved in 4 mL of water and 0.66 g of DIF was dissolved in 5 mL of 

ethanol in 23 x 65 mm od sample vials which were closed and placed in ice water. Rapid 

precipitation took place and the samples were no longer mobile liquids. 

Sample spinning 

The samples in the vials were spun about their axis using a stepper motor driven by an 

Arduino microprocessor. 2 The samples were rotated at eight revolutions per second and 

the direction of rotation was reversed every three seconds (Fig. S1). 

 

Fig. S1. Sample vial attached to the stepper motor. 
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INH and DIF sample vials at different times 

Vials of INH and DIF samples at different times are shown in Figs. S2 and S3. 

 

Fig. S2. INH sample vials at the start of the experiment (a) and (b) with vials inverted. In 

(c) and (d) the samples are shown after 3 and 7 days respectively. In (e) the samples are 

shown after 14 days and in (f) the 14 day samples are shown inverted. 
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Fig. S3. DIF sample vials at different times. (a) Gel formation directly after cooling 

precipitation; (b) after 7 d; left: HSULAA, middle: REF, right: HA; (c) after 14; left: 

easily filterable crystals after HSULAA, right: immobile gel of the reference sample.  

Crystal structures of the INH and DIF samples. 

The crystal structure/ polymorph present in each case was determined by comparing 

observed PXRD patterns with calculated patterns. 

Only one polymorph of INH has been reported and the patterns that we have observed 

match those of CSD entry INICAC02, Fig. S4.  

 

(a)

(b)

(c)

(d)
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Fig. S4. PXRD patterns of INH samples: (a) INH REF day 0, (b) INH REF day 14, (c) 

INH HSULAA day 21 and (d) pattern calculated using CSD code INICAC02. 

The observed patterns of the INH samples closely match those of the calculated pattern. 

There is some preferred orientation due to the needle like crystals tending to lie flat on 

the sample holder. This tends to amplify the reflections normal to the growth direction, 

a, which have an h index of 0.  

It has been shown that DIF polymorphs transform to the stable form, form III, when in 

contact with ethanol. 3 The crystal structure of DIF form III was determined using powder 

data and it has CSD code FAFWIS02. 4 The reported unit cell was orthorhombic but had 

a > b > c. This cell and the atom coordinates were transformed to the standard 

orthorhombic setting with a < b < c. The DIF REF and HSULAA samples give patterns 

which match the calculated pattern. However there is the expected preferred orientation 

due to the needle habit of the crystals. Again the direction of needle growth is along the 

short a axis and reflections which are normal to the a direction, with a h index of 0 are 

amplified, Fig. S5. The unit cell was transformed and the PXRD pattern was calculated 

using the Oscail software package.1  
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Fig. S5. PXRD patterns: (a) DIF day 0, (b) DIF REF day 21, (c) DIF HSULAA day 21 

and (d) pattern calculated using CSD code FAFWIS02 transformed to the standard 

orthorhombic setting. 
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SEM pictures of DIF samples 

SEM images of DIF samples are in Fig. S6 and plots of the smallest crystal dimension 

are in Fig. S7. 

 

Fig. S6. DIF samples (a) – (d) REF, HA and HSULAA samples at days 1, 7, 14 and 21 

respectively. 
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Fig. S7. Plots of the thickness of the smallest crystal dimension of DIF samples with time. 
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Appendix 4 

Manipulating co-crystal size and morphology using a combination of temperature 

cycling and additives  
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Figure S1 BZA-INA ethanol phase diagram 1 and the points chosen for solubility 

measurements are shown in magenta 

 

Figure S2 BZA-INA morphology calculated using slice attachment energies. The program 

Habit 2 within the Oscail package was used for this calculation. 
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Figure S3 XRPD in transmission mode of BZA-INA calculated, observed pattern and 

observed patterns of crystal products obtained with additives at 0.7% solution 

concentration.  

 

Figure S4 XRPD in reflection mode of BZA-INA and observed patterns of crystal products 

obtained with additives at 10% solution concentration. N.B. INIC at 10% completely blocks 

cocrystal formation and the pattern observed is that of INIC with a tiny amount of BZA. 

Crystal product obtained without additive and in the presence of NIC, PABA and PIC show 

an enhanced intensity for the peak close to 17°. 
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Figure S5 aspect ratios and crystal lengths calculated for the BZA-INA crystal product 

obtained in the presence of NIC and PABA 
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Figure S6 1H NMR spectra of crystal products obtained in the presence of BEN at the 

concentrations shown. 

 

Figure S7 1H NMR spectra of crystal products obtained in the presence of PABA at the 

concentrations shown. 
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Figure S8 (Zoom of S7) 1H NMR spectra of crystal products obtained in the presence of 

PABA at the concentrations shown.  
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Figure S9. FT-IR spectra of crystal products obtained with additives at 10 % 

concentration. In the case of INIC crystallization of BZA-INA is completely suppressed and 

the sample contains INIC with a tiny amount of BZA
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Table S1. Energies in kJmol-1 of 𝑅2
2(8) adducts calculated using the 

B97D dispersion corrected functional and 6-31G* basis sets using 

Firefly 8.2.0 3 

(These are the energies of the components less the energy of the 

adduct) 

BZA2 -88.5 

INA2 -78.5 

BZA INA -82.8 

INA PIC -75.5 

NA INA -76.0 

INC INA -84.3 

BEN INA -75.1 
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