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Abstract 

Solid state chemistry of pharmaceuticals studies the relationship between the crystal 

structure and the mechanical and physicochemical properties of pharmaceuticals 

such as solubility and bioavailability. 

To enhance the pharmaceutical properties it is required to control and optimize the 

crystallization process. Polymorphism control is an important issue in the 

pharmaceutical industry, as different polymorphs of an active pharmaceutical 

ingredient (API) can have different physical and chemical properties that affect the 

bioavailability of the drug product. 

Also, cocrystallization and salt formation is used to increase the solubility of poorly 

soluble drugs. Cocrystals are usually formed due to hydrogen bonding between a 

hydrogen bond donor and acceptor. In the first chapter of this thesis ten 

benzamidinium salts of carboxylic acids, amides and sulfonamides are described 

that were observed by crystallizion from solution showing supramolecular synthons 

as well as by mechanochemistry using pestel and mortar or ball-milling. Solution 

crystallization and mechanochemistry resulted in the same compounds. 

Two third of organic compounds are known to sublime. Sublimation in vacuo  

provides a green, solvent free and  powerful technique to grow crystals in the 

absence of  solvent and in a shorter time compared to the time consuming solvent 

crystallization method. 

In the second part of the thesis polymorphism control using gas phase 

crystallization was studied as an alternative method for solution crystallization. 

Polycrystalline templates were applied for a range of active pharmaceutical 

ingredients and related compounds. Furthermore,It was shown that the sublimation 

of a range of pharmaceuticals and compounds can be catalysed using tailor made 

additives. A reduction of the sublimation temperature and an acceleration of the 

sublimation process was observed.  Crystallization in the absence of even trace 

amounts of solvent gives crystals of metastable polymorphs that are more resistance 

towards polymorphic conversion than crystals isolated from solution. Polymorph 

control was achieved for a range of pharmeceuticals obtained such as 

carbamazapine (five polymorphs), metaxalone (two polymorphs), mefenamic acid 
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(two polymorphs), paracetamol (two polymorphs) as well para, meta, ortho- 

aminobenzoic acids (one, four and two polymorphs respectively). 

Ball milling is another solvent free technique to control polymorphism. Milling can 

change the particle size of the drugs and enhance the surface area to increase the 

bioavailability.  

The high energy given to the materials during ball milling can result in other 

changes of the compounds such as changing the polymorphic form of the API or 

even production of an amorphous phase of that. However, milling can also present 

a convenient method to selectively obtain specific polymorphs. For several 

examples it was shown that milling in the presence of a suitable additive can yield 

bulk quantities of a polymorph that is otherwise difficult to obtain. A comparison 

study of the effect of milling on the polymorphism of compounds such as para, meta 

and ortho-aminobenzoic acid (PABA, MABA, OABA) as well as carbamazepine 

(CBZ) has been carried out.

vi 
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Chapter 1 

Introduction 
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Solid state chemistry in the pharmaceutical industry 
 

Solid state chemistry corresponds to the properties of solid compounds and the 

relationship between properties and the structure. The properties of the compounds 

are mostly dependent on the structure and the intermolecular interactions.1 

Therefore, the control of structure and bonding of the compounds is the critical 

concern of solid state chemistry. 2, 3 

Solid state chemistry has a broad range of applications in pharmaceutical solids.  

Pharmaceutical solids can include one or more functional groups that may 

determine the crystal structure by forming new intermolecular bonds. 4 

Knowledge about the structure of the solid state can provide a good mapping control 

of pharmaceutical process and drug properties. The task of solid state 

pharmaceutical chemistry is to provide an optimized solid form for the drug’s 

performance. 2, 5  

 

Most compounds can crystallize in different solid-state forms. Therefore topics 

relevant to solid state pharmaceutical chemistry are polymorphism, super molecular 

hydrogen bond, and cocrystallization. 

 

 

Polymorphism 
 

A crystalline solid describes a number of atoms, molecules or ions which have a 

regular array in a systematic 3D pattern in the space. The crystalline state is the 

thermodynamic equilibrium state of a solid. Most of the organic and inorganic 

compounds can appear in different solid-state forms. The different forms are called 

polymorphs, Figure 1. In other words, polymorphism is the ability of an element or 

a compound to adopt two or more different crystal forms with different packing 

motifs and/or molecular conformations. The conformational changes in 

polymorphic forms can be the rotation of a specific bond in the molecule or a 

change in bond distance or bond angle. Also the interconvertible, geometrical 

isomers or tautomers can give rise to polymorphism. 6, 7 Usually the energy 

differences between polymorphic forms are small so that polymorphs can easily 
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transform into one another which may lead to the accidental generation of a new 

form. Polymorphism was first described for calcium carbonate that crystallizes as 

calcite and aragonite, by Klaproth in 1788. Humphrey Davy identified graphite and 

diamond as polymorphs of carbon in 1809. 6 However, the term polymorphism 

dates back to 1822 and Eilhard Mitscherlich’s work on the isomorphous sulphates 

of cobalt, iron, magnesium, nickel, manganese and zinc. 

 

                    Figure 1. Polymorphism in Active Pharmaceutical Ingredients 8 

 

Polymorphism is very common in small organic molecules such as drugs that have 

a molecular weight below 600 g mol-1. Different polymorphs have different 

physicochemical properties such as melting point, density, solubility, dissolution 

rate and chemical and physical stability. 6, 7 These properties are important in the 

manufacture and therapeutic efficacy of pharmaceuticals. It is therefore vital for 

pharmaceutical industries to understand polymorphic conversions during 

pharmaceutical processes. 

Polymorphism can be categorized into either packing or conformational 

polymorphism. Packing polymorphism happens when a molecule can pack itself 

into a different 3D structure with different intermolecular interactions. Most of the 

organic compounds are known to exist in a variety of different conformations. 

Conformation according to IUPAC is an arrangement of atoms that can interconvert 

by rotating a single bond. 9 When polymorphism results from the molecules having 

different conformations the polymorphs are called conformational polymorphs. 10,11 

Sometimes a polymorphic system can present both packing and conformational 

polymorphism.  
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The terms monotropy and enantiotropy that describe the relationship between 

polymorphs were introduced by Lehmann in 1888. 7 In a monotropic system, only 

one polymorph is stable at all temperatures. The free energy curves of the 

polymorphs do not cross and the transition from the metastable to the stable 

polymorph is irreversible below the melting point. In an enantiotropic system, one 

polymorph is stable over one temperature range and the other polymorph is stable 

over a different temperature range. The free energy curves cross and therefore the 

transition is reversible, 1, 12, 13  Figure 2. 

 

 

 

 

 

A comprehensive theory to explain the crystallization of polymorphic forms of a 

compound and to aid in their isolation was formulated by Ostwald (1899). 

Ostwald’s Rule of Stages states that the most stable form will not crystallize first, 

but the least stable form. A high energy form will crystallize first and the system 

will then change to the most stable, lower energy form in a step-wise manner. At 

first the formation of a high energy polymorph is favoured, which then will lose 

energy step by step by crystallizing in polymorphic forms which are closest in 

energy to each other until the global minimum is reached (Figure 3 ), i.e. the lowest 

energy, most stable polymorphic form. 14  

 

 

 

Figure 2. Monotropic system (left) and enantiotropic system (right) 1 
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                                              Figure 3.  Ostwald’s Rule of Stages 15 

 

 

One of the common difficulties that might happen during the pharmaceutical 

manufacturing process, is the exposure of a solid state form to solvent, high 

humidity and temperature or mechanical stress, e.g. during granulation, 

crystallization, spray- drying and precipitation. Solvents may affect the crystal 

structure through the formation of unwanted solvates. 16 This phenomenon is known 

as pseudo-polymorphism. If the solvent incorporated into the structure is water, the 

crystal form is called a hydrate. Some of the common organic solvents such as 

methanol and acetone which are biologically toxic are not desired in the crystalline 

structure. Moreover, the solvates have lower solubility than the unsolvated 

crystals.7  
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Relevance of polymorphism in the pharmaceutical industry 
 

New drug applications (NDAs) need to have information about the chemistry, 

manufacturing and controls of the drug product. Furthermore, a thorough 

understanding of the drug’s polymorphism is essential for a safe and efficient drug 

production process. 7 As it is estimated that about two third of organic compounds 

are polymorphic, polymorphism is an important issue in the pharmaceutical 

industry. 17 The differences in the structures of polymorphs lead to differences in 

the physical and chemical properties, such as shelf life, solubility, manufacturability 

and most importantly bioavailability which can influence the product’s quality 

performance. 7  

The polymorphic form of a solid-state pharmaceutical can change either during 

processing or during storage of the drug product due to the presence of moisture, 

solvent or high temperature. Drugs can be formulated in different forms such as 

suspension, suppository, syrup solution and tablet as the most common form. 

Unexpected crystal growth in a suspension can cause serious problems when 

syringeability of the drug becomes difficult. Caking is a problem that can happen 

in suspension, causing difficulties to achieve uniformity by shaking the product. 

Polymorphic change to an undesired polymorph in suppositories has serious 

consequences by affecting the release of the active pharmaceutical ingredient (API) 

in the body and reducing the bioavailability. 6 

 

 

Ranitidine hydrochloride: Specific example of the importance of 

polymorphism in the pharmaceutical industry 
 

One of the important issues in pharmaceutical manufacturing processes that can 

cause serious problems is the concept of disappearing polymorphs or “vanishing 

polymorphs”. This refers to a polymorph that was formed at least once and its 

existance confirmed by analytical methods. But further preparation of the same 

polymorph with the same procedure fails or leads to the formation of another 

polymorph.  
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Ranitidine was the second histamine type 2 receptor antagonist (after cimetidine), 

developed by Allen & Hanbury in 1977. They patented ranitidine and its 

hydrochloride in 1978, Figure 4 

 

 

 

 

 

 

 

Development of the drug in large scale batches was successful for nearly four years, 

until one batch failed quality control with the IR analysis showing the appearance 

of a new sharp peak suggesting the formation of a new crystalline form. 

Subsequently four batches were shown to have the formation of the second 

polymorph and no appearance of the original form I. 18 

GSK launched ranitidine hydrochloride in 1984 and soon after in 1992 it was the 

best selling drug with $3.44 billion per year. When ranitidine’s patent was about to 

expire, several legal problems arose when other companies attempted to bring a 

generic version to the market. GSK had previousely patented form 1 ranitidine 

whose patent was about to expire. However, GSK also held a more recent patent to 

cover form 2 ranitidine. Novopharam attempted to recreate form 1 as reported in 

GSK’s original patent in order to bring a generic version to the market. However, 

Novopharm only succeeded to make form 2 by this method. Novopharm argued 

that GSK’s patent for the manufacture of form1 had only ever produced form 2 

rendering GSK’s patent of form 2 invalid. GSK argued that Novopharm’s 

experiment was contaminated with seed crystals of form 2. Hence the seeds were 

the problem rather than GSK’s original patent. Novopharm then developed a new 

method to produce form1 itself. GSK however in response to this new method sued 

Novopharm stating that its product would be a mixture of form 1 and form 2 rather 

than pure form 1 as GSK held the patent for form 2. X-ray analysis by Novopharm 

Figure 4. Ranitidine(top) and Ranitidine hydrochloride (bottom)  
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of its product indicated that it did not not contain significant amounts of form 2 and 

Novopharm was allowed to market its product as the court found that GSK did not 

provide evidence that form 2 was present. 7 

                                                                                                                  

                                                                

Cocrystallization  
 

A cocrystal as defined by the FDA is a crystal containing two or more compounds 

in the same crystal lattice. Cocrystals containing an API and a pharmaceutically 

acceptable co-former are  supermolecular complexes that can direct the properties 

of pharmaceuticals without changing the chemical composition of them. 19    

Cocrystallization and salt formation are important and have wide applications 

among other crystal engineering strategies. Salt formation of pharmaceutical 

ingredients overcomes  difficulties such as poor solubility, low melting point, 

difficulty in nucleation, etc. although there might be some difficulties with this 

method such as solvate formation and deliquenscence at higher relative humidity 

that can affect the shelf-life of drugs containing those salts. 20 The term “ salt 

cocrystal” refers to a crystal that contains an organic or inorganic compound and a 

salt. Cocrystals are usually formed by hydrogen bonding between a hydrogen bond 

donor and acceptor. 2 Hydrogen bonding interactions are well established in 

crystalline phase formation and stabilization. Dimerization of carboxylic acid  by 

interaction of the self-complementary COOH group is the first and well established 

supermolecular system. 21 

 

 

Crystallization 
 

Crystallization mechanism 

Crystals are solids that have an ordered array of atoms, ions or molecules. 

Crystallization is used as a technique for purification and separation.  
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Nucleation and crystal growth are the two primary steps of crystallization. The first 

step is the nucleation that controls the crystal packing and the polymorphism. 

Nucleation is the creation of a new solid phase in a supersaturated solution. 

Nucleation process can be either spontaneous (homogenous) or induced by an 

artificial factor (heterogeneous). In both, homogenous and heterogeneous 

nucleation, nucleation happens without the presence of crystals acting as seeds 

(primary nucleation). Secondary nucleation is induced by seed crystals. 1 

 

 

 

 

 

 

 

The mechanism of nucleation can be explained by the scheme below. If a stable 

nucleus contains n molecules, nucleation can happen by addition of molecules.  

 

 

 

 

 

 

The addition of molecules to the critical cluster results in nucleation. The new phase 

of clusters is formed in the saturated solution. The nuclei below the critical size are 

unstable and quickly dissociate. While there is the required critical size the 

dissociation is unfavoured regarding to the free energy reduction. 1 

Nucleation 

Primary Secondary 

Homogeneous  

(spontaneous) 

Heterogeneous 

(Induced by foreign particle) 

Induced by crystals 

A + A  A
2
 

A
2
+ A A

3
 

.  .  . 

.  .  . 

.  .  . 
A

n-1
 + A                      A

n
 (Critical Cluster) 
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Different polymorphs can be obtained using different crystallisation methods. 

Based on Ostwald’s rule, the metastable polymorphs can be harvested. Usually fast 

crystallization leads to the less stable polymorph while slow crystallization gives 

the most stable polymorph. 7 

 

Crystallization techniques 
 

The crystallization process can be part of a single set up reaction or the final stage 

of a complex sequence of chemical reactions. There are a variety of techniques to 

grow crystals. Generally crystals can grow from solution, melt or gas phase. 22 The 

selected crystallization method can have an important effect on the crystal quality 

and purity. Also, the conditions under which crystals form can influence the 

polymorphism. 7 There are different factors during the crystallization process that 

can influence the outcome, such as choice of solvent, presence or absence of 

additives, temperature, impurities, cooling rate and the pressure. Any fast changes 

during the crystallization process might lead to the amorphous phase instead of the 

crystalline solid. 23  

The most common crystallization techniques such as solvent evaporation, slow 

cooling crystallization, antisolvent crystallization, vapour diffusion include 

solvents. There are some other common techniques that are used widely for 

crystallization of organic compounds such as melt crystallization, sublimation and 

solvate desolvation. Recently, some new methods such as capillary crystallization 

24, ultrasound crystallization 25 and epitaxial crystal growth matching 26, 27 were 

developed.  

This thesis focuses on crystallization from the gas phase, using vacuum oven 

sublimation, the role of complementary additives to catalyse the sublimation 

process and the use of polycrystalline templates during the sublimation process as 

a novel method showing the high ability, selectivity and reliability of the 

sublimation method to obtain both stable and metastable polymorphs. In addition 

some alternative methods such as mechanical grinding and ball milling are applied 

for polymorph control by conveying heat and kinetic energy to the sample. 



11 
 

Therefore, sublimation, physical and mechanical grinding methods will be 

reviewed in more detail.  

 

Solution Crystallization 
 

The simplest and most common crystallisation technique is solvent evaporation. To 

avoid the thermal decomposition of the solid state, crystallization from solution 

takes place at a temperature well below the melting point of the substance. 1, 28 

Furthermore, the choice of a suitable solvent in which the solid is soluble but does 

not form a solvate is another important issue in this type of crystallizations. 1 Also, 

the polymorphic form often depends on the choice of solvent used in solution 

crystallization. 29 

Generally the main requirement for solution crystallisation is a supersaturated 

solution. A saturated solution is when the solute in the solid state is in equilibrium 

with the solute in solution and no more solid would be able to dissolve. By heating 

the solvent below the boiling point more solid can dissolve in the solution. On 

cooling a supersaturated solution is created which can be left in a sample vial with 

a punctuated cap for the solvent to evaporate.22 

There are four main ways of solvent crystallisation: 

i) The supersaturated sample is filtrated carefully and placed in an unscratched 

sample vial. The sample should be placed on an undisturbed shelf at room 

temperature for a few weeks for solvent evaporation. 1, 30 

ii) Slow cooling crystallisation is used, when the solute is less soluble and the 

boiling point of the solvent is between 30 – 90 °C. A saturated solution is prepared 

by heating the solvent just below the boiling point followed by slow cooling of the 

hot concentrated solution. Seed crystals are added while gently stirring the solution. 

1, 31 

iii) Solvent diffusion is similar to the slow cooling method. It is suitable when only 

milligram quantities of crystals are required. In solvent diffusion the crystalline 

solid moves from the high concentration side to the low concentration side over 
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time. The solvent choice is important and a solvent that is less volatile and has a 

low temperature coefficient of solubility should be used. 13, 22 

iv) Electro-crystallisation is a rapid crystallization process to prepare good quality 

crystals of a conducting material. This method works based on the controlled 

current and potential conditions and can be used for a small amount of sample. 

Crystal growth in this method is from an inert metal electrode in the solution. 1, 22 

 

Melt Crystallization 
 

Melt crystallization is a suitable technique to prepare pure crystalline compounds 

of thermodynamically stable compounds that do not decompose at a temperature 

slightly higher than their melting point. 32 Based on Ostwald’s rule of stages 33, a 

melt sample is in the glassy amorphous phase which by cooling can transform to a 

more stable form in a stepwise manner.  

Hot-stage microscopy (HSM) which is a combination of a microscope and thermal 

analysis is known as an important tool that is widely used for the characterization 

of pharmaceutical solids. Hot-stage systems are usually designed to have a 

combination of heating stage, gaseous atmosphere control and the polarized-light 

microscope which makes them able to obtain the pictures of the sample at a specific 

temperature. HSM is the most widely applied tool for the characterization of 

different polymorphs of APIs for polymorph screening and the assessment of their 

stability at a given temperature. Moreover, by heating and cooling the sample it is 

possible to find if the polymorphic system is enantiotropic or monotropic. Melt 

crystallization has a low yield but it can be used to obtain seed crystals for solution 

crystallizations. 34 ROY which is known by the highest number of polymorphs is 

an example for different crystal habit and colour of the different polymorphs 

observed by HSM. 35, 36 Figure 5. 
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               Figure 5- Polymorphism of ROY, for red, orange and yellow crystals. 37 

 

There are also various techniques that are widely used in physics such as pulling, 

crucible, zone melting 38, 39 and flame fusion 1. Also, capillary seed-selectors are 

important in the Bridgmann-Stockbarger method for the melt crystallization which 

uses a sealed ampoule of molten sample, in a short lower end capillary, heated with 

a sharp temperature gradient and cooled slowly at room temperature. 22 Among 

these techniques, the pulling (Kyropoulos- Czochralski) method can be used as the 

alternative method for growing crystals from the melt. 40  

 

Vapour Crystallization 
 

Sublimation is the solid phase transition to the gas phase without meeting the liquid 

phase. And crystallization from the gas phase happens from a supersaturated vapour 

without intervention of the liquid phase. 1  

The mechanism of sublimation can be discussed by the P-T diagram of a one 

component system. The phase diagram is divided into three different area as, solid, 

liquid and the vapour phase, Figure 6. 
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                                    Figure 6. P-T diagram of a one-component system 1 

 

The triple point of a substance is very important and it is the point where all three 

forms of a substance (solid, liquid and gas) can be observed. The red curve in the 

figure shows the sublimation curve, the green curve is the vaporisation curve that 

ends at the critical point which is the end of equilibrium phase and finally the blue 

line is the fusion line.  

Most of the organic compounds have the ability to sublime. 5 Crystals grown from 

the vapour in the absence of solvents often have well-defined faces. There are 

different issues that can influence the crystal size and the crystal habit, such as 

temperature, pressure and the collecting surface. 5, 41 To harvest larger crystals, 

slower crystal growth and a higher thermal gradient are playing an important role. 

22  

As any other crystallization method, sublimation is able to control the 

polymorphism. However, it can also give a mixture of several polymorphs. 

Concomitant crystallization of different polymorphs usually happens about the 

transition temperature when the different polymorphs have almost the same vapour 

pressure. 11, 42 
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The polymorphic form observed in sublimation depends on the sublimation 

temperature. A high temperature favours the most stable polymorph and a lower 

temperature preferentially yields the less stable or metastable polymorph. 5  

There are three different types of sublimation, simple, vacuum and entrainer 

sublimation. 1 Simple sublimation is the most common type of sublimation and it is 

basically based on heating the sample. Hence, the sample changes the phase from 

solid to gas on heating and solidifies at the condenser surface. There is some partial 

pressure difference between diffused sample in the gas phase and the solid phase in 

the condensation area that refers to the driving force for the diffusion. Vacuum 

sublimation is almost similar to the simple sublimation but takes place under a 

vacuum. In vacuum sublimation by decreasing the pressure, the partial pressure 

difference between the surfaces of the sublimation and condensation area would 

increase Therefore, transformation from vapour to the condensation area would be 

increased. 1, 43 Entrainer sublimation uses a slow flow of an inert gas such as 

nitrogen during the sublimation process to increase the vapour flow and to increase 

the yield of condensation. 1, 44 

An example for industrial sublimation is the purification of salicylic acid by 

entrainer sublimation using air as the inert gas. Because of the risk of 

decarboxylation of the salicylic acid in the hot air, a mixture of CO2 and air is 

preferred. A mixture of CO2 and air (5-10 %) is recycled through the system. A bin 

holds the impure salicylic acid in the vaporizer. There are a series of condensers of 

air-cooled chambers followed by a trap to collect the sublimed salicylic acid. The 

process is continued until the containers are emptied, Figure 7 1. 
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          Figure 7. Entrainer sublimation process used for salicylic acid purification 1 

 

However, it is important to know that the maximum yield would be obtained 

when the air is saturated with salicylic acid vapour. Saturation would be obtained 

if the air and salicylic acid are in contact for the relative time and the specific 

temperature. 1 

There are different studies aimed at developing methods to obtain the crystals from 

the gas phase. Among all the most common method is using a cold finger. A 

horizontal glass tube is used for example to observe crystal habits of succinic acid 

polymorphs 45 as well as to prepare metals and non-metallic sulphides 1. Moreover, 

sublimation methods were developed for purifications. 46 
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Green method 
 

Green chemistry is a field of chemistry that focuses on production processes that 

minimize or eliminate the usage and generation of hazardous materials. Green 

chemistry using green methods can apply across the cycle of chemical production 

such as process design, manufacturing and ultimate disposal. For the industries such 

as the pharmaceutical industry that focus on high safety standards for patients there 

is the highest ratio of waste per kilogram of products. (Table 1). 47 Up to 80% of 

the waste is solvent waste. The high costs of organic solvents and solvent waste 

disposal are the main problems of the traditional pharmaceutical productions. 48 

 

Table 1. Chemical industry sectors by quantity of by-product per kilogram of product. 

 

 

Green chemistry using solvent free methods as a tool can improve the industries 

and help achieve their environmental goals. Furthermore, solution crystallization as 

a well-known method used in the pharmaceutical industry has difficulties regarding 

polymorphism control. Thus green solvent free methods have clear advantages.  
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Low-Temperature Gradient Sublimation in Vacuo (LTGSV) 
 

Sublimation in vacuum oven using a low-temperature gradient is a highly selective 

method for growing high quality crystals. 49 In this method, the sample is placed in 

a petri dish above a small heating coil inside the vacuum oven. The heating coil is 

connected to the power supplier so that the sublimation temperature and thermal 

gradient can be adjusted. The compound recrystallizes at the top of the petri dish 

which is the condensation area. 49 The most important advantage of growing 

crystals by this method is the solvent-free, ‘green’ nature of the method. So the risk 

of obtaining an unwanted solvate in this method is zero. 50  

Ethynyl estradiol which is a derivative of estradiol is an example of crystallization 

by sublimation. 49 Previous studies showed that while the solvate of this compound 

crystallized from solution, crystallization from the gas phase gave the unsolvated 

form with unused hydrogen bonding capacity in the crystal lattice.  

Another advantage of LTGSV apart from the crystallization in the absence of the 

solvents, is the vacuum during the sublimation process which prevents the presence 

of any moisture or risk of oxidation.  

 

 

High-Temperature Gradient Sublimation in Vacuo (HTGSV) 
 

High temperature gradient vacuum sublimation is another type of gas phase 

sublimation. In this method a high temperature difference between sublimation area 

and condenser is required. Using a water cooler during the sublimation process 

would create this gradient. 

HTGSV is required for compounds with a low melting such as ibuprofen to keep 

them in solid phase at the condensation area. 
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Crystal growth using LTGSV in the presence of additives 
 

A variety of studies on using additives during crystallization from solution to 

control the polymorphism 51 of compounds such as L-glutamic acid 52 and 

sulfathiazole 53 has been reported. 51 Polymorphism control using LTGSV can be 

more selective and powerful in the presence of additives.  

 

 

Polymorphism control using polycrystalline templates 

 Epitaxial growth 
Epitaxial growth is a type of crystal growth where a crystalline layer forms on the 

surface of a crystalline substrate. The epitaxial substrate layer directs the new layer 

to grow on its surface. 27 This phenomenon is widely seen in nature and mineral 

formations. Frankenhein in 1836 showed the parallel growth of sodium nitrate on 

calcite. 54An example for the mineral formation is pyrite that is known as “fool’s 

gold. It is the iron sulfide and marcasite that sometimes is known as white iron 

pyrite. They both are the most common sulphide mineral, 55 Figure 8. 

 

 

 

 

 

 

 

Moreover, this type of epitaxial growth can be seen in the field of organometallic 

based manufactured materials, such as lasers and diodes. 55, 56 The first systematic 

study on the epitaxial growth of alkyl halides over each other was reported by 

Barker in 1906-1908. 54 There is not much study on organic compounds or 

Figure 8. Galena with pyrite  

macracsite 
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bioorganic chemistry, but recently the study of organic compounds has become an 

interesting topic to study. 26 

Epitaxial growth by the ability of a substrate in conducting the second layer onto 

the substrate has an important role in polymorphism control in pharmaceuticals.57, 

58 

 

 LTGSV using polycrystalline templates 
 

Referring to the epitaxial growth for polymorphism control, solution crystallization 

has been used in the case of different studies. For example, cooling crystallization 

of sulfathiazole in ethanol showed the epitaxial growth of metastable form II on the 

stable form IV. 58  

5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile or ROY is a well-

known example of a polymorphic system with seven known crystal structure and 

three other polymorphs determined by Raman spectroscopy. 35, 36 The seventh 

polymorph of ROY was formed by crystallization onto pimelic acid and by 

sublimation method. 35 

The use of templates for polymorphism control by directing the vapour phase of the 

APIs to a substrate is a new strategy to obtain the polymorphs which are not easy 

to isolate. A previous study showed polymorphism control in the case of 

carbamazepine FV by growing the crystal in solution in the presence of 

dihydrocarbamazapine as a template. A small amount of carbamazapine FV could 

be harvested. 59 

Moreover, the formation of carbamazepine FV in the presence of a template was 

reported by subliming carbamazepine onto the single crystal of 

dihydrocarbamazapine (DHC) form II. However, in that study pure FV was never 

observed and it always appeared as a mixture of both forms FV and FI. 59 
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Milling 
 

A milling device is a tool to break down solid state materials into smaller pieces by 

grinding, crushing or cutting. This breakage happens by mechanical forces which 

lead to breaking up the bonding forces of compounds. Milling also is a method for 

breaking down aggregated materials or size changing of compounds. 60 

There are a range of grinding mills such as, water mill (water powered), jet mill 

(using air or an inert gas), rod mill (using for minerals), etc. 

Among all, ball mill as a typical type of fine grinding available is the most common 

type of laboratory mill. Ball milling is a well-known technique using a mechanical 

grinder that transfers mechanical energy to the solid compound. Ball milling is used 

to break down and grind the materials to smaller particles. The material of the balls 

is usually stainless steel, ceramics or rubber. The sample in the milling jars is 

ground by shaking the jars and the balls inside the jars at a specific frequency for a 

given time. Ball milling is a method used in different fields such as reducing the 

particle size in pigments, pyrotechnics and ceramics. 61 Moreover, milling is known 

as the common method in industries as a secondary process to change and optimize 

the properties of solid crystalline materials. 62,63 As ball milling can change the 

particle size APIs and increase the surface area, it can enhance the bioavailability 

of poorly soluble drugs. 64, 65 However, the high energy given to the materials during 

the ball milling can also result in other changes on the compounds such as changing 

the polymorphic form of the API or even production of the amorphous phase. 64, 66 

Cryo milling is another type of ball milling that takes place in the presence of liquid 

nitrogen to reduce the milling temperature. Often cryo milling yields the amorphous 

phase by reducing the chance of recrystallization due to the low temperature. 64 

Polymorphic transformations during ball milling can be enhanced in the presence 

of tailor-made additives. 67, 68 

 

Characterization method of crystalline solid state 

Polymorphism plays an important role in the crystalline solid’s behaviour. 

Distinguishing different polymorphs of a pharmaceutical compound is a critical and 
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vital analysis process. Sometimes different polymorphs such as those of Ritonavir 

69, 70 have the same visual appearance, while in cases such as ROY the different 

polymorphs are distinguishable by their crystal habit and the crystal colour. 35 The 

most powerful technique to identify the crystal structure of a solid is X-ray 

crystallography. Single crystal analysis gives the complete information about the 

crystal structure and X-ray powder diffraction can be used for a fast analysis of the 

polymorphic composition. Furthermore, thermal analysis is a complementary tool 

and differential scanning calorimetry is a useful method for monitoring 

polymorphic changes vs. temperature by showing the thermal phase changes. 71 

 

 

X-ray crystallography 
 

Crystals are the repeating array or lattice with the ability of diffracting X-ray 

radiation depending on the distance between atoms in the crystal structure. 22 There 

are three different types of radiation used for crystal diffraction, X-ray, electron and 

neutron. X-ray diffraction is the most common one. The wavelength of X-rays 

(1.54178 Å for Cu K) are comparable with interatomic distances (2-3 Å). 

Therefore, they are able to interact with the electron cloud of atoms and cause X-

ray scattering. 72  

There are two ways to treat X-ray diffraction by a crystal, the Laue equations and 

Bragg’s law.  73 

As crystals have a highly ordered regular structure this gives rise to a series of lattice 

planes which can reflect light. Bragg’s law is based on the reflection of light from 

these lattice planes or mirror planes. These mirror planes reflect light with an angle 

of reflection equal to the incidence angle. X-rays can pass through some mirror 

planes and reflect from other planes giving reflections of a higher order (Figure 

9…the dash line) 
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                     Figure 9. Bragg’s law’s diagram, crystal reflecting planes 74 

 

If the X-rays are treated as waves then all the incident beams are “in phase”. The 

incident beams of A and A` would reflect as B and B` at the same angle (ϴ). 

Therefore the relationship between incident and reflecting beam can be described 

as: 

                                                   AO = OB = dsin ϴ 

                                                             Or 

                                                     AOB = 2dsin ϴ 

For reflected waves to be in phase the path difference must be a multiple of the 

wavelength nλ, where n=0,1,2,… Therefore Bragg’s equation can be defined as: 

                                                         nλ = 2dsinϴ 

If the Bragg equation is not fulfilled, the scattered waves are out of phase and no 

reflection is detectable (destructive interference). 74  
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X-Ray Powder Diffraction (XRPD) 
 

X-ray powder diffraction (XRPD) is a modern and powerful technique to study 

polymorphism and is widely used in the pharmaceutical industry. 22 The powder 

crystalline solid would diffract X-rays at 2ϴ respecting Bragg’s law. The reflection 

beams are collected by a detector giving a plot showing the intensity against the 

2ϴ. 73 Different compounds and polymorphs have distinct X-ray powder diffraction 

patterns, like a unique finger print.  

This technique is therefore a non-destructive way of analysing polymorphs, 

crystalline mixtures and bulk texture of compounds. However, this method is not 

as powerful as the single crystal analysis for the structural characterization. 72, 75 

 

 

Single Crystal X-Ray Diffraction (SCXRD) 
 

Single crystal analysis is a powerful tool to characterize the crystal structure and 

can give the complete information about the crystal packing and structure by 

diffracting the X-ray from all the crystal surfaces respecting Bragg’s law. 76 

Intensity and the position of spots appearing by reflections gives the information 

about the crystal structure as well as space group and symmetry of the crystals based 

on intensities of the reflected spots which is unique for each compound. 77 
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Aim of study  
 

Polymorphism control of pharmaceutical compounds is a fundamental issue in 

pharmaceutical companies. Solution crystallization is a well-known pharmaceutical 

process. There are a variety of factors that can influence the crystallization process 

from solution, such as the effect of solvent on crystal habit. Choice of suitable 

solvent and solubility problem of some compounds is another problem that solution 

crystallization causes. Furthermore, polymorphism control using solvents does not 

always lead to the desired polymorph and it can result in an undesired solvate form. 

All these issues can be eliminated by using green solvent free methods, such as gas 

phase crystallization. Almost two third of organic compound have the ability to 

convert to the gas phase. Despite the general association of sublimation with high 

energy costs the aim of this study was to develop an optimized method to control 

the polymorphism of a range of APIs and to investigate the effect of additives and 

templates on the sublimation process.  

Milling as a secondary processing technique in pharmaceutical manufacturing is 

another solvent free method that is used in this study. Milling-induced polymorphic 

transformations and the formation of supramolecular in the presence of catalytic 

amounts of solvents are investigated. 

In this study a variety of examples confirm the wide application and potential of 

solvent free methods. 
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Chapter 2 
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2.1 Brief description of the paper 

In this article the formation of the benzamidinium salts of various carboxylic acids 

by mechanochemistry was studied using either ball milling or pestle and mortar. 

The obtained results were identical to those obtained from solution crystallization. 

Also the effect of solvent drop grinding was studied. 
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ABSTRACT 

Ten benzamidinium salts of carboxylic acids, amides and sulfonamides have been 

crystallized from solution. Single-crystal X-ray analyses revealed various hydrogen 

bonding motifs which are discussed in terms of supramolecular synthons and graph 

sets. Benzamidinium hydrogen maleate (5a) crystallizes as large needles of up to > 

3 cm length. Attempts to influence the crystal habit and size through a change of 

solvent and the presence of additives yielded a second polymorph (5b). The 

formation of the benzamidinium salts by mechanochemical reaction was also 

investigated. Grinding of benzamidine with nicotinic acid, salicylic acid, p-

aminobenzoic acid, cyanuric acid, pimelic acid, saccharin and sulfathiazole with 

mortar and pestle or using a ball-mill gave compounds identical to those obtained 

by crystallization from solution. Time-dependent X-ray powder patterns of a 

stoichiometric benzamidine/cyanuric acid mixture suggested that the 

mechanochemical salt formation occured via the amorphous state. Ball-milling of 

benzamidine with sulfamerazine generated amorphous benzamidinium 

sulfamerazinate that was stable towards crystallization for at least two weeks, when 

stored at 25 % relative humidity. 
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1.  INTRODUCTION 

The amidine functional group (RC(=NH)NH2) is an important pharmacophore that 

is present in a large number of drugs and pharmaceuticals. Amidines display a 

variety of pharmacological activities and have applications as antibacterial and 

antifungal drugs (e. g. propamidine, dibromopropamidine), antimicrobial (e. g. 

hexamidine, pentamidine), antiparasitic, antibiotic (e. g. amdinocillin), antiviral 

(e. g. taribavirin, ribavirin), anti-inflammatory, cardiovascular, anti-diabetic, 

central nervous system and antineoplastic drugs.1-7 Due to the similarity of the 

amidine group to the guanidine group of L-arginine, amidines can interact with the 

L-arginine binding site of NO synthase.8 Several benzamidine derivatives are potent 

competitive inhibitors of trypsin- and trypsin-like enzymes and serineproteases.9,10 

Furthermore, amidines can act as thrombin and topoisomerase inhibitors9,10 and as 

antagonists of the P2X7 and M1 muscarimic receptor.11 Sugar amidines have been 

investigated as inhibitors of carbohydrate-processing enzymes.12-23 

Amidines are strong bases and are usually protonated under physiological 

conditions. Various amidines are formulated as salts such as alkylsulfonates. The 

positively charged amidinium group has four protons that can form strong charge-

assisted hydrogen bonds to the counterion. Here we report the crystal structures of 

a range of benzamidinium salts of carboxylic acids, amides and sulfonamides. In 

all cases, extensive H bonding interactions give rise to 1D, 2D or 3D 

supramolecular structures.  

Furthermore, we have studied the mechanochemical synthesis of crystalline 

benzamidinium salts. Mechanochemistry has recently been recognized as an 

attractive alternative to the traditional solution crystallization method.24 The 

mechanochemical preparation of salts - either by manual grinding with a mortar and 

pestle or in a mixer mill - offers various advantages such as the inherent ‘green’ 

nature and ease of experimental design.25,26 As a modification of neat grinding, 

solvent-drop or liquid-assisted grinding, i.e. grinding in the presence of sub-

stoichiometric amounts of solvent, can be applied as a screening tool for salt 

formation and new crystal forms.27   
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2.  MATERIALS AND METHODS 

Benzamidine, nicotinic acid, salicylic acid, p-aminobenzoic acid, maleic acid, 

malonic acid, pimelic acid, cyanuric acid, saccharin, sulfathiazole, and 

sulfamerazine were purchased from Sigma Aldrich. Commercial sulfathiazole and 

sulfamerazine were polymorphs form III and I, respectively, as confirmed by X-ray 

powder diffraction. Solvents were of analytical or spectroscopic grade, purchased 

from commercial sources and used without further purification. 

Preparation of Single Crystals of 1 – 10. 50 mg (0.42 mmol) benzamidine was 

dissolved in 2 mL H2O (1, 4, 5a), methanol (6-10), acetone (2) or isopropanol (3). 

A solution of 0.42 mmol of the respective carboxylic acid, amide or sulfonamide in 

2 mL of the same solvent was added and the mixture was left to stand at room 

temperature to allow for slow evaporation of the solvent. Colourless crystals 

appeared within a few days.  

Preparation of Single Crystals of 5b. 20 L pyridine-2-carboxaldehyde or 

picolylamine was added to a solution of 50 mg (0.42 mmol) benzamidine and 50 

mg (0.43 mmol) maleic acid in 4 mL ethanol. Large cubes of 5b crystallized after 

3 days alongside needles of 5a.    

Solid-state and Solvent-drop Grinding. Method A. Benzamidine (300 mg, 2.5 

mmol) and 1 equivalent of the respective carboxylic acid, amide or sulfonamide 

were placed in a mortar and the mixture was ground manually for 5 minutes.  

Method B. Benzamidine (300 mg, 2.5 mmol) and 1 equivalent of the respective 

carboxylic acid, amide or sulfonamide were placed in a mortar. After addition of 

one drop of solvent, the mixture was ground manually for 2 minutes. Then another 

drop of solvent was added and grinding was continued for another 3mins.  

Method C. Benzamidine and 1 equivalent of the respective carboxylic acid, amide 

or sulfonamide (600 mg in total) were combined with or without the addition of 50 

L solvent. The mixtures were ground for 20 minutes in an oscillatory ball mill 

(Mixer Mill MM400, Retsch GmbH & Co., Germany) at 25 Hz using a 25 cm3 

stainless steel grinding jar and one 12 mm stainless steel ball. Any small amount of 

solvent present was allowed to evaporate and the resulting material was 

characterized by X-ray powder diffraction. 
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Instrumentation. FT-IR spectra were recorded on a PerkinElmer FT-IR 

spectrometer fitted with an ATR accessory. DSC experiments were performed on a 

STA625 thermal analyzer from Rheometric Scientific. The heating rate was kept 

constant at 10 °C min-1 unless stated otherwise and all runs were carried out from 

25 °C to 250 °C. The measurements were made in open aluminum crucibles, 

nitrogen was used as the purge gas in ambient mode, and calibration was performed 

using an indium standard. 

X-ray Powder Diffraction. X-ray powder patterns of samples obtained by grinding 

or crystallization from solution 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 for 1-10 were calculated using the Oscail 

software package.28 

Crystal Structure Determination and Refinement. Crystal data for 1-10 were 

collected at room temperature on an Agilent (formerly OxfordDiffraction) Xcalibur 

CCD diffractometer using graphite-monochromated Mo-K radiation (= 0.71069 

Å).29 The structures were solved by direct methods and subsequent Fourier 

syntheses and refined by full-matrix least squares on F2 using using SHELXS-97 

and SHELXL-9730,31 within the Oscail package.28 The scattering factors were those 

given in the SHELXL program. Hydrogen atoms were located in the difference 

Fourier maps and refined isotropically (1, 2, 4, 5a, 5b, 7-10) or generated 

geometrically and refined as riding atoms with isotropic displacement factors 

equivalent to 1.2 times those of the atom to which they were attached (3, 6). 

Graphics were produced with ORTEX.28 Crystallographic data and details of 

refinement are reported in Tables 1 and 2.  

Supplementary crystallographic data have been deposited with the Cambridge 

Crystallographic Data Centre, CCDC no. 1031758 (1), 1031757 (2), 1031756 (3), 

1031755 (4), 1031753 (5a), 1031754 (5b), 1031752 (6), 1031750 (7), 1031749 (8), 

1031748 (9), 1031747 (10). Copies of the data may be obtained free of charge from 

The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:+44-1223-

336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk). 

http://www.ccdc.cam.ac.uk/


36 
 

 



37 
 

  



38 
 

3. RESULTS 

X-ray Structures. X-ray suitable crystals of the following benzamidinium salts 

were obtained by slow evaporation of alcoholic or aqueous solutions of 1:1 

mixtures of benzamidine and the respective carboxylic acid, sulfonamide or amide; 

bzamH+nic-
 (1), bzamH+sal-

 (2), bzamH+pab-
 (3), bzamH+malo-

 (4), bzamH+male- 

(5a, 5b), (bzamH+)2pim2- (6), bzamH+stz- (7), bzamH+smz- (8), bzamH+sac- (9), and 

bzamH+cya- (10) (bzamH+ = benzamidinium, nic- = nicotinate, sal- = salicylate, pab- 

= p-aminobenzoate, malo- = malonate, male- = maleate, pim2- = pimelate, stz- = 

sulfathiazolate, smz- = sulfamerazinate, sac- = saccharinate, cya- = cyanurate). A 

variety of hydrogen bonding motifs was observed which will be discussed in terms 

of supramolecular synthons and graph sets. The geometric parameters of the 

hydrogen bonding interactions are listed in Table S1 (Supporting Information).  

H Bonding Motifs in Benzamidinium Carboxylates. The R (8)2
2  homodimer is a 

very common supramolecular motif in carboxylic acids, amides and amidines and 

as expected, R (8)2
2  rings resulting from pairs of charge-assisted N-H…O hydrogen 

bonds between the benzamidinium cation and carboxylate anion are found in all 

benzamidinium carboxylates. Furthermore, R (6)2
1 , R (12),4

4  and R (8)4
2   rings 

consisting of two carboxylate anions and two benzamidinium cations, R (16)6
4  rings 

built up by three carboxylate and three benzamidinium groups and R (24)8
6  rings 

containing four carboxylate and four benzamidinium groups are observed (Scheme 

1). 

Figure 1 shows the hydrogen bonding motif in bzamH+nic- (1). Ion pairs with the 

R (8)2
2  motif are linked into undulated sheets with R (16)6

4  rings being present 

between the R (8)2
2   synthons. Neighbouring sheets are connected through C-H…N 

hydrogen bonds between C5-H5 of the benzamidinium aromatic ring and the 

pyridine nitrogen of nicotinate (N3…C5 = 3.474(8) Å).  
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Scheme 1. Hydrogen bonding motifs in benzamidinium carboxylates. (a) R (8)2
2 , (b) R (6)2

1 , (c) R (8)4
2 , (d) 

R (16)6
4 , (e) R (12), R (24)8

6   and4
4  (g) R (n)4

4  motifs in salts derived from mono- and dicarboxylic acids. 
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Figure 1. Hydrogen bonding motif in 1. (a) 2D network with R (8)2
2  and R (16)6

4  motifs. 

(b) Side view showing the undulated sheet structure. For the sake of clarity, the aromatic 

rings of benzamidinium and nicotinate are not shown. Amidine groups in red, carboxylate 

groups in blue. (c) C-H…N hydrogen bonding between neighbouring sheets. 

 

As in 1, pairs of hydrogen bonds between the benzamidinium group and the 

carboxylate group of salicylic acid give rise to the R (8)2
2   synthon which builds up 

infinite ribbons in bzamH+sal- (2, Figure 2). H bonding interactions between the 

amidinium group and the carboxylate group of the adjacent ion pair generate R (8)4
2   

rings. The phenol group of salicylate acts as an intramolecular H bond donor to the 

carboxylate group and accepts an N-H hydrogen bond from the next bzamH+…sal- 

unit. The latter interaction results in 12-membered rings (R (12)4
4 ). Ribbons of 

bzamH+…sal- pairs are stacked along the a axis. In contrast to 1, there are no 

interactions between adjacent stacks in 2.  
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Figure 2. Hydrogen bonding motif in 2. Ribbons of hydrogen bonded bzamH+…sal- ion 

pairs run along the b direction.  

 

Figure 3 shows the 2D array of R (8)2
2 , R (8)4

2   and R (24)8
6   ring motifs observed in 

bzamH+pab- (3). Similar to 1, hydrogen bonding interactions between the 

benzamidinium and carboxylate groups give rise to an undulated sheet structure that 

is stabilized by stacking interactions between adjacent aromatic rings. There are 

two crystallographically independent bzamH+pab- ion pairs per unit cell building 

up crystallographically independent sheets that are linked through H bonding 

interactions between the p-amino groups. (Figure 3c). The amino groups of sheet A 

act as H bond donors, while those of sheet B serve as H bond acceptors. 

 

 

 

 

 

 

 

 

 
 

 

)12(R 4

4
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Figure 3. Hydrogen bonding motif in 3. (a) 2D network with R (8)2
2 , R (8)4

2  and R (24)8
6  

motifs. Amidine groups in red, carboxylate groups in blue. (b) Side view showing the 

undulated sheet structure. For the sake of clarity, the aromatic rings of benzamidinium 

and p-aminobenzoate are not shown. (c) Stacking interactions within sheets and hydrogen 

bonding between the amino groups of neighbouring sheets. 

 

Slow evaporation of a 1:1 mixture of benzamidine and the dicarboxylic acid 

malonic acid in methanol gave bzamH+malo- (4) consisting of a benzamidinium 

cation and a hydrogen malonate anion. The X-ray structure of 4 is depicted in Figure 

4. The structural parameters are in line with the presence of the mono anion. For 

one of the carboxyl groups there is a clearly distinct 0.087 Å C-O bond length 

difference with C-O and C=O bond lengths of 1.298(2) and 1.211(2) Å respectively 

whereas the other carboxyl group has a C-O bond length difference of just 0.036 Å. 

Generally, a difference of  0.03 Å is indicative of a deprotonated carboxylate 

group, while in a protonated carboxyl group the C-O bonds differ by  0.08 Å.32 

The hydrogen malonate anion is known to adopt different conformations and H 

bonding schemes in its salts. In the sodium,33 ammonium34 and methylammonium35 

salts, hydrogen malonate ions are linked into chains by short intermolecular H 

bonds with the two carboxyl groups being nearly perpendicular to each other. H 

bonded chains of hydrogen malonate anions are also present in the potassium salt, 

however, the two carboxyl groups are co-planar.36 By contrast, an extremely short 

asymmetric intramolecular H bond (graph-set notation S(6); Speakman’s type B) is 

observed in guanidinium,37 benzylammonium, 4-picolinium,38 melaninium 
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hydrogen malonate,39 and in partially deuterated sodium trihydrogendimalonate 

with a nearly planar conformation of the monoanion.40 In trimethoprim hydrogen 

malonate the carboxyl and carboxylate groups form an intramolecular H bond and 

the dihedral angle is 18.8(2)º. As in the guanidium salt, the hydrogen malonate 

anion in 4 is stabilized by a short intramolecular H bond of Speakman’s B2 type.41 

The O…O distance of 2.422(2) Å is at the low end of the range observed in other 

salts (2.41 – 2.51 Å37-40), while the O-H…O angle is less bent (161 º in 4, typical 

range 153-159 º 37-40). The carboxyl and carboxylate groups form a dihedral angle 

of 5.6(5) º. The deprotonated carboxyl group (O1, O2) forms a pair of H bonds with 

the amidinium group to give the R (8)2
2  synthon. In addition, O1 accepts a second 

H bond from N2 of the neighbouring bzamH+…malo- pair resulting in an R (8)4
2  

ring. Furthermore, hydrogen bonding interactions between N1 and the carbonyl 

oxygen of the protonated carboxyl group generate 16-membered rings (R (16) 4
4 , 

Scheme 1g). Overall, the charge-assisted N-H…O hydrogen bonds in 4 give rise to 

a ribbon-type structure. In the crystal packing, ribbons stack along the body 

diagonal of the unit cell. There are no hydrogen bonds between neighboring tapes. 

 

 

 

 

 

                                      Figure 4. Hydrogen bonding motif in 4.  

 

The hydrogen maleate salt bzamH+male- (5a) was crystallized from methanol, 

ethanol and water. There are three crystallographically independent cations, 

designated A, B, and C and three crystallographically independent anions, 

designated a, b, and c, in the asymmetric unit (Figure 5). The hydrogen maleate 

anions feature the strong intramolecular H bond (O…O   2.434(2) - 2.442(2) Å; 
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(O-H…O) 173(2) - 176(2) º) typically found in the mono anion of maleic acid. H 

bonding interactions between cations and anions lead to a tape-like structure. The 

bzamH+ cations A and B are linked via pairs of H bonds to the hydrogen maleate 

anions a and b (R (8)2
2 ). The third bzamH+ cation (C) and anion c form an R (6)2

1  

motif with both NH2 groups interacting with one of the carbonyl oxygens. The A:::a 

and B:::b ion pairs are connected through N…O H bonds giving rise to eight-

membered rings (R (8)4
2 ). The other nitrogen of B donates a hydrogen bond to the 

protonated carboxyl group of a neighbouring B:::b pair so that two B:::b pairs form 

an 16-membered ring (R (16)4
4  , Scheme 1g). The carbonyl oxygens of the 

protonated carboxyl groups of a and c act as H bond acceptors to an amidine 

nitrogen of A and C, respectively, so that H bonding interactions between 

neighbouring C:::c and A:::a pairs generate R (18)4
4  motifs. In addition R (12)4

4  

rings result from H bonding interactions between a carboxylate oxygen of c and a 

benzamidinium nitrogen of the next C:::c pair. Overall, the tape-like structure 

consists of a sequence of fused R (16)4
4 , R (8)2

2 , R (8)4
2 , R (18)4

4 , R (6)2
1 , and R (12)4

4  

rings. 

 

                                          Figure 5. Hydrogen bonding motif in 5a.  

 

In contrast to malonic and maleic acid, pimelic acid forms a 2:1 salt with 

benzamidine. As shown in Figure 6, both carboxylate groups are involved in the 

R (8)2
2  motif and accept an additional H bond from a neighbouring benzamidinium 

cation. The latter generates a 2D structure of R (28)4
4  fused rings. 



45 
 

Figure 6. Hydrogen bonding motif in (bzamH+)2pim2- (6). Right: Aromatic rings and 

hydrogen atoms bonded to carbons are omitted for clarity. Benzamidine groups in red, 

pimelic acid in blue. 

 

H Bonding Motifs in Benzamidinium Amidates and Sulfonamidates. The X-ray 

structures of the benzamidinium salts of the sulfonamides sulfathiazole (7) and 

sulfamerazine (8) are depicted in Figure 7. In both structures, cations and anions 

are paired through charge-assisted N-H…N hydrogen bonding interactions with the 

deprotonated sulfonamide nitrogen and a heterocyclic ring nitrogen acting as H 

bond acceptors (R (8)2
2 , Scheme 2). While the imido tautomer is dominant in the 

solid state structure of neutral stz with the proton residing on the heterocyclic 

nitrogen, the C-Nsulfonamidic and C-Nring bond distances of 1.358(3) and 1.313(3) Å 

indicate that the sulfathiazole anion in 7 exists in the amido form with the 

sulfonamidic nitrogen retaining the negative charge. Likewise, the sulfamerazinate 

anion in 8 adopts the amidic form (as is the case in all known polymorphs of neutral 

smz42-44). The angles between the phenyl and the heterocyclic rings of the 

sulfonamidate in 7 and 8 are 81.96(9) º and 81.31(12) º in line with a gauche 

conformation when viewed along the S-N vector similar to the solid-state structures 

of stz and smz polymorphs. 7 features R (12)4
4  rings in which two bzamH+:::stz- 

R (8)2
2  pairs are connected via Osulfonyl

…NbzamH hydrogen bonds. In addition to the 

R (8)2
2  motif in 8, four smz anions are linked into 22-membered rings through H 

bonds between the amino substituent on the phenyl ring and the SO2 group (Figure 

7c). As both amino hydrogens and both sulfonyl oxygens participate in H bonding, 

a motif of fused R (22)4
4  rings results. It should be noted that only one of the 
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endocyclic nitrogens of the smz anion (the one para to the methyl group) acts as a 

H bond acceptor in 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. R (8)2
2  and R (12)4

4  motifs and discrete hydrogen bonds in benzamidinium amidates and 

sulfonamidates. 
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Figure 7. Hydrogen bonding motif in (a) bzamH+stz-  (7) and (b) bzamH+smz- (8).  

(c) R (22)4
4  rings built up by smz anions in 8. 

 

Figure 8 shows the H bonding pattern in bzamH+sac- (9). The usual ion pairs with 

R (8)2
2  motif are generated through H bonding interactions of the benzamidinium 

group with the amide oxygen and the deprotonated amide nitrogen of saccharinate. 

Four bzamH+:::sac- pairs build up 20-membered rings through NbzamH
…Osulfonyl and 

NbzamH
…Oamide interactions (R (20))6

5 . In contrast to 7 and 8, only one of the 

oxygens of the sulfonyl group of saccharinate is involved in H bonding.  

 

                                  Figure 8. Hydrogen bonding motif in bzamH+sac- (9). 
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Figure 9. Hydrogen bonding motif (top) and double-layer structure (bottom) in 

bzamH+cya-.H2O (10). The water molecules of crystallization have been omitted for 

clarity. Cyanurate anions in blue, benzamidinium cations in red. 

 

The cyanurate salt of benzamidine crystallizes as the monohydrate bzamH+cya-

.H2O. The C-O bond lengths range from 1.231 to 1.238 Å indicating that the 

monoanion of cyanuric acid exists in the tri-keto tautomeric form. The cyanurate 

monoanions are connected through pairs of NH…O=C hydrogen bonds involving 

the two neutral (N4,O3 and N5,O3) amide sites (non-planar R (8)2
2  motif, Figure 9). 

Hydrogen bonding interactions of the benzamidinium group with the deprotonated 

(N3,O1) amide site result in the heteromeric R (8)2
2  synthon. R (8)2

2  heteromers 

associate through hydrogen bonding between an amidinium proton and O2, thus 

generating R (12)4
4  rings leading to a double layer-type 2D structure (Figure 9). The 

water molecules of crystallization are situated between the double layers and 

hydrogen bond with the amidine nitrogens and amide O2 oxygens of neighbouring 

layers. 

Among the larger rings that contain at least two cations and two anions, the most 

frequently found motifs in the benzamidinium salts studied here are 

centrosymmetric R (8)4
2  and R (𝑛)4

4  rings with n most often being 12. However, 

these motifs are absent in 1 and 9 that both crystallize in the non-centrosymmetric 

space group P21. Instead, 1 and 9 are the only structures in which cations and anions 

)
1

2
(

R
4 4
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assemble into non-centrosymmetric R (16)6
4  (1) and R (20)6

5  (9) rings. The third salt 

that crystallizes in a non-centrosymmetric space group is pimelate 6 (space group 

P212121). The structure features R (28)4
4  rings that are non-centrosymmetric because 

the two aryl rings of the two bzam cations lie on the same side of the ring plane. 

Crystal Habits. Molecules or ionic compounds with crystal lattices with dominant 

intermolecular interactions in one direction often show anisotropic crystal growth 

and tend to give needle-like crystals. The control of anisotropic crystal growth and 

understanding the factors that affect crystal habit such as the choice of solvent and 

the presence of impurities or additives are of significant current interest, both in 

fundamental and applied research, as needle-shaped crystals are troublesome in 

industrial processes. Of the benzamidinium salts described in this paper 5a, 6, 8, 

and 10 show pronounced anisotropic crystal growth. The face indexation of 6 which 

crystallizes as needles is shown in the Supporting Information (Appendix I). The 

needle direction, i.e. the direction of rapid growth is a. In the crystal packing, the 

benzamidinium cations and pimelate anions are stacked along this axis with an 

average of 42% of the atoms in van der Waals contact. The 2D H bonding network 

of fused R (28)4
4  rings extends in the bc plane, with the pairs of H bonds of the 

heterodimers running parallel to b. Thus, the crystal growth of 6 is determined by 

conventional  stacking interactions rather than by hydrogen bonding. In 10, the 

2D network of R (8)2
2  and R (12)4

4  synthons extends parallel to the ac plane, while 

stacking interactions with a centroid…centroid distance of 3.59 Å between 

alternating benzamidinium cations and cyanurate anions are observed along the b 

axis. Again in this case the direction of rapid growth is along the stacking direction 

b. 8 contains a non-flat anion and the structure is not stacked. The heterodimers 

with R (8)2
2  motif are linked via S=O…NH2 H bonding interactions along the b axis 

and the needles extend in this direction (Supporting Information). The 2D network 

of the 22-membered rings built up by the anions is arranged parallel to the ac plane. 

This network is based on H bonding interactions between the sulfonyl oxygens and 

the amino substituent on the phenyl ring of sulfamerazinate (S=O…NH2 2.993(4) 

and 3.048(5) Å). By contrast, one of the amino nitrogens of the positively charged 

benzamidinium group is involved in H bonding along b (S=O…NH2 2.910(4) Å). 

The N…O distances reflect the greater strength of the charge-assisted interactions 
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which determine crystal growth. It is a possible scenario that the heterodimers exist 

in solution and it can be speculated that a positively charged amino group on the 

crystal surface acts as a pivotal point for incoming dimers. 5a grows into extremely 

large needles of up to > 3 cm length from aqueous solution (Figure 10). In the 

crystal structure, bzamH+ cations of neighbouring bzamH+…smz- ribbons are 

stacked along the a direction with the centroid-centroid distance being 3.815 Å. The 

ribbons of fused R (16)4
4 , R (8)2

2 , R (8)4
2 , R (18)4

4 , R (6)2
1 , and R (12)4

4  rings run 

perpendicular to the ab plane. Again, the needle growth is in the stacking direction 

(Supporting Information). Extended growth in the stacking direction of flat 

molecules such as benzoic acid, 1,4-naphthaquinone and -phthalocyanine has been 

discussed in the literature.45 It has been proposed that the formation of a new step 

in the stacking direction is a low energy process which will give growth in that 

direction a kinetic advantage. Our own recent study on the anisotropic crystal 

growth of flat and non-flat molecules with H bonding capacity has shown for 12 

representative examples that extended needle growth is in the stacking direction, 

i.e. in the direction of the weaker interaction.46 We have argued that a growth 

mechanism driven by dispersion forces should be more effective for crystal growth 

than one driven by H bonding. Due to the short range of dispersion forces, 

molecules are less likely to be incorporated incorrectly. 
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Figure 10. Crystals of benzH+male- grown from (a) aqueous solution, (b) ethanol, (c) 

saline (0.03 M) and (d) ethanol in the presence of 5 mol% 2-picolylamine. 

 

As 5a shows the most extreme growth in the stacking direction, this salt was 

selected to study the effect of solvent and additives on crystal size and shape. 5a 

was crystallized from ethanol, saline and from solutions containing heterocyclic 

additives that may interfere with crystal growth via - stacking with bzam. As 

evident from Figures 10b and c, both ethanol and saline gave a larger number of 

smaller and shorter needles. The XRPD patterns of the needles grown from ethanol 

and saline were identical to the simulated pattern of 5a. The lower the polarity of 

the solvent, the stronger is the interaction between ion pairs in solution. Ethanol 

should favour the association of the heterodimers in solution leading to increased 

nucleation at the expense of crystal growth. By contrast, in aqueous solution crystal 

growth prevails over nucleation as clearly seen in Figure 10a. The influence of 
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inorganic salts on the growth of -glycine and DL-alanine crystals has recently been 

discussed in the literature.47 Coulombic ion-surface interactions (which are stronger 

than solvent-surface interactions) can have two opposing effects: surface 

roughening (i.e. the generation of more kinks or defects) which promotes face 

growth and surface blocking which inhibits face growth by preventing solute 

molecules from integrating into the crystal lattice.47-49 It has been proposed that the 

net effect of inorganic salt ions is determined by the strength of the ion-surface 

interaction with the crystal surface blocking effect outweighing the surface-

roughening effect, when the interaction is very strong. In 5a planar bzamH+…male- 

dimers are stacked in the needle growth direction. Two different scenarios are 

possible: (1) benzamidinium cations and maleate anions attach as dimers to the 

growing crystal face. There is no net positive or negative charge and interactions of 

the Na+ and Cl- ions with crystal faces are expected to be weak. Surface blocking 

leading to shorter needles could be caused by cation- interactions, however, Figure 

10c shows that the needles are also thinner compared to those obtained from water. 

This suggests the second scenario (2) in which the bzamH+ cations and male- anions 

attach to the growing crystal surface independently from each other and interactions 

with the saline ions hinders growth in all directions. 

When 5 mol% 2-pyridine-carbaldehyde or 2-picolylamine was added to the 

solution, large, cubic crystals formed alongside needle-like 5a (Figure 10d). Cubes 

and needles were manually separated and a small plate was cut from one of the 

cubes for single-crystal strcture determination. X-ray analysis revealed that the 

cubic crystals were a second polymorph (5b) of bzamH+male- (Figure 11). The 

asymmetric unit of 5b comprises two crystallographically independent cations and 

two hydrogen maleate anions. Both hydrogen maleate anions feature one protonated 

carboxyl group (difference in C-O and C=O bond lengths > 0.08 Å) and one 

deprotonated carboxylate group with C-O bond lengths that are identical within the 

standard deviations. The typical short O-H…O hydrogen bond is observed in both 

maleate mono anions (O…O = 2.433(2) and 2.440(2) Å). In one of the hydrogen 

maleate anions the carboxyl proton is approximately centred between both oxygens 

while in the other one the hydrogen is located closer to O3 (Table S1). As in 5a, the 

R (8)2
2  motif is present as the deprotonated carboxylate groups of both anions pair 

with the benzamidinium group. The carbonyl oxygen of the protonated carboxyl 
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group of both anions interacts with the benzamidinium nitrogens which gives rise 

to 16-membered rings.  

                                 Figure 11. Hydrogen bonding motif in 5b. 

 

The structure of 5b is that of a 3D hydrogen-bonded network and is not stacked. 

The cubic habit means that there is no preferred growth direction and this further 

supports the importance of stacking interactions in anisotropic crystal growth. In 

the absence of additives, only 5a is observed, while 5a and 5b cocrystallize in the 

presence of 2-pyridin-carbaldehyde and 2-picolylamine. In the latter case it was 

also noted that 5a grew more slowly and the needles had a smaller aspect ratio. This 

may be attributed to the aromatic additives interacting with the growing crystal 

surface through - interactions and hindering growth in the stacking direction, 

thus giving polymorph 5b a kinetic advantage over 5a.  

Salt Formation via Solid-State and Liquid-Assisted Grinding. When bzam was 

ground with one equivalent of nicotinic acid, salicylic acid, p-aminobenzoic acid, 

sulfathiazole, saccharin or with 0.5 equivalents of pimelic acid using a mortar and 

pestle, the XRPD patterns of the ground mixtures were identical to the theoretical 

powder patterns generated from the single crystal data of 1-3, 7, 9 and 6 (Supporting 

Information). Grinding with malonic acid gave a hygroscopic, sticky material that 

could not be further analysed.  

Neat grinding of an equimolar mixture of benzamidine and maleic acid gave 

polymorph 5b. The same polymorph was obtained by liquid-assisted grinding with 
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polar (ethanol, methanol) or non-polar (toluene) solvents. On grinding the isolated 

crystals of 5a for 5 min. in the absence or presence of a drop of ethanol (using a 

mortar and pestle), a polymorphic transformation to 5b was observed (Supporting 

Information). The formation and conversion of the two polymorphs of 

bzamH+male- is summarised in Scheme 3. 

 

 

 

 

 

 

                                             Scheme 3. Polymorphism of bzamH+male-. 

 

The changes in the XRPD patterns of a stoichiometric mixture of smz and bzam 

upon grinding under different conditions are displayed in Figures S12 and S13. Smz 

has three known polymorphs; commercial form I (FI),42 form II43 which is the most 

stable polymorph at r.t. and form III which was discovered in 2006 and can be 

prepared in milligram quantities only.44 The X-ray powder diffractogram recorded 

after grinding smz FI / bzam for 5 min. showed unchanged smz FI. Adding a drop 

of ethanol prior to grinding had no effect. However, the benzamidinium salt 8 was 

formed, when grinding was performed in a ball mill for 20 min. in the presence of 

substoichiometric amounts of ethanol (Figure S12). Interestingly, in the absence of 

any solvent, the XRPD pattern recorded after 20 min. ball-milling showed an 

amorphous halo (Figure S13). The diffractogram did not change, when the milling 

time was extended to 60 min. The solid remained X-ray amorphous, when kept at 

25 % relative humidity (RH) for two weeks. A detailed study on the effect of ball-

milling of smz in the absence and presence of various carboxylic acids has been 

previously reported by us.50 It was found that fully X-ray amorphous smz can only 

be obtained by cryo-milling, when the low temperature prevents re-crystallization 
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during milling and that even when stored under vacuum, crystallisation occurs 

within a few hours. Certain carboxylic acids were shown to stabilize the amorphous 

phase by forming a co-amorphous system with smz, while milling of smz FI at r.t. 

in the absence of additives resulted in the polymorphic transformation to FII. Co-

amorphous systems are of interest for the formulation of BCS (Biopharmaceutical 

Classification System) class II and IV drugs due to the enhanced dissolution 

properties of the amorphous phase. In view of this it was of interest to distinguish 

whether the rapid amorphisation during r.t. milling and the higher stability of the 

amorphous 1:1 smz/bzam mixture compared to amorphous smz alone were due to 

the formation of the amorphous salt or a co-amorphous system. The most prominent 

band in the IR spectrum of smz is the sharp, strong band of the symmetric stretching 

vibration of the sulfonyl group at 1150 cm-1. This band is shifted to 1122 cm-1 in 

the spectrum of the amorphous solid. A shift of this magnitude is likely due to the 

deprotonation of the sulfonamide group rather than to a change in hydrogen 

bonding interactions as would be the case in a co-amorphous system. When the 

amorphous bzam/smz was stored at 72 % RH, crystallisation occurred within 24 h. 

The XRPD pattern, however, is different from that of the simulated pattern of 8 

(Figures S12 and S13). On the other hand, the IR spectra of 8 and of the 

recrystallized sample are very similar. Again, the sy(S=O) band is shifted to a 

lower wavenumber (1117 cm-1) consistent with the presence of a deprotonated 

sulfonamide group. This led us to the conclusion that the recrystallized sample is 

another polymorph of 8 (8a) and that co-milling of bzam with smz generates an 

amorphous salt rather than a co-amorphous solid. Given the 4.5 pH units difference 

in pKa value, salt formation between bzam and smz can be predicted, but would be 

expected to be more difficult under solvent-free conditions than the formation of a 

co-amorphous system due to the charge separation associated with the proton 

transfer (see below). It is noteworthy that dry-milling 8 also leads to amorphisation 

(Scheme 4).  

The DSC plot of the amorphous phase obtained by ball-milling a 1:1 mixture of 

bzam and smz features two exotherms at 97.5 and 117.8 °, when a heating rate of 

10 degrees/min is applied (Figure S14). The occurrence of two distinct 

crystallization exotherms in the DSC traces of cryomilled organic glasses has been 

discussed in the literature. Different mechanistic models for bimodal crystallization 
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(when the crystallization into different polymorphs or a polymorphic 

transformation can be excluded) have been suggested. Some authors propose the 

milling-induced formation of a defective crystalline state as a phase 

thermodynamically distinct from the true amorphous glass,51,52 while others explain 

the two-peak crystallization event by a surface crystallization model involving 

faster surface crystallization due to the higher surface mobility followed by 

crystallization of bulk glass at higher temperature.53,54 Chattoraj et al. have studied 

the crystallization behaviour of ten organic glasses prepared by cryomilling and 

shown that bimodal crystallization is observed when the crystallization onset (Tc) 

is below or near the glass transition temperature (Tg), whereas the crystallization 

event is unimodal, when Tc is well above Tg.54 As evident from Figure S14 we do 

not observe a Tg in the standard DSC traces which is not surprising, as it would be 

buried by the first crystallization exotherm. When the heating rate is increased from 

10 degrees/min to 30 degrees/min, the first crystallization exotherm shifts from 97.5 

to 104.1 °C (Figure S14). Furthermore, the peak area of the first exotherm decreases 

while that of the second one increases. This behaviour is in line with the surface 

crystallization model. The slower the heating rate, the lower the temperature of the 

crystallization onset. At a slower heating rate more time is available for the surface 

to crystallize completely.54 In addition to the two well-resolved exotherms, a small, 

broad exotherm appears at 176.1 °C which may be due to a polymorphic 

transformation. When a sample of 8a is heated to 130 °C, a slow conversion to 8 

takes place with diffraction peaks of 8 appearing after 30 min (Figure S15).  

 

                                       Scheme 4. Polymorphism of bzamH+smz-. 
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Ball-milling of bzam with cyanuric acid gave 10. The underlying amorphous halos 

in the time-dependent XRPD patterns (Figure 12) suggest that the conversion takes 

place via the amorphous phase. A qualitative analysis of the XRPD patterns 

indicates that the percentage of amorphous content in the bzam/cya system reaches 

a maximum after 10 min. milling time. A similar observation has been made by us 

in the case of the mechanochemical synthesis of benzyladeninium maleate and 

sulfathiazolium oxalate.55,56 During milling of benzyladenine/maleic acid and 

sulfathiazole/oxalic acid, both systems went amorphous before the diffraction peaks 

of the respective salt appeared in the XRPD patterns. Cyanuric acid has a melting 

point of > 300 °C. We have previously pointed out the difficulty of the 

mechanochemical salt formation of high melting acids under anhydrous or solvent-

free conditions.56  

 

 

 

 

 

 

Figure 12. XRPD patterns of bzam/cya after ball-milling for (a) 5 min. (b) 10 min. (c) 15 

min. (d) 20 min. and (e) 1 h. 
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Conclusions 

A plethora of benzamidinium salts with supramolecular, H bonded network 

structures were obtained by mechanochemical synthesis and solution 

crystallization. In two cases, polymorphism was observed. The mechanochemical 

formation of bzamH+cya- involves a transient amorphous phase. The solvent and 

the presence of an inorganic salt have a pronounced effect on the crystal size of 

bzamH+male-. Depending on the crystallization conditions the average length of 

bzamH+male- needles can vary between 0.25 and > 3 cm.  

 

Supporting Information (Appendix I) 

Crystallographic information files. Details on H bonding interactions in 1 - 10. 

Crystal images 

showing reciprocal axes and face normals and packing diagrams of 6, 10, 8 and 5a. 

XRPD patterns of 1- 6 and 9 prepared by grinding and theoretical patterns generated 

from single-crystal data. Comparison of the XRPD patterns of SMZ FI, FII, FIII, 8 

and after manually grinding and solvent-drop ball milling a stoichiometric mixture 

of smz FI and bzam. Comparison of the XRPD patterns of SMZ FI, FII, FIII, after 

20 min. ball-milling of a stoichiometric mixture of bzam and smz and after storage 

of the ball-milled bzam/smz mixture for 1 d at 72 % relative humidity. DSC plots 

of amorphous bzamH+smz- at different heating rates. XRPD patterns of 8a after 

heating for different time intervals. This material is available free of charge via the 

Internet at http://pubs.acs.org. 
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2.2 Brief description of the paper 

In this study sublimation is used as a solvent free method to obtain high-quality 

crystals in the absence of the solvent. It is also shown that gas phase crystallization 

can be used as a selective method to obtain different polymorphs of the compounds. 

Regarding polymorphism control of APIs from the gas phase, to enhance the 

crystallization efficiency and catalyse the sublimation process it is shown that using 

relatively small amount of tailor made additives can reduce the sublimation 

temperature and duration. Furthermore, polymorphism control of the selected APIs 

is achieved. 

 

Author’s contributions: 

Naghmeh Kamali: Obtained all the sublimation results. 

Patrick McArdle: Collected crystallography results and reviewed manuscript 

prior to and post the review process. 

Andrea Erxleben: Managed the project throughout and reviewed manuscript 

prior to and post the review process. 

  



63 
 

Unexpected Effects of Catalytic Amounts of Additives on 

Crystallization from the Gas Phase: Depression of the 

Sublimation Temperature and Polymorph Control 

 

Naghmeh Kamali, Andrea Erxleben*, and Patrick McArdle* 

School of Chemistry, National University of Ireland, Galway, Ireland 

*Corresponding author email address: andrea.erxleben@nuigalway.ie (AE); 

p.mcardle@nuigalway.ie (PM) 

 

 

ABSTRACT 

Sublimation of carbamazepine, piracetam, diflunisal and p-aminobenzoic acid is 

enhanced by the presence of additives. Temperature reductions and polymorph 

control have been observed. Sublimation of carbamazepine containing less than 5% 

by weight of acetamide reduces the sublimation temperature by 20 °C and yields 

pure form 1. In the absence of acetamide carbamazepine sublimation yields forms 

I and III. The enhancement mechanism appears to involve more volatile adduct 

formation. Sublimation of carbamazepine onto polycrystalline powder templates of 

carbamazepine forms I, II and III yields pure samples of these forms. Valeric acid 

is an effective additive in sublimations of diflunisal, piracetam and p-aminobenzoic 

acid. 

The use of additives to provide polymorph control of solution crystallization is 

well established. 1 Some examples include the stabilization of the metastable 

polymorphs of L-glutamic acid, sulfamerazine, flufenamic acid and paracetamol 

using structurally related additives. 2-5 In the case of sulfathiazole the presence of 

1 mol.% of ethamidosulphathiazole gave crystals of metastable form I. At 

concentrations lower than 1 % polymorph control was lost. 6 Polymorph control of 

sublimation crystallization has relied on temperature control and in the case of 

carbamazepine (CBZ) on the use of a template crystal of a structurally related 
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compound. 7, 8 Polymorph control of CBZ solution crystallization using nucleation 

onto polymers has also been reported. 9 In contrast, the use of additives for 

polymorph control of sublimation crystallization or enhancement of the 

sublimation process has not been reported. 

 

                     Scheme 1. Structures of (a) carbamazepine, (b) diflunisal and (c) piracetam 

 

In the present study vacuum sublimation of commercial CBZ form III was found to 

lead to crystallization of a mixture of CBZ forms I and III at 120 °C and 0.2mm Hg 

pressure. However, the addition of less than 5% by weight of acetamide to CBZ 

sublimation reduces the sublimation temperature to just below 100° C and leads to 

the selective crystallization of only form I. PXRD patterns are shown in Figure 1.  

 

Figure 1. PXRD patterns, (a) CBZ sublimed in the absence of additives; formation of forms 

I (x) and III (), (b) CBZ sublimed with acetamide; formation of  form I, (c) calculated 

pattern for CBZ form I, (d) calculated pattern for CBZ form III  
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Figure 2. Optimized hydrogen bonded adduct structures for (a) CBZ.acetamide and (b) 

the CBZ dimer. 

 

The depression of the sublimation temperature by a catalytic amount of an additive 

is an effect that has not been previously described. We propose that the mechanism 

for this sublimation enhancement is the formation of the more volatile CBZ-

acetamide hydrogen bonded adduct on the surface of evaporating CBZ crystals 

which transports CBZ at lower temperatures to the crystal growing sites than would 

be possible for CBZ dimers. The energy differences between the optimized 

structures of the CBZ-acetamide adduct and the CBZ dimer (Figure 2) and their 

components have been calculated to be 74 and 72 kJ/mol respectively (see SI for 

details).  We attribute polymorph selection in the presence of this additive to a 

temperature effect. CBZ form I has a stacked lattice in which the molecules are in 

vdW contact (see SI). This enhances rapid growth of this polymorph at lower 

temperature. 10 We have found that accurate control of the sample temperature 

makes the sublimation experiments described here highly reproducible. The 

sublimation apparatus consists of a Petri dish sitting on top of a small heater in a 

vacuum oven and it is described in detail in the Supporting Information (SI). The 
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life time of acetamide in the Petri dish at the sublimation temperature used for CBZ 

sublimation is approximately the same as the sublimation process itself. Indeed, it 

is only the almost closed nature of the Petri dish, which slows the loss of acetamide, 

that makes the process possible. The possibility of contamination of the CBZ 

sublimate with acetamide has been tested by comparing the powder patterns of CBZ 

form I (prepared without the use of acetamide), 11 CBZ form I to which 1% of 

acetamide had been added, CBZ sublimed in the presence of acetamide and pure 

acetamide, Figure 3. 

    

Figure 3. PXRD patterns, (a) CBZ form I with 1% acetamide, (b) CBZ sublimed with 

acetamide (as in Figure 1(b)), (c) CBZ form I and (d) acetamide. 

 

The PXRD patterns in Figure 3 indicate no detectable acetamide in the sublimed 

CBZ sample. There is a tiny peak in the pattern of CBZ sublimed with acetamide 

(which is marked in Figure 3(b) and also observed in pure CBZ form I) at 15.26° 
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which is close to the strongest peak in the acetamide pattern at 15.38°. Even if this 

peak were assigned to acetamide it is estimated that it would represent less than 

0.03% of the sample. No evidence for either the crystallization of acetamide on the 

glass condensing surface or the formation of a cocrystal between CBZ and 

acetamide was found. These results can be contrasted with reports of co-crystals 

grown by sublimation. For example, cocrystals of 4-hydroxybenzamide and 

salicylic acid derivatives have been obtained by sublimation. 12 In those examples 

the volatilities of the cocrystal and its components are similar and do not have the 

quite large volatility differences which exist between the relatively low molecular 

weight additives and the compounds sublimed in this work. 

In addition to additive control of polymorph selectivity we have also observed even 

more effective polymorph control using templating with polycrystalline powders of 

CBZ polymorphs. Thus using double sided sticky tape to hold powders of CBZ 

forms I, II and III onto the condensing plate, yields pure CBZ forms I, II or III 

(Figure 4). The strong preferred orientation and the small number of observed peaks 

in the PXRD pattern of form II, Figure 4 (b), is due to the needle shape of the 

sublimed crystals. This templating effect can be compared to that reported for the 

sublimation of CBZ in the presence of a template single crystal of 10,11-

dihydrocarbamazepine, DHC, which led to the growth of catameric CBZ form 

crystals on the lateral faces of the template crystal and a mixture of forms I and III 

elsewhere in the apparatus. 8  
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Figure 4. PXRD patterns, (a) CBZ sublimed onto CBZ form I powder, (b) CBZ sublimed 

onto CBZ form II powder, (c) CBZ sublimed onto CBZ form III powder. (d), (e) and (f) 

are the calculated patterns. 

 

CBZ form II is a channel solvate that can be grown from several solvents. 13  There 

is clear crystallographic evidence for solvent in the channels in the case of 

tetrahydrofuran, (THF). 14 Indeed on the Cambridge database THF containing form 

II is not classified as a CBZ polymorph. The solvent channels occupy 9% of the 

structure15 and it has been estimated that the solvent in the channels stabilizes the 

structure by up to 9 kJ/mol. 13 Lattice energy calculations for CBZ forms suggest 

that CBZ form II without solvent is 6.8 kJ/mol less stable than the more stable form 

III. 8 Interestingly CBZ dihydrate collapses to form II when freeze dried and to a 

mixture of amorphous CBZ and forms I and III at atmospheric pressure when the 

relative humidity is below 40%. 16, 17 The question of whether truly solvent free 

form II can be prepared has been raised. 14 The solvent-free sublimation 

experiments described here show clearly that solvent free crystals of CBZ form II 

can indeed be grown and that these solvent free crystals may be the first pure sample 

of solvent-free form II. It appears that crystals grown by sublimation for molecules 

similar in size to CBZ can be stable with void volumes of up to 10%. This is 

consistent with our observation that CBZ form II crystals grown from toluene (that 

contain some toluene in the channels) do not decompose or change their PXRD 

pattern after several hours under vacuum. Stanozolol is another example where 

solvent free void containing crystals of its forms I and II, with estimated void 
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volumes of 4 and 10%, can be grown by sublimation. 7 The much higher estimated 

void volume of 20% of a solvent free CBZ dihydrate structure may be the reason 

why it cannot be dehydrated without structure collapse when CBZ dihydrate 

crystals are placed under vacuum. 16 

Valeric acid, VA, is a low melting and relatively high boiling carboxylic acid which 

can form complementary hydrogen bonds to other carboxylic acids and amides. 

Using 5% VA accelerated sublimation has been observed for piracetam, diflunisal 

and p-aminobenzoic acid, PABA. The sublimation temperature reductions observed 

are 10, 15 and 20 °C respectively. In the case of PABA a templating effect was also 

observed. PABA sublimes at 80 °C under a vacuum of 0.2 mm Hg to give block 

like crystals of form V which has been described as a rare form and has only been 

obtained from an aqueous solution containing a mixture of PABA and selenous acid 

(H2SeO3). 18, 19 It was also found that at 140 °C under a vacuum of 400 mm Hg 

PABA sublimes to again give form V but with a needle like habit, Figure 5. 

Sublimation of PABA onto a PABA form I template at 80 °C did not yield form I 

but again gave form V. However, the tendency of sublimation to give form V was 

successfully overcome when templating using form I was repeated at 140 °C. 

PXRD patterns of PABA forms I and V are quite similar and the forms were 

identified by indexing single crystals on a diffractometer.  The FT-IR spectra of 

form I and V differ in the 900 – 920 cm-1 region and this difference was used to 

further confirm the polymorphic form (SI). 

 

 

                                 Figure 5. PABA sublimed (a) at 140 °C and (b) at 80 °C 
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Usually, polymorph control is achieved through time-consuming, trial-and-error 

based screening of solution crystallization conditions. Since many pharmaceutical 

APIs can be sublimed and have carboxylic acid, amide groups and related 

functional groups sublimation enhanced by suitable additives can potentially 

provide a green, solvent free, more targeted method for polymorph control. The use 

of polycrystalline powder templates seems to offer an alternative to the not always 

successful polymorph seeding in solution crystallization. Furthermore the 

economic advantages of any sublimation temperature depression for industrial scale 

sublimation has been noted and has been achieved in the past not by the presence 

of additives but by the use materials with high numbers of lattice defects. 20, 21 Since 

many pharmaceutical APIs can be sublimed and have carboxylic acid, amide groups 

and related functional groups sublimation enhanced by suitable additives can 

potentially provide a green, solvent free method for polymorph control. 

 

Supporting Information 

Description of the sublimation apparatus, molecular orbital calculations, 

description of hydrogen-bonding and dispersion forces in the structure of PABA 

forms I and V and FT-IR spectra of PABA forms I and V. 
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2.3 Brief description of the paper 

In this submission the use of catalytic additives and polycrystalline powder 

templates for polymorphism control during crystallization from the gas phase under 

vacuum is reported. To catalyse the sublimation process, volatile tailor made 

additives have been identified that, significantly reduced sublimation temperatures 

and enhanced the overall process. Sublimation as a crystallization method in the 

absence of the solvent, enhances the stability of the samples compared to solution 

crystallization methods. This crystallization method can be used for a variety of 

compounds and active pharmaceutical ingredients.  
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Naghmeh Kamali: Carried out the work on paracetamol and para-, meta- and 

ortho-aminobenzoic acid, the sublimation of carbamazepine and contributed to the 
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ABSTRACT 

In pursuit of a solvent free green alternative to solution based processes, we have 

applied the combined use of catalytic additives and polycrystalline powder 

templates for polymorph control of gas phase crystallization to a range of 

pharmaceuticals and related compounds. Complementary volatile additives have 

been found which can catalyse the sublimation of a range of typical active 

pharmaceutical ingredients, APIs. Sublimation temperatures are typically reduced 

by up to 20 °C and the process is accelerated. The use of polycrystalline powder 

templates for polymorph control has also been successfully applied in several cases. 

Temperature control at the sites of both sublimation and desublimation is often 

required. The absence of even traces of solvent in the polymorphs produced appears 

to give the samples higher stability than samples obtained by crystallization from 

solution. 

Complete polymorph control was achieved with the following APIs,  

carbamazepine (5 polymorphs), metaxalone (2 polymorphs), mefenamic acid (2 

polymorphs), paracetamol (2 polymorphs) and ortho-, meta- and para-amino 

benzoic acids (1, 4 and 2 polymorphs respectively).  
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1. Introduction 

Polymorphism is of considerable importance in the pharmaceutical industry as 

different polymorphs of an API can have different physical and chemical properties 

which can lead to differences in bioavailability.1,2 Polymorph problems can include 

the appearance of an unwanted form, the disappearance of the required form and 

concomitant polymorphism.3-6 Solution crystallization is the dominant method used 

in industry for the production of crystalline solids and careful control of cooling 

rate, choice of solvent, the use of additives and seeding are all in use for polymorph 

control.7,8 Examples of the use of sublimation for polymorph control are rare. 

However, form IV of m-aminobenzoic acid has been produced by sublimation and 

condensation onto a cold finger and sublimation is used for the industrial production 

of fine chemicals.8-10  

Attempts to develop the theoretical prediction of the crystal structures of organic 

molecules and the calculation of the relative stability of possible polymorphic forms 

have been underway for some time.8 And while the results of the sixth blind test of 

crystal structure prediction, which included a compound that had five polymorphic 

forms, have been impressive it will clearly be some time before crystallization from 

solution is included in these calculations.11 It is possible that sublimation based 

solvent free polymorph control may provide examples which are more amenable to 

theoretical simulation than solution based polymorph transformations. The 

presence of small amounts of solvent within crystals grown from solution may itself 

be a problem. The much studied case of paracetamol, PAR, where there are 

difficulties in the reliable production of the more desirable form II 12 is a good 

example of these problems.  

In an effort to develop sublimation as a green solvent free method of crystal 

processing, we recently reported that the sublimation process can be catalysed by 

complementary additives and that desublimation templates can provide excellent 

polymorph control.13 Desublimation templates are a solvent free equivalent of 

crystal seeding in solution. In this paper we show that this is not confined to a few 

specific examples, but can be applied to a range of sublimable compounds. 
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                                              Scheme 1. Structure of APIs. 

 

2. Sublimation 

2.1 The sublimation process. Many pharmaceutical compounds are known to 

sublime. For example the thermal conversion of carbamazepine, CBZ, form III to 

metastable form I at temperatures below the melting point has been shown to 

involve sublimation.14 However, attempts to measure the vapour pressure of CBZ 

to provide more detail on its gas phase properties were not successful as its thermal 

stability was not high enough at the temperatures required.15 The sublimation 

process is described here in two parts, sublimation catalysis and sublimation onto 

polycrystalline powder templates. 

 

Figure 1. The lower molecular weight H-bonder (red) catalyses the sublimation of the 

higher molecular weight API (yellow). 

Form B 

Form A 
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2.1.1 Sublimation catalysis. We have shown that the sublimation process can be 

catalysed if the molecular weight of the gas phase species can be reduced.13 This is 

possible if a compound which forms a hydrogen bonded dimer in the gas phase can 

be brought into equilibrium with a catalytic amount of a complementary hydrogen 

bonding molecule of lower molecular weight. In the CBZ case 5% acetamide 

functioned as a lower molecular weight sublimation catalyst. The acetamide would 

be coloured red in the diagram in Figure 1 and the CBZ yellow. The catalyst reduced 

the CBZ sublimation temperature by 20 °C, the sublimation time was also reduced 

and there was no trace of acetamide in the sublimate.13 The sublimation is carried 

out inside a Petri dish which is placed above a small heater inside a vacuum oven. 

The local concentration of the lower molecular weight catalyst is maintained for the 

duration of the sublimation process by the almost closed nature of the apparatus. 

Further details of the apparatus are given in the supporting information. The 

presence of dimers in the gas phase of CBZ is inferred from the presence of 

hydrogen bonded dimers in the crystal structures of the four CBZ forms that can be 

crystallized from solution and by analogy with carboxylic acids which have been 

long known to associate in solution16,17 and for which there is direct evidence of 

dimer dominance in the gas phase.18 There is also clear evidence that p-

aminobenzoic acid, PABA, is present as dimers in the gas phase.19  

2.1.2 Sublimation onto polycrystalline powder templates. Following the 

successful application of sublimation to the production of the first solvent free 

single crystals of stanozolol and ethinylestradiol20, 21 and the interesting report of 

the use of a single crystal template for polymorph control during sublimation 22 we 

decided to modify our sublimation apparatus to allow the use of polycrystalline 

powder templates for polymorph control.13 Almost simultaneously and in an 

attempt to improve the polymorph control produced by single crystals the use of  

liquid drop cast polycrystalline film templates for sublimation at atmospheric 

pressure was reported.23 The apparatus we have used for sublimation is described 

in detail in the supporting information where a movie of template production is 

included, Figure S1.  
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3. Results and discussion 

3.1 Preparation of PAR forms II and III. PAR is known to exist in three 

polymorphic forms, stable monoclinic form I, metastable orthorhombic form II and 

highly unstable form III.24-27 PAR form II when crystallized from solution is found 

to be more soluble and tabletable than form I and would be preferred in 

production.12 Pure crystalline form III has been prepared in a sealed glass capillary 

from which water was rigorously excluded.27 It is also possible to stabilize low 

concentrations of PAR form III in a suitable excipient matrix.28 

It has been reported that solution crystallization of PAR form II is not as reliable as 

melt quenching. Thus melting small quantities of PAR on a microscope slide gives 

an amorphous glass which crystallized in air to pure form II.29 This small amount 

of form II was then used as seed for solution crystallization from ethanol.30 The 

yield of those crystals was reported to be not more than 30% and residual solvent 

left over in the crystals led to the transformation of FII to FI upon storage. Further 

work on PAR form II crystallization reported higher yields of up to 60%.31 There 

is also a study of crystallization of PAR from water which under carefully 

controlled conditions claimed the production of form II crystals with a 95% success 

rate.32 Interestingly PAR II crystals grown from water contain trapped water that 

can be observed by DSC to melt at 0 °C.33 The thermal conversion of form II to 

form I has been reported to take place at a range of temperatures. It appears that the 

form II→ form I transition below the melting point and even at ambient temperature 

can be accelerated by solvent inclusions.33, 34 A recent study has suggested that 

crystallization of PAR in the presence of high concentrations of potential co-crystal 

formers gave form II crystals.35 

In an effort to provide a reliable solvent free method for the conversion of PAR 

form I to form II the use of melt quench sublimation templates was examined. Small 

quantities of PAR were melted on a microscope slide using a spirit lamp and its 

crystallization was observed by placing the microscope slide directly in a powder 

diffractometer. After 5 mins only an amorphous halo was observed, after 15 mins 

the 002 and 004 reflections of form II were observed and after 60 mins the sample 

had fully crystallized to form II, Figure 2. The crystallized sample on the 

microscope slide was used as a template in a sublimation experiment and pure PAR 
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form II was recovered. This was repeated four times with the same template 

yielding 1 g PAR form II in total. It is noticable that the relative intensities in the 

crystallized melt, Figure 2(c), are different from those of the recovered sample, 

Figure 2(d). This is reasonable as the crystallized melt clearly has unique preferred 

orientation while the recovered sample, which was mounted in the normal way, has 

relative intensities which closely match the calculated form II pattern. This sample 

of form II was stable at 40 % relative humidity for two years. Samples of form II 

produced by sublimation show a small DSC peak at 108 °C attributed to the 

transformation to form I before melting at 170 °C, S11.33 

Figure 2. XRPD patterns (Cu radiation) showing the PAR glass to form II transition after 

(a) 5 min, (b) 15 min, (c) 60 min and (d) PAR form II recovered from template sublimation 

and (e) PAR form II pattern generated from single-crystal data (refcode: HXACAN23). 

 

3.2 Sublimation of carbamazepine, CBZ. CBZ has five known polymorphs. The 

crystal structures of forms I to IV contain hydrogen-bonded dimers and form V in 

contrast contains a hydrogen-bonded catemer. Forms I to III can be obtained by 

simple solution crystallization.22, 36-39  Solution crystallization of form IV has been 

reported when polymer heteronuclei are present and form V has been crystallized 

by sublimation onto a template of a related catemeric derivative.23,36,39 We have 

previousely reported the succesful use of sublimation polycrystalline powder 

templates for CBZ forms I to III.13  
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3.2.1 Carbamazapine, CBZ, form IV. Crystallization of carbamazepine from 

saturated solutions which contained some hydroxypropylcellulose has been 

reported to give plate like crystals of CBZ form IV which are occasionally 

contaminated with CBZ form I needles.39 Using a sublimation template of CBZ 

form IV it is possible to generate pure CBZ form IV by sublimation. The XRPD 

pattern indicates that no other form is present, Figure 3. 

 

Figure 3. XRPD pattern (Cu radiation) of (a) CBZ form IV obtained by template 

sublimation and (b) pattern of CBZ form IV generated from single-crystal data (refcode: 

AMBNZA02). 

 

3.2.2 Carbamazepine form V. Following the report of the use of 

dihydrocarbamazepine, DHC, form II for the template sublimation at ambient 

pressure of CBZ form V we have examined CBZ form V production in our 

apparatus.23 We obtained DHC in essentially quantitative yields by catalytic 

hydrogenation of CBZ.40 DHC form II was obtained by crystallization from ethyl 

acetate. The DHC template and CBZ form V crystals growing on it are shown in 

Figure 4. The XRPD of form V (Figure S2) shows no contamination with DHC, 

when the sublimate is gently scraped off, as the template adheres strongly to the 

sticky tape. 
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Figure 4. (a) DHC form II as the template on double sided sticky tape and (b) CBZ FV 

needles sublimed onto DHC form II.  

 

3.3 Sublimation of DHC. Under a vacuum of 300 mm Hg DHC sublimed to give 

a mixture of forms 1 and II. The XRPD pattern is shown in Figure S3. At a vacuum 

of 0.2 mm Hg DHC sublimed to give form I with a tiny amount of form II impurity, 

Figure S4. In the presence of a template of CBZ form III and at a pressure of 0.2 

mm Hg only DHC form II grew on the CBZ form III template, Figures 5 and S4. 

As CBZ form III has hydrogen bonded dimers in its structure the growth of crystals 

with a catemeric motif was not expected. The known dimeric DHC form IV might 

have seemed a more likely result. However, the catemeric DHC forms I to III have 

all been calculated to be more stable than dimeric form IV and this could be the 

reason for the latter’s failure to form.41 

 

Figure 5. (a) CBZ form III as the template on double sided sticky tape and (b) DHC form 

II sublimed onto CBZ form III. 

 

3.4 Sublimation of mefenamic acid. Mefenamic acid, MEF, has three known 

polymorphs. Forms I and II can be prepared by solution crystallization and form III 

crystallized during attempted co-crystallization experiments with adenine. All three 
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forms contain hydrogen bonded carboxylic acid dimers.42 Sublimation of 

mefenamic acid gave a mixture of forms I and II in the sublimate. XRPD patterns 

clearly show that the use of templates of forms I and II gave effective polymorph 

control of the sublimation process, Figure 6. 

Figure 6. XRPD patterns: (a) MEF sublimed onto MEF FI template, (b) MEF sublimed 

onto MEF FII template, (c) calculated pattern of MEF FI, (d) Calc. pattern MEF FII and 

(e) MEF sublimed without a template. 

 

3.5 Sublimation of metaxalone. There are two known polymorphs of metaxalone, 

MTX. Form I contains hydrogen bonded imide imide catemer chains and form II 

contains imide imide dimers.43 This suggested that a suitable amide could function 

as a sublimation catalyst. Gas phase calculations of the energy differences between 

MTX dimers, MTX butyramide adducts and their components gave values of 74.4  

and 71.9 kJ/mol for the energies of dimer and adduct formation respectively. Since 

there is little difference between the energies of the dimer and the butyramide 

adduct these calculations suggest that butyramide could be an effective sublimation 

catalyst. Sublimation of MTX alone gives form I in the sublimate. However the 

sublimation process is slow and the addition of butyramide reduced the sublimation 

temperature by 20 °C and the sublimation time from 24 hrs to 6 hrs. Sublimation 

onto a form II template gave only form II on the template, Figure 7 and Figure S5. 
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Figure 7. MTX sublimation onto MTX form II: (a) focus on the template and (b) focus 

on crystals of form II grown on the template. 

 

3.6 Sublimation of amino benzoic acids 

3.6.1 p-Aminobenzoic acid (PABA). p-Aminobenzoic acid (PABA) has three well 

characterized polymorphs. Crystallization of PABA from solution yields form I ( 

form) above 13.8 °C and form IV ( form) can crystallize below this temperature.44, 

45 The other form for which a crystal structure is available is numbered form V.46 

This was crystallized from selenous acid solution and it appears to have been a 

fortuitous crystallization. Attempts to reproduce the crystallization of PABA form 

V from selenous acid at concentrations up to 10% gave only the hydrated salt 

(H3NC6H4CO2H)+(HOSeO2)ˉ.H2O. Crystallization was also attempted from 

solutions of the related phosphinic acid but again only a salt, 

(H3NC6H4CO2H)+(H2PO2)ˉ, and a hydrated salt, (H3NC6H4CO2H)+(H2PO2)ˉ.H2O 

were obtained. Details of these structures are in the supporting information, Figures 

S6-S8. It was therefore surprising to find that on sublimation most of the crystals 

were form V crystals with about 10% of them being form I. Since the crystals were 

growing on the glass Petri dish lid the use of glass wool as a template was examined. 

An example of the crystals obtained are shown in Figure 8. All of the crystals grown 

on the glass wool that were examined were form V. When PABA form I was used 

as a template and with the vacuum oven set to 300 mm Hg the template controlled 

crystal nucleation and growth and only pure form I was found in the sublimate. 
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Figure 8. Crystals of PABA form V grown on glass wool and a crystal on the glass fiber 

indexed on the diffractometer (Rint = 2.3%). 

 

 

 

3.6.2 m-Aminobenzoic acid, MABA. MABA has five well characterized 

polymorphic forms. The commercial form is form III. Forms I and III can be 

obtained by solution crystallization, form IV by sublimation and forms II and V by 

complex heat treatment of the other forms.47 We were unable to obtain samples of 

form V. Sublimation without a template gave form IV at a vacuum of 0.2 mm Hg 

(as reported) and at pressures of 300 and 760 mm Hg forms IV and II, respectively, 

were obtained. However, sublimation onto templates of  forms I to IV gives pure 

samples of forms I to IV. The XRPD patterns are in Figure 9. There is no crystal 

structure available for form I. The reported crystal structure of form IV was 

calculated from a powder pattern.47 However, crystals grown by sublimation were 

of suitable quality for single crystal study which confirmed the reported structure 

solution from powder data. The crystal data are in the supporting information. 

Figure 9. XRPD patterns of MABA forms I – IV, (a) to (d) grown on templates of forms I 

to IV and (e) pattern of a form I sample and (f) to (h) patterns generated from single-crystal 

data using refcodes: AMBNZA, AMBNZA01 and AMBNZA02 respectively. 
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3.6.3 o-Aminobenzoic acid, OABA. OABA has three known polymorphic 

forms.48-51 The commercial forms obtained from two suppliers were mixtures of 

forms II and III. It was more difficult to control the sublimation of OABA than the 

other systems examined. The lower temperature limit of the apparatus of 

approximately 50 °C was probably too high for more complete control of OABA 

sublimation. Sublimation in the presence of valeric acid gave pure form II and the 

process was catalysed by this additive (Table 1). The use of lower desublimation 

temperatures gave mixtures of forms II and III which were similar to the 

commercial form. 
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Table 1. Sublimation experiments and conditions. 

Initial form Sublimate Vacuum Sublimation template 

CBZ FIII CBZ FI 0.2 mmHg CBZ FI 

CBZ FIII CBZ FII 0.2 mmHg CBZ FII 

CBZ FIII CBZ FIII 0.2 mmHg CBZ FIII 

CBZ FIII CBZ FIV 0.2 mmHg CBZ FIV 

CBZ FIII CBZ FV 0.2 mmHg DHC FII 

PAR FI PAR FI 0.2 mmHg  

PAR FI  PAR FII 0.2 mmHg PAR FII 

PABA FI PABA FI+ V 0.2 mmHg - 

PABA FI PABA FV 0.2 mmHg Glass wool 

PABA FI PABA FI 300 mmHg PABA FI 

MABA FIII (Z) MABA FIV (Z) 0.2 mmHg - 

MABA FIII (Z) MABA FIV (Z) 300 mmHg - 

MABA FIII (Z) MABA FII 760 mmHg - 

MABA FIII (Z) MABA FI (Z) 0.2 mmHg MABA FI Z 

MABA FIII (Z) MABA FII 0.2 mmHg MABA FII 

MABA FIII (Z) MABA FIII Z 0.2 mmHg MABA FIII Z 

MABA FIII (Z) MABA FIV (Z) 0.2 mmHg MABA FIV Z 

OABA* OABA FII +FIII 0.2 mmHg - 

OABA* OABA FII 0.2 mmHg** - 

MTX FI MTX FI 0.2 mmHg - 

MTX FI MTX FII 0.2 mmHg*** MTX FII 

MEF FI MEF FI 0.2 mmHg MEF FI 

MEF FI MEF FII 0.2 mmHg MEF FII 

 

* commmercial form (FII + FIII). ** Valeric acid used as an additive. *** Butyramide 

used as an additive. Z indicates the presence of zwitterionic species in the solid state 

 

 

3.6.4 Do zwitterions sublime? It is interesting to speculate on the nature of the 

species in the gas phase during aminobenzoic acid sublimation. In MABA aqueous 

solution crystallization zwitterions may play an important role as 50% of the species 

in solution are zwitterionic and perhaps less of a role in PABA crystallization where 
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the zwitterion content is less that 20% .52, 53 Gas phase calculations show that in the 

case of PABA and MABA the zwitterions are less stable than the unionized forms 

by 295.4 and 236.4 kJmol-1 respectively. It is therefore likely that the gas phase 

species are not zwitterionic and that the proton transfer probably takes place as part 

of the crystal growing process. Another point in favor of this idea is that gas phase 

calculations suggest that OABA zwitterions have no stability in the gas phase since 

any attempt at structure optimization leads to proton transfer to the unionized form. 

Yet despite this clear OABA zwitterion instability one of the two moieties in the 

asymmetric unit of OABA form I is zwitterionic.50 It is likely that OABA form I 

uses some of its lattice energy for proton transfer and zwitterion formation during 

crystal growth.  

4. Experimental 

4.1 Materials and methods. Carbamazepine, CBZ; mefenamic acid, MEF; 

paracetamol, PAR and metaxalone, MEX were purchased from TCI and XRPD 

confirmed that they were forms III, I, I and I respectively. p-Aminobenzoic acid, 

PABA; m-aminobenzoic acid, MABA and o-aminobenzoic acid, OABA were 

purchased from Sigma-Aldrich and XRPD patterns showed that they were forms I, 

III and a mixture of forms II and III respectively. Solvents were purchased from 

Merck and used without further purification. Dihydrocarbamazepine, DHC was 

obtained by reduction of CBZ and further details are given in the supporting 

information. 

4.2 Low-temperature gradient sublimation 

Details of the sublimation apparatus and a movie of template preparation are shown 

in the supporting information, (Appendix III, S1). 

 

4.3 Single crystal X-ray diffraction 

An Oxford Diffraction Xcalibur system was used to collect X-ray difraction data at 

ambient temperature for MABA FIV and the PABA salts. The crystal structures 

were solved using ShelxT 54 and refined by full matrix least-squares using ShelxL 

55 both of which were driven by the Oscail package.56  
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4.5 X-ray powder diffraction 

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 of the different polymorphs were 

calculated using the Oscail software package.56 

4.6 Molecular orbital gas phase calculations 

Molecular orbital DFT calculations were carried out using Gaussian 09 57 using the 

B3LYP functional and 6-31G* basis sets. Molecules were constructed using Moilin 

within the Oscail package.56 

 

5. Conclusions 

For compounds which sublime the sublimation process can provide a method for 

the production of pure polymorphic forms. 

The use of additives which accelerate the sublimation process and polycrystalline 

desublimation templates increase the polymorph selectivity of the sublimation 

process. 

Using these methods it is possible to selectively produce pure samples of all five 

forms of carbamazepine and the form II of paracetamol. 

Solvent free samples of paracetamol form II have long term stability to polymorph 

transformation. 
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      2.4 Brief description of the paper 

In this study the application of ball milling as a mechanochemical method of 

polymorphism control and polymorphic transformations was investigated. It is 

shown that, the addition of solvent and additives during the milling process can 

induce and control the transition between polymorphs. It is demonstrated that ball 

milling is a highly selective method to make gram quantities of polymorphs that are 

otherwise difficult to obtain. 
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ABSTRACT 

Milling is an important secondary processing technique in the manufacture of 

pharmaceuticals, primarily used as a particle size reduction process. Para-, meta- 

and ortho-aminobenzoic acid (PABA, MABA, OABA) and carbamazepine (CBZ) 

are pharmaceutically relevant compounds that can exist in different polymorphic 

forms with distinct packing motifs and thus different physicochemical properties. 

A comprehensive study of the effect of milling on the polymorphism of PABA, 

MABA, OABA and CBZ was carried out. Milling PABA in the presence of 

catalytic amounts of valeric acid or methanol yielded the -polymorph which is 

otherwise difficult to obtain in bulk quantities. Milling also proved to be a more 

convenient method for producing MABA form IV compared to previously reported 

procedures. Principal component analysis of the pair distribution function 

transformed X-ray powder diffraction spectra of ball-milled CBZ samples showed 

that the milling-induced polymorphic transformation strongly depends on the ball-

to-powder ratio. Elusive CBZ form IV could be obtained in pure form by optimizing 

the milling conditions.  

 

Keywords: amino benzoic acids, carbamazepine, milling, polymorphism, solid-

state transformation  
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Introduction 

Milling of powders is widely used in secondary pharmaceutical processing as a 

particle size reduction process. It can also be applied for the amorphization of 

crystalline solids,1,2 mechanical alloying3 and mechanochemical reactions.4 The 

latter, in particular, is of interest as a solvent-free, i.e. ‘green’, method.  

It is estimated that about 80 – 90 % of organic compounds are polymorphic, i.e. can 

crystallize in different forms with distinct packing and/or molecular conformations 

in the crystal lattice.5 Different polymorphs differ in their physicochemical 

properties such as density, melting point, dissolution rate, chemical and physical 

stability, which in turn affect the processability, shelf-life and in the case of 

pharmaceuticals the bioavailability and thus the therapeutic efficacy.6-9 

Consequently, robust and reliable preparation methods for specific polymorphs are 

of utmost importance in process development. The most common approaches 

involve attempts to control the selective crystallization of the desired polymorph 

from solution through the careful development of the crystallization conditions 

(choice of solvent, cooling rate, supersaturation),10,11 the use of tailor-made 

additives,12 seeding,13,14 or heteronucleation onto polymers.14-16 However, in many 

cases batch-to-batch variability is an issue and often tedious and time-consuming 

screening experiments are required to find the optimum parameters. Alternatively, 

the desired solid-state form may be obtained through polymorphic transformation. 

Mechanical and/or thermal stress, e.g. during grinding or milling, can lead to 

unintentional polymorphic conversions.17-19 On the other hand, milling can be a 

convenient and green method for the deliberate generation of a specific polymorph 

through mechanochemically-induced solid-state transformation. Liquid-assisted or 

solvent-drop grinding, i.e. grinding in the presence of catalytic amounts of solvent, 

as a modification of neat grinding, can further enhance the efficiency of 

mechanochemical transformation. We have recently reported that milling of 

sulfathiazole form III in the presence of traces of solvent gives form IV with the 

phase purity strongly depending on the nature and the amount of the solvent.20 In 

continuation of our work on milling-induced solid-state transformations we now 

show that ball-milling, both in the absence and in the presence of traces of solvent 

can achieve highly selective polymorph control in a number of cases. We present 



98 
 

several examples where an (elusive) polymorph could be obtained that is not easily 

accessible in polymorphically pure form from solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Chemical structures of PABA, OABA, MABA, valeric acid and CBZ. 

 

Materials and Methods 

Materials. p-aminobenzoic acid (PABA), o-aminobenzoic acid (OABA), m-

aminobenzoic acid (MABA), carbamazepine (CBZ) and valeric acid (Figure 1) 

were purchased from Sigma-Aldrich. The polymorphic forms of the commercial 

samples were determined by X-ray powder diffraction (XRPD). 

Ball milling. Room temperature milling experiments were performed in an 

oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) using a 

25 mL stainless steel milling jar and one 15 mm diameter stainless steel ball. The 

samples (500 mg) were milled at 25 Hz for up to 150 min. with a cool down period 

of 15 min after every 30 min to prevent overheating of the samples. At 

predetermined time intervals, the milled powder samples were analyzed by XRPD. 
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For liquid-assisted grinding, 30 L of the respective solvent was added to 500 mg 

powder prior to milling. Cryo-milling was carried out by immersing the milling jars 

initially in liquid nitrogen for 5 min. After every 7.5 min of milling the sample was 

cooled again in liquid nitrogen for 2.5 min. Milled samples were stored at ambient 

temperature and relative humidity (22 ± 2 oC, 40 % RH) or ambient temperature 

and 85 % RH which was achieved in a desiccator using a saturated solution of 

KCl.21 The polymorphic composition of the stored samples was monitored by 

XRPD.  

Solution crystallization of -form PABA. 3.0 g of PABA was dissolved in 30 mL 

of valeric acid, heated to 50 °C with stirring for 1 h and filtered. The filtrate was 

placed in a closed sample vial in a freezer at -20 °C overnight. The crystals were 

isolated by decanting the solvent. The XRPD pattern is shown in Figure S1 

(Supporting Information). 

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 of the 

different polymorphs were calculated using the Oscail software package.22 

Molecular orbital gas phase calculations. Molecular orbital DFT calculations 

were carried out using Gaussian 09 23 using the B3LYP functional and 6-31G* basis 

sets. Molecules were constructed using Moilin within the Oscail package.22 

Principal component analysis. Principal component analysis of the pair 

distribution function (PDF) transformed XRPD spectra of milled CBZ samples was 

carried out using the multivariate data analysis software The Unscrambler v.9.8 

(Camo, Norway). The PDFgetX3 system was used for the PDF transformation.24  

The generation of the 2D input data files of XRPD data with first column and first 

row labels was automated within the Oscail software package.22 

 

Results and Discussion 

p-Aminobenzoic acid (PABA). PABA (Figure 1) is used as a nutritional 

supplement and presents an important intermediate in the manufacture of dyes and 

pharmaceuticals.25,26 It has three known polymorphs, -form or form I (a = 18.551, 
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b = 3.860, c = 18.642 Å, Z = 8; monoclinic, space group P21/n),27 -form or form 

IV (a = 6.275, b = 8.55, c = 12.80 Å,  = 108.30 ; Z = 4; monoclinic, space group 

P21/c),28 and form V (a = 26.9945, b = 3.7322, c = 12.6731 Å; Z = 8; orthorhombic, 

space group Pna21).
29 The - and -forms are enantiotropically related, form V is 

a rare form that has only been obtained from an aqueous solution containing 

selenous acid29 and by sublimation.30 The  polymorph is the stable form below the 

transition temperature of 13.8 C,31 while -PABA is the commercial form and 

stable at room temperature. Crystallizing the pure -form from solution has proved 

difficult and even at low temperature, where -PABA is the more stable form, the 

two polymorphs tend to crystallize concomitantly.10 Gracin and Rasmuson could 

obtain pure -form from water and ethyl acetate by carefully controlling the 

temperature and supersaturation during cooling crystallization.10 The structure of 

the -form is based on carboxylic acid dimers involving strong H bonds (graph set 

notion 𝑅2
2(8)), while the -form contains four-membered rings with alternating 

amino- and carboxylic acid groups.27,28 It was proposed that water which is a strong 

H bond acceptor and donor and ethyl acetate which is a strong H bond acceptor 

suppress the formation of carboxylic acid dimers in solution and thus allow the 

nucleation of the  polymorph.10  

We found that the -polymorph also crystallizes in pure form from valeric acid at  

-20 C (Figure S1). It is reasonable to assume that the carboxylic acid interferes 

with the formation of PABA-PABA homodimers in solution and thus inhibits the 

nucleation of the -form. We then investigated if bulk quantities of the -form can 

be prepared mechanochemically by cryo-milling a commercial sample of -PABA 

in the presence of valeric acid. The XRPD pattern of the sample cryo-milled with 

catalytic amounts of valeric acid for 90 min. showed indeed the complete 

conversion of the -polymorph to the low temperature form (Figure 2). No 

transformation was observed during cryo-milling without added catalyst. 

Interestingly, the milling-induced  →  transformation was also observed when 

the highly corrosive valeric acid was replaced with the more benign solvent 

methanol (Figure 2). -PABA obtained by liquid-assisted cryo-milling is stable for 

at least five months at room temperature and 85 % RH. On milling at room 

temperature for 10 min., in the absence of any solvent, the -form converts back to 
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the -form. As expected, neat milling of -PABA at room temperature did not lead 

to any changes in the XRPD pattern (Figure S1(e)). 

 

 

 

Figure 2. Measured and calculated XRPD patterns of PABA: (a) theoretical XRPD pattern 

of the -form generated from single-crystal data (refcode: AMBNAC06), (b) theoretical 

XRPD pattern of the -form generated from single-crystal data (refcode: AMBNAC04), 

(c) commercial sample, (d) commercial sample cryo-milled for 120 min. in the presence of 

valeric acid, (e) commercial sample cryo-milled for 90 min. in the presence of methanol, 

(f) commercial sample cryo-milled for 90 min. in the presence of methanol and stored for 

five months at 85 % RH. 

 

 

o-Aminobenzoic acid (OABA). OABA, also known as anthralinic acid and 

vitamin L1, has four polymorphs, FI (a = 12.868, b = 10.772, c = 9.325 Å, Z = 8, 

orthorhombic, space group P21cn),32,33 FII (a = 15.973, b = 11.605, c = 7.162 Å, Z 

= 8, orthorhombic, space group Pbca),34 FIIII (a = 6.537, b = 15.351, c = 7.086 Å, 

 = 112.64 , Z = 4, monoclinic, space group P21/c)35 and FIV (a = 4.9301, b = 

11.2252, c = 11.5587 Å,  = 90.743 , Z = 4, monoclinic, P21/c).36 FII, FIII and FIV 
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contain 𝑅2
2(8) carboxylic acid dimers. FI, the stable form at room temperature, has 

two molecules in the asymmetric unit, one ammonium/carboxylate zwitterion and 

one amino-carboxylic acid tautomer, that are alternately connected into a zigzag 

chain through COO-...H-O and N+-H...N hydrogen bonds.33 FIII is the stable form 

at high temperature and can be obtained by melt crystallization or condensation 

from the gas phase.37 Heating of FI and FII to 90 C induces the transformation to 

FIII with FI converting faster than FII.38 FI and FII crystallize concomitantly in 

antisolvent crystallization which was ascribed to competitive nucleation and 

growth.39 ter Horst and coworkers showed that pure batches of all three polymorphs 

can be made by a combination of cooling crystallization and transformation. During 

cooling crystallization, initially pure FII crystallizes and then undergoes solvent-

mediated transformations to FI and FIII at 45 and 60 C, respectively.11 The stability 

order FI < FII < FIII was established for the 60 - 80 C temperature range, while at 

lower temperature, the stability was suggested to increase in the order FII < FIII < 

FI. 

As is evident from the XRPD pattern (Figure 3) the commercial sample used in our 

milling experiments is a mixture of FII and FIII. On milling at room temperature 

the Bragg peaks of FII disappear after 15 min and the XRPD pattern shows the 

presence of FIII only (Figure S2). When the sample is stored for nine days at 

ambient humidity (40% RH) some FII reappears. In the same time at 85% RH the 

XRPD pattern is close to the commercial pattern. It may be that undetectable seeds 

of FII, which had remained after milling, triggered the recrystallization of the 

metastable polymorph. Room temperature milling of the commercial form in the 

presence of valeric acid removes the Bragg peaks of FIII and the XRPD pattern 

shows only FII (Figure S3(e-g)). This sample was stable for five months at 85% 

RH. Milling in the presence of 10% acetamide gave similar results to milling in the 

presence of valeric acid (Figure S4). Cryo-milling leads to the conversion of the 

FII/FIII mixture to the low temperature polymorph FI. The time-dependent XRPD 

patterns (Figure S5) indicate that after 60 min FII has disappeared and after 150 

min the Bragg peaks of FIII are no longer observed. It appears that FII converts to 

FIII and subsequently FIII converts to FI. FI obtained by cryo-milling is stable for 

at least five months at room temperature and 85 % RH. Cryo-milling for 60 min in 

the presence of valeric acid gave FII and no further changes were observed, when 
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the milling was extended to 150 min (Figure S6). However, cryo-milling in the 

presence of ethanol gave FII after 30 min and after 90 min only FI was observed 

which was stable at 85% RH for five months (Figure 3). Similar results were 

obtained in the presence of 10% acetamide with the disappearance of FIII after 10 

min when the XRPD corresponds to that of FII and after 60 min only FI is observed 

(Figure S6).  

 

The transformation of the commercial FIII/FII mixture to FI on cryo-milling in the 

absence of solvent is interesting, as it requires the reorientation of the molecules as 

well as proton transfer to form the ammonium-carboxylate tautomer. We have 

discussed milling-induced transformations that involve charge separation in a 

previous paper.40 Proton transfer under anhydrous, solvent-free conditions in the 

closed environment of a milling jar appears to be difficult and mechanochemical 

reactions between a carboxylic acid and a base in the absence of solvent seems to 

be limited to carboxylic acids with a melting point of less than 100 C that may act 

in a solvent-like manner under milling conditions.41 OABA has a melting point of 

146 C. Mechanical stress-induced intermolecular proton transfer between neutral 

piroxicam molecules (melting point 201 C) was reported, but cryo-milling only 

gave 8 % conversion to the zwitterionic tautomer.42 In the case of OABA the 

position of the amino group and carboxyl group ortho to each other can allow for a 

facile intramolecular proton transfer. Gas phase DFT calculations support this 

suggestion. Attempts to optimize the zwitterion structure of OABA led to proton 

transfer and the non-ionic OABA structure. The calculated energies for PABA, 

MABA and OABA indicate that MABA and OABA are 38 and 20 kJ mol-1 less 

stable than PABA. It was also found that the zwitterion structures of PABA and 

MABA are 295 and 236 kJ mol-1 less stable than their non-ionized  

forms. The structures of these aminocarboxylic acids which contain zwitterions 

must clearly use some of their lattice energy to promote proton transfer. 
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Figure 3. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of OABA 

FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical XRPD pattern 

of OABA FII generated from single-crystal data (refcode: AMBACO05), (c) theoretical 

XRPD pattern of OABA FIII generated from single-crystal data (refcode: AMBACO08), 

(d) commercial sample, (e) commercial sample cryo-milled for 30 min. in the presence of 

ethanol, (f) commercial sample cryo-milled for 60 min. in the presence of ethanol and (g) 

commercial sample cryo-milled for 90 min. in the presence of ethanol. 

 

m-Aminobenzoic acid (MABA). MABA belongs to the rare class of polymorphic 

systems that have at least five known polymorphs, FI (no crystal structure 

available),43 FII (a = 5.047, b = 23.06, c = 11.790 Å,  = 105.47 , Z’ = 2, 

monoclinic, space group P21/c),44 FIII (a = 21.3393, b = 7.29604, c = 3.77733 Å,  

= 94.8240 , Z = 4, monoclinic, space group P21/a),45 FIV (a = 3.80003, b = 

11.55389, c = 14.6333 Å,  = 110.5047,  = 92.7424 ,  = 96.5930, Z = 2, triclinic, 

space group P1̅),45 and FV (a = 14.7870, b = 4.95659, c = 9.0814 Å,  = 95.2119 , 

Z = 4, monoclinic, space group P21/a).45 In FI, FIII and FIV MABA adopts the 

zwitterionic form, while in FII and FV the molecules exist in the non-zwitterionic 

form. Three polymorphs, FIII – FV, were only identified in 2012 45 and there is still 

no certainty about the stability order of all polymorphs. The densities of the 

polymorphs whose structure has been determined from single crystal X-ray or 

powder data suggest the order FIII > FIV >> FII > FV.45  
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The XRPD pattern of the commercial form shows the Bragg peaks specific to FIII. 

On milling at room temperature the formation of FIV is observed (Figure 4). In 

contrast to the transformations of OABA and PABA, the broad peaks observed at 

the early stages suggest that the transformation proceeds via a transient amorphous 

phase. The transformation is complete after 60 min and milling for up to 120 min 

does not result in any further changes except for a sharpening of the initially broad 

peaks. Form IV obtained this way is stable for at least five months at ambient 

temperature and 85 % RH. FIV was first identified in a DSC experiment, by melting 

FIII followed by cooling to room temperature in a sealed aluminium pan and was 

also obtained by sublimation and condensation onto a glass cold finger.45 The neat 

milling-induced FIII → FIV transformation seems to present a more convenient 

method for producing bulk quantities of this polymorph. Some form IV also forms, 

when traces of valeric acid are added prior to the milling (Figure S7). The peaks of 

FIV increase in intensity during the first 90 min of milling. In contrast to the neat 

milling experiment, in this case the FIII/FIV mixture obtained after 90 min appears 

to be the end-product. The reverse i.e. room temperature milling of FIV in the 

presence of valeric acid gave the same mixture of FIII and FIV. The crystal 

structures of FIII and FIV that were solved from powder data show similar packing 

motifs with bilayers of zwitterionic MABA molecules. In both cases the NH3
+ 

groups are in H bonding distance to four neighbouring COO- groups. The aryl rings 

form the upper and lower surfaces of the bilayers adopting different orientations in 

FIII and FIV. The similarity in the packing motifs should facilitate the 

interconversion between the two polymorphs. However, cryo-milling FIII with 

valeric acid gave FI. This FI sample stored at room temperature transformed to FIII 

after 3 days (Figure S8). 
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Figure 4. Measured and calculated XRPD patterns: (a) XRPD pattern of MABA FI, (b) 

theoretical XRPD pattern of MABA FII generated from single-crystal data (refcode: 

AMBNZA), (c) theoretical XRPD pattern of MABA FIII generated from refcode: 

AMBNZA01, (d) theoretical XRPD pattern of MABA FIV generated from refcode: 

AMBNZA02, (e) theoretical XRPD pattern of MABA FV generated from single-crystal 

data (refcode: AMBNZA03), (f) commercial sample, (g) – (k) commercial sample milled 

for 5, 15, 30, 60, and 120 min. at room temperature. 

 

Carbamazepine (CBZ). The anti-epileptic drug CBZ is another example for a 

pharmaceutically relevant compound with a complicated polymorphism. Five 

polymorphs are known, forms FI – FV (FI: a = 5.1705 Å, b = 20.574 Å, c = 22.245 

Å,  = 84.12 ,  = 88.01 ,  = 85.19 , triclinic, space group P1̅;46 FII: a = 35.454 

Å, c = 5.253 Å,  = 90 ,  = 90 ,  = 120 , trigonal, space group R3̅;47 FIII: a = 

7.529 Å, b = 11.148 Å, c = 15.470 Å,  = 116.17 , monoclinic, space group P21/c;48 

FIV: a = 26.609 Å, b = 6.9269 Å, c = 13.957 Å,  = 109.702 , monoclinic, space 

group C2/c;12 FV: a = 9.1245 Å, b = 10.4518 Å, c = 24.8224 Å, orthorhombic, 

space group Pbca49) with the reported stability order FIII > FI > FIV > FII.14 CBZ 

is poorly soluble in water and its dissolution-limited absorption and bioavailability 

strongly depend on the polymorphic form.50 Metastable FIV was originally 

discovered in solution crystallization experiments in the presence of 
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hydroxypropylcellulose, when it crystallized concomitantly with FIII and FI.12 

Later, other polymers (poly(4-methylpentene), poly(R-methylstyrene), and poly(p-

phenylene ether-sulfone)) were also shown to encourage the crystallization of 

FIV.15 It was reported that seeding supersaturated methanol solutions produced FIV 

which, however, was occasionally contaminated with FI.14 Subsequent attempts to 

crystallize FIV from solution in the absence of templates were unsuccessful51,52 and 

it was proposed that this polymorph transforms rapidly to the more stable FI or FIII 

through solution-mediated transformation. Harris et al. reported the preparation of 

FIV by drying CBZ.2H2O over P2O5.
53 Recently, Halliwell et al. showed that 

polymorphically pure FIV can be reproducibly obtained by spray-drying of 

methanolic CBZ solutions.54 The stability order FIII > FI > FIV > FII14 suggests 

that the elusive polymorph FIV may be accessible via ball-milling. The 

amorphization of CBZ by milling FIII in the presence of excipients has been 

described.55,56 Using our standard milling parameters (0.5 to 1 g powder, 25 cm3 

milling jar, 15-mm ball, 25 Hz) we observed little change in the XRPD pattern of 

the milled samples (Figure S9). Milling under cryo conditions gave largely 

amorphous CBZ (Figure S10). However, when the ball-to-powder ratio was 

increased, FIV could be detected in the XRPD patterns. Different quantities of CBZ 

FIII were milled at room temperature for a range of times and a principal component 

analysis (PCA) of the pair distribution function (PDF) transformed XRPD pattern 

was carried out. The use of PDF to improve PCA of even XRPD data obtained with 

Cu radiation has been previously described.57 The PCA explained 88% of the 

variance of the data before application of the PDF transformation, Figure S11, and 

97 % of the variance after transformation. The evolution of FIV (Figure 5) is also 

clearer after the PDF transformation and the amount of FIV produced was 

proportional to the milling time and inversely proportional to the quantity milled. 

Milling 125 mg CBZ FIII for 90 min yielded pure FIV. The use of one 15-mm 

milling ball was found to be crucial. When the milling was carried out with two to 

ten 5-mm balls, the XRPD patterns showed the presence of FIII with an underlying 

amorphous halo. Examination of the XRPD patterns suggests that the only forms 

observed during the form III to form IV transformation were forms III and IV. The 

effect of ball-to-powder ratio has been discussed in the literature.58,59 During ball-

milling high energies are generated with the energy conditions in the milling jar 
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being determined by the frequency of stress events and the stress energy transferred 

to the powder at each impact. The lower the amount of powder, the higher the 

velocity and thus the kinetic energy of the ball(s) and the higher the stress energy 

transferred from the ball(s) to the powder. Given the suggested stability order ball 

milling with a high ball to powder ratio is a relatively high energy process and CBZ 

is transformed past FI to form IV. It is possible that the stability of solvent channel 

void containing form II in the absence of a solvent is very low under the conditions 

in the ball mill. 

 

 

 

Figure 5. PCA analysis of CBZ form III milling. The points are labelled with milling 

time in mins and the quantities used were: A, 125; B, 167; C, 250; D, 333; E, 500; F, 

1000; and , 2000 mg. 

 

Conclusions 

Milling can present a convenient, robust and ‘green’ method for the preparation of 

polymorphs. Through the right choice of milling conditions and the use of additives 

or catalytic amounts of solvent OABA FI, OABA FII, MABA FI, MABA FIV and 

elusive and difficult to obtain CBZ FIV and -PABA can be selectively and reliably 

produced. The study thus further illustrates the advantages and potential of 

mechanochemical processes. 
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Overall conclusions and outlook 
 

Green solvent free methods for polymorphism control of active pharmaceutical 

ingredients and organic compounds have been developed. The methods examined 

in this work are mechanochemistry and crystallization from the gas phase.  

This thesis reports for the first time that the sublimation process can be catalysed 

by low concentrations of tailored additives. The catalysis leads to lower sublimation 

temperatures and greatly increased rates of sublimation. This has been 

demonstrated for a range of organic and pharmaceutical compounds which have 

intermolecular hydrogen bonding in their crystal structures. In the case of 

carbamazepine, the presence of low amounts of additive (<5 %) also leads to the 

selective crystallization of a particular crystalline form (polymorph) from the gas 

phase. Sublimation onto specific polycrystalline templates was used to prepare 

elusive polymorphs such as paracetamol FII and carbamazepine FV as pure phases 

and in gram quantities.  

Polymorph selectivity and control is of significant interest in both fundamental and 

applied research. Polymorph selective crystallization processes are for example 

highly relevant in the pharmaceutical industry. In industry extensive efforts are 

currently underway to find solvent-free, greener methods for pharmaceutical and 

fine chemicals production. The work described in this thesis contributes to this goal, 

as the developed method is not limited to pharmaceutical compounds, but should 

be applicable to a wide range of sublimable compounds. In summary, the findings 

in this thesis should be highly relevant to crystallization processes where a 

reduction of energy costs and polymorph control by solvent-free, ‘green’ methods 

could have significant economic advantages. 

Mechanochemistry is an increasingly popular alternative to conventional laboratory 

synthetic procedures. In this work its ability to produce specific polymorphs 

without the use solvents was seen to complement the sublimation studies. It was 

found that when the milling conditions are carefully selected, ball milling can be 

used as a convenient method to prepare polymorphs in bulk quantities that are 

otherwise difficult to obtain. 
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Carbamazepine FIV, p-aminobenzoic acid (-form), m-aminobenzoic acid FIV and 

three forms of o-aminobenzoic acid could all be prepared in pure form from the 

commercial form by milling. 

Milling benzamidine with nicotinic acid, salicylic acid, p-aminobenzoic acid, 

cyanuric acid, pimelic acid, saccharin, and sulfathiazole gave salts, via an 

amorphous phase, which were identical to salts obtained by solution crystallization. 

In summary, the present studies illustrate the advantages and potential of using two 

solvent free methods for polymorphism control of pharmaceutical compounds. 

In future work the scale up of these methods will have to be investigated. Pilot plant 

scale sublimation equipment has been used in the past 1 and a study of the use of 

additives for sublimation catalysis on a larger scale would be interesting. Modern 

industrial scale sublimation equipment is available which would be suitable for this 

work. 2  

There are relatively few examples of industrial scale mechanochemistry and most 

reports use similar quantities to those used in this work. However, a recent review 

describes an encouraging example of mechanochemistry on a 50 kg scale 3 which 

suggests that scale up is indeed possible. 
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Table S1.   Hydrogen Bonding Interactions in 1 - 10. 

 

D-H…A a d(D-H) (Å)  d(H...A) (Å) d(D...A) (Å) (DHA) (°) 

bzamH+nic- (1) 

N(1)-H(1A)...O(1) 1.13(4) 1.63(4) 2.754(6) 173(3) 

N(1)-H(1B)...O(1)#1 0.91(4) 1.97(4) 2.823(5) 156(4) 

N(2)-H(2A)...O(2) 1.09(5) 1.73(5) 2.816(6) 179(6) 

N(2)-H(2B)...O(2)#2 0.81(5) 2.07(6) 2.824(5) 155(4) 

C(5)-H(5)...N(3)#3 0.91(5) 2.59(5) 3.474(8) 166(4) 

bzamH+sal- (2) 

N(1)-H(1A)...O(1) #4 0.91(2) 2.09(2) 2.944(2) 155(1) 

N(1)-H(1B)...O(1) 0.92(2) 1.96(2) 2.888(2) 178(2) 

N(2)-H(2A)...O(2) 0.93(2) 1.81(2) 2.744(2) 175(2) 

N(2)-H(2B)...O(3)#5 0.89(2) 2.04(2) 2.892(2) 160(2) 

O(3)-H(2C)...O(2) 1.01(2) 1.50(2) 2.466(2) 158(2) 

bzamH+pab- (3) 

N(1)-H(1A)...O(1)#6 0.86 1.99 2.846(5) 171 

N(1)-H(1B)...O(1) 0.86 2.04 2.898(5) 171 

N(2)-H(2A)...O(2)#6 0.86 1.94 2.790(5) 170 

N(2)-H(2B)...O(2)#7 0.86 2.08 2.816(5) 143 

N(1’)-H(3C)..O(2’)#8 0.86 1.93 2.781(5) 170 

N(1’)-H(4C)..O(2’)#9 0.86 2.07 2.823(5) 146 

N(2’)-H(5C)..O(1’)#8 0.86 1.96 2.819(5) 177 

N(2’)-H(6C)...O(1’) 0.86 2.03 2.883(4) 174 

N(3’)-H(1)...N(3)#10 0.86 1.46 3.276(8) 159 

bzamH+malo- (4) 

N(1)-H(1A)...O(2) 0.93(2) 1.90(2) 2.813(3) 169(2) 

N(2)-H(2A)...O(1) 0.92(2) 2.11(2) 3.017(2) 171(2) 

N(1)-H(1B)...O(4) #11 0.90(2) 2.25(2) 3.0722(3) 152(2) 

N(2)-H(2B)...O(1) #12 0.90(2) 1.98(2) 2.827(2) 156(2) 

O(3)-H(1C)...O(2) 1.40(4) 1.06(4) 2.422(2) 161(3) 
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bzamH+male- (5a) 

N(1)-H(1A)...O(5) 0.94(2) 2.00(2) 2.843(3) 148(2) 

N(1)-H(1B)...O(4) #13 0.89(2) 2.04(2) 2.920(3) 170(2) 

N(2)-H(2A)...O(5) 0.96(2) 1.97(2) 2.846(3) 151(2) 

N(2)-H(2B)...O(6) #4 0.84(2) 2.14(2) 2.962(3) 169(2) 

N(3)-H(3A)...O(12) 0.91(2) 1.96(2) 2.864(3) 171(2) 

N(3)-H(3B)...O(10)#14   0.98(2) 1.93(2) 2.903(2) 175(2) 

N(4)-H(4A)...O(9) #14  0.98(2) 1.89(2) 2.864(3) 175(2) 

N(4)-H(4B)...O(1) #14  0.91(2) 2.01(2) 2.847(3) 152(2) 

N(5)-H(5A)...O(2)  0.96(2) 1.98(2) 2.937(2) 175(2) 

N(5)-H(5B)...O(8) #15  0.94(2) 1.97(2) 2.897(3) 168(2) 

N(6)-H(6A)...O(1) 0.94(2) 1.92(2) 2.854(3) 176(2) 

 

N(6)-H(6B)...O(9) 0.94(2) 1.93(2) 2.804(3) 152(2) 

 

O(3)-H(3C)...O(2)  1.07(2) 1.38(2) 2.442(2) 173(2) 

O(7)-H(7C)...O(6)  1.05(2) 1.39(2) 2.438(2) 176(2) 

O(11)-H(10C)...O(10)  1.06(2) 1.38(2) 2.434(2) 173(2) 

bzamH+male- (5b) 

N(1)-H(1A)...O(8) #16 0.95(3) 2.05(3) 2.976(3) 167(2) 

N(1)-H(1B)...O(2) #17 1.01(3) 1.91(3) 2.913(3) 176(2) 

N(2)-H(2A)...O(5) 0.92(3) 1.98(3) 2.867(3) 163(2) 

N(2)-H(2B)...O(1) #17 0.97(3) 1.88(3) 2.842(3) 174(2) 

N(3)-H(3A)...O(5) 1.00(3) 1.87(3) 2.870(3) 175(2) 

N(3)-H(3B)...O(1) 0.94(3) 2.02(3) 2.933(3) 166(2) 

N(4)-H(4A)...O(6) 0.94(3) 1.96(3) 2.885(3) 169(2) 

N(4)-H(4B)...O(4) #18 0.93(2) 2.04(2) 2.967(3) 174(2) 

O(3)-H(3C)...O(2) 1.13(3) 1.31(3) 2.433(2) 171(2) 

O(6)-H(6C)...O(7) 1.21(3) 1.24(3) 2.440(2) 171(3) 

(bzamH+)2pim2- (6) 

N(1)-H(1A)...O(4) #19 0.800 2.200 2.942(3) 156 

 

N(1)-H(1B)...O(2) #20 0.990 1.840 2.835(3) 178 

 

N(2)-H(2A)...O(1)  0.830 2.000 2.809(3) 165 

 

N(2)-H(2B)...O(1) #20 1.070 1.660 2.728(3) 173 

 

N(3)-H(3A)...O(2) #19 0.880 2.000 2.855(3) 163 
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N(3)-H(3B)...O(4) #21 0.840 2.120 2.957(3) 174 

 

N(4)-H(4A)...O(3) 0.840 1.990 2.794(3) 161 

 

N(4)-H(4B)...O(3) #21 0.920 1.760 2.674(3) 172 

 
bzamH+stz- (7) 

N(1)-H(1A)...N(4) #22 0.83(3) 2.09(3) 2.918(4) 177(3) 

N(1)-H(1B)...O(1)  0.81(3) 2.25(3) 3.006(3) 156(4) 

N(2)-H(2A)...N(3) #22 0.92(3) 2.00(3) 2.915(3) 174(2) 

N(2)-H(2B)...O(2) #23 0.87(3) 2.09(3) 2.926(3) 159(3) 

N(5)-H(5B)...O(1) #10 0.85(4) 2.21(4) 3.034(4) 165(4) 

bzamH+smz- (8) 

N(1)-H(1A)...N(4) #6 0.91(4) 1.98(4) 2.871(5) 168(3) 

N(1)-H(1B)...O(1) #24 0.90(3) 2.03(3) 2.910(4) 167(3) 

N(2)-H(2A)...N(3) #6 0.89(6) 1.96(5) 2.850(5) 177(7) 

 

N(2 

N(2)-H(2B)...N(6) #30 0.87(5) 2.60(5) 3.257(5) 133(4) 

N(6)-H(6A)...O(2) #25 0.91(6) 2.19(6) 3.048(5) 158(5) 

N(6)-H(6B)...O(1) #7 0.84(4) 2.20(4) 2.993(4) 157(3) 

bzamH+sac- (9) 

N(1)-H(1A)...N(3) 0.88(3) 2.04(3) 2.917(3) 170(3) 

N(1)-H(1B)...O(1) #26 0.89(3) 2.30(3) 3.142(2) 158(3) 

N(2)-H(2A)...O(3)  0.88(3) 2.05(3) 2.931(3) 175(2) 

N(2)-H(2B)...O(3) #27 0.80(2) 2.06(2) 2.841(2) 167(2) 

bzamH+cya- (10) 

N(1)-H(1A)...O(1) 0.860 1.950 2.769(3) 158.0 

N(1)-H(1B)...O(1W) 0.860 2.030 2.837(3) 157.0 

N(2)-H(2A)...N(3) 0.860 2.160 2.993(3) 163.0 

N(2)-H(2B)...O(2) #28 0.860 2.250 3.001(3) 146.0 

N(4)-H(4A)...O(3) #29 0.860 2.040 2.870(3) 161.0 

N(5)-H(5A)...O(3) #2 0.860 2.110 2.922(3) 156.0 

O(1W)...O(2) #31   2.740(2)  

C(2)-H(2)...O(2) #28 0.930 2.580 3.427(3) 152.0 
 

a symmetry operation: #1: -x,-½+y,2-z; #2: 1-x,-½+y,2-z; #3: 1+x,-1+y,1+z; #4: 1-x,1-

y,1-z; #5: -x, 1-y, -z; #6: -x, ½+y,½-z; #7: x,½-y,½+z; #8: 1-x,½+y,½-z; #9: x, 3/2-y, 

1/2+z; #10: x, -1+y,z; #11: 2-x,2-y,-z; #12: 1-x,1-y,-z; #13: 1+x,-1+y,z; #14: 1-x,-y,1-z; 
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#15: -1+x,1+y,z; #16: 5/2-x,½+y,½-z; #17: 1+x,y,z; #18: 3/2-x,-1/2+y,½-z; #19: ½-x, -2-

y,½+z; #20: ½+x, -5/2-y, -1-z; #21: ½+x, -3/2-y, -1-z; #22: x,3/2-y,- ½+z; #23: -x, ½+y,-

½+z; #24: -½+x,y,½-z; #25: ½+x,y,½-z; #26: 1-x,- ½+y,1-z; #27: 1-x,- ½+y,2-z; #28: 1-

x,y,-1/2-z; #29: 2-x,1-y,-z. #30: ½-x,½+y,z. #31: 1-x,-y,-z. 

 

 

 

 

 

 

 

 

 

Figure S1. Crystal of 6 showing reciprocal axes and face normals (left) and packing 

viewed down the a axis (right). 

 

 

 

 

 

 

 

 

Figure S2. Crystal of 10 showing reciprocal axes and face normals (left) and crystal 

packing viewed down the b axis (right). 
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Figure S3. Crystal of 8 showing reciprocal axes and face normals (left) and crystal 

packing (right). 
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Figure S4. Crystal of 5a showing reciprocal axes and face normals (left) and crystal 

packing viewed down the a axis (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. XRPD pattern of bzam+nic- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 
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Figure S6. XRPD pattern of bzam+sal- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. XRPD pattern of bzam+pab- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 
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Figure S8. XRPD pattern of bzam+stz- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. XRPD pattern of bzam+sac- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 
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Figure S10. XRPD pattern of bzam+
2pim2- prepared by grinding (bottom) and 

theoretical pattern generated from single-crystal data (top). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S11. (a) Theoretical pattern of 5a generated from single-crystal data. (b) 

Theoretical pattern of 5b generated from single-crystal data. (c) XRPD pattern 

after grinding crystals of 5a for 5 min. using mortar and pestle (d) XRPD pattern 

of the cubic crystals of 5b crystallized from solution and manually separated from 

the needle-like crystals of 5a. 
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Figure S12. (a) XRPD pattern of SMZ FI. (b) XRPD pattern of SMZ FII. (c) 

Theoretical pattern of SMZ FIII generated from single-crystal data (CCDC ref 

code SLFNMA03). (d) Theoretical pattern of 8 generated from the single-crystal 

data. (e) XRPD pattern after grinding a stoichiometric mixture of smz FI and 

bzam for 5 min. using a mortar and pestle. (f) XRPD pattern after ball-milling a 

stoichiometric mixture of smz FI and bzam for 20 min. in the presence of a drop 

of ethanol.  
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Figure S13. (a) XRPD pattern of SMZ FI. (b) XRPD pattern of SMZ FII. (c) 

Theoretical pattern of SMZ FIII generated from single-crystal data (CCDC ref 

code SLFNMA03). (d) XRPD pattern after 20 min. ball-milling of a 

stoichiometric mixture of bzam and smz. (e) XRPD pattern after storing the ball-

milled stoichiometric bzam/smz mixture for 1 d at 72 % relative humidity.  
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Figure S14. DSC plot of amorphous bzamH+smz- obtained by ball-milling a 1:1 

mixture of bzam and smz. 

Top: heating rate 10 degrees/min; bottom: heating rate 30 degrees/min 

 

Figure S15. Polymorphic conversion of 8a to 8 on heating (130 °C) monitored by 

XRPD. • 8a 8. 
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Sublimation apparatus. 

The sublimation apparatus has been described previously. 1 It consists of a small 

heater placed under a Pyrex Petri dish. The Petri dish lid acted as a condensing plate 

(Figure S1). The sample (100 – 500 mg) was placed directly over the heater. The 

sublimation apparatus was operated inside a vacuum oven. The vacuum in the oven 

was determined to be 0.2 mm Hg using an Edwards Pirani 501 vacuum gauge for 

all experiments other than the PABA sublimation carried out at 140 °C and 400 mm 

Hg. The pressure in this case was measured using the vacuum gauge on the vacuum 

oven. The double sided sticky-tape was attached to the underside of the Petri dish 

lid. Thermocouples and Omron E5CSV temperature control units were used to 

monitor the temperatures of the sample and the condenser plate and an ISO-TEC 

IPS 303A power supply was used to operate the heater, Figure S2. The temperatures 

quoted are believed to be accurate to better than ±1.0 °C. The temperature of the 

condenser plate was approximately 20 °C lower than the heated sample. All 

sublimations were carried out below the melting points of the compounds involved. 

The melting points are CBZ 190-192, piracetam 162, diflunisal 210-211 and p-

aminobenzoic acid 187 °C. 

 

Figure S1. Sublimation apparatus inside vacuum oven. 
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Figure S2 Thermocouple controllers and the heater power supply. 
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Molecular orbital calculations. 

Molecular orbital calculations were carried out using the Firefly program 

(accessed 6-Jan-2016) which was driven by Moilin within the Oscail package. 2, 3 

A DFT calculation was used to optimize the structures of the CBZ-acteamide 

adduct, the CBZ H-bonded dimer and their components using the B97D 

dispersion corrected functional and a 6-31G* basis set, Table S1. The energies of 

the adducts, less the energies of their components, are shown as E. 

 

 

Table S1 Calculated energies 

Structure Energy / kJmol-1 E / kJmol-1 

Acetamide -548966  

Carbamazepine (CBZ) -2003349  

CBZ-acetamide -2552389 -74 

CBZ dimer -4006771 -72 

 

 

 

Hydrogen-bonding and dispersion forces in the structure of PABA forms I and V 

The crystal structures of PABA forms I and V both have very short b axes of just 

3.73 Å and they have closely related structures. Both structures consist of 

relatively flat hydrogen-bonded zigzag chains which are stacked along the b axis, 

Figure S3. 4 
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(a) 

 
(b) 
 

Figure S3. The crystal packing of PABA (a) form I and (b) form V. The hydrogen bonds 

are shown as blue dashed lines.  

The structures differ in that there is a centre of symmetry in form 1 (space group 

P21/c) which is not present in form V (space group Pna21). In both structures a 

large fraction of the atoms in each molecule are in vdW contact with their 
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neighbors above and below them in the stacks (81 and 78% respectively). It has 

been shown that the magnitude of the dispersion force between molecules is 

related to this fraction. 5 

 

FT-IR spectra of PABA forms I and V 

 

 

 

Figure S4. FT-IR spectra of PABA form I (black), PABA form V (blue) and PABA 

sublimed onto a form I template at 140 °C (green). 

 

The only significant difference in the FT-IR spectra of PABA forms I and V is in 

the peak close to 920 cm-1 in form 1 which is shifted by 11 cm-1 in form 5. 

 

References: 

(1) Karpinska, J.; Erxleben, A.; McArdle, P., Cryst. Growth Des. 2013, 13, 1122-

1130. 

(2) Granovsky, A. A. Firefly (previously PC GAMESS) 2016. 

http://classic.chem.msu.su/gran/firefly/index.html  

(3) McArdle, P.; Hu, Y.; Lyons, A.; Dark, R., CrystEngComm 2010, 12, 3119-3125. 

(4) Benali-Cherif, R.; Takouachet, R.; Bendeif, E.-E.; Benali-Cherif, N., Acta Cryst.  

C 2014, 70, 323-325. 

(5) Walshe, N.; Crushell, M.; Karpinska, J.; Erxleben, A.; McArdle, P., Cryst. 

Growth Des. 2015, 15, 3235-3248. 
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Sublimation apparatus. 

The sublimation apparatus consists of a small heater placed under a Pyrex Petri 

dish. The Petri dish lid acted as a condensing plate. The sample (100 – 500 mg) was 

placed directly over the heater. The sublimation apparatus was operated inside a 

vacuum oven. The vacuum in the oven was determined to be 0.2 mm Hg using an 

Edwards Pirani 501 vacuum gauge. Higher pressures were measured using the 

vacuum gauge on the vacuum oven. The double sided sticky-tape was attached to 

the underside of the Petri dish lid. Thermocouples and Omron E5CSV temperature 

control units were used to monitor the temperatures of the sample and the condenser 

plate and an ISO-TEC IPS 303A power supply was used to operate the heater. The 

temperatures quoted are accurate to better than ±1.0 °C. The temperature of the 

condenser plate was approximately 20 °C lower than the heated sample but could 

be reduced using the water cooled cooling plate. 

Video of sublimation apparatus S1. 

 

 

  

file:///C:/MYDOCS/sspc/papers/naghmeh/OABA/paper/sub_paper.mp4
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Figure S2. (a) XRPD of CBZ FV obtained by sublimation onto DHC form II and (b) 

pattern calculated using CSD code CBMZPN16. 
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Figure S3. XRPD patterns of DHC (a) sublimed without a template at a vacuum of 300 

mm Hg, (b) DHC form I crystallized from ethanol and (c) DHC form II crystallized from 

ethylacetate. 
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Figure S4. XRPD patterns of DHC, (a) sublimed onto CBZ form III template at a vacuum 

of 0.2 mm Hg, (b) DHC form II crystallized from ethyl acetate, (c) DHC from II pattern 

calculated using CSD code VACTAU02, (d) DHC form I crystallized from ethanol, (e) 

DHC form I pattern calculated using CSD code VACTAU01 and (f) DHC sublimed at a 

vacuum of 0.2 mm Hg without a template showing form I with a tiny amount of form II 

impurity. These samples displayed considerable preferred orientation which was reduced 

but not eliminated by grinding. 
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Figure S5. XRPD MTX patterns: (a) MTX sublimed without a template, (b) MTX form I 

pattern calculated using CSD code AXOGAW, (c) MTX sublimed onto an MTX form II 

template and (d) pattern calculated for MTX form II using CSD code AXOGAW01. 
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Crystal structure the phosphinic acid salt of PABA, HPABA+H2PO2
-.  

 

Crystal data and structure refinement for paba_po2h2. 

Identification code  paba_po2h2 

Empirical formula  C7H10NO4P 

Formula weight  203.13 

Temperature  297.5(5) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 6.6221(3) Å 

 b = 9.3551(4) Å

 = 94.248(3)°. 

 c = 14.7511(5) Å. 

Volume 911.33(6) Å3 

Z 4 

Density (calculated) 1.480 Mg/m3 

Absorption coefficient 0.284 mm-1 

F(000) 424 

Crystal size 0.50 x 0.40 x 0.20 mm3 

Theta range for data collection 3.524 to 29.248°. 

Index ranges -8<=h<=8, -9<=k<=12, -15<=l<=18 

Reflections collected 4015 

Independent reflections 2140 [R(int) = 0.0226] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.98770 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2140 / 0 / 132 

Goodness-of-fit on F2 1.050 

Final R indices [I>2sigma(I)] R1 = 0.0389, wR2 = 0.0948 

R indices (all data) R1 = 0.0558, wR2 = 0.1039 

Extinction coefficient 0.032(3) 

Largest diff. peak and hole 0.244 and -0.299 e.Å-3 
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Crystal structure the phosphinic acid salt hydrate of PABA, HPABA+H2PO2
-

.H2O. 

 

Crystal data and structure refinement for paba_po2h2_h2o. 

Identification code  paba_po2h2_h2o 

Empirical formula  C7H12NO5P 

Formula weight  221.15 

Temperature  298.6(8) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.7154(10) Å 

 b = 12.0352(11) Å              = 104.978(8)°. 

 c = 7.1088(6) Å. 

Volume 968.27(15) Å3 

Z 4 

Density (calculated) 1.517 Mg/m3 

Absorption coefficient 0.281 mm-1 

F(000) 464 

Crystal size 0.50 x 0.40 x 0.20 mm3 

Theta range for data collection 3.601 to 28.970°. 

Index ranges -10<=h<=14, -16<=k<=8, -9<=l<=7 

Reflections collected 4062 

Independent reflections 2206 [R(int) = 0.0248] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.77208 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2206 / 0 / 160 

Goodness-of-fit on F2 1.054 

Final R indices [I>2sigma(I)] R1 = 0.0386, wR2 = 0.0841 

R indices (all data) R1 = 0.0555, wR2 = 0.0935 

Extinction coefficient 0.054(3) 

Largest diff. peak and hole 0.251 and -0.301 e.Å-3 
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Crystal structure the selenous acid salt of PABA, HPABA+HSeO3
-.H2O. 

Crystal data and structure refinement for paba_h2seo3_h2o. 

Identification code  paba_h2seo3_h2o 

Empirical formula  C7H11NO6Se 

Formula weight  284.13 

Temperature  298.3(8) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 4.6718(6) Å = 104.395(12)°. 

 b = 9.3967(15) Å = 92.705(11)°. 

 c = 12.7992(14) Å  = 103.109(13)°. 

Volume 526.85(13) Å3 

Z 2 

Density (calculated) 1.791 Mg/m3 

Absorption coefficient 3.573 mm-1 

F(000) 284 

Crystal size 0.50 x 0.40 x 0.20 mm3 

Theta range for data collection 3.493 to 29.112°. 

Index ranges -6<=h<=5, -11<=k<=12, -12<=l<=17 

Reflections collected 3880 

Independent reflections 2400 [R(int) = 0.0618] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.40211 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2400 / 149 / 202 

Goodness-of-fit on F2 0.999 

Final R indices [I>2sigma(I)] R1 = 0.0536, wR2 = 0.1131 

R indices (all data) R1 = 0.0683, wR2 = 0.1273 

Extinction coefficient n/a 

Largest diff. peak and hole 1.228 and -0.884 e.Å-3 
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Crystal structure of MABA FIV 

Crystal data and structure refinement for maba_f4. 

Identification code  maba_f4 

Empirical formula  C14H14N2O4 

Formula weight  274.27 

Temperature  150.0(1) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions           a = 3.7709(3) Å               = 110.440(10)°. 

                                            b = 11.6328(14) Å = 94.507(7)°. 

                                            c = 14.5177(13) Å  = 96.485(8)°. 

Volume 588.14(11) Å3 

Z 2 

Density (calculated) 1.549 Mg/m3 

Absorption coefficient 0.962 mm-1 

F(000) 288 

Crystal size 0.50 x 0.40 x 0.20 mm3 

Theta range for data collection 3.275 to 70.228°. 

Index ranges -2<=h<=4, -14<=k<=14, -17<=l<=17 

Reflections collected 2286 

Independent reflections 2286 [R(int) = 0.0762] 

Completeness to theta = 67.684° 99.3 %  

Absorption correction Analytical 

Max. and min. transmission 0.711 and 0.208 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2286 / 15 / 206 

Goodness-of-fit on F2 1.088 

Final R indices [I>2sigma(I)] R1 = 0.0641, wR2 = 0.1943 

R indices (all data) R1 = 0.0759, wR2 = 0.2009 

Extinction coefficient n/a 

Largest diff. peak and hole 0.526 and -0.386 e.Å-3 
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Preparation of DHC 

CBZ was used to synthesise DHC. Reduction of CBZ using H2 and Adams catalyst 

at 2 atmospheres pressure in a PARR bench-top reactor gave DHC which did not 

have any significant impurity peaks in its 1H NMR spectrum. This is a modification 

of a published procedure. DHC form I crystallized form the reaction solvent 

ethanol. This was converted to form II by recrystallization from ethyl acetate.78  

 

1H NMR CDCl3 solution 400MHz, 2.83, m, 2H (A or B); 3.43, m, 2H, (B or A); 4.62, s, 

br,  2H, NH2; 7.2-7.4, m, 8H, Ar. 

 

Reference: 

(1) König, A.; Weidauer, C.; Seiwert, B.; Reemtsma, T.; Unger, T.; Jekel, M.,  Water 

research 2016, 101, 272-280. 
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DSC of PAR FII 
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Figure S1. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

PABA, FI/-form, generated from single-crystal data (refcode: AMBNAC06), (b) 

theoretical XRPD pattern of PABA, FIV/-form generated from single-crystal data 

(refcode: AMBNAC04), (c) commercial sample, (d) -form crystallized from valeric acid 

at -20 , (e) commercial sample milled for 120 min. at r.t., (f) -form milled for 10 min. at 

r.t.  
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Figure S2. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

OABA FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical 

XRPD pattern of OABA FII generated from single-crystal data (refcode: AMBACO05), 

(c) theoretical XRPD pattern of OABA FIII generated from single-crystal data (refcode: 

AMBACO08), (d) commercial sample, (e) – (g) commercial sample milled for 5, 15 and 

120 min., (h) commercial sample milled for 90 min and stored for 9 d at 40% RH and (i) 

stored for 9 d at 85% RH. 

  



154 
 

 

Figure S3. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

OABA FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical 

XRPD pattern of OABA FII generated from single-crystal data (refcode: AMBACO05), 

(c) theoretical XRPD pattern of OABA FIII generated from single-crystal data (refcode: 

AMBACO08), (d) commercial sample, (e) – (g) commercial sample milled in the presence 

of valeric acid at r.t. for 30, 90 and 120 min.  

  



155 
 

 

Figure S4. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

OABA FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical 

XRPD pattern of OABA FII generated from single-crystal data (refcode: AMBACO05), 

(c) theoretical XRPD pattern of OABA FIII generated from single-crystal data (refcode: 

AMBACO08), (d) commercial sample, (e) – (k) commercial sample milled at r.t. for 5, 15, 

30, 60, 90, 120 and 150 min. in the presence of 10% w/w acetamide.  

  



156 
 

 

Figure S5. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

OABA FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical 

XRPD pattern of OABA FII generated from single-crystal data (refcode: AMBACO05), 

(c) theoretical XRPD pattern of OABA FIII generated from single-crystal data (refcode: 

AMBCO08), (d) commercial sample, (e) – (j) commercial sample cryomilled for 5, 15, 

30, 60, 120 and 150 min. 
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Figure S6. Measured and calculated XRPD patterns: (a) theoretical XRPD pattern of 

OABA FI generated from single-crystal data (refcode: AMBACO01), (b) theoretical 

XRPD pattern of OABA FII generated from single-crystal data (refcode: AMBACO05), 

(c) theoretical XRPD pattern of OABA FIII generated from single-crystal data (refcode: 

AMBCO08), (d-e) cryomilling in the presence of valeric acid for 60 and 150 min., (f) 

sample milled for 150 min. after 5 months at 85%, (g-h) cryomilling in the presence of 10% 

w/w acetamide for 10 and 60 min. 

  



158 
 

 

Figure S7. Measured and calculated XRPD patterns: (a) XRPD pattern of MABA FI, (b) 

theoretical XRPD pattern of MABA FII generated from single-crystal data (refcode: 

AMBNZA), (c) theoretical XRPD pattern of MABA FIII generated from refcode: 

AMBNZA01, (d) theoretical XRPD pattern of MABA FIV generated from refcode: 

AMBNZA02, (e) – (h) commercial sample milled for 30, 60, 90, and 120 min. at r.t. in the 

presence of valeric acid. 
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Figure S8. Measured and calculated XRPD patterns: (a) XRPD pattern of MABA FI, (b) 

theoretical XRPD pattern of MABA FII generated from single-crystal data (refcode: 

AMBNZA), (c) theoretical XRPD pattern of MABA FIII generated from refcode: 

AMBNZA01, (d) theoretical XRPD pattern of MABA FIV generated from refcode: 

AMBNZA02, (e) commercial sample, (f-g) commercial sample cryomilled for 30 and 150 

min. in the presence of valeric acid and (h) sample (g) after 3 d at 40% RH. 

 

  



160 
 

 

Figure S9. XRPD patterns of (a) CBZ FIII, (b) 1 g CBZ FIII milled for 180 min. at room 

temperature (25 cm3 milling jar, 15-mm ball, 25 Hz), (c) 125 mg CBZ FIII milled for 90 

min. at room temperature (25 cm3 milling jar, 15-mm ball, 30 Hz) and (d) theoretical XRPD 

pattern of CBZ FIV generated from single-crystal data (refcode: CBMZPN12). 
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Figure S10. XRPD patterns before (a) and after (b) cryomilling CBZ FIII for 300 min. (1 

g powder, 25 cm3 milling jar, 15-mm ball, 25 Hz). 
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Figure S11. Principle component analysis of CBZ XRPD time and quantity dependent 

milling. The points are labelled with milling time in mins and the quantities used were: A, 

125; B, 167; C, 250; D, 333; E, 500; F, 1000; and G, 2000 mg.  

 

 


