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Abstract 

 

During drug research and development, improving the solubility of poorly water soluble 

drugs without chemically modifying the drug molecule is one of the biggest challenges for 

the pharmaceutical industry. Most medicines are formulated as solid dosage forms like tablets 

and capsules. Cocrystallization and coamorphization are attractive strategies to enhance their 

dissolution rates and to reduce the number of medications a patient must take.  

The aim of this project was to understand the dissolution behaviour and the relationship 

between dissolution rate, packing index and lattice energy of selected cocrystals. In addition, 

possible coformulations of antidiabetic and antihypertensive drugs were investigated. Many 

diabetic patients have coexistent hypertension, which increases the risk of macro- and 

microvascular complications such as coronary heart disease, retinopathy and nephropathy. 

All drugs for therapeutic use are formulated with excipients, these excipients often have 

functional groups that are capable of H bonding. In this thesis cocrystal-excipient 

compatibility was also investigated. 

Chlorothiazide (CTZ) is a short-acting thiadiazine diuretic. It is a Biopharmaceutics 

Classification System (BCS) class IV drug, indicating low solubility and permeability. In this 

study, cocrystals and a CTZ salt were obtained by ball milling, followed by crystallization 

from solution. X-ray diffraction techniques indicated 13 coformers produced cocrystals upon 

milling, eight cocrystals were crystallized, and enhanced dissolution properties were observed 

in three cases. Moreover, there was a correlation between the crystal packing index, lattice 

energy and dissolution rate.  

Sulfamethoxazole (SMZ) is an antibiotic that is used to treat urinary tract infections.  It is a 

BCS class IV drug with low solubility and low permeability. The formation of cocrystals and 

coamorphous forms were examined using mechanical grinding and crystallization from 

solution. Thirteen coformers gave new crystalline X-ray powder patterns and four gave X-ray 

amorphous patterns. The aim of this work was to understand the factors that control SMZ 

cocrystal and coamorphous formation and to determine their associated relevant physical 

properties. The dissolution rates of the cocrystals were all lower than SMZ forms I and II 

despite the fact that they have lower computed lattice energies than SMZ forms I and II. 
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Gliclazide (GLZ) has been shown to be effective in the long-term treatment of diabetes 

mellitus. It is a class II API, exhibiting low solubility. Patients being treated for diabetes 

mellitus often exhibit high blood pressure. Drug-drug cocrystals and coamorphous systems 

containing antidiabetic drugs and hypertension drugs such as triamterene (TRI) and 

hydrochlorothiazide (HTZ) offer interesting opportunities for combination therapy. In this 

study, coamorphization of GLZ-TRI with 15 % sodium taurocholate (NaTc) gave a viable 

coamorphous formulation with an enhanced dissolution rate 

Vanillin and vanillate esters are widely used as flavourings in the food industry and the 

vanillin derivative zingerone is one of the compounds found in the spice ginger. While 

cocrystal formation of these compounds was the desired outcome, the unsuccessful 

cocrystallization attampts yielded crystal structures of zingerone, methyl vanillate and ethyl 

vanillate which were previously unknown. Neither the growth of single crystals of these 

compounds nor their crystal structures have been reported. In this thesis, a detailed study of 

the crystallization of methyl vanillate, ethyl vanillate and zingerone is described and the 

relationship between crystal growth, habit and intermolecular interactions in the crystal lattice 

is discussed.  

In pharmaceutical production, cocrystals are usually formulated with excipients, which may 

compete with the coformer for hydrogen bonding; therefore, it is important to study the 

stability of cocrystals in the presence of excipients. In this study, isolated cocrystals were 

mixed with PVP and MCC, two common excipients, and then milled and kept at 56% relative 

humidity (RH). The results suggested that it is possible to form cocrystals in the presence of 

excipients, which would simplify the pharmaceutical process. 
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Chapter 1 

Introduction 
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Biopharmaceutics classification system 

 

The Biopharmaceutics Classification System (BCS) classifies active pharmaceutical 

ingredients (APIs) into four major categories according to their solubility and permeability 

behaviour as shown in Figure 1.1 Solubility and permeability are relevant to the development 

of immediate release drugs. Improving the solubility and permeability at an early stage of the 

development process can reduce unnecessary human testing.2 

The BCS solubility classification of an API depends on the highest dose strength in an 

immediate release product. An API candidate is defined highly soluble if the dosage is 

soluble in 250 ml or less of solution medium over a pH range of 1.0-7.5; other than that, the 

drug is classified as poorly soluble. The specified volume of 250 ml was derived from studies 

of typical bioequivalence procedures that prescribe the action of a drug substance taken with 

a glass of water in fasting human volunteers. In addition to good oral absorption, permeability 

in the stomach and the intestines is equally important as a drug can bind to a targeted 

receptor.3,4 By definition, bioavailability is the rate and extent at which a therapeutically 

active drug reaches systemic circulation and is available at the target site. Therefore, 

sufficient bioavailability is necessary for any drug to produce therapeutic activity.5 

APIs with low solubility can cause poor absorption, low bioavailability and produce 

challenges for the drug development process. In terms of improving drug’s efficacy, it is 

necessary to enhance the solubility and bioavailability of low water-soluble BSC Class II and 

IV drugs. 

 

Figure 1. Scheme of biopharmaceutics classification system. 
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Presently, an increased number of drug products has reached the market, while the number of 

insoluble drug candidates has increased significantly in the pharmaceutical industry. It has 

been estimated that about 70% of new drugs show poor water solubility.6 During the drug 

discovery and development processes, improving the solubility of poorly water soluble drugs 

without modifying the drug stability is one of the biggest challenges the pharmaceutical 

industry faces.7 Poor water solubility and slow dissolution rates lead to low bioavailability.   

Most medicines have APIs in solid dosage forms like tablets and capsules as they can be 

easily crystallized and purified. In addition, solid forms provide ease of handling and 

chemical stability as compared with liquids etc. Crystalline forms are commercially favoured 

as they are more stable and reproducible compared with other solid state types.8–10 Therefore, 

it is important to study and understand the various solid forms that may occur in APIs as well 

as recognise the properties and characteristics of each form. 

 

Types of solid forms for APIs  

A solid state description of APIs, excipients, and combinations is very important during drug 

development. There are two differences that solids can show for the particles: external or 

internal. The shape, or morphology, of the particles show external differences. However, the 

structures that make up the solid particles show internal differences. It has been argued that 

strong intermolecular forces in a crystal lattice can often lead to poorly water soluble drug 

candidates by preventing molecules from being released into the liquid phase. 10,11 In order to 

successfully transfer drug molecules to the bulk solution, they must first detach from the 

surface of the solid and become solvated. This solvation reaction is a physicochemical 

process, which then allows the solvated molecules to move form the solid-liquid interface 

into the bulk solution via mass transport. 10,11 Thus, the dissolution properties of a drug are 

determined by both the lattice energy and the solvation energy. 

It is possible to modify the crystal structure by using solid state chemistry in such a way as to 

reduce the intermolecular forces, consequently improving solubility and increasing the 

dissolution rate. There are many solid state techniques used for enhancing API solubility 

including cocrystals, salt formation, polymorphic or amorphous forms, solvates and 

coamorphous systems.11,12 

Cocrystal and coamorphous forms comprised of an API and additional molecules are neutral 

solids as described below. A salt can be formed with a proton transfer from one molecule to 
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another, and a solvate is produced with the addition of solvent molecules. In polymorphism, 

each form has its own unique molecular arrangement, but the chemical composition of both 

polymorphs is the same, as shown in Figure 2.  Amorphous forms have no long-range order 

or discernible shape. There are both advantages and disadvantages in each method, which 

may enhance or inhibit its successful implementation. The aim of this chapter is to describe 

each of the techniques and to provide an understanding of solid state modifications existing 

for solubility improvement. 

 

 

 

Figure 2. General scheme of possible solid state modifications by the addition of coformer.  

 

Solvate 

According to Haleblian13 solvate formation of a crystalline molecular material in 

crystallization occurs when the molecules of the solvent are incorporated into the host lattice 

containing unsolvated molecules. There is an influence in the intermolecular interactions in 

the crystal lattice caused by the existence of solvent molecules; therefore, each solvate will 

have unique physical properties. As a result, a solvate has typical values of internal energy, 

enthalpy and thermodynamic activity. Therefore, a solvate’s solubility and dissolution rate 

will differ from the unsolvated phase and can result in changes in bioavailability of drugs.   

In industrial processing, materials are exposed to solvents or solvent vapours in many stages. 

There are several different ways for a solvent to be connected with a crystalline solid. For 

example, solvent molecules may bind with the surface by weak interactions (hydrogen 
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bonding, van der Waal’s forces (vdW) or by reversible and variable physical adsorption. 

Therefore, a profound knowledge of possible solvate formations in the manufacturing and 

formulation process is very important so as to avoid using solvents that can form solvates 

with the drug material.14 

 

Hydrate 

For pharmaceutical development, among the many solvents that are incorporated, water by 

far is the most important. Hydrates of drugs are very popular components of final dosage 

forms because they are usually thermodynamically stable at ambient conditions, and some 

hydrate forms are stable even at a large range of humidities. There are two types of hydrate 

crystals: stoichiometric and non-stoichiometric. When the mole ratio of water/host is 

constant, it is a stoichiometric hydrate. On the other hand, non-stoichiometric hydrates have 

water/host mole ratios that may constantly differ as a function of water activity.15 

 

Polymorphism 

Polymorphs of a compound occur when it can be crystallized in two or more different crystal 

arrangements or packing of molecules having the same chemical structure. This can cause 

differences in the physicochemical properties, including solubility.10 Polymorphism can often 

be detected via X-ray diffraction (XRD). Polymorphism can be indicated by the appearance 

of a new diffraction pattern. Additionally, the infrared (IR) spectrum can also be used for 

identification of characteristic absorption bands as each polymorphic form has its own unique 

spectrum. The spectral difference of a given polymorph can be observed by the shift of bands 

or the appearance and disappearance of absorption bands.11 

It is argued that the stability of polymorphs is directly related to their free energies. 

Therefore, a more stable polymorph has a lower free energy. The lowest free energy form 

exists, this polymorph is a thermodynamically stable form, and the other polymorph(s) is a 

metastable form(s). Metastable polymorphs are thermodynamically unstable forms, but can 

remain for a long enough period of time to be used for practical purposes because of their 

relatively slow rates of transformation. Metastable forms can be of interest for the 

pharmaceutical industry, as they may have unique properties such as higher bioavailability, 

better behaviour during grinding and compression and lower hygroscopicity. Generally, there 

are two common approaches for polymorph screening: the first one is recrystallization under 
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different conditions such as temperature, solvent, supersaturation or additives while the other 

is investigating the solid–solid transitions caused by factors such as heat, humidity or 

mechanical stress.16,17 

Amorphous solids 

Amorphous solids, also known as non-crystalline systems, are characterised as having no 

long-range order of the constituent molecules or specific shape. Translational, orientational, 

and conformational are the long range order (LRO) symmetry operators that describe the 

solid forms of an organic molecule. A crystalline system contains all three operators, while 

the amorphous state is ideally characterised by the absence of all three.18 

A few drugs present in the amorphous phase include cefuroxime (Ceftin®), quinapril 

hydrochloride (Accupril®) and zafirlukast (Accolate®). A number of excipients, including 

ethyl cellulose, hydroxylpropyl cellulose, and hydroxypropylmethyl cellulose (HPMC), were 

originally amorphous.19 For new drug candidates, drug amorphization is a very promising 

technique for improving solubility, dissolution rate and, thus, bioavailability. Unfortunately, 

amorphous drug preparation may be quite difficult; moreover, under storage conditions, an 

amorphous phase tends to recrystallize toward the crystalline state due to its thermodynamic 

instability.    

Typically, amorphous and nanocrystalline solid forms can be identified by the absence of 

distinct X-ray powder diffraction (XRPD) peaks and the appearance of a halo pattern. To 

differentiate between an amorphous phase and a nanocrystalline material a glass transition 

temperature, Tg is the crucial parameter. Consequently, an XRPD amorphous material can be 

characterised through thermal analysis using a differential scanning calorimeter (DSC) 

producing Tg.
18 At this temperature, the glassy phase is converted to a rubbery phase that is 

similar to a liquid phase.  
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Figure 3.  PXRD and DSC characterization for ranitidine hydrochloride form 1, form 2 and 

amorphous form. Arrows show characteristic peaks of forms 1 and 2.20 

 

Salts 

Salt formation is one of the oldest methods used to improve the solubility of low water 

soluble drugs. A large number of medicines on the market are salt forms.21 Salts are formed 

when protons are transferred between ionisable functional groups by intermolecular hydrogen 

bonding. A schematic representation of the difference between a salt and a cocrystal is shown 

in Figure 4. Sarma et al22 found that when APIs contain nitrogen atoms and –COOH 

functional groups, they are more likely to form salt as they can favour proton transfer to the 

coformers. The salt complexes stabilized by charge-assisted hydrogen bonding allows the 

rapid dissociation of the coformer molecules producing peak solubility of a drug in a 

dissolution medium. Furthermore, salts have higher enthalpy of hydration which also 

enhances a higher dissolution rate.23 This is discussed in more detail in the section “Rule of 

Three”. 

  

Figure 4. Schematic representation of difference between left a salt and right a cocrystal is 

determined by proton transfer. 24 
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Cocrystals 

Cocrystals can be defined as multi-component crystalline materials with different 

components such as drugs and small molecules (coformers) in the same crystal lattice.25 They 

can be produced by crystal engineering to enhance the solid state properties of an API 

without making a chemical modification to the drug molecule. The crystal engineering 

approach has been a successful design strategy for rapid development of pharmaceutical 

cocrystals. This process is an application of the concepts of supramolecular chemistry to the 

solid state, highlighting the idea that crystalline solids are actual manifestations of self-

assembly.26,27 

Cocrystals as new solid state forms also offer opportunities for patent protection and, 

therefore, can be of significant commercial value.28 They are mainly stabilized by the strong 

intermolecular non-covalent adhesive interactions that exist between the drug and coformer 

molecules.29 In 1844, the first identified cocrystal called quinhydrone was produced by 

Friedrich Wohler using benzoquinone and hydroquinone; moreover, it was the first cocrystal 

structure reported in the Cambridge Structural Database (CSD).12,30 During cocrystallization, 

many elements that control successful formation of cocrystal are involved, such as 

intermolecular interactions,31  structural interrelationships 32 and ratio of API and coformer.33 

Currently, a few commercial pharmaceutical cocrystals approved by the US Food and Drug 

Administration (FDA) exist.  Lexapro, a cocrystal of escitalopram oxalate with oxalic acid, 

was approved in 2009 to treat depression and anxiety. Entrestot1, a cocrystal of sacubitril and 

valsartan approved in 2015, is used for treating chronic heart failure. A final tablet 

formulation of tramadol–celecoxib cocrystal has completed Phase III clinical trials to treat 

acute pain. However, current regulations for pharmaceutical cocrystals issued need more 

international cooperation to encourage the development of cocrystal drugs.34 Table 1 

summarises a few reports regarding typical pharmaceutical cocrystals. 
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Table 1. Summary of reports on pharmaceutical cocrystals. 

API Coformer Ratio of 

the 

cocrystal 

Method Dissolution study 

Fluoxetine 

Hydrochloride 

Benzoic acid, 1:1  

Slow 

evaporation 

Fluoxetine HCl-Succinic acid 

(2:1) and Fluoxetine HCl-

Fumaric acid (2:1) cocrystals 

showed improved intrinsic 

dissolution rate than 

Fluoxetine HCl alone, 

whereas Fluoxetine HCl-

Benzoic acid (1:1) cocrystals 

exhibited lower powder 

dissolution rate than 

Fluoxetine HCl alone.35 

Succinic acid, 2:1 

Fumaric acid 2:1 

2-[4-(4-chloro-2-

fluorophenoxy)phe

nyl] 

pyrimidine-4-

carboxamide 

Glutaric acid 1:1 Crystallization 

via seeding and 

solution 

The cocrystal shows a 

statistically significant 

enhancement in dissolution 

rate of approximately 18 

times that of commercial 

API.36 

Acyclovir Fumaric acid, 

Glutaric acid 

1:1.5, 

1:1 

Reaction 

crystallization 

method 

All the acyclovir cocrystals 

show an increase in 

dissolution rate  as compared 

with the commercial form 

(ACV-2/3H2O).37 

Tartaric acid 1:1 Solution 

crystallization 

and 

solvent-drop 

grinding 

The dissolution rate of the 

cocrystals was three to six 

times higher than that of 

acyclovir polymorphs.38 

Curcumin Resorcinol, 

Pyrogallol 

1:1 Liquid assisted 

grinding and 

crystallization 

from the solvent 

mixture. 

Curcumin pyrogallol (1:1) 

and curcumin resorcinol (1:1) 

cocrystals dissolved ∼12 and 

∼5 times faster than 

curcumin, respectively.39 

Phloroglucinol 1:1 a rapid solvent 

evaporation 

method 

Curcumin-phloroglucinol 

cocrystal exhibited no 

improvement, or even a 
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worse 

dissolution than raw 

curcumin.40 

Hydroxyquinol 1:1 and 

1:2 

Slow 

evaporation and 

solid state 

grinding 

Curcumin-hydroxyquinol 

(1:2) cocrystal exhibited 

enhanced dissolution than 

curcumin-hydroxyquinol 

(1:1) 

cocrystal and raw 

curcumin.41 

 

Hydrogen bonding  

Intermolecular interaction type and strength between a drug and coformer molecules 

determine the nature and the stability of the multicomponent solids formed during 

cocrystallization. These intermolecular interactions include hydrogen bonding, pi-pi 

interactions, ionic interactions, halogen bonding, vdW and dipolar interactions. Even though 

the interactions are possible in multicomponent systems, most of the cocrystals are based on 

hydrogen bonding as the main intermolecular interaction providing stabilization of the 

cocrystal lattice. Therefore, the presence of free hydrogen bond donors and acceptors is 

usually a prerequisite for cocrystal formation. 

Hydrogen bonds are formed between a hydrogen atom that is bound to an electronegative 

atom such as oxygen or nitrogen. The bond can be represented as X-H—Y where X and Y 

are the electronegative atoms. Hydrogen bonding can be either intermolecular or 

intramolecular and is a specific dipolar interaction that is key in crystal engineering. Most of 

the cocrystal structures found in the CSD are stabilized by hydrogen bonding. While these 

bonds are individually weak, collectively they are strong enough to stabilize supramolecular 

synthons in multicomponent systems.42 

The concept of supramolecular synthons was developed by Desiraju43 to generate API 

cocrystals and is now an accepted tool in crystal engineering. Supramolecular synthon has the 

same role in supramolecular synthesis as a synthon does in covalent synthesis.  Specifically, 

spatial arrangements of noncovalent interactions that occur in supramolecular structures such 

as crystals can be used to generate supramolecular functional materials. It has been stated that 

functional groups of a compound play an important role in the supramolecular aggregation. 

Supramolecular synthons are classified into two types depending on the type of functional 
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groups included in the interaction. The first type is a homosynthon, wherein the same 

functional groups interact (e.g. carboxylic acid/carboxamide dimers), and the second is a 

heterosynthon, in which two different groups (e.g. acid–amide and acid–pyridine dimers) 

associate.44 

 

Figure 5. Common supramolecular synthons with their frequency of occurrence in the 

CSD.44 

Rule of three 

ΔpKa value is used to assess the cocrystal formation ability for a coformer and a given API. 

The pKa value is the ability of an acid molecule to give up a proton. If the ΔpKa is negative, 

proton transfer will not occur so cocrystal formation is expected. Conversely, salt formation 

occurs when the ΔpKa value is more than 3 due to proton transfer. If the ΔpKa is between 0 

and 3 it can be cocrystal or salt. This is called the salt-cocrystal continuum.45 However, 

Mitapalli et al.46  while attempting to produce Clotrimazole (CLT) cocrystals with carboxylic 

acid coformers, observed salt formation with maleic acid (MA) at a stoichiometric ratio of 

1:0.5 (CLT:MA) even though  the calculated ΔpKa value was 0.93. These results indicate the 

ΔpKa value does not predict/confirm the nature of a solid phase so an experimental analysis 

must be employed for accuracy.  
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Coamorphous Systems 

The term ‘coamorphous’ was coined by Chieng et al.47  Coamorphous solids occur when the 

amorphous state is stabilized by weak interactions between the drug and a coformer. They are 

used to promote bioavailability of hydrophobic drugs because the amorphous phase of an API 

can improve its aqueous solubility. 

The literature reports shown in (Table 2) indicate that coamorphous solids show enhanced 

dissolution rates compared to their crystalline counterparts which depends on the ability of 

the drug to maintain higher supersaturation and the strength of the API-coformer interaction 

that slows down nucleation. Based on the literature, coamorphous solids are an alternative 

way of a cocrystallization that can enhance dissolution of hydrophobic drugs and, therefore, 

bioavailability. 
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Table 2. Examples of reports on drug coamorphous solids available in the literature 

API Coformer Ratio of the 

Coamorphous 

Method Dissolution study 

Curcumin 

(Form 1) 

Artemisinin 1:1 Rotavaporization The coamorphous solid 

dissolved 2.6 times faster than 

raw curcumin.48 

 Piperazine 1:2 EtOH-assisted 

grinding 

Coamorphous curcumin-

piperazine had a lower 

dissolution rate than raw 

curcumin at  temperatures above 

Tg  of the coamorphous mixture 

and had a higher dissolution 

than raw curcumin at 

temperatures below Tg .49 

 Folic acid 

dihydrate 

1:1 Liquid-assisted 

grinding 

The coamorphous phase 

dissolved 4 times faster than raw 

curcumin.50 

Indomethacin Naproxen 1:1 Quench cooling The coamorphous solids had 

higher intrinsic dissolution 

rates.51 

 

 lysine 1:1 Dry ball milling The coamorphous salt dissolved  

90.0 times faster than  

crystalline salt, amorphous IND 

and crystalline IND.52 

 

Stability  

Drug candidate stability screening is important in drug discovery. During discovery it 

provides an overview of stability in various pharmaceutical situations, which helps to identify 

any potential liabilities. There is much information that stability studies can offer, such as 

feedback for modification of the labile groups to improve stability, control of the feasibility 

to develop the compound and provision of guidelines for storage and handling. Drug 

substances must  be tested under various environmental stress conditions to which the drug 

will potentially be exposed, such as pH, temperature, humidity, light, and oxidizing agents.53 
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The solid-state stability of drug based on temperature and humidity should be researched 

during the candidate selection stage. This can be accomplished if  preweighed samples are 

stored in stability cabinets at various temperatures and humidities.53  

Solid transformations may decrease dissolution, which may alter their bioavailability, so the 

physical stability of cocrystals and coamorphous systems during preformulation development 

is important. In one case, caffeine: oxalic acid cocrystals (2:1)  were more stable at all 

relative humidities up to 98% for 7 weeks as compared to caffeine.54 In another, the stability 

of two unstable active pharmaceutical ingredients in amorphous state nimesulide and 

nifedipine was increased to almost two years  at 25 °C when  formulated as coamorphous 

binary systems.55  

 

Screening methods for cocrystals 

There are many vital factors that can widely influence cocrystallization; therefore, when 

selecting a suitable coformer, an effective screening process is required. It is known that 

looking for a suitable coformer can be accomplished experimentally or computationally. 

Experimental approaches can be tediuous and time consuming. To the contrary, using a 

computational method for initial screening of a potential suitable coformer for 

cocrystallization can be a quick screening tool. The following sections show the different 

computational and experimental techniques that may be used for screening a suitable 

coformer. 

Computational Methods 

From the literature, it seems that most of the computational methods found for screening a 

suitable coformer mainly rely on a thermodynamic method. Issa et al.56 stated that when 

screening a coformer to form thermodynamically stable cocrystals, lattice energy calculation 

is an effective method. In other words, a cocrystal is only expected to form when it is 

thermodynamically more stable than the crystals of the individual components. Consequently, 

thermodynamically stable cocrystals can occur when the lattice energy of the cocrystal is 

more negative than the sum of the lattice energy of its components.  

Apart from lattice energy calculation, other features have also been successfully used for 

computational prediction of screening a suitable coformer or formation of cocrystals; for 

example, interaction energies calculation,57 molecular complementarity between API and 

coformers,58,59 solubility parameters,60 and the tendency to form hydrogen bonds.61  In spite 
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of requiring less effort, computational screening approaches require great amounts of time to 

perform simulations for molecular dynamics. 

Issa et al.56 have compared the lattice energies of 12 cocrystals of 4-aminobenzoic acid, 8 

cocrystals of succinic acid and 6 cocrystals of caffeine to the sums of their respective 

component lattice energies.  It has been found that cocrystal formation should be predictable 

through comparing the relative stability of the most stable cocrystal and its pure components 

using computed crystal energy landscapes. However, this process can be quite dependent on 

the accuracy achieved when calculating the crystal energy. 

 

Experimental Methods 

Various techniques to obtain cocrystals have been reported in the literature. Newman62 

described several methods used to obtain different solid phases such as polymorphs, salt, 

cocrystals and  amorphous systems. To stabilize the crystal structure of cocrystals, hydrogen 

bonding motif structure plays a significant role.63 However, crystal structure evaluation of a 

number of cocrystals obtained by different methods such as solution crystallisation, grinding 

and hot stage microscopy illustrated that these cocrystals have different hydrogen bonding 

motifs compared to the principles of crystal engineering.64 Thus, for the cocrystallization 

process, a suitable coformer screening method is very important.  

 

Synthesis of cocrystals 

Cocrystals can be synthesised using many different techniques, which could be 

mechanochemical methods such as solid state grinding and liquid assisted grinding, or 

solvent based methods such as slow evaporation, ultrasound assisted cocrystallization, anti-

solvent precipitation and a vapour diffusion technique. A short description of the different 

methods which are being used to synthesise cocrystals follows:  

 

Mechanochemical techniques (Grinding) 

By definition, solid state grinding, also known as neat grinding, occurs when the API and 

coformer molecules are cocrystallized via grinding together without a solvent -  either 

manually using a mortar and pestle, or mechanically using a ball mill or a vibratory mill. On 

the other hand, solvent drop grinding, or liquid assisted grinding, is performed when a few 
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drops of solvent are added to the mixture. The advantages of these grinding methods are that 

they require little or no solvent so are relatively environmentally friendly and that they can be 

used for screening to find new cocrystal structures that would otherwise be difficult to obtain 

due to low solubility. It is argued that during grinding, the low molecular weight materials, 

such as solid, liquid and gas phases, can easily diffuse into the crystal lattice of the API; as a 

result of that an intermediate phase can form like eutectic or amorphous solid state, 

consequently a cocrystal may form.65 

Cocrystallization performed with the ball milling method by loading the components into a 

rotating chamber alongside numerous steel balls results in particle size reduction.66 

According to Friscic67 who explored ion and liquid assisted grinding to synthesise 

multicomponent crystals, multiple components ground along with the diffusion of liquid 

phase into the solid state allows molecule mobility and exposes hidden molecules to the 

surface. In the literature, many reports are available in which solid state grinding or liquid 

assisted grinding approaches were widely used to produce cocrystals,68,69 some examples are 

shown in Table 3. 
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Table 3. Summary of different cocrystal formation by using grinding reported in the 

literature. 

Type of Grinding  API Coformer Mechanism of Cocrystal 

formation 

Neat grinding Benzoquinone Diol In the solid state, 

molecules can diffuse 

substantially, sever and 

form hydrogen bonds, and 

rearrange themselves to 

form a 3-D periodicity.70 

Neat grinding  Benzophenone Diphenylamine Cocrystal can from by dry 

grinding when having 

submerged eutectic 

temperatures below room 

temperature. 65 

Neat grinding Naphthalene Picric acid Naphthalene molecules 

vapour diffuse into picric 

acid crystal lattice. 71 

Neat grinding and 

liquid assisted 

grinding  

Piracetam                                Citric acid 

tartaric acid 

Cocrystals are formed by 

an amorphous 

intermediate stage. 72 

Liquid-assisted 

grinding (water) 

Anhydrous 

theophylline 

Anhydrous 

citric acid 

During grinding the 

presence of the water as a 

solvent promotes 

cocrystal hydrate 

formation. 73 

 

 

Solvent based techniques 

Various methods have been reported for solution based cocrystallization including techniques 

such as cooling crystallization, solvent evaporation, and ultrasound assisted cocrystallization, 

vapour diffusion and anti-solvent addition. The main benefit of crystallization from solution 

is the ability to remove impurities from the product that recrystallized. Furthermore, solution 
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crystallization is a common technique for cocrystal production on a commercial scale because 

the equipment needed, such as large stir tank reactors, is usually available in the 

pharmaceutical industry.66 

Even though not as common as the mechanical grinding approach because of inherent 

drawbacks, solution cocrystallization is still the most common method to prepare X-ray 

suitable single crystals, screening of polymorphs or stoichiometry of cocrystals. Leyssens et 

al. identified a new 2:1 caffeine and dimethylsuccinic acid cocrystal. Moreover, they 

demonstrated that cocrystals of caffeine and mesaconic acid are not only likely to be 

stoichiometrically diverse, but also have three polymorphs of the 2 : 1 cocrystal and one 

cocrystal solvate74 Therefore, this study shows the significance of including solvent 

experiments in cocrystal screening. 

 

 

Slow evaporation 

Cocrystallization from solution in practice is dependent on two strategies: (a) the use of 

solvents or solvent mixtures where the cocrystal congruently saturates and thus the 

components have similar solubility, or (b) the use of non-equivalent reactant concentrations 

to reach the cocrystal stability region in non-congruently saturating solvents.75 Figure 6 (1) 

shows isothermal ternary phase diagrams (TPDs) with two cocrystal mechanisms containing 

equimolar components A and B and they have similar solubilities in solvent and solution 

cocrystallization. A 1:1 co crystal from solvent evaporation will form when they are mixed 

together. Figure 6 (2) shows cocrystal formation of A and B when they have non-equivalent 

solubilities, and solution cocrystallization will lead to the formation of single component 

crystal.27 
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Figure 6. Isothermal ternary phase diagrams (TPDs) with two components having (1) similar 

solubilities (2) dissimilar solubilities. Region: 1: solution; 2: A + solvent; 3: A + cocrystal; 4: 

B + solvent; 5: B + cocrystal; 6: cocrystal. Route R shows the solution composition evolution 

as a consequence of adding component B to solutions at close to saturation with B. 27 

 

The slow evaporation method is the most common and important approach for cocrystal 

screening. It is significant for studying the solubility of components in order to successfully 

design cocrystal screening experiments. Based on strategy 1 (Figure 6), 1:1 pure cocrystals 

can be obtained by evaporation when components A and B have similar solubilities in solvent 

S and equimolar components are dissolved in the solvent. To date, there are many cocrystal 

examples that were successfully obtained via this technique.76 

 

Cooling crystallisation 

Cooling crystallization is another solution method that includes varying the crystallization 

temperature. It has gained recent attention, especially for large scale cocrystal production. 

Basically, an amount of solutes and solvent are mixed in a vial and then the system is heated 

to a higher temperature to ensure all solutes are completely dissolved in the solvent, and then 

the solution is cooled down. As the temperature drops, the solution becomes supersaturated, 

which will lead to the formation of cocrystals.36 

Research conducted by He et al.77 led to the production of a new cocrystal of caffeine (CAF) 

and p-hydroxybenzoic acid (PHBA) via cooling crystallisation. They investigated the CAF 

and PHBA intermolecular interaction at various concentration ratios in methanol through 

cooling crystallization and explained the importance of understanding the intermolecular 

interaction details, which not only improves the efficiency of cocrystal screening, but also 

helps to indicate the final crystalline products both qualitatively and predictively. The cooling 
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crystallization method can be used in conjunction with the TPDs in describing the 

thermodynamic stability regions in a multicomponent crystal system and in predicting the 

potential of cocrystal production. 

 

Ultrasound assisted cocrystallization 

In solution cocrystallization, ultrasound has been widely used for initiating nucleation.  There 

are several advantages for using ultrasound to obtain cocrystals when compared with 

conventional solution crystallization. During ultrasonic wave passage, the mechanical energy 

released causes primary nucleation at lower supersaturation levels, thereby reducing the 

induction time and the width of the metastable zone.78  As a result, ultrasound can easily 

induce crystallization from solutions that exhibit little response via conventional solution 

crystallization approaches. The literature includes many studies in which ultrasound assisted 

solution cocrystallization (USSC) is used as a method to grow crystals. USSC was compared 

with solvent cooling using different molar ratios of caffeine and maleic acid in solution. Only 

USSC formed pure caffeine and maleic acid 2:1 cocrystal products when the solvent cooling 

technique failed. It is argued that USSC must have modified supersaturation conditions of 

caffeine and malic acid in solution, favouring induction of caffeine and maleic acid 2:1 

cocrystal nuclei.79 Generally, two critical factors can affect cocrystal production with this 

approach: the time duration provided for sonication and the selection of a suitable solvent.80   

   

Diffusion techniques 

Diffusion crystallization is an alternative to gradual cooling without using heated solvents. 

This kind of crystallization technique is preferable if the desired component degrades at the 

elevated temperatures of solvent boiling points. Diffusion crystallization techniques include 

layered diffusion, vapour diffusion and gel diffusion. A solvent in which a compound is not 

soluble is called an anti-solvent. Layered diffusion can occur when the anti-solvent is less 

dense than the solvent, while vapour diffusion can occur when the solvent and anti-solvent 

are miscible.  

Crystal growth via diffusion has proven to be a suitable method for inorganic and organic 

compounds through a gel interface or membrane. Figure 7 illustrates a very basic set up for 

gel permeation to grow crystals81, in which A and B components slowly go into the gel.   
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Figure 7. Crystal growth by gel diffusion. 

 

According to Dong et al., it is possible to control the degree of supersaturation and, 

consequently, the nucleation rate via a gel diffusion. Gels can support crystal growth and at 

the same time give physical isolation from the container walls, therefore decreasing 

heterogeneous nucleation.82 

 

Screening methods for coamorphous systems 

The preparation methods of amorphous systems can be classified into solvent technique (e.g., 

freeze drying, spray drying), melting technique (e.g., melt quenching) and methods including 

mechanical activation (e.g., milling).83 What is more, they can be separated into 

thermodynamic and kinetic pathways. The reason for using coformer is to thermodynamically 

stabilize non crystalline forms such as the drug in melt or in solution, and the coamorphous 

system is obtained via quenching or precipitating, respectively. The crystalline solid is 

converted directly to its amorphous phase by a kinetic pathway, which is possible during 

milling because of the introduction of continuous crystal lattice defects, which creates 

disturbances through shearing, crushing, impact and overall mechanical activation.84 

Coamorphous systems are still at an early development stage, and most of the  laboratory 

techniques have been applied, such as quenching, solvent evaporation and milling.84 

Coamorphous system can be prepared by different methods and each coamorphous formation 

shows differences in physicochemical properties, structural relaxation, recrystallization and 

dissolution rate.85    
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Ball milling 

Ball milling is the main preparation technique for coamorphous systems. Generally speaking, 

the crystal lattice becomes disordered due to induced mechanical activation. The components 

gradually mix, and when transitioning from the crystalline to the amorphous phase 86  

coamorphous systems 87  will occur. Compared to other methods, this method has the 

advantage of little chemical degradation as the temperature required is low to prevent 

recrystallization and the recovery is high.88 

On the other hand, using mechanical activation results in incomplete disruption, leaving 

behind crystalline seeds; furthermore, with time, the high energy state points may lead to 

recrystallization. Moreover, ball milling can be time consuming. Generally, mechanical 

activation that has the ability to produce the amorphous state relies on vibration frequency, 

milling time and temperature.  It is thought that milling far below Tg usually induces 

amorphization, while milling above Tg can produce polymorphic transitions.89 

It has been observed that during milling and coamorphous system formation, the Tg value 

works as an index of whether the drug or the coformer is first converted, making it the 

amorphous state in which the other dissolves. The coamorphization of indomethacin (IND) 

and furosemide (FUR) with tryptophan (TRP) was investigated by Jensen et al. The authors 

found that the Tg value of the IND-TRP dispersion increased compared with IND alone as  

the amino acid dissolved in the amorphous drug formed an  IND-TRP coamorphous mixture, 

while the Tg value of FUR-IND co-amorphous system decreased  compared with FUR as the 

drug dissolved in the amino acid.90 

 

Cryomilling 

Ball milling usually is carried out using cryomilling. To ensure cryogenic conditions, the 

milling jars containing the components are immersed in liquid nitrogen. They are placed in a 

desiccator after milling to reach ambient temperature. For solid state transition the milling 

temperature is significant.91 It is accepted that cryomilling is more effective than room 

temperature milling for inducing coamorphous systems because of its ability to convert to 

amorphous phase in shorter time and to modify its local structure.92 Laitinen et al.87 

investigated coamorphous systems of simvastatin and glibenclamide with aspartic acid, 

lysine, serine and threonine produced via the cryomilling method. According to the solid state 

characterization, the combination of a 1:1 ratio of simvastatin-lysine, glibenclamide-serine or 
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glibenclamide-threonine and a 1:1:1 combination of glibenclamide-serine-threonine produced 

coamorphous systems via cryomilling. The physical stability of the amorphous samples was 

tested during storage at 4 °C/0%RH, room temperature/60% RH, and 40 °C/0% RH. At high 

humidity (ambient/60% RH), simvastatin-lysine remained XRPD amorphous for 56 days, 

glibenclamide-serine, glibenclamide-threonine and glibenclamide-serine-threonine showed 

signs of recrystallization after 5 months, 26 days and 3 months, respectively. 

 

Spray drying 

Spray drying was the first large scale method to prepare coamorphous systems because it is 

easily applied and has the ability to induce stable glass solutions and solid dispersions.93 The 

coamorphous particles form when a solution of the components is sprayed into hot air steam 

where the droplets form and dry by rapid solvent evaporation. Basically, in a single step the 

components are converted into a solution, suspension or a dry powder.94 The most important 

parameters in the method are inlet temperature and feed rate as they control thermal stressing 

and evaporation, which reduce crystallization. Any solvent remaining can reduce Tg and 

enhance crystallization or solvate formation so that the product powder should be well 

dried.95  

In the study by Ojarinta et al.96 a coamorphous system consisting of a drug and amino acid 

mixture was successfully prepared using the spray drying method. Coamorphous ibuprofen-

arginine and indomethacin-arginine mixtures were spray dried from water. The two different 

molar ratios used were drug : arginine (1:1 and 1:2). The authors found that homogenous 

single phase systems were formed due to the presence of a single Tg for all mixtures. 

Furthermore, high Tg indicated high physical stability together with strong interactions (e.g. 

salt formation). Tg values of the coamorphous system can be theoretically calculated by 

applying the Gordon-Taylor equation; 

Tg (mix) = 
W1Tg1 + KW2Tg2 

W1 + KW2
          where        K = 

Tg1 x ρ1

Tg2 x ρ2
 

Tg (mix) is the mixture theoretical glass transition temperature, w1 and w2 are the weight 

fractions and Tg1 and Tg2 are the glass transition temperatures of the individual mixture 

components, and ρ1 and ρ2 are the densities of the two components.  
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A stability study of 1:1 or 1:2 mixtures showed no crystallization occurring during one year. 

Moreover, coamorphous mixtures dissolved faster and more completely at low pH, in 

contrast with physical drug and arginine mixtures or the pure crystalline drugs. 

 

Melt quenching 

Apart from milling and spray drying techniques, the melt quenching method is also widely 

used to convert crystalline physical mixtures to coamorphous systems. In this technique, the 

physical mixture of drugs and/ or coformer are first melted until they become liquid, while 

thoroughly mixing the components. The liquid is then rapidly cooled by liquid nitrogen to a 

temperature below the melting point of the components to prevent crystallization. The reason 

for rapid cooling is to facilitate coamorphous system formation by preventing nucleation and 

crystal growth.97 

It has been proven that the amorphous phase obtained by melt quenching shows better 

physical stability compared to that obtained by milling.98 One reason for this is that the trace 

amount of residual crystals may not be completely removed by milling; therefore, they can 

act as seeds and trigger crystallization.99 A coamorphous system of 50/50 (w/w,%) of 

paracetamol and citric acid were obtained via melt quenching. The authors found that the 

amorphous phase remained stable for at least two years at room temperature in dry 

conditions. 100   

 

Dissolution properties of cocrystals 

Although cocrystallization can be used to improve dissolution rate of drugs, it can also be 

used to decrease dissolution rate of drugs.101 In fact, improved dissolution rates of poorly 

water soluble drugs via cocrystals formation have been well documented, with a few reports 

on cocrystals with lower dissolution rates compared with the pure drug. There are several 

factors that can influence the dissolution behaviour of cocrystals; for example, coformer 

solubility, intermolecular interactions in cocrystals, crystal habit of cocrystals and the 

dissolution medium pH. 

Crystal habit is the crystal’s general shape. Change of the crystal habit of a drug through 

crystallization can change the dissolution behaviour because of an alteration in the crystal 

nature when exposed to the dissolution medium. However, limited studies are available about 
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the change of cocrystal habits and understanding the influence of cocrystal habits on 

dissolution properties.102 It has been argued that the dissolution behaviour of cocrystals of 

ionisable drugs is highly reliant on the interfacial pH at the dissolving solid-liquid interface. 

In addition, when non-ionisable drugs and ionisable coformer cocrystals are dissolved in a 

dissolution medium, the dissociation reaction can alter the pH at the solid-liquid interface.103 

It has been proposed that the intermolecular interaction modification (hydrogen bonding) 

present in the parent drug molecule on cocrystal formation results in better crystal packing, 

stable crystal lattice and a rise in the cocrystal density. Nangia and coworkers found that 

these alterations in the crystal lattice were the reason for the lower dissolution rate of new 

sulfacetamide cocrystals, which can increase the residence time of sulfacetamide drug at the 

site of action.101  

The selection of coformers for cocrystallization can play a critical role in increasing or 

decreasing the dissolution rates of drugs. For example, during a study of the antidepressant 

drug fluoxetine hydrochloride carried out by Childs et al., it was found that fluoxetine 

hydrochloride and benzoic acid (1:1) cocrystals showed lower dissolution rates than the 

fluoxetine hydrochloride. On the other hand, enhanced dissolution rates occurred when 

fluoxetine hydrochloride cocrystals were prepared with other acids such as fumaric acid and 

succinic acid. It is not known why the structural and thermodynamic parameters affect the 

dissolution rates of these cocrystals.35 

Dissolution properties of coamorphous systems 

Dissolution rates of coamorphous systems depend on the solubility of the coformer and the 

strength of the drug-coformer interaction. A study was conducted combining the model drug 

naproxen (NAP), with an amino acid (tryptophan, TRP, or arginine, ARG) and a second 

highly soluble amino acid (proline, PRO) for an additional improvement of the dissolution 

rate.  The coamorphous mixture had molar ratios of 1:1 NAP and ARG; 1:1:1 NAP, TRP and 

PRO and 1:1:1 NAP, ARG and PRO. Naproxen was stabilized by coamorphization. This 

effect could be related to the coformer Tg, such as the high Tg coformer tryptophan or the 

degree of molecular interactions between the components in the mixtures by salt formation 

with arginine. The addition of PRO in NAP-TRP and NAR-ARG binary mixtures contributed 

to improving coamorphous systems by stabilizing the coamorphous system and increasing the 

dissolution rate. It was found that an increased dissolution rate for the NAP and ARG 
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coamorphous system and an even higher dissolution rate for the ternary coamorphous system 

of NAP, ARG and PRO occurred.88 

On the other hand, a recent study of the coamorphous indomethacin and lysine (IND-LYS) 

demonstrated that the highly soluble LYS facilitated dissolution to a limited extent. LYS 

solubility is greater than that of the drug, and there are no strong interactions between the two 

components, so the coformer will leave the recrystallized drug as it is highly soluble and 

dissolves much faster than the drug.52 

  

Techniques used to analyse the solid state 

The solid state can be characterised by a wide variety of analytical techniques. However, 

there is no single superior method and the technique(s) of choice for any particular case relies 

on the key property or properties under investigation. The preferred approach usually is to 

use a combination of methods to achieve a comprehensive understanding of the solid state 

properties because of the unique information provided by each technique.20 A summary of 

commonly used analytical techniques in this project is given below. 

 

X-Ray Powder Diffraction (XRPD) 

X-ray powder diffraction (XRPD) is the most commonly used solid state analytical technique 

for the characterisation and identification of solid state crystalline forms in powders.  The 

preference for XRPD techniques is based on the set of peaks acting as a unique fingerprint of 

the crystal structure within a substance. The appearance or disappearance of polymorph 

specific diffraction peaks can indicate the presence of a new polymorph.20 When an atom in a 

crystal lattice is hit by X-ray, it is diffracted according to the Bragg equation: 

𝑛𝜆 = 2 𝒹sin 𝜃 

where n is the order of diffraction, λ is the wavelength of the X–ray radiation, d is the 

distance between individual parallel planes in a crystal lattice and θ is the angle between the 

incident radiation and the set of parallel planes at which constructive interference results. 

Bragg’s law states the essential condition which must be met if diffraction is to happen.104 
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Figure 8. Schematic of Bragg’s law. 

 

 

 

The XRPD pattern of the bulk sample always should be recorded and compared with the 

simulated powder pattern from the single crystal data. By doing this, absolute evidence can 

be provided as to whether the determined structure is that of the bulk material or not.14    

 

Single Crystal X-Ray Diffraction (SCXRD) 

Although XRPD is a powerful technique and there have been many advances made in 

crystallography hardware and software, the necessity of having a good single crystal to carry 

out the experiment is still needed. A small molecule crystal like for example cholesterol 

might be expected to give 5,000 or more X-ray reflections. While essentially the same 

information will be present in an XRPD pattern and in a single crystal data set the XRPD 

pattern will have the 5,000 or more reflections collapsed into the 1D XRPD pattern where 

many of the reflections may be merged. Thus the amount of data that can be extracted from 

the XRPD pattern is more limited and special techniques are required for its extraction 

(Rietveld method). In general single crystal data will provide enough information to solve the 

crystal structure and this is what makes the method so important. 

The crystal shape and size are responsible for the quality of the results. It is essential for the 

crystal to reside entirely within the X-ray beam; therefore, the crystal size upper limit 

depends on the diffractometer setup. During single crystal X-ray diffraction (SCXRD), X-

rays are scattered by the electron density surrounding each atom in the crystal. Thus, the 

SCXRD is sensitive to the electron number for a given atom, and light atoms like hydrogen 

are usually located with difficulty. However, it is possible to use Bragg’s law via generating 

mathematical constructions of planes of atoms and hence determine the planes of electron 

density.14 
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Infrared spectroscopy (IR) 

Infrared (IR) spectroscopy is a powerful and sensitive tool that can be used for both 

qualitative and quantitative solid state studies, as most spectral bands under investigation can 

be assigned to specific structures of the molecule. IR spectra are often used to differentiate 

between amorphous and crystalline materials. The intensity of bands is directly proportional 

to the amount of the species present. In addition, IR spectra can be used to analyse 

polymorphic types present in a drug substance and can be very useful in studies of water 

contained within hydrate crystal structures. The fingerprint region of spectra is in the range of 

about 1500 to 500 cm-1 and usually contains a very complicated series of absorption bands. 

Much information can be obtained by IR such as intramolecular vibrations, H-bonding 

polymorphic forms: unique bands, peak shifting. Moreover, amorphous forms can be 

indicated by broad peaks while crystalline forms possess more characteristic narrow bands.105 

 

Differential Scanning Calorimetry (DSC) 

Thermal techniques also offer fundamental information on the solid state properties of 

pharmaceuticals. Differential scanning calorimetry (DSC) is by far the most popular thermal 

method used to characterize polymorphs and the solid state in general. In DSC thermograms, 

the melting point can be easily determined as an endothermic event. In general, DSC is an 

important method to understand solid form thermal properties. An amorphous state analysis 

using DSC should reveal the Tg and/or a crystallization temperature (Tc). The temperature of 

dehydration is usually characterized by using two complementary methods, DSC and TGA 

(endothermic event in DSC and weight loss in TGA). The complementary DSC and TGA 

methods can also be used to calculate the stoichiometric water content in the drug. Yet, when 

two or more thermal events overlap or are very close to each other, the interpretation of the 

thermogram may be difficult.20 
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Thesis objectives  

 

Most medicines are formulated as solid dosage forms like tablets and capsules. It is estimated 

that about 70% of new drugs show poor water solubility. Therefore, poor water solubility and 

slow dissolution rates lead to low bioavailability. During drug discovery and development, 

improving the solubility of poorly water soluble drugs without chemically modifying the drug 

molecule is one of the biggest challenges for the pharmaceutical industry. Cocrystallization 

and coamorphization provide an attractive option for overcoming solubility limitation via 

preparing multicomponent pharmaceutical crystals\amorphous without affecting the APIs 

intrinsic properties. The objectives of this thesis can be described as the following; 

 

 Enhancing the physical and chemical properties of poorly water soluble drugs mainly 

sulpha and antibiotic drugs such as solubility and the dissolution rate by cocrystal 

formation. 

 Forming stable coamorphous systems with an improved dissolution rate.     

 Understanding the hydrogen bonding interactions that lead to robust heterosynthons in 

the cocrystal compared to the homosynthons in the individual components. 

 Evaluating the influence of hydrogen bond strength in dissolution behaviour and the 

relationship between dissolution rate, packing index and lattice energy of cocrystals. 

 Recognising the factors which control an API cocrystal and coamorphous formation 

and determining their associated relevant physical properties. 

 Investigating the possibility of coformulations of antidiabetic and antihypertensive 

drugs. Many diabetic patients have coexistent hypertension, which increases the risk 

of macro- and microvascular complications such as coronary heart disease, 

retinopathy and nephropathy. 

 Evaluating the stability of cocrystals towards grinding with a range of common 

excipients. 
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Brief description of the paper 

In this study, cocrystal formation of chlorothiazide was screened with a variety of coformers 

containing different functional groups. Thirteen coformers gave cocrystals by mechanical 

grinding and liquid-assisted grinding and were characterised by X-ray powder diffraction. 

Co-formers with a pyridine group were found to be an excellent choice of coformer for 

forming cocrystals with chlorothiazide. In contrast, carboxylic acids were not. Chlorothiazide 

was found to not form cocrystals with carboxylic acids and a motif search of the CSD showed 

that this is a general problem for sulfonamide drugs. The dissolution behavior of the 

chlorothiazide cocrystals showed there was a correlation between the crystal packing index, 

lattice energy and dissolution rate. 
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Abstract 

Cocrystal formation of chlorothiazide (ctz) was screened with a variety of coformers with 

carboxyl, amide, hydroxyl, sulfonamide, pyridine, amidine and amine functional groups. New 

cocrystals with acetamide (aca), benzamide (bza), propionamide (ppa), caprolactam (cap), 

carbamazepine (cbz), nicotinamide (nia), isonicotinamide (ina), hexamethylenetetramine 

(hma), 4,4’-bipyridine (bipy), 1,2-di(4-pyridyl)ethylene (ebipy), 2-hydroxypyridine (hyp), 

1,3-di(4-pyridyl)propane (pbipy) and pyrazine (pyr) as well as a benzamidinium (bzamH+) 

salt were obtained by mechanical grinding and liquid-assisted grinding and identified by X-

ray powder diffraction. The structures of ctz-bza, ctz-cbz, ctz-ina, ctz-nia, ctz-hma, ctz-bipy, 

ctz-ebipy, ctz-pbipy and (bzamH+)(ctz-) were determined by single-crystal X-ray diffraction. 

Analysis of the hydrogen bonding motifs showed that in all cocrystal structures except for 

ctz-bipy, the NHsulfonamide
...N(SO2)=C catemer synthon of ctz form I is replaced by ctz-

coformer heterosynthons. The dissolution behavior and relationship between dissolution rate, 

packing index and lattice energy of the cocrystals is described. To understand why no 

cocrystals with carboxylic acids formed, a motif search of the Cambridge Structural Database 

(CSD) was carried out. 

 

Keywords: Chlorothiazide, cocrystal, dissolution rate, hydrogen bonding, sulfonamide  
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Introduction 

The preparation of new multicomponent molecular crystals by cocrystallization of an active 

pharmaceutical ingredient (API) and a biologically safe coformer is a well-established 

concept for optimizing the physicochemical and mechanical properties of an API such as the 

dissolution rate, bioavailability, particle size, particle morphology, tabletability and 

compactability, without making chemical modifications to the drug molecule.1-4 Cocrystals as 

new solid-state forms also offer opportunities for patent protection and thus can be of 

significant commercial value.5  

The crystal engineering approach which uses supramolecular heterosynthons between the 

API and the coformer is an effective strategy for the rational selection of suitable coformers 

and the design of new pharmaceutical cocrystals.6,7 It is thus important to understand the 

hydrogen bonding interactions that lead to robust heterosynthons in the cocrystal compared to 

the homosynthons in the individual components. Although the sulfonamide group is the 

common functional group in the important class of sulfa drugs and its hydrogen bonding 

preferences have been investigated,8 relatively few studies have been concerned with the 

propensity of sulfonamides to cocrystal formation. In fact, examples for cocrystals of sulfa 

drugs have been published only recently.9-18 In several of the reported sulfa drug cocrystals 

the sulfa drug contains a 2-pyridyl, 2-thiazole or 2-pyrimidyl substituted sulfonamide group 

and the supramolecular synthons involve the heterocyclic nitrogen (e.g. formation of the 

R (8)2
2  motif through pairs of NHsulfonamide

...Ocarboxyl and OHcarboxyl
...Npyridine hydrogen bonds in 

carboxylic acid cocrystals).10,12,13,18  

Chlorothiazide (ctz, 6-chloro-4H-1,2,4-benzothiadiazine-7-sulfonamide 1,1-dioxide) is a 

short-acting thiadiazine diuretic. It is applied in edema caused by various forms of renal 

dysfunction and is used to manage excess fluid linked to congestive heart failure. It also has a 

secondary function as an antihypertensive.19 Ctz is a cyclic secondary sulfonamide that also 

contains a primary SO2NH2 substituent and that can exist in two tautomeric forms (Figure 1). 

Here we report the results of an extensive cocrystal screening study of ctz with a variety of 

coformers. The crystal structures of eight new cocrystals and a salt are described along with 

an analysis of heterosynthon formation and hydrogen bonding preferences of the sulfonamide 

groups in ctz. 
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Figure 1. Tautomeric forms of chlorothiazide. 

 

 

Materials and Methods 

Materials. Ctz and nicotinamide (nia) were purchased from Tokyo Chemical Industry (TCI, 

Europe). The coformers 4,4’-bipyridine (bipy), 1,3-di(4-pyridyl)propane (pbiby), 1,2-di(4-

pyridyl)ethylene (ebipy), benzamidine (bzam), hexamethylenetetramine (hma), 

isonicotinamide (ina), nicotinamide (nia), propionamide (ppa), deoxycholic acid (dca), and 

sodium deoxycholate (NaDc) were purchased from Sigma Aldrich. Carbamazepine (cbz) and 

benzamide (bza) were purchased from Alfa Aesar.  

Ball milling. Room temperature milling experiments were performed using an oscillatory 

ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) and a 25 mL stainless steel 

milling jar containing one 15 mm diameter stainless steel ball. The ctz : coformer molar ratio 

was 1 : 1 (0.5 g sample in total) except for cbz, where a 1 : 2 molar ratio was used. The 

samples were milled at 25 Hz for 60 min. with a cool down period of 15 min after 30 min. 

The milled powder samples were analyzed immediately by powder X-ray diffraction. When 

no cocrystal formation was observed, 100 µL of acetonitrile was added to the milling jar prior 

to milling. Cryo-milling of ctz/dca (1 : 1) was carried out by immersing the 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 minutes. The measured external temperature of the jars did not rise 

above -20 °C during cryo-milling. To monitor the recrystallization of the amorphous samples, 

samples were stored in a desiccator (sealed using silica gel) at ambient temperature (22 ±2 

oC) under 56 % relativity humidity which was achieved using a solution of Ca(NO3)2.
20 The 

stored samples were analyzed after 1, 3, 7, 15, 30 and 60 days by X-ray powder diffraction.  

Solution crystallization. In separate vials ctz (50 mg, 0.17 mmol) and 1 or 2 equivalents of 

the respective coformer were dissolved in a minimum amount of solvent. Dissolution was 

aided by heating or sonication. Then the clear solutions were mixed and left to slowly 
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evaporate at room temperature or 4 °C. In the case of bipy, ebipy, pbipy, hma, bza, cbz, ina, 

nia and bzam X-ray suitable single crystals were obtained within a week.  

Ctz-bipy: 1:2 molar ratio, acetone, room temperature; ctz-ebipy: 1:2 molar ratio, acetone, 

room temperature; ctz-pbipy: 1:1 molar ratio, acetone, room temperature; ctz-hma: 1:2 molar 

ratio, acetonitrile, room temperature; ctz-bza: 1:2 molar ratio, acetone, room temperature; ctz-

cbz: 1:2 molar ratio, acetone, room temperature; ctz-ina: 1:2 molar ratio, acetonitrile, room 

temperature; ctz-nia: 1:2 molar ratio, acetonitrile, room temperature; (bzamH+)(ctz-): 1:1 

molar ratio, acetonitrile, 4 °C. 

Differential scanning calorimetry. A STA625 thermal analyser from Rheometric Scientific 

(Piscataway, New Jersey) was used to perform thermal analysis. The heating rate was 10 

°C/min and the runs were performed between 25 °C and 400 °C. Open aluminium crucibles 

were used, nitrogen was purged in the ambient mode and an indium standard was used for 

calibration. 

IR spectroscopy. FT-IR spectra were recorded on a Perkin Elmer Spectrum 400 fitted with 

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

resolution of 4 cm−1 and four integrated scans on a diamond/ZnSe window.  

Dissolution studies. The powder sample (100 mg) was placed in 250 mL 0.1 M phosphate 

buffer (pH 6.8, 37 °C) and stirred at 300 rpm with an 11-mm magnetic stirring bar. Aliquots 

of 2.5 mL were withdrawn at predetermined time points (1, 2, 5, 10, 15, 25, 30, 45, 60, 90, 

120, and 180 min.) and immediately replaced with 2.5 mL of dissolution medium. The 

samples were each diluted by adding 4.75 mL dissolution medium and were analyzed on the 

same day using UV/Vis spectroscopy. All dissolution experiments were performed in 

triplicate. The amount of dissolved ctz was determined with a Varian Cary 50 Scan 

Spectrophotometer (Santa Clara, CA, USA). To exclude any interference due to absorption of 

the coformer, reference spectra were recorded for the buffer solution and the buffer solution 

containing either of the coformers. The concentrations of ctz were measured at 325 nm. 

Standard solutions (0.0500, 0.0375, 0.025, 0.0125, 0.005, 0.0025, 0.0005 and 0.0001 mg/mL 

ctz) were prepared with phosphate buffer (0.1 M, pH 6.8). In the relevant concentration range 

the calibration curve was linear (R2 = 0.9998). 

X-ray powder diffraction. X-ray powder patterns of samples obtained by mechanical 

grinding and 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 
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mA). Theoretical powder patterns for the cocrystals analyzed by single crystal X-ray analysis 

were calculated using the OSCAIL software package.21 

Crystal structure determination and refinement. Single crystal diffraction data were 

collected on an Oxford Diffraction Xcalibur CCD diffractometer at room temperature using 

graphite-monochromated Mo-Kα radiation ( = 0.71073 Å). The structures were solved by 

direct methods and subsequent Fourier syntheses and refined by full-matrix least squares on 

F2 using SHELXT,22 embedded in the OSCAIL software.21 Graphics were produced with 

ORTEX and POGL also embedded in OSCAIL. Crystallographic data and details of 

refinement are reported in Tables 1 and 2. CIF files can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data 

Centre, Cambridge, UK with the REF codes 1551836 (ctz-bipy), 1551880 (ctz.dmf), 1551879 

(ctz-bza), 1551881 (ctz-pbipy), 1551885 (ctz-ebipy), 1551886 (ctz-cbz), 1551887 (ctz-hma), 

1551888 (ctz-ina), 1551889 (ctz-nia), 1551899 ((bzamH+)(ctz-)). 

CSD motif search. A motif search for the types of H-bonded adducts shown in Figure 2 was 

carried out, using the Conquest software.23 The criteria used for the search were similar to 

that of our previous study,24 where the interactions within a distance of the sum of the vdW 

radii and structures with an R-factor < 7.5% were considered and organometallics were 

excluded.  

Computational studies. Density Functional Theory (DFT) calculations were made using 

Firefly version 8.2.0 with B3LYP functionals and 6-31G* basis sets.25 
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Figure 2. Motifs included in the CSD motif search. 

 

Results and Discussion 

Cocrystal formation with a range of coformers with different functional groups including 

carboxyl, amide, hydroxyl, amidine, sulfonamide, amine, and pyridyl groups was screened 

using mechanical and liquid-assisted grinding. The advantage of mechanochemical methods 

is that the success of cocrystal formation is unaffected by solubility differences which during 

solution crystallization experiments may lead to the individual crystallization of the least 

soluble component. With the aim of carrying out a detailed investigation of hydrogen 

bonding preferences, GRAS (generally regarded as safe) as well as non-GRAS model 

coformers were studied. All ctz-coformer mixtures (1:1 ratio unless stated otherwise) were 

ball-milled for 60 min. in the absence and presence of a catalytic amount of acetonitrile or 

acetone and analyzed by X-ray powder diffraction (XRPD). The coformers used and the 

results of the milling experiments are listed in Table S1 in the Supporting Information (SI). 

Surprisingly, none of the 15 carboxylic acids tested formed a cocrystal with ctz. Likewise, the 

XRPD patterns of neat- and liquid-assisted ground samples of ctz and another sulfonamide 

(sulfanilamide) showed a physical mixture of the two components. Milling of ctz with 

carbamazepine (cbz), benzamidine (bzam), cyanuric acid (cya), hexamethylenetetramine 
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(hma) and benzene-1,3,5-tricarboxylic acid (bta) in the absence of solvent resulted in XRPD 

patterns that featured an amorphous halo. The ctz-cbz and ctz-bzam samples remained X-ray 

amorphous for at least one month when kept in a humidity chamber under 56 % relative 

humidity (RH) and room temperature. Ctz-bta and ctz-cya recrystallized to the respective 

physical mixture within 1 and 3 days under the same conditions. The XRPD pattern of the 

ctz-hma sample showed the Bragg peaks of ctz after 1d. In addition, new peaks appeared that 

matched those of the ctz-hma cocrystal obtained by solution crystallization (see below). 

When X-ray amorphous ctz-cya and ctz-bta were milled for longer times (2 h), the Bragg 

peaks of ctz, cya and bta re-appeared. The XRPD pattern of a ball-milled sample of ctz and 

deoxycholic acid (dca) showed ctz peaks with an underlying amorphous halo. When the 

milling was performed at low temperature (cryomilling), a fully X-ray amorphous solid was 

obtained that did not recrystallize for at least 1 month at room temperature and 56 % RH. 

Likewise, milling of ctz with sodium deoxycholate at low temperature resulted in complete 

amorphization. However, ctz peaks were observed after storage for two weeks. 

By contrast, new XRPD patterns were obtained on neat milling with the amide and pyridine 

coformers acetamide (aca), benzamide (bza), caprolactam (cap), isonicotinamide (ina), 4,4’-

bipyridine (bipy), 2-hydroxypyridine (hyp), 1,3-di(4-pyridyl)propane (pbipy) and pyrazine 

(pyr), indicating the formation of cocrystals (Figures S1 – S8). In the case of propionamide 

(ppa), cbz, nicotinamide (nia), hma, 1,2-di(4-pyridyl)ethylene (ebipy) and bzam new XRPD 

patterns were observed when traces of solvent were added prior to milling (Figures S9 – 

S14).  

In order to analyze the H bonding motifs in the ctz cocrystals, solution crystallization 

experiments in acetonitrile, acetone and dimethylformamide were carried out. X-ray suitable 

single crystals were obtained in the case of ctz-bipy, ctz-ebipy, ctz-pbipy, ctz-hma, ctz-bza, 

ctz-cbz, ctz-ina and ctz-nia. In addition, the X-ray structures of the salt (bzamH+)(ctz-) and of 

the dimethylformamide solvate, ctz.dmf, were solved. Unfortunately, the other cocrystals 

identified during the grinding experiments, ctz-aca, ctz-cap, ctz-ppa, ctz-hyp and ctz-pyr, did 

not crystallize from solution. In fact the X-ray suitable crystals of ctz.dmf whose structure 

had previously been determined from XRPD data26 were obtained during cocrystallization 

experiments with acetamide. Attempts to obtain single crystals of ctz-aca, ctz-cap, ctz-ppa, 

ctz-hyp and ctz-pyr by seeding with the ground samples resulted in micrcrystalline 

cocrystallization products (ctz-cap, ctz-hyp) or in the individual crystallization of ctz (aca, 

ppa, pyr).  
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The cocrystals that crystallized upon mixing concentrated solutions of ctz and the respective 

coformer had 1:1 (ctz-ebipy, ctz-hma, ctz-bza, ctz-ina, ctz-nia), 1:2 (ctz-pbipy, ctz-cbz) and 

2:1 (ctz-bipy) stoichiometries. All cocrystals were characterized by FT-IR and DSC (SI). A 

comparison of the simulated XRPD patterns of the single crystals with the XRPD patterns of 

the milled samples showed a good match in all cases. In all cocrystals, the imidic tautomeric 

form of ctz (Figure 1) was observed, as found in the X-ray structure of ctz itself.27 The crystal 

structures are shown in Figures 3 – 8 and S15 – S18, the hydrogen bond parameters are 

presented in Table 3.  

 

 

Crystal Structures 

Ctz.dmf. The single crystal structure of the dmf solvate confirmed the previous structure 

solution from X-ray powder data.26 Hydrogen bonds between one of the amino protons of the 

primary amino group and the ring sulfonamide nitrogen (NHsulfonamide
...N(SO2)=C) generate a 

1D chain of ctz molecules. The chains are connected through NHsulfonamide
...O and 

NHthiadiazine
...O hydrogen bonding involving the dmf oxygen. The NHsulfonamide

...N(SO2)=C 

synthon is also the predominant synthon in the structure of solvent-free ctz.27 In addition, 

NHthiadiazine
...O=S and NHsulfonamide

...O=S interactions are observed in solvent-free ctz which 

are replaced by the NH...Oamide H bonds in ctz.dmf. 

Ctz-bipy. The asymmetric unit comprises one ctz molecule and half a bipy molecule. In the 

crystal packing four ctz molecules and two bipy molecules are linked through 

NHsulfonamide
...Npy and NHsulfonamide

...Nthiadiazine hydrogen bonds into a supramolecular ring 

structure (graph set notation R (38)6
6 ). The 3D structure is further stabilized by 

NHthiadiazine
...O=S and CHthiadiazine

...O=S interactions. 
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Figure 3. R (38)6
6  motif in ctz-bipy. 

 

Ctz-ebipy. There are one ctz molecule and one ebipy molecule in the asymmetric unit. One 

pyridine nitrogen of ebipy participates in H bonding with two primary sulfonamide groups 

(NHsulfonamide
...Npy) while the second one interacts with the thiadiazine NH of ctz. Overall, an 

interwoven 2D layer structure is formed with R (38)4
4  and R (8)4

2  rings both built up by two 

ctz and two ebipy molecules. In contrast to ctz-bipy, none of the sulfonyl oxygens acts as a 

NH hydrogen bond acceptor and the ctz molecules do not hydrogen bond with each other. 

 

 

Figure 4. R (8)4
2  and R (38)4

4  motifs in ctz-ebipy. 

 

Ctz-pbipy. The bipyridyl coformer with a propyl linker between the two pyridines gives a 

cocrystal with 1:2 stoichiometry. One pbipy is involved in NHsulfonamide
...Npy and 
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NHthiadiazine
...Npy hydrogen bonding. These H bonds lead to R (40)4

4  rings. Noteworthy, the 

other pbipy has unused H bond acceptor capacity, as only one of the two pyridine groups 

interacts with ctz (NHsulfonamide
...Npy). As in the case of ctz-ebipy there are no H bond 

interactions between ctz molecules. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. R (40)4
4  motif in ctz-pbipy. 

 

Ctz-hma. The asymmetric unit of ctz-hma contains one molecule of ctz, one molecule of hma 

and one solvent molecule (CH3CN). Ctz and hma assemble into a 3D supramolecular 

structure via NHsulfonamide
...Namine and NHthiadiazine

...Namine hydrogen bonding. Three of the four 

amine nitrogens of hma serve as H bond acceptors while the fourth hma nitrogen presents 

unused H bond acceptor capacity. 

Ctz-bza. The ctz molecules are connected into 1D double chains through pairwise 

NHsulfonamide
...O=S hydrogen bonds between the primary sulfonamide and the ring 

sulfonamide groups. The chains are linked into a 3D supramolecular network by bza which 

forms H bonds with the thiadiazine ring nitrogens (NHthiadiazine
...Oamide, NHamide

...N(SO2)=C). 

Noteworthy, only one of the bza amide protons participates in hydrogen bonding. 
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Figure 6. 1D chain of ctz molecules in ctz-bza and extension into a 3D supramolecular 

structure by bza. 

 

Ctz-cbz. Ctz and cbz cocrystallize in a 1:2 stoichiometry. The asymmetric unit comprises four 

crystallographically independent cbz molecules, two ctz molecules, one acetone and one 

water molecule of crystallization. The two crystallographically independent ctz molecules 

differ in the orientation of their sulfonamide group relative to the sulfur of the thiadiazine 

ring (see below). The cbz molecules are present as dimers with the typical R (8)2
2  amide 

homosynthon. The dimers are linked by two ctz molecules via NHthiadiazine
...Oamide and 

NHamide
...O=S interactions into an infinite chain. The primary sulfonamide group forms H 

bonds with sulfonyl oxygen and the oxygen of the acetone of crystallization. The water 

molecule of crystallization is involved in H bonding with the sulfonyl oxygen and acetone. 
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Figure 7. Hydrogen bonding in ctz-cbz. 

 

Ctz-ina. The coformer ina contains two groups with hydrogen bonding capability, the pyridyl 

nitrogen and the amide group. The cocrystal with ctz has a 1:1 stoichiometry and features the 

NHsulfonamide
...Npy heterosynthon already found in ctz-bipy, ctz-ebipy and ctz-pbipy. 

Furthermore, NHamide
...N(SO2)=C and NHamide

...O=S hydrogen bonding is observed. The 

amide oxygen of ina serves as a bifurcated acceptor by forming hydrogen bonds with the 

primary sulfonamide group and with NHthiadiazine. In contrast to ctz-cbz, the R (8)2
2  amide 

homosynthon is absent. 

Ctz-nia. The asymmetric unit of ctz-nia consists of two ctz molecules (denoted as A and B), 

two nia molecules (denoted as a and b) and two water molecules of crystallization. The ctz-A 

molecules form intermolecular NHsulfonamide
...O=Sprimary H bonds. The sulfonamide protons 

additionally hydrogen bond to the amide oxygens of two adjacent nia-a molecules. The 

NH...O sulfonamide-amide heterosynthon is also formed by ctz-B. Further H bonding occurs 

between the NHthiadiazine of ctz-A and ctz-B and water of crystallization. The amide nitrogen 

of nia-a/b donates a hydrogen bond to sulfonyl oxygen. HOH...Npy interactions are observed 

for one of the two crystallographically independent nia molecules. The pyridine nitrogen of 

the second one (nia-b) participates in C-H...Npy H bonding. The 3D structure is further 

stabilized by H bonding between the water of crystallization and sulfonyl oxygen and CH...N 

and CH...O interactions. 
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(bzamH+)(ctz-). The X-ray structure shows that proton transfer from the thiadiazine ring of 

ctz to bzam has taken place. Two ctz anions assemble into dimers with a face-face 

arrangement through pairwise NHsulfonamide
...O=Sring hydrogen bonds (R (16)2

2  motif). There 

are also short C-Cl...O=S contacts between the ctz anions within the dimers. Adjacent dimers 

associate through NHsulfonamide
...O=S interactions involving the second oxygen of the ring 

sulfonyl group. The amidinium group of the bzamH+ cation forms charge-assisted H bonds 

with the deprotonated thiadiazine nitrogen, with the sulfonyl oxygen and N(SO2)=C nitrogen 

which extends the structure into a 3D network. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Hydrogen bonding in (bzamH+)(ctz-). 

 

Hydrogen bonding and conformational analysis. Ctz contains five H bond acceptors, the 

thiadiazine nitrogen, the two oxygens of the primary sulfonamide group and the two oxygens 

of the endocyclic sulfur, and two types of H bond donor, the amino protons of the primary 

sulfonamide group and the proton on the ring nitrogen. Only one polymorph and an 

isosymmetric high pressure phase are known in which the sulfonamide amino group forms N-

H...O and NH...N hydrogen bonds with sulfonamide oxygens and with the thiadiazine 

nitrogen.27-29 The NHsulfonamide
...O=S homosynthon is maintained in ctz-bza, ctz-nia and in the 

benzamidinium salt. The NHsulfonamide
...Nthiadiazine catemer homosynthon of ctz is retained in 



56 

 

ctz-bipy, while in all other cocrystals a pyridyl nitrogen, amine nitrogen or amide oxygen 

competes for the primary sulfonamide group.  

To further analyze and understand the cocrystallization behavior of ctz, a motif search in the 

CSD was carried out. 3644 structures with motif I (Figure 2) were found out of which 865 

belong to the subset Ia. Bifurcated NH2
...Npyridyl H bonding (motif II) is less common with 49 

hits. Out of the 865 entries with motif Ia, 501 were single molecule species and 297 were 

cocrystals, salts or solvates. A specific search for sulfonamides revealed 111 structures with 

motif I’. Subset Ia’ gave 28 hits. In line with this, four of the five coformers containing 

pyridine nitrogen – bipy, ebipy, pbipy and ina – gave cocrystals with ctz with heterosynthon 

Ia’.  

Motif III is found in ctz.dmf and ctz-bipy (NHsulfonamide
...N(SO2)=C) as well as in ctz-ina and 

ctz-bza (NHamide
...N(SO2)=C). Otherwise, the imidic nitrogen does not participate in H 

bonding which is in line with the CSD search that gave 82 entries for synthon III only 12 of 

which are cocrystals.  

All amides used in the screening study gave cocrystals with ctz. In three of the five 

structurally characterized ctz-amide cocrystals/solvate NHsulfonamide
...Oamide hydrogen bonds 

are present, while the thiadiazine NH nitrogen acts as H bond donor for the amide oxygen in 

all cases except for ctz-nia where NHthiadiazine interacts with water of crystallization. For three 

of the four cocrystals with a primary amide coformer NHamide
...O=S interactions are 

observed. NHthiadiazine
...O=S bonds occur only in ctz.dmf. There are 208 entries for bifurcated 

hydrogen bonding between the amide group and X2N-H (motif IV) in the CSD. However, this 

H bonding pattern is observed in none of the ctz-amide cocrystals. 

It is surprising that no cocrystals could be obtained with a carboxylic acid coformer. The 

same observation has been made in cocrystallization experiments of sulfacetamide.16 The 

CSD has 297 entries for cocrystals, salts, and solvates that contain motif Ia. In several of 

these carboxyl groups are present in addition to the pyridine and amine groups of the motif. It 

seems that in such a case H bonding between the carboxyl group and an amino nitrogen only 

occurs, when the carboxylic acid has electron-withdrawing substituents or another H bond 

forming group. REF codes MELYEI, KIXCOK, PICLOE and OFUZUK are examples for 

this. On this basis, ctz may have been expected to form a cocrystal with nicotinic acid which, 

however, was not the case. 
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For X2N-H/COOH interactions, four different motifs are found (motifs V – VIII) with motifs 

VI (1 hit), VII (19 hits) and VIII (124 hits) applying to the specific case where X2N-H is a 

sulfonamide. Out of the 124 structures with motif VIII only 18 are cocrystals. In all 18 

examples the carboxylic acid has an electron-withdrawing substituent or another group with 

H bonding potential. Furthermore, cocrystal formation of hydrochlorothiazide (HCTZ) with 

nicotinic acid and with p-aminobenzoic acid has recently been reported.17 Nicotinic acid 

adopts its zwitterionic form and the hydrochlorothiazide-nicotinic acid cocrystal is sustained 

by charge-assisted COO-...HNsulfonamide interactions. However, no cocrystals could be 

obtained with isonicotinic and salicylic acids, similar to our observations with ctz.  

The conformational variability of ctz has been discussed in the literature. Florence and 

coworkers identified five conformational minima (termed minpa, minsa, minst, minoa and 

minot, where o, p, and s stand for opposite, parallel and same side to the ring sulfur and a and 

t stand for the NH2 protons pointing away from or towards the molecule) by ab initio 

optimization of the isolated molecule structure and found a good agreement with the 

experimentally observed conformations of the sulfonamide side chain in the crystal structures 

of ctz solvates.29 All five conformers are represented in the cocrystal structures (Table S2, 

SI). The crystallographically imposed parallel orientation of the sulfonamide side chain 

relative to the ring sulfur in ctz-bza results in a staircase-like arrangement of the chain of ctz 

molecules in this cocrystal.  

It is interesting to consider why CTZ appears to have a lower co-crystal forming ability than 

its hydrogenated derivative HCTZ in which the C=N ring double bond is hydrogenated. In 

particular CTZ failed to form co-crystals with any of the carboxylic acids examined here 

some of which have been reported to form co-crystals with HCTZ.17 The possibility that the 

HCTZ co-crystal forming ability might be due to a more flexible heterocyclic ring was 

examined. The structures of the thirteen co-crystals reported for HCTZ17 were fitted using the 

aromatic ring carbons and compared to fitting of the nine CTZ structures reported here 

(Figure 9). The range of heterocyclic ring conformations displayed in both series are similar 

which suggests similar heterocyclic ring rigidities. The frequencies of the heterocyclic ring 

deformation modes have also been calculated for CTZ and HCTZ and the values 316 cm-1 

and 262 cm-1 are also quite close. However, the presence of an axial N-H hydrogen bond 

donor in the HCTZ heterocyclic ring has been noted. 29 It is the presence of this hydrogen 

bond donor that provides an important interaction normal to the molecular plane in the HCTZ 
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co-crystals with both nicotinic acid and p-aminobenzoic acid neither of which form co-

crystals with CTZ. 

 

Figure 9. Fitting of the CTZ molecules from the structures in Table 1 using the six aromatic 

carbons and fitting of the HCTZ molecules from the thirteen reported co-crystal structures 

using their six aromatic carbons. 

 

Thermal behavior 

The thermal behavior of the cocrystals was studied by DSC and the thermograms are 

displayed in Figures S19 – S27 (SI). In the case of ctz-bza and ctz-ina the melting endotherm 

of the coformer is observed as the first thermal event at 125.8 and 157.3 °C, respectively. The 

DSC plot of ctz-nia shows an endothermic event at 118.1 °C which is followed by melting of 

nia at 129.6 °C. Ctz-hma, ctz-cbz, ctz-pbipy and ctz-bipy give endotherms at 192.5, 155.8, 

130.1 and 228.2 °C, respectively, distinct from the melting temperature of either ctz (350 °C) 

or hma (280 °C ), cbz (190 °C), pbipy (57-60 °C) or bipy (114 °C) confirming the thermal 

stability of the new phases. Generally, for a cocrystal a melting point in between the melting 

points of the two components is expected. In our series of cocrystals this is only the case for 

ctz-bipy and ctz-pbipy. The DSC plot of ctz-ebipy features a peak at 104.4 °C followed by a 

peak at 151.5 °C corresponding to the melting point of ebipy. The benzamidinium salt melts 

at 221.4 °C. 

Dissolution studies 

The dissolution behavior is an important physicochemical property that has a direct impact on 

the bioavailability of a drug. The dissolution behavior can be modulated by cocrystal 

formation and both an increase and a decrease in the dissolution properties has been reported 

for cocrystals compared to the pure API.16,30-35 The dissolution profiles of the cocrystals and 

the benzamidinium salt were measured and are shown in Figures 10 and S28.  
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Enhanced dissolution properties were observed for ctz-cbz, ctz-ebipy and ctz-pbipy. Ctz-hma, 

ctz-bipy, ctz-nia, ctz-bza and ctz-ina have similar or lower dissolution properties than ctz. 

The stability of the cocrystals in the dissolution medium was checked by XRPD after 

recovering the undissolved residue by filtration at the end of the dissolution measurement. 

Ctz-bipy and ctz-ebipy were found to be stable in the dissolution medium, while ctz-pbipy, 

ctz-hma, ctz-cbz, ctz-ina, ctz-nia and ctz-bza dissociate into the separate components, as 

evident from the XRPD patterns. Cbz is polymorphic and the cocrystal converts to the 

channel solvate form II. Somewhat unexpectedly, the benzamidinium salt gave the same 

dissolution profile as ctz. The XRPD pattern showed the Bragg peaks of ctz indicating that 

the ctz salt converts back to neutral ctz on contact with buffer. 

 

 

 

 

 

 

 

 

 

Figure 10. Powder dissolution profiles of ctz (), ctz-cbz (), ctz-ebipy (), ctz-pbipy () 

and ctz-ina (). Phosphate buffer (pH 6.8), 37 °C. 

 

Cocrystal formation is associated with shifts of characteristic IR bands and the change in 

wavenumber  is an indicator for the relative strength of the H bonding interaction between 

the functional groups of the two components. The symmetric and asymmetric stretching 

vibrations of the exocyclic and endocyclic SO2 groups in ctz give broad bands at 1161 cm-1 

and 1303/1345 cm-1, respectively. The (N-H) vibrations of the sulfonamide group appear a 

3325 and 3238 cm-1. In ctz-pbipy, ctz-ebipy, ctz-hma, ctz-nia and ctz-bipy the broad band at 

1161 cm-1 splits into two sharp bands at 1142-1155 and 1165-1172 cm-1 (SI), while the 
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as(SO2) bands are shifted by -15 to +6 cm-1. However, no correlation between  and the 

stability in the dissolution medium or the dissolution rate was apparent. 

In an effort to correlate the observed dissolution rates with crystal lattice stability the lattice 

energy has been estimated using the PIXEL program36 and the crystal packing index has also 

been calculated. The results obtained and the dissolution at 60 min. are listed in Table 4. The 

pixelc program can only be applied to structures with two or less molecules in the 

asymmetric unit and the more approximate clpcry program could not be applied to some of 

the more complex asymmetric units. One of the highest dissolution rates was shown by the 

pbipy cocrystal which has the lowest packing index and the lowest clpcry lattice energy. In 

contrast, the poorly dissolving ina cocrystal has a relatively high clpcry lattice energy and the 

highest packing index. The high dissolution rate of ctz-ebipy is more difficult to rationalize, 

as this cocrystal has a relatively high packing index and clpcry lattice energy. Noteworthy, 

ctz-ebipy is one of the two cocrystals that are stable in the dissolution medium and do not 

convert to ctz. Ctz-bza has a low packing index and lower lattice energy, but gives no 

dissolution advantage over ctz. Ctz-bza is the only cocrystal in which pairwise 

NHsulfonamide
...O=S hydrogen bonds link the ctz molecules into a double chain. The bipy 

cocrystal maintains the NHsulfonamide
...N(SO2)=C homosynthon of ctz and also shows a low 

dissolution rate. 

Conclusions 

The first cocrystals and a salt of chlorothiazide have been obtained by ball milling and 

crystallization from solution. XRPD patterns indicate that thirteen coformers gave cocrystals 

on milling and it was possible to crystallize eight cocrystals and a salt from solution. A motif 

search of the CSD using ctz complementary synthons suggested that N based H-bond 

acceptors and carboxylic acids rarely form ctz cocrystals and in agreement with predictions 

carboxylic acid coformers gave no indication of cocrystal formation. 

One of the cocrystals maintains the 1D motif observed in the ctz form I structure 

(NHsulfonamide
...N(SO2)=C), while the NHsulfonamide

...O=S synthon is preserved in three of the 

cocrystals and the salt. 

The dissolution behavior of the ctz cocrystals appears to be mainly determined by the 

cocrystal lattice energy as there is a correlation between the crystal packing index, lattice 

energy and dissolution rate, but the presence or absence of ctz homosynthons also plays a 

role.  
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Table 1. Crystallographic data of ctz.dmf, ctz-bipy, ctz-ebipy, ctz-pbipy and ctz-hma  

 ctz.dmf ctz-bipy ctz-ebipy ctz-pbipy ctz-hma 

Formula C10H13ClN4O5S2 C12H10ClN4O4S2 C19H16ClN5O4S2 C33H34ClN7O4S2 C15H21ClN8O4S2 

Mr 368.81 373.81 477.94 692.24 476.97 

Crystal colour and habit colorless block colorless block colorless block colorless block colorless block 

Crystal size (mm) 0.5  0.4  0.2 0.5  0.4  0.2 0.5  0.2  0.15 0.5  0.2  0.2 0.5  0.4  0.2 

Crystal system triclinic triclinic triclinic monoclinic monoclinic 

Space group P-1 P-1 P-1 P21/c P21/c 

Unit cell dimensions      

a [Å] 8.0926(9) 6.3561(5) 6.8063(4) 13.1953(7) 7.3113(6) 

b [Å] 8.9880(9) 9.9537(8) 9.0058(6) 12.6162(8) 20.6107(15) 

c [Å] 11.2828(10) 12.4037(9) 16.6206(12) 20.5137(10) 13.4601(11) 

 [°] 85.873(7) 71.806(7) 87.555(6)   

 [°] 74.301(9) 79.256(6) 81.389(6) 96.473(5) 91.624(8) 

 [°] 72.514(9) 76.929(7) 83.085(5)   

V [Å3] 753.51(14) 720.48(10) 999.65(12) 3393.2(3) 2027.5(3) 

Z 2 2 2 4 4 

Dcalc (g cm–3) 1.626 1.723 1.588 1.355 1.563 

No. measd. reflections 5512 5330 6061 16530 9285 

no. unique reflections (Rint) 3396 3264 3618 7849 4706 

No. obs. reflections 2701 2723 2214 3512 3451 

Final R1, wR2 (obs. refl.) 3.8 %, 9.9 % 4.6 %, 8.9 % 4.7 %, 10.6 % 7.0 %, 10.9 % 5.1 %, 11/3 % 

Goodness-of-fit  (obs. refl.) 1.058 1.050 0.923 0.966 1.060 
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Table 2. Crystallographic data of ctz-bza, ctz-cbz, ctz-nia, ctz-ina and (bzamH+)(ctz-) 

 ctz-bza ctz-cbz ctz-nia ctz-ina (bzamH+)(ctz-) 

Formula C7H6.5Cl0.5N2O2.5S C77H68Cl2N14O14S4 C13H14ClN5O6S2 C13H12ClN5O5S2 C14H14ClN5O4S2 

Mr 416.85 1612.59 435.82 417.85 415.87 

Crystal colour and habit colorless block colorless block colorless block colorless block colorless block 

Crystal size (mm) 0.5  0.4  0.2 0.5  0.4  0.2 0.5  0.4  0.2 0.5  0.4  0.2 0.5  0.4  0.2 

Crystal system orthorhombic orthorhombic monoclinic monoclinic monoclinic 

Space group Pnma Pca21 P21/c P21/n P21/n 

Unit cell dimensions      

a [Å] 15.0955(7) 10.3190(6) 17.1278(10) 8.9743(5) 9.7594(4) 

b [Å] 6.7476(4) 27.1654(16) 8.1039(3) 17.4518(7) 10.8648(4) 

c [Å] 16.9811(8) 26.906(2) 25.1983(12) 10.2741(5) 16.2997(5) 

 [°]   95.546(5) 94.734(5) 91.397(3) 

V [Å3] 1729.67(15) 7542.3(8) 3481.2(3) 1603.62(14) 1727.81(11) 

Z 4 4 8 4 4 

Dcalc (g cm–3) 1.601 1.420 1.663 1.731 1.599 

No. measd. reflections 13294 21741 16515 6768 7706 

no. unique reflections (Rint) 2320 10692 8179 3685 3993 

No. obs. reflections 1905 6833 4247 2801 3177 

Final R1, wR2  

(obs. reflections) 

4.4 %, 10.6 % 9.4 %, 23.3 % 6.9 %, 15.0 % 4.4 %, 11.0 % 3.9 %, 9.5 % 

Goodness-of-fit  

(obs. reflections) 

1.079 1.051 1.012 1.002 1.070 
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Table 3. Hydrogen bonding distances and angles 

D-H…A d(D...A) (Å) (DHA) (°) symmetry code 

ctz.dmf    

N2-H...O5 2.734(3) 171(3) x,y,z 

N3-H...N1 3.130(3) 162(3) -1+x,1+y,z 

N3-H...O5 2.882(3) 158(3) -1+x,y,1+z 

C1-H...O4 3.242(3) 136.00 1-x,1-y,1-z 

ctz-bipy    

N3-H...N1 3.098(3) 160(3) x,1+y,z 

N2-H2...O1 2.841(2) 149.00  1+x,y,z 

N3-H...N4 2.874(3) 155(3) x,y,z 

C1-H...O4 3.371 163.00 1+x,-1+y,z 

ctz-ebipy    

N2-H...N4 2.843(4) 168.00 1-x,1-y,1-z 

N3-H...N5 2.937(4) 165(4) 1-x,-y,-z 

N3-H...N5 3.237(4) 134(3) x,1+y,z 

C17-H...O2 3.466(4) 160.00 -x+2,-y+2,-z+1 

C19-H...O1 3.492(4) 170.00 -x+1,-y+1,-z+1     

ctz-pbipy    

N3-H...N6 2.918(4) 163(3) x,y,z 

N3-H...N5 2.871(5) 172(3) 1-x,1-y,1-z 

N2-H...N4 2.779(4) 154(3) x,y,z 

C17-H...O1 3.318(5) 152.00 x,1/2-y,-1/2+z 

C18-H...O3 3.414(5) 147.00 x,1/2-y,-1/2+z 

C21-H...O3 3.332(5) 150.00 1-x,1/2+y,3/2-z 

C24-H...O2 3.440(5) 152.00 x,-1/2-y,1/2+z 

ctz-hma    

N3-H...N6 3.055(3) 146(3) -x,-1/2+y,1/2-z 

N3-H...N4 3.103(3) 166(3) -x,1-y,1-z 

N2-H...N5 2.845(3) 167(3) x,y,z 

C9-H...O2 3.500(3) 156.00 1-x,1/2+y,1/2-z 

C11-H...O3 3.416(3) 149.00 -1+x,y,z 

ctz-bza    

N3-H...O1 2.873(3) 167(2) -x,1/2+y,1-z 

N2-H...O3 2.708(3) 167.00 x,y,z 

N4-H...N1 3.184(4) 156 1/2+x,3/2-y, 3/2-z 

C1-H...O2 3.121(3) 120 1/2-x,1-y,1/2+z 

C1-H...O2 3.121(3) 120 1/2-x,1/2+y,1/2+z 

ctz-cbz    

N2-H...O11 2.803(10) 163.00 x,y,z 

N5-H...O10 2.850(10) 167.00 x,y,z 

N8-H...O10 3.165(10) 162.00 x,y,z 
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N10-H...O9 2.909(10) 161.00 x,y,z 

N10-H...O2 3.152(11) 144.00 1/2+x,1-y,z 

N12-H...O12 2.940(10) 162.00 x,y,z 

N12-H...O6 3.213(10) 146.00 -1/2+x,-y,z 

N14-H...O11 3.223(10) 159.00  

C7-H7...O12 3.150(12) 166.00 -1/2+x,-y,z 

C14-H...O9 3.184(14) 161.00 1/2+x,1-y,z 

O14...O1 2.70(3)  x,y,z 

O14...O13 2.97(3)  x,y,z 

ctz-ina    

N3-H...O5 2.985(3) 159(3) 3/2-x,1/2+y,3/2-z 

N3-H...N4 2.897(3) 175(3) x,y,z 

N2-H...O5 3.324(3) 158(3) -1/2+x,1/2-y,-1/2+z 

N5-H...O1 3.009(3) 167(3) -1/2+x,1/2-y,-1/2+z 

N5-H...N1 3.078(3) 176(3) x,-1+x,z 

C9-H...O1 3.323(30 161.00 -1/2+x,1/2-y,-1/2+z 

ctz-nia    

N1-H...O9 2.884 107.00 x,y,z 

N1-H...O1 2.984(5) 111.00 1-x,1/2+y,3/2-z 

N1-H...O9 3.036(5) 142.00 1-x,1/2+y,3/2-z 

N2-H...O11  2.816(5) 178.00 x,y,z 

N4-H...O10 2.889(5) 110.00 x,y,z 

N4-H...O10 3.011(5) 146.00 2-x, 1/2+y, 1/2-z 

N5-H...O12 2.685(8) 164.00 x,y,z 

N5-H...O12B 2.687(8) 174.00 x,y,z 

N8-H...O5 3.071(5) 161.00 2-x,-y,1-z 

N10-H...O2 3.012(5) 155.00 1-x,1-y,1-z 

N7...O12 2.761(8)  x,y,z 

N7...O12B 2.704(9)  x,y,z 

O12...O7 3.044(8)  x,-1+y,z 

O12B...O7 2.938(9)  x,-1+y,z 

C1-H...N9 3.228(7) 162.00 x,y,z 

C7-H...O3 3.309(6) 161.00 x,1+y,z 

C10-H...O7 3.482(6) 167.00 x,1+y,z 

C16-H...O1 3.324(6) 165.00 1-x,1/2+y,3/2-z 

C25-H...O6 3.329(6) 160.00 2-x, 1/2+y, 1/2-z 

(bzamH+)(ctz-)    

N3-H...O2 3.137(3) 160(3) -1/2+x,3/2-y,-1/2+z 

N3-H...O1 3.048(3) 163(3) 1-x,2-y,1-z 

N4-H...N1 3.023(3) 157(3) 1/2-x,-1/2+y,3/2-z 

N5-H...N2 2.830(3) 169(2) x,y,z 

N5-H...O2 3.006(3) 158(3) 1-x,1-y,1-z 
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Table 4. Dissolution rates and crystal packing 

 
dissolved ctz after 

60 min. (mg mL-1) 
Clpcr (kJmol-1) Pixelc (kJmol-1) packing index 

ctz 0.018 -190.1  72.5 

ctz-cbz 0.032   67.3 

ctz-ebipy 0.028 -162.4 -189.6 71.1 

ctz-pbipy 0.027 -137.7  65.8 

ctz-bza 0.013 -142.5 -177.5 68.2 

ctz-ina 0.013 -155.1 -183.4 73.1 

ctz-bipy 0.017   71.9 

ctz-nia 0.013   70.7 
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Brief description of the paper 

In this submission cocrystal formation of sulfamethoxazole has been examined using mechanical 

grinding and crystallization from solution.  Thirteen coformers gave new crystalline X-ray 

powder patterns and four gave X-ray amorphous patterns. The aim of this work was to 

understand the factors which control sulfamethoxazole cocrystal and coamorphous formation and 

to determine their associated relevant physical properties. The dissolution rates of the cocrystals 

are all lower than those of sulfamethoxazole forms I and II despite the fact that they have lower 

computed lattice energies than sulfamethoxazole forms I and II. 
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Abstract  

Sulfamethoxazole, smz, is an antibiotic which is classified as a Biopharmaceutics Classification 

System (BCS) class IV, low solubility and low permeability drug. Co-crystal formation has been 

examined in an attempt to improve solubility. Both ball milling and crystallization from solution 

have been examined. Ball milling showed that thirteen co-formers gave new crystalline X-ray 

powder patterns and four gave X-ray amorphous patterns while crystallization from solution 

gave single crystals of four co-crystals and a salt. The co-formers which gave the co-crystals and 

the salt have better H-bond acceptors than the sulfonyl oxygens of smz. The 4,4-dipyridyl co-

crystal has an interesting high Z’’ structure. It crystallized in space group P1 with four smz and 

six 4,4’-dipyridyl molecules in the asymmetric unit. The highest dissolution rate among the smz 

co-crystal and co-amorphous systems was shown by the 1,3-di(4-pyridyl)propane co-crystal. 

 

1. Introduction 

Sulfamethoxazole, smz, is an antibiotic which is used to treat urinary tract infections.1 It is 

classified in the Biopharmaceutics Classification System (BCS) as a class IV, low solubility and 

low permeability drug.2 Co-crystal and co-amorphous formation are established methods for the 

enhancement of the physical and chemical properties of active pharmaceutical ingredients, APIs. 

The general problems associated with poorly soluble drugs have been reviewed.3
 Co-crystal 

formation in particular has been shown to enhance the solubility, dissolution rate and 
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bioavailability of poorly soluble APIs. 4 Studies in our group and elsewhere have demonstrated 

that stable co-amorphous forms also improve solubility.5-8 Co-amorphous systems can be 

stoichiometric binary systems of two compatible drugs or of a drug and a pharmaceutically 

acceptable small-molecule co-former.9, 10  

Four smz polymorphs have been reported, forms I and II have been obtained by solution 

crystallization at different temperatures11-13 and forms III and IV have been crystallized from 

ethyl acetate in the presence of specific polymers.14 No single crystal or X-ray powder structures 

of co-crystals or solvates of smz have been reported, however the crystal structure of the 

trimethoprim salt has been reported. 15 A co-crystal characterized by the appearance of a new X-

ray powder diffraction pattern has been reported with L-malic acid.2 The aim of this work is to 

understand the factors which control smz co-crystal and co-amorphous formation and to 

determine their associated relevant physical properties.  

 

2. Experimental Section 

2.1 Materials 

The active pharmaceutical ingredient sulfamethoxazole, smz, pyrazine, py, N-

hydroxysuccinimide, hsu, and imidazole, imz, were purchased from TCI Europe. 

1,2-di(4-pyridyl)ethylene, ebipy, 1,3-di(4-pyridyl)propane, pbipy, 4.4’-bipyridine, bipy, 4-

phenylpyridine, phpy, benzamidine, bza, acetamide, aca, propionamide, ppa, isonicotinamide, 

ina, 2-hydroxypyridine, hyp, oxalic acid dihydrate, oa, deoxycholic acid, da, sodium 

deoxycholate, Nada, and hexamethylenetetramine, hma, were from Sigma-Aldrich. 

Carbamazepine, cbz, was from Alfa Aesar. The polymorphic form of commercial smz was 

shown by X-ray powder diffraction (XRPD) to be form I. Samples of smz form II were obtained 

by wrapping 500 mg of commercial smz in aluminium foil and heating it in an oven at 170 °C 

for 15 mins. After cooling to room temperature XRPD confirmed the presence of form II. 
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2.2 Methods 

2.2.1 Preparation of co-crystals 

0.5 g of smz and the respective co-former (1:1 molar ratio) were milled at 25 Hz for 60 min. at 

room temperature by using an oscillatory ball mill (mixer mill MM400, Retsch GmbH, Haan, 

Germany) and a 25 cm3 stainless steel jar containing one 15 mm diameter stainless steel ball. 

The milling was stopped for 15 min after 30 min to avoid overheating. XRPD patterns of the 

products were collected. The powder products were also analysed by infrared (FT-IR) 

spectroscopy and differential scanning calorimetry (DSC). In attempts to grow single co-crystals 

from solution smz was dissolved in acetonitrile, methanol or ethanol and a 1 mole equivalent of 

the respective co-former was dissolved in the same solvent. The solutions were mixed and 

allowed to evaporate slowly. The smz-bza salt appeared immediately after mixing. The 

smz.ebipy co-crystal formed after two hours, while the smz.pbipy, smz.bipy and smz.phpy co-

crystals formed within one week. The single co-crystals were analysed by single-crystal X-ray 

diffraction. 

2.2.2 Preparation of co-amorphous systems 

Co-amorphous smz.cbz and smz.hma were obtained by milling at room temperature, as 

described above. The mole ratios used were 1:1 for smz.cbz and 1:0.25 for smz.hma. The cryo-

milling technique was used to prepare amorphous smz.da and smz.Nada. The milling jar was 

immersed in liquid nitrogen for 5 min. After milling for 7.5 min. the jar was cooled again in 

liquid nitrogen for 2.5 min. This process was repeated until milling was completed. The milled 

products were stored at room temperature in sealed vials. The samples were analysed by XRPD 

after 1, 7, 14, 30 and 60 days. 

2.2.3 Dissolution study 

All samples used in the dissolution study were gently ground before use to avoid any bias from 

large particles. Samples of smz forms I and II, 42.3 mg, and co-crystal and co-amorphous 

samples containing 42.3 mg of smz were placed in 900 mL of 0.1 M phosphate buffer (pH 5.5, 
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37 °C), stirred at 50 rpm using a VanKel E7149 dissolution apparatus. 2.5 mL aliquots were 

withdrawn at predetermined times (2, 5, 10, 15, 25, 30, 45, 60, 90, 120, and 180 min.) and 

immediately replaced with 2.5 mL of the dissolution medium. The samples were analysed 

immediately using UV/Vis spectroscopy (Varian Cary 50 Scan Spectrophotometer using quartz 

cuvettes at 255 nm). All dissolution experiments were performed in duplicate. Standard solutions 

of smz were prepared in phosphate buffer (0.1 M, pH 5.5). The resulting calibration curve was 

linear in the relevant concentration range. Overlapping absorbances were treated by 

measurements at two suitable wavelengths and simultaneous analysis.17 The wavelengths used 

were smz.ebipy 255 and 270, smz.pbipy 255 and 270, smz.bipy 255 and 240, smz.phpy 255 and 

300 and bza+smz- 255 and 228 nm. 

The solubilities of smz forms I and II, the co-formers and the co-crystals in phosphate buffer 

were measured at 37 °C.18 The solubilities of the co-formers in mg mL-1 and their ratios to that of 

smz form I, in parenthesis, were found to be smz form I 0.705, smz form II 1.447, ebipy 

1.606(2.3), pbipy 15.019(21.3), bipy 4.435(6.3), phpy 1.057(1.5). 

2.2.4 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). 

2.2.5 Single crystal X-ray diffraction 

An Oxford Diffraction Xcalibur system was used to collect X-ray diffraction data at room 

temperature. The crystal structures were solved using ShelxT and refined using ShelxL 2016/6 

within the Oscail package.19-21 CIF files can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 

Cambridge, UK with the REF codes 1822377 (smz.ebipy), 1822378 (smz.pbipy), 1822379 

(smz.bipy), 1822380 (smz.phpy), 822381 (smz.bza), 822382 (smz.0.5H2O)). 

2.2.6 Molecular orbital calculations 

Molecular orbital calculations were carried out using Gaussian 09. 22 The DFT calculations used 

the B3LYP functional and 6-31G* basis sets. Atom coordinates for smz were taken from CSD 
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code Slfnmb07, optimized and the gas phase IR spectrum was calculated. An anharmonicity 

correction of 0.96 was applied to the calculated vibrational frequencies. The atom charges listed 

in Figures S1 and S2 are Mulliken charges. The energy profile shown in Figure 12 and the 

structure of smz.0.25hma was calculated using the Mopac AM1 method.  

2.2.7 IR spectroscopy  

FT-IR spectra were recorded on a Perkin Elmer Spectrum 400 fitted with an ATR reflectance 

attachment. Spectra were collected in the 650 − 3600 cm−1 range with a resolution of 4 cm−1 and 

four integrated scans using diamond/ZnSe optics.  

 

2.2.8 Differential scanning calorimetry 

 A STA625 thermal analyser from Rheometric Scientific (Piscataway, New Jersey) was used to 

perform thermal analysis. The heating rate was 10 °C/min and the runs were performed between 

20 °C and 300 °C. Open aluminium crucibles were used, nitrogen was purged in the ambient 

mode and an indium standard was used for calibration. 
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Scheme 1. 

 

3. Results and discussion 

3.1 Co-crystal screen 

A motif search of the CSD using X-NH-SO2-X and a general pyridine co-former gave thirty nine 

potential candidates. The compatibility of smz and the potential co-formers was tested using the 

multi-component screening, Molecular Complementarity, function in the Mercury program.23 

This prediction and the observed results are presented in Table S1. The co-formers were then 

examined by ball milling smz and the co-former. The co-formers which gave new XRPD 

patterns are listed in Table 1 and illustrated in Scheme 1. The co-formers that gave stable co-

amorphous systems and those for which single crystals could be obtained are also indicated in 

Table 1. 1:1 mole ratios were used in initial experiments and if no or incomplete changes were 

observed in the XRPD patterns other ratios were used. For example in the case of hma a strong 

hma XRPD peak was observed when the smz:hma ratio was 1:1. The hma peak disappeared 
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when the ratio was 1:0.25. The potential co-formers which gave simple physical mixtures and the 

solvents used for the solution crystallization experiments are listed in the supporting information, 

Tables S2, S3. It has been reported that L-malic acid gave a co-crystal using the gas anti solvent 

method and by slow evaporation of acetone solutions.2 Milling smz and L-malic acid in a 1:1 

mole ratio did not show any new X-ray diffraction peaks. Addition of a few drops of acetonitrile 

and ethanol to the milling jar did not alter the results. 

3.2 IR spectra and hydrogen bonding 

The IR and Raman spectra of smz forms I and II and the hemi hydrate have been analysed using 

deuteration studies, expected hydrogen bonding frequency shifts and the strength of the 

hydrogen bonding as monitored by the observed D…A distances.24 In the present work the shifts 

observed between the calculated gas phase IR spectrum of smz and the FT-IR spectra of the 

hydrogen bonded solids are compared to observed D…A distances, the latter being a measure of 

hydrogen bond strength. The N-H and C8-H8 vibrational frequencies calculated were, -NH2 

(as) 3674, -NH2 (s) 3573, (N1-H1) 3537 and (C8-H8) 3306 cm-1. The corresponding 

observed IR frequencies from smz form I, with shifts from the gas phase frequencies in 

parenthesis were 3466(208), 3376(197), 3297(240) and 3144(162) cm-1 respectively. The 

corresponding D…A distances (taken from CSD entry SLFNMB07) were 3.287, 3.318, 3.246 

and 3.237 Å. It is noticeable that all of the smz D…A distances are greater than 3.2 Å indicating 

that the hydrogen bonds in smz form I are relatively weak. The IR peak assignment given here is 

in agreement with the earlier work.24 The FT-IR for smz and the co-crystals are in the supporting 

information. Where it was possible the N-H stretching frequencies and their shifts from the 

values calculated for gas phase smz are assigned in the hydrogen bonding table, Table 3. It is 

noticeable that the observed IR frequency shifts for the co-crystals are larger than the 240 – 162 

cm-1 range observed for smz form I indicating stronger hydrogen bonding in the co-crystals. The 

IR spectra of the 1:1 and 1:0.5 smz.ebipy co-crystals had almost identical IR spectra for the N-H 

vibrations suggesting that both smz molecules in the latter have similar hydrogen bonding. 
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3.3 H-bonding in smz polymorphs 

The crystal structures of the four smz polymorphs have been reported however there has been no 

analysis of their hydrogen bonding differences. Since co-crystal formation will inevitably 

involve a replacement or a major alteration of existing smz hydrogen bonding both smz and co-

crystal H-bonding are discussed here. The crystal structure of the hemi-hydrate has been repeated 

as the coordinates of the previous determination have not been deposited on the CSD.24 The X-

ray data for four co-crystals, the bza salt and the hemi-hydrate are in Table 2. Hydrogen bonding 

is to a considerable extent electrostatic in nature and the relative importance of H-bond donors 

and acceptors are reflected in calculated atom charges. A DFT calculation has been used to 

obtain atom charges for smz (Fig. S1). The suggested order of H-bond donors and acceptors is 

N1-H > N2-H and N1 > O1, O2 > N2 > O3 > N3. However, N1 does not have a sterically active 

lone pair and O1 and O2 are the strongest effective H-bond acceptors. In the smz form I structure 

there are three H-bonding interactions. The strongest is N1-H…O2, D…A 3.246(3) Å, followed 

by N2-H…O1, D…A 3.287(3) Å, and N2-H…O1, D…A 3.318(3) Å, which form fused R (18)4
3  

and R (10)3
3  rings, using graph sets described by Etter,25 which combine to generate sheets which 

are stacked in an interdigitated fashion along the c axis (Fig. 1). 

 

Figure 1. H-bonding and unit cell packing in smz form I. 
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In smz form II the strongest H-bond donor, N1, interacts with the weakest H-bond acceptor N3, 

however this interaction results in stable R (8)2
2  ring formation. N2-H…O1 and N2-H…O2 

hydrogen bonds form R (22)4
4  rings which combine to give sheets which are connected in pairs 

by the R (8)2
2  rings. These double sheets are then stacked along the a axis (Fig. 2). 

 

Figure 2. H-bonding and unit cell packing in smz form II. 

 

Smz form III has a H-bonding network that is closely related to that of form II. Again R (22)4
4  

rings form sheets which are connected in pairs by R (8)2
2  rings but here there is one double sheet 

per unit cell (Fig. 3). 

 

Figure 3. H-bonding and unit cell packing in smz form III. 
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In smz form IV the strongest donor forms a H-bond to the strongest acceptor (N1-H1…O2, 

D…A 3.136(2) Å) and the second strongest H-bond donor also forms a H-bond to the strongest 

acceptor (N2-H4…O1, D…A 3.015(2) Å). The H-bonding network contains R (10)3
3  and R (18)3

2  

rings which combine to generate a 3D network, Fig. 4. 

Figure 4. H-bonding and unit cell packing in smz form IV. 

 

3.4 The crystal structure of smz hemihydrate 

The crystal structure of smz hemihydrate has been previously reported24 but its coordinates have 

not been deposited and its H-bonding analysis was focussed on IR analysis of deuterated 

derivatives. The asymmetric unit is shown in Fig. 5. 

 

Figure 5. The asymmetric unit and unit cell packing of the smz.0.5H2O structure. 
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The strongest smz H-bond donor, the sulphonamide N-H, of one of the smz molecules is H-

bonded to the water molecule and the strongest H-bond donor of the second smz molecule is H-

bonded to O1 of the first smz molecule, N5-H1…O1, D…A 2.872(4) Å. The second H-bond 

donor forms a H-bond to the weakest acceptor, N2-H7…N6, D…A 3.072(5) Å. The water 

molecule forms donor H-bonds to the amino nitrogens of both smz molecules which are in turn 

H-bonded to sulfur oxygens resulting in a 3D network. All H-bond donors and acceptors except 

O2 and the ring oxygens are involved in H-bonding.  

3.5 The crystal structure of smz.ebipy 

The asymmetric unit of smz.ebipy is shown in Fig. 6. 

 

Figure 6. The structure of smz.ebipy (one disorder component only).  

 

Milling experiments indicated that smz and ebipy could form 1:0.5 and 1:1 co-crystals. However 

only the latter could be grown as a single crystal. In the 1:1 co-crystal the strongest H-bond 

donor in smz forms a H-bond to ebipy.  

Surprisingly only one of the ebipy H-bond acceptors is involved in H-bonding. It is likely that in 

the 2:1 co-crystal both H-bond acceptors are involved in hydrogen bonding. In the figures the 

ebipy is reduced to a single N atom for clarity. The H-bonding network contains R (20)2
2  and 

R (6)1
2  rings which extend to form ladders normal to the a axis, Fig. 7. The IR spectrum of 

smz.ebipy had peaks at 3241(296), 3371(304), 3241(296), 3478(95) and 3135(171) cm-1 (with 
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shifts from gas phase calculated smz positions in parenthesis) which are assigned on the basis of 

the stronger hydrogen bond formed by N1-H1…N4, 2.832(3) Å, Table 3). 

 

Figure 7. H-bonding and packing of smz.ebipy. 

 

 

3.6 The crystal structure of smz.pbipy 

There are two formula units in the asymmetric unit of the smz.pbipy structure, Fig. 8. 

Figure 8. The asymmetric unit of smz.pbipy.  
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In contrast to the ebipy structure both H-bond acceptors of the pbipy are involved in H-bonding. 

The two formula units form near identical independent interpenetrating H-bond networks 

containing R (46)6
6  rings (each formed from four smz.pbipy units) which generate independent 

interpenetrating sheets. One of the large rings is shown in Fig. 9. 

 

Figure 9. H-bonding and unit cell packing in the smz.pbipy structure.  

 

The sheets are packed in the unit cell such that the pair of layers near the centre of the cell are 

rotated 90° relative to those nearer the ends of the cell, Fig. 9. 

 

3.7 The crystal structure of smz.bipy 

There are four smz and six bipy molecules in the asymmetric unit in space group P1, Fig. 10. 

The structure therefore has a Z’ of 4 and a Z’’ of 10.26 There is an approximate inversion centre 

at the centre of the unit cell. However, attempts to refine the structure in space group P-1 

required extensive disorder modelling and a far more satisfactory result was obtained when the 

structure was refined in P1. The approximate inversion centre is visible at the centre of the cell 

and it is reflected in the H-bonding and molecular conformations adopted by the smz molecules. 
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Figure 10. Asymmetric unit and the C(8) chain of the smz.bipy structure. 

Each smz forms a relatively strong H-bond from its amide H-bond donor to a bipy which has no 

H-bond formed by its other H-bond acceptor. Each smz also forms a C(8) chain, Fig. 10. If the 

sulfur atom numbers are used to label the smz molecules then the remaining two bipys bridge the 

smzs containing S1 and S2 and S3 and S4 respectively. The conformations of the smz molecules 

(with the S2 and S4 molecules inverted) are in approximate pairs when superposed, Fig. 11. 

Figure 11. Smz molecules with the atoms of the five membered rings fitted. 

 

There is no such pairing in the conformations of the bipy molecules. Their dihedrals span most 

of the rotational energy profile, Fig. 12. The minimum bipy torsional energy is at a dihedral 

angle of 38°. It is therefore within the bipy molecules that the breakdown of symmetry occurs. 

The balance between internal dihedral angle torsional energy and lattice packing leads to the 

observed compromise. 
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Figure 12. Calculated energy profile for rotation about the ring-ring dihedral (observed values 

are shown as red stars) and the bipy molecules superposed with one ring fitted. 

 

A previously reported co-crystal formed by cyclopropane carboxylic acid and isonicotinamide 

had a very high Z’ of 12. Interestingly the 12 hydrogen bonded units show a range of pyridine 

R (8)2
2  ring-ring dihedrals similar to those reported here.27 The authors suggested that the 

structure might be an example of a fossil of a solution aggregate persisting in the solid state. 

Their observation that the structure can also be produced by liquid assisted grinding would seem 

to make this possibility less likely. In a general review of the factors which appear to influence 

the adoption of high Z’ crystal structures it is suggested that the small rigid nature of the 

cyclopropane carboxylic acid might be an important factor in the generation of a high Z’ 

structure.28 The torsion spring/lattice packing balance may be an alternative explanation. Another 

example of the torsion spring suggestion is bicifidine which switches on heating from the kinetic 

polymorph, which has one molecule per asymmetric unit, to a polymorph which has four 

molecules per asymmetric unit with a range of inter ring torsional angles.29 
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3.8 The crystal structure of smz.phpy 

Co-crystal formation using the related but simpler phpy co-former was examined to observe an 

expected simplification of the structure. The asymmetric unit is shown in Fig. 13. 

 

 

Figure 13. The crystal structure of smz.phpy. 

 

The hydrogen bonding network contains R (28)4
4  rings and C(8) chains which generate a 3D 

network, Fig. 14. It is clear that just one ring-ring dihedral is adopted in this simpler structure. It 

is thus likely that the attempt on the part of the co-former in smz.bipy to utilize both of its 

hydrogen bond acceptors is also an important factor in the generation of the high Z’ structure.   
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Figure 14. H-bonding and unit cell packing of smz.phpy. 

 

3.9 The crystal structure of smz.bza 

The asymmetric unit of smz.bza indicates that salt formation has taken place. The strongest H-

bond donor in smz has protonated one of the bza nitrogens and an R (8)2
2  ring is formed, Fig. 15.  

 

Figure 15. The asymmetric unit of the smz.bza structure. 
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The H-bonding network contains R (8)2
2  and R (12)4

4  fused rings and extends to give a complex 

H-bonding network, Fig. 16. 

 

Figure 16. H-bonding and unit cell packing of the smz.bza structure. 

 

In line with literature predictions,30 calculated atom charges for the cation and the anion indicate 

that on salt formation the strongest H-bond donor, N1-H, has been converted into the strongest 

H-bond acceptor and N1 is involved with the strongest H-bond donor of the bza+ cation in the 

formation of the R (8)2
2  ring.  

3.10 The geometry adopted by smz 

 

 

Figure 17. E and Z configurations of smz. 
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The geometry configuration adopted by twenty four sulphonamides was examined by Perlovich 

et al. 31 and it was concluded that the most important dihedral angle for property analysis, which 

they labelled 3, corresponds to that defined by C8-C7-N1-S1 and the E and Z conformations are 

shown in Fig. 17. This dihedral is important as it gives an indication of the angle that the rings 

make with each other and it has the values given in Table 4. The values close to 0 correspond to 

the E configuration and the values above 160° correspond to the Z configuration. Most of the 

structures have smz in the E configuration, however the ebipy, pbipy and one of the smz 

molecules in the hemihydrate have the Z configuration. While it is true that the compound with 

the largest dihedral has the highest melting point, smz.ebipy, in the other cases no strong 

correlation is observed between the melting points and the dihedral values, Table 5. A gas phase 

DFT calculation showed that the E configuration was 12 kJ mol-1 more stable than the Z 

configuration. This difference is small enough to allow crystal packing forces to stabilize the Z 

configuration in some cases.  

3.11 Co-amorphous systems 

Neither room temperature milling nor cryo-milling for one hour altered the XRPD pattern of 

smz. Milling smz with Nada and da at room temperature gave XRPD patterns which were largely 

amorphous but still had some sharp peaks of the starting compounds. However, cryo milling 

gave amorphous patterns. These amorphous samples were stable for more than 60 days at 40% 

relative humidity, RH. Nada and da have been shown to be effective in stabilizing the amorphous 

from of a range of APIs.7 The ability of these two systems to stabilize the amorphous state is 

probably due to both their H-bonding capabilities and their awkward shape. The latter property 

makes it difficult for a crystal lattice to grow. When smz was milled with cbz and hma XRPD 

patterns showed amorphous halos which were stable at 40% RH for one week. These powders 

crystallized back to the starting materials after two weeks. XRPD patterns are in the supporting 

information. Milling smz with hma gave results which depended on the smz:hma ratio, Fig. S18. 

A 1:0.25 mole ratio gave an amorphous halo free of sharp peaks. Other ratios above and below 

this value had small sharp peaks. At a 1:0.1 mole ratio milling gave samples that were almost 

completely X-ray amorphous. It is interesting that relatively low amounts of hma which were 

below any reasonable molecular ratio stabilized the amorphous form. It is also interesting that 
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the relatively small hma molecule can form a 1:0.25 combination with smz which shows some 

stability. It is highly likely that amorphous smz.0.25hma has formed four N1-H1…N hydrogen 

bonds at a molecular level. That this is sterically reasonable is demonstrated by the optimized 

structure shown in Fig. 18. Upon amorphization the largest change in the IR spectrum of 

smz.hma is seen in the strongest observed peak at 1140 cm-1 (calculated position 1132 cm-1). 

This peak is greatly reduced in intensity and vibrational analysis suggests that the absorption 

involves symmetric stretching of the SO2 group. This is most likely due to a change in H-

bonding associated with smz hma interaction. It has also been observed that milling of smz alone 

does not lead to amorphization. This indicates that the co-former is essential for smz 

amorphization. 

 

Figure 18. Four smz molecules hydrogen bonded to hma. 

 

3.12 Dissolution study 

A dissolution study of smz forms I and II, the ebipy, bipy, phpy, pbipy co-crystals, the co-

amorphous systems and the bza salt was carried out at 37 °C in buffer at pH 5.5. The results are 

shown in Fig. 19. In an attempt to correlate the results with crystal lattice energy an attempt was 

made to compute lattice energies using the PIXEL program.32 It was possible to apply the more 

accurate Pixelc calculation to just two of the co-crystals and the more approximate Clp procedure 
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to all of the structures except the smz.bza salt and smz.ebipy co-crystal which was disordered.33 

The packing indices, PI, and melting points were also examined as these should also be related to 

lattice energies. It was not possible to calculate a packing coefficient for two of the co-crystals 

due to disorder in the structures. The results are presented in Table 5.  

 

Figure 19. Dissolution rates of smz, smz co-crystals and co-amorphous systems. 

 

The most striking feature of the dissolution study is that after 20 min. smz forms I and II show 

higher dissolution rates than any of the co-crystals. On the basis that a less negative lattice 

energy should favour dissolution this result is unexpected as smz has a higher lattice energy than 

any of the co-crystals. There are several recent studies which suggest that co-crystal formation 

can enhance API solubility.34-37 There is also an often quoted rule that API solubility will be 

enhanced by co-crystal formation if the co-former has more than ten times the solubility of the 

API.38-40 This rule is exceeded only in the case of pbipy and within the co-crystals smz.pbipy has 

indeed got the highest dissolution rate. A recent theoretical study found that there was no clear 

correlation between lattice energies, calculated dissolution rates and observed dissolution rates.41 

The most reasonable explanation for the higher relative smz dissolution rate is that the process is 

controlled by the strength of the smz-coformer hydrogen bond. The co-crystals all have a strong 

hydrogen bond between N1-H1 and the co-former with a D…A distance of approximately 2.8 Å 

in contrast to the smz structure where all hydrogen bonds have D…A distances > 3.2 Å. The 

relatively high dissolution rate of smz.pbipy can be reasonably associated with its low Clp 
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energy, low PI and low melting point and high solubility. In contrast, the slow dissolution rate of 

smz.ebipy is probably due to its high melting point and presumed higher lattice energy.  Co-

crystals which have higher melting points than their components are relatively rare and have 

been estimated to be just 14% of all co-crystals.42 The lack of an enhanced dissolution rate for 

the smz.bza salt may be due to a high lattice energy indicated by its relatively high melting point. 

The co-amorphous systems might be expected to have higher dissolution rates than the co-

crystals and this is true in the case of Nada. Two of the co-amorphous systems, smz.hma and 

smz.cbz, recrystallized to starting material in the buffer and smz.da formed a gel on contact with 

the buffer.6 Solubility measurements showed that the co-crystals had solubilities that were close 

to that of smz form I, Table S4. The solubility of smz form II was twice as high as that of smz FI. 

There was no transformation of metastable smz form II back to stable smz form I during the 

solubility measurement time (24 hrs.). 

 

4. Conclusions 

Four co-crystals of smz have been obtained and their crystal structures determined. The existence 

of up to nine further potential smz co-crystals is indicated from XRPD and their structures 

remain to be elucidated. The lattice energies of smz and the co-crystals for which single crystal 

structures were obtained were estimated using the PIXEL program. 

The dissolution rates of the co-crystals are all lower than smz forms I and II despite the fact that 

they have lower computed lattice energies than smz forms I and II. 

It appears that the presence of a stronger hydrogen bond in the co-crystals than those present in 

smz forms I and II is more important in determining dissolution rates than lattice energies. 

Clearly, more studies are needed to fully understand the factors which affect the solubility and 

dissolution rates of APIs, co-crystals and co-amorphous systems and this will be the focus of 

future work. 
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Table 1.   Co-crystals and co-amorphous systems of smz obtained by milling. 

Co-former Molar ratio Result 

acetamide, aca 1:1 co-crystal 

propionamide, ppa 1:1 co-crystal 

isonicotinamide, ina 1:1 co-crystal 

2-hydroxypyridine, hyp 1:1 co-crystal  

pyrazine, py 1:1 co-crystal  

imidazole, imz 1:1 co-crystal  

oxalic acid dihydrate, oa 1:1 co-crystal  

N-hydroxysuccinimide, hsu 1:1 co-crystal  

1,2-di(4-pyridyl)ethylene, ebipy  1:0.5 co-crystal  

1,2-di(4-pyridyl)ethylene, ebipy 1:1 co-crystal* 

1,3-di(4-pyridyl)propane, pbipy 1:1 co-crystal* 

4,4’-bipyridine, bipy 2:3 co-crystal* 

4-phenylpyridine, phpy 1:1 co-crystal* 

benzamidine, bza 1:1 salt* 

carbamazepine, cbz 1:1 co-amorphous 

hexamethylenetetramine, hma 1:0.25 co-amorphous 

deoxycholic acid, da,  1:1 co-amorphous 

sodium deoxycholate, Nada 1:1 co-amorphous 

 

*single crystal grown from solution 
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Table 2.   Crystal data. 

 

  

 smz.ebipy smz.pbipy smz.bipy 

Formula C22H21N5O3S C23H25N5O3S C25H23N6O3S 

Mr 435.50 451.54 325.04 

Crystal colour and habit yellow block colourless block colourless block 

Crystal size (mm) 0.50 x 0.40 x 0.20  0.50 x 0.40 x 0.20  0.50 x 0.40 x 0.20 

Crystal system Triclinic Monoclinic Triclinic 

Space group P-1 P21/n P1 

Unit cell dimensions    

a [Å] 8.2398(6) 16.545(3) 8.2995(3) 

b [Å] 9.4266(6) 8.4713(9) 16.4425(7) 

c [Å] 15.1888(10) 33.342(5) 17.8000(9) 

° 75.792(5) 90 87.800(4) 

° 75.151(6) 101.508(19) 78.938(4) 

° 72.050(6) 90 88.929(3) 

V[Å3] 1066.94(13)  4579.1(12) 2382.02(18) 

Z 2 8 4 

Dcalc (g cm-3) 1.356 1.310 1.360 

No. measd. reflections 8192 19414 19310 

No. unique. reflections  4919 10646 13192 

No. obs. reflections 3445 2637 8994 

Final R1,wR2(obs. refl) 0.0567, 0.1339 0.0924, 0.1919 0.0505, 0.1118 

Goodness-of-fit (obs. refl) 1.032 0.896 1.006 
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Table 2.   Crystal data. 

 

  

 smz.phpy smz.bza smz.0.5H2O 

Formula C21H20N4O3S C17H19N5O3S C10H12N3O3.5S 

Mr 408.47 373.43 262.29 

Crystal colour and habit colourless block colourless block colourless block 

Crystal size (mm) 0.50 x 0.40 x 0.20 0.50 x 0.40 x 0.20 0.50 x 0.40 x 0.20 

Crystal system Orthorhombic Orthorhombic Monoclinic 

Space group Pbcn Pbcn P21 

Unit cell dimensions    

a [Å] 8.1529(5)  8.1807(5) 8.3539(3) 

b [Å] 16.2187(13) 16.5118(10) 15.0979(6) 

c [Å] 31.1239(19) 27.3331(17) 9.7151(4) 

° 90 90 90 

° 90 90 101.650(4) 

° 90 90 90 

V[Å3] 4115.5(5) 3692.1(4) 1200.09(8) 

Z 8 8 4 

Dcalc (g cm-3) 1.318 1.344 1.452 

No. measd. reflections 12444 10324 5359 

No. unique. reflections  4815 4261 4435 

No. obs. reflections 1936 2721 3860 

Final R1,wR2(obs. refl) 0.0580, 0.1028 0.0599, 0.1534 0.0356, 0.0825 

Goodness-of-fit (obs. refl) 0.934 0.903 0.971 
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Table 3.    Hydrogen bonding and IR data. 

 
 

 

D-H…A d(D...A) (Å) (DHA) (°) symmetry code 

IR/cm-1 (shift 

relative to gas 

phase) 

smz.ebipy     

N1-H1...N4 2.832(3) 174(3) x,y,z 3371(304) 

N2-H4...O1 3.096(4) 147(3) x+1,y,z 3241(296) 

N2-H7...O3 3.211(3) 157(3) -x+1,-y+2,-z 3478(95) 

N2-H7...N3 3.247(3) 168(3) -x+1,-y+2,-z 

smz.pbipy     

N1-H1...N4 2.826(7) 143.1 x,y,z 3195(343) 

N1B-H1B...N9 2.824(7) 141.7 x,y,z 

N2-H4...N5 3.096(9) 145.0 x+1,y,z 3461, 3430, 

3403, 3322 
N2-H7...O2 3.030(6) 167 x,y-1,z 

N2B-H7B...N10 3.092(8) 141.5 x-1,y,z     

N2B-H4B...O2B 3.053(6) 167.0 x,y+1,z 

smz.bipy     

N2-H1N2...N13 2.754(7) 144.9 x,y,z 3190(347) 

N5-H1N5...N19 2.769(7) 146.1 x,y,z 

N8-H1N8...N18 2.742(7) 149.2 x,y,z 

N11-H11...N23 2.751(7) 146.6 x,y,z 

N1-H1A...O2 3.052(6) 154.7 x-1,y,z     3452, 3313 

N4-H4A...O4 3.084(6) 158.9 x-1,y,z     

N7-H7A...O8 3.094(6) 157.2 x+1,y,z 

N7-H7B...N21 3.077(8) 167.7 x,y,z 

N10-H10E...O10 3.007(6) 153.2 x+1,y,z 

N10-H10F...N22 3.088(8) 172.3 x,y,z 
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N1-H1B...N15 3.103(8) 175.7 x,y,z 

N4-H4B...N16 3.121(8) 165.0 x,y,z 

smz.phpy     

N1-H1...N4 2.715(4) 178(3) x,y,z 3214(323) 

N2-H4...O3 3.369(6) 162(3) x-1/2,y+1/2,-z+1/2 3491(183) 

N2-H7...O2 3.089(6) 153(4) x-1,y,z 3390(183) 

C8-H8…O2 3.063(4) 110(3) x,y,z 3147(162) 

smz.bza     

N2-H7A...O2 3.252(15) 140.0 x-1,y,z     3444 - 3227 

N2-H4B...N2 2.97(3) 128.1 -x,y,-z+3/2      

N(2A)-H(7A1)...O2 2.899(11) 150.7 x-1,y,z      

N(2A)-

H(4A2)...N(2A) 

3.08(2) 130.8 -x,y,-z+3/2      

N4-H(1N4)...O1 2.922(3) 172(3) -x+1,-y+1,-z+1        

N4-H(2N4)...N1 2.910(3) 171(3) x,y,z  

N5-H(1N5)...N3 2.902(4) 172(3) x,y,z  

N5-H(2N5)...O2 2.932(3) 149(3) -x+3/2,y-1/2,z        

smz.0.5H2O     

N4-H(1N4)...O1 2.872(4) 175(3) x,y,z  

N1-H(1)...O7 2.757(5) 177(3) x,y,z  

N5-H(1N5)...O2 3.055(5) 126(5) x+1,y,z+1  

N5-H(2N5)...N3 3.304(7) 148(5) -x+1,y+1/2,-z+2      

O7-H(1O7)...N2 2.932(6) 162(5) x-1,y,z      

O7-H(2O7)...O5 3.015(5) 126(5) -x,y-1/2,-z+2        

O7-H(2O7)...N5 3.167(7) 147(5) -x+1,y-1/2,-z+2      

N2-H(4)...O4 2.940(4) 153(3) x+1,y,z        

N2-H(7)...N6 3.074(5) 167(5) -x+1,y-1/2,-z+2      
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Table 4.   Geometry of smz (C8-C7-N1-S dihedral angle) in the smz polymorphs and co-

cocrystals. 

form/co-crystal 3/°

smz form I 40.82(3) 

smz form II 31.98(1) 

smz form III 30.37(7) 

smz form IV 20.65(2) 

smz-ebipy 179.41(2) 

smz-pbipy 

160.91(4) 

162.69(6) 

smz-bipy 

S1   3.33(10) 

S2 29.49(10) 

S3 29.66(10) 

S4   1.97(10) 

smz-phpy 7.44(5) 

smz.0.5H2O 

53.36(5) 

166.28(3) 
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Table 5.   Lattice energy, packing index, melting point and dissolution data of the smz 

polymorphs and co-crystals. 

 Pixelc/kJmol-1 Clp/kJmol-1 % dissolved  

after 10 min. 

PI Melting point 

smz form I -169.5 -170.4 81 69.6 170.2 

smz form II -165.0 -161.8  68.3 - 

smz form III -171.2 -166.1  67.3 - 

smz form IV -171.9 -167.1  69.2 - 

smz.ebipy - - 26 - 188.6 

smz.pbipy - -138.4 75 66.2 128.0 

smz.bipy - -119.1 61 67.5 167.9 

smz.phpy -129.1 -115.9 42 65.3 122.2 

bza+smz- - - 70 - 223.9 
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Brief description of the paper 

In this article, multiple drug combinations were investigated using mechanical grinding. The 

antidiabetic drug gliclazide has a slow absorption rate and a low bioavailability due to its poor 

solubility. We have investigated the formation of cocrystals and coamorphous systems of the 

antidiabetic drug gliclazide with antihypertensives drugs which were selected from different 

compound classes with different functional groups. Coamorphous gliclazide and triamterene 

were found to be stable in air and dissolution media, showed enhanced dissolution properties and 

is a pharmaceutically viable coamorphous formulation. 
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Abstract 

The antidiabetic drug gliclazide (GLZ) has a slow absorption rate and a low bioavailability due 

to its poor solubility. GLZ is often prescribed along with an antihypertensive, as many diabetic 

patients have coexistent hypertension. Cocrystallization and coamorphization are attractive 

strategies to enhance dissolution rates and to reduce the number of medications a patient has to 

take. In this work the formation of cocrystals and coamorphous systems of GLZ with various 

antihypertensive drugs was studied, namely chlorothiazide (CTZ), hydrochlorothiazide (HTZ), 

indapamide (IND), triamterene (TRI) and nifedipine (NIF) as well as benzamidine (BZA) as a 

model for the amidine pharmacophore. TRI, IND and HTZ were found to form coamorphous 

systems with GLZ that are stable for at least six months at 22  2 C and 56 % relative humidity. 

Coamorphous GLZ-TRI is also stable in dissolution medium. Coamorphization of GLZ-TRI with 

15 % sodium taurocholate gave a viable coamorphous formulation with an enhanced dissolution 

rate. Comilling of GLZ with BZA and cocrystallization from solution gave the amorphous and 

crystalline salt, respectively and the X-ray structure is reported. During attempts to obtain X-ray 

suitable cocrystals crystals of Na+GLZ- and IND.0.5H2O were obtained. Redetermination of the 

published structure of IND.0.5H2O revealed a unit cell with the length of the a axis doubled, a 

different space group and no disorder. Liquid-assisted grinding of a 1:1 mixture of GLZ and IND 

indicated the transformation of IND to a new solid-state form, while GLZ remained unaltered. 

Milling- and heating-induced solid-state transformations of IND are discussed. 

 

Keywords: Amorphous; Antidiabetic; Dissolution studies 
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1. Introduction 

Gliclazide (GLZ, Scheme 1) is an oral hypoglycemic drug. It is used for the long-term treatment 

of non-insulin dependent diabetes mellitus and is listed on the WHO model list of essential 

medicines (20th WHO Model List of Essential Medicines; WHO, March 2017). As a BCS 

(biopharmaceutics classification system) class II drug (low solubility, high permeability) GLZ 

has a slow absorption rate and low bioavailability due to its poor solubility. Various approaches 

to improve the dissolution behaviour of GLZ have been pursued including micronization 

(Varshosaz et al., 2008), encapsulation into nanoparticles (Devarajan and Sonavane, 2007; Naik 

et al., 2013), dispersion into polymers (Hong et al., 1998; Biswal et al., 2008, 2009a,b; Jondhale 

et al., 2012; Lu et al., 2017), salt formation (El-Sabawi and Hamdan, 2014; Putra et al., 2016a,b; 

Samie et al., 2017) and complexation with cyclodextrins (Winters et al., 1997; Özkan et al., 

2000; Aggarwal et al., 2002). More recently, a limited number of studies on GLZ cocrystals were 

also reported (Chadha et al, 2016, 2017; Samie et al., 2017; Bruni et al., 2018). Chadha and 

coworkers used the GRAS (Generally Recognized as Safe) coformers succinic acid, malic acid, 

sebatic acid and -hydroxyacetic acid to obtain multicomponent crystals of GLZ with enhanced 

dissolution properties (Chadha et al., 2016, 2017). The cocrystallization of GLZ with catechol 

and resorcinol was studied by Desiraju and coworkers (Samie et al., 2017). Bruni et al. reported 

a multicomponent crystal of GLZ and the excipient tromethamine (Bruni et al., 2018). Uekusa 

and coworkers cocrystallized GLZ with the antidiabetic drug metformin and obtained a salt with 

a significantly improved solubility and dissolution rate (Putra et al., 2016a).  

Coamorphization has recently emerged as a new and promising formulation strategy for poorly 

soluble drugs and takes advantage of the inherent higher apparent solubility of an amorphous 

phase compared to its crystalline counterpart (Grohganz et al., 2014; Laitinen et al., 2017; 

Newman et al., 2018). The term ‘coamorphous system’ is usually used in the literature for a 

single-phase amorphous, stoichiometric mixture of two active pharmaceutical ingredients (APIs) 

or of an API and an inactive, biologically safe small-molecule coformer. The coformer stabilizes 

the (thermodynamically unstable) amorphous phase towards recrystallization by physically 

separating the API molecules and/or preventing the reorientation of the API molecules through 

the formation of API-coformer intermolecular interactions. Coamorphization becomes an even 



108 

 

more powerful approach, when the inactive coformer is replaced with a complementary drug 

(Laitinen et al., 2013; Chavan et al., 2016). Besides overcoming dissolution and bioavailability 

issues, a pharmaceutically appropriate coamorphous system reduces the number of medications a 

patient has to take, thus improving patient compliance and quality of life. While a number of 

drug-drug coamorphous systems have been developed (Chavan et al., 2016), the focus has been 

on preparation, characterization and stabilization of the amorphous phase. Significant progress 

has been made on the selection of suitable coformers in this regard. However, it is not an 

uncommon problem that the inherent higher apparent solubility of an amorphous material is 

offset by poor dispersibility or wettability (Gniado et al., 2016). Furthermore, so far little 

attention has been paid to the design of drug-drug coamorphous systems with a 

pharmacologically relevant dose ratio (Shi et al., 2018). When drug complementarity is taken 

into account – both in terms of indication and relative dose – the development of viable 

coamorphous formulations has remained a challenging task.  

The aim of the present study was to investigate possible coformulations of gliclazide with an 

antihypertensive drug. Many diabetic patients have coexistent hypertension which increases the 

risk of macro- and microvascular complications such as coronary heart disease, retinopathy and 

nephropathy. The antihypertensives selected in this work were chlorothiazide (CTZ), 

hydrochlorothiazide (HTZ), indapamide (IND), triamterene (TRI) and nifedipine (NIF) (Scheme 

1) that - like GLZ - are BCS class II. Benzamidine (BZA) was included as a model for the 

important amidine pharmacophore that is present in a wide range of pharmaceuticals including 

cardiovascular and antidiabetic drugs.  
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Scheme 1. Chemical structures of GLZ, CTZ, HTZ, IND, TRI, NIF and BZA.  

2. Materials and methods 

2.1 Materials 

Gliclazide, nifepidine, triamterene, indapamide, chlorothiazide and hydrochlorothiazide were 

purchased from Tokyo Chemical Industry (TCI, Europe). Benzamidine, sodium metasilicate and 

sodium dodecyl sulfate were purchased from Sigma Aldrich. Sodium taurocholate was supplied 

by Biosynth. The solvents acetonitrile, diethyl ether, dichloromethane and methanol (Merck 

Millipore), chloroform (Honeywell), dimethylsulfoxide, tetrahydrofuran (Sigma Aldrich), 

ethanol, dimethylformamide and acetone (Fisher Scientific) were analytical grade and used as 

received. 

2.2 Methods 

2.2.1 Ball milling  

Room temperature milling experiments were performed using an oscillatory ball mill (Mixer 

Mill MM400, Retsch GmbH & Co., Germany) and a 25 mL stainless steel milling jar containing 

one 15 mm diameter stainless steel ball. The antidiabetic GLZ and the respective 

antihypertensive were physically mixed in a 1:1, 1:5 or 5:1 molar ratio (0.25 g sample in total). 

The samples were milled at 25 Hz for up to 180 min. with a cool down period of 15 min. after 
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every 30 min. of milling. For liquid-assisted grinding 100 µL of acetonitrile or methanol was 

added to the milling jar before milling for 30 min. with a 10 min. break after 15 min. Cryomilling 

was carried out by immersing the jars in liquid nitrogen for 5 min. prior to milling. After every 

7.5 min. of milling the sample was cooled again in liquid nitrogen for 2.5 min. Details of the 

sample preparations can be found in Table S1. The milled powder samples were analyzed 

immediately by X-ray powder diffraction. To monitor the recrystallization of the amorphous 

materials, the samples were stored in a desiccator at ambient temperature (22 ± 2 oC) under 56 % 

and 98 % relative humidity (RH) which was achieved using solutions of K2SO4 of different 

concentrations (Lu and Chen, 2007). The stored samples were analyzed after 1, 3, 7, 15, 30, 60 

and 180 days by X-ray powder diffraction.  

2.2.2 Solution crystallization  

Equimolar quantities of GLZ (50 mg, 0.17 mmol), NaOH (6.16 mg, 0.17 mmol) and BZA (18 

mg, 0.17 mmol) were weighed in separate vials and dissolved in a minimum amount of 

methanol. The clear solutions were mixed and left to slowly evaporate at room temperature. X-

ray suitable single crystals of (BZA+)(GLZ-) were obtained within a week.  

Cocrystallization experiments of GLZ with IND, HTZ, CTZ, TRI and NIF were carried out at 

room temperature and 4 °C using different molar ratios (1:1, 1:2, 1:3, 1:4, 2:1 and 4:1) and 

different solvents (Table S2). Both components crystallized separately from all common organic 

solvents. In an attempt to obtain cocrystals by solvent diffusion, powdered mixtures were 

dissolved in ethanol. The vial containing the ethanol solution was transferred to a larger vial 

containing diethyl ether. Again, the two APIs crystallized separately.  

X-ray suitable crystals of IND.0.5H2O were isolated after mixing GLZ and IND in a 1:2 ratio in 

methanol. 

Na+GLZ- crystallized from silica gel during an attempt to obtain a GLZ-HTZ cocrystal. 1.22 g 

of Na2SiO3 was dissolved in 5 mL distilled water and stirred for 24 h at room temperature. The 

metasilicate solution was filtered by pressure filtration. GLZ (16 mg, 0.05 mmol) was dissolved 

in 0.5 M acetic acid and titrated with the sodium metasilicate solution under continuous stirring 

until pH 5.5 was reached. The solution was transferred immediately to the crystallization vial 
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which was closed and stored overnight. Then a solution of HTZ (0.05 mmol) in methanol was 

added. Single crystals of Na+GLZ- were obtained within a week.  

2.2.3 Dissolution studies  

All samples used in the dissolution studies were gently ground before use to avoid any bias from 

large particles. The powder sample (100 − 178 mg in total, Table S3) was placed in 250 mL 0.1 

M phosphate buffer (pH 6.8, 37 °C) and stirred at 300 rpm with an 11-mm magnetic stirring bar. 

Aliquots of 2.5 mL were withdrawn at predetermined time points (1, 2, 5, 10, 15, 25, 30, 45, 60, 

90, 120, and 180 min.) and immediately replaced with 2.5 mL of dissolution medium. 250 L of 

the aliquot was diluted by adding 4.75 mL dissolution medium. For dissolution testing in the 

presence of a surfactant 150 L of the aliquot was diluted with 4.85 L dissolution medium. The 

solutions were analyzed on the same day using UV/Vis spectroscopy. All dissolution 

experiments were performed in triplicate. The amount of dissolved GLZ, HTZ, and TRI was 

determined with a Varian Cary 50 Scan Spectrophotometer (Santa Clara, CA, USA). To exclude 

any interference due to overlapping absorbances, reference spectra were recorded for the buffer 

solution and the buffer solution containing either of the components. GLZ concentrations in 

dissolution studies of GLZ and (BZA+)(GLZ-) were measured at 226 nm and 238 nm, 

respectively. In the case of GLZ-TRI and GLZ-HTZ overlapping absorbances were treated by 

measurements at two suitable wavelengths (Table S3) and simultaneous analysis (Sawyer et al., 

1984). Standard solutions were prepared with phosphate buffer (0.1 M, pH 6.8). The resulting 

calibration curves were linear in the relevant concentration range. 

2.2.4 Differential scanning calorimetry 

A STA625 thermal analyser from Rheometric Scientific (Piscataway, New Jersey) was used to 

perform thermal analysis. The heating rate was 10 °C min-1 and the runs were performed 

between 25 and 400 °C. Open aluminium crucibles were used, nitrogen was purged in the 

ambient mode and an indium standard was used for calibration. 

2.2.5 IR spectroscopy 

FT-IR spectra were recorded on a Perkin Elmer Spectrum 400 fitted with an ATR reflectance 

attachment. Spectra were collected in the 650 − 4000 cm−1 range with a resolution of 4 cm−1 and 
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four integrated scans on a diamond/ZnSe window. Calculated spectra of equimolar physical 

mixtures of amorphous GLZ and amorphous IND, HTZ, CTZ, NIF, and TRI were generated by 

averaging the separately collected, standard normal variate (SNV) transformed spectra of both 

amorphous components.  

2.2.6 X-ray powder diffraction  

X-ray powder patterns of samples obtained by mechanical grinding and 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 of the salts 

and of IND.0.5H2O analyzed by single crystal X-ray analysis were calculated using the Oscail 

software package (McArdle, 2017).  

2.2.7 Single crystal X-ray diffraction  

An Oxford Diffraction Xcalibur system was used to collect X-ray diffraction data at room 

temperature (Table 1). The crystal structures were solved using ShelxT and refined using Shelxl 

2016/6 within the Oscail package (Sheldrick, 2015a,b; McArdle, 2017). CIF files can be 

obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge 

Crystallographic Data Centre, Cambridge, UK with the REF codes CCDC 1876658, CCDC 

1876659 and CCDC 1876660. 

 

3. Results and discussion 

The antihypertensives were selected from different compound classes with different functional 

groups. CTZ and HTZ represent thiazide diuretics whose common feature is a benzothiazide ring 

system with a sulfonamide substituent. IND contains a primary sulfonamide group, an amide 

group and an indole ring. TRI and NIF are pteridine and 1,4-dihydropyridine derivatives, 

respectively. BZA as a model for the amidine pharmacophore represents a strongly basic 

coformer that may lead to salt formation. As a starting point a 1:1 molar ratio of GLZ and the 

coformer was applied to gain a better insight into potential intermolecular drug-drug interactions. 

When coamorphous systems were successfully obtained, pharmaceutically relevant ratios based 
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on the average prescribed doses were studied (GLZ:HTZ 5:1 and GLZ:CTZ 1:5). In the case of 

IND this would require a 70:1 ratio. Although this is not compatible with the general definition 

of a coamorphous system we included 1:1 GLZ/IND as a model system because of the known 

stability of the amorphous phase of IND (Wojnarowska et al., 2013).  

Coamorphous systems and cocrystals can be prepared by various methods (Chavan et al., 2016). 

In this work, ball-milling and liquid-assisted grinding, i.e. mechanochemical syntheses, were 

used as solvent-free and low-solvent, ‘green’ methods. GLZ and the respective antihypertensive 

drug were physically mixed and ball-milled for up to 180 min. in the absence or presence of a 

drop of solvent. The milled samples were analyzed by X-ray powder diffraction (XRPD) directly 

after milling and after storage for up to six months. In addition solution cocrystallization 

experiments were carried out in an attempt to obtain X-ray suitable single crystals. GLZ, CTZ, 

HTZ, IND, TRI, NIF and BZA were also milled individually for comparison. 

3.1 Ball-milling of GLZ, CTZ, HTZ, IND, TRI, NIF and BZA  

After dry milling, the XRPD patterns of HTZ and IND showed amorphous halos (Fig. S1). The 

IND sample remained amorphous for at least ten months during storage at 56 % RH in line with 

a recent study by Wojnarowska et al. (Wojnarowska et al., 2013), while small crystalline peaks 

of HTZ appeared after three months. GLZ, CTZ, TRI, NIF and BZA did not amorphize on ball-

milling and the XRPD patterns were unchanged. Amorphous CTZ, NIF and TRI, however, were 

obtained when the milling was performed at low temperature, but recrystallized within 1 d at 56 

% RH (Fig. S2). By contrast GLZ and BZA did not convert to the amorphous phase. Amorphous 

GLZ prepared by melt-quenching was stable for 1 d, but was almost completely recrystallized 

after a week.  

3.2 Ball-milling of binary mixtures  

The XRPD patterns of the 1:1 mixtures GLZ-CTZ, GLZ-HTZ, GLZ-IND, GLZ-TRI, GLZ-NIF 

and GLZ-BZA all showed an amorphous halo after ball-milling for 120 min. (Figs. 1, 2, S3 and 

S4). GLZ-NIF crystallized to a physical mixture of the two components after 3 d at ambient 

temperature and 56 % RH (Fig. S3). By contrast, in the case of GLZ-IND, GLZ-TRI and GLZ-

HTZ no Bragg peaks were observed after storage for six months under the same conditions (Fig. 

1). Even at 98 % RH, GLZ-IND remained X-ray amorphous for at least four months, while sharp 
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GLZ peaks appeared in the XRPD pattern of GLZ-HTZ after one month under these conditions 

(Fig. S5). The XRPD pattern of GLZ-TRI showed small peaks of crystalline GLZ after storage 

for four months at 98 % RH (Fig. S5d). Crystallization of GLZ-CTZ stored at 56 % RH started 

after one month (Fig. 2). After storage at 98 % RH for one month, XRPD analysis of GLZ-BZA 

(Fig. S4) showed a new pattern that could be assigned to the salt (BZA+)(GLZ-) (vide infra).  

  

Fig. 1. XRPD patterns of milled binary mixtures (1:1 molar ratio): (a) GLZ-IND, (b) GLZ-TRI, 

and (c) GLZ-HTZ. Left: directly after ball-milling for 120 min. Right: after storage for six 

months (22 ± 2 oC, 56 % RH). 
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Fig. 2. XRPD pattern of milled GLZ-CTZ (1:1 molar ratio): (a) directly after ball-milling for 120 

min. (b) after storage for one month (22 ± 2 oC, 56 % RH). 

 

The co-milled, amorphised samples were also analysed by IR spectroscopy in order to examine 

drug-drug intermolecular interactions (Fig. S6). Crystalline GLZ gives a characteristic (C=O) 

peak at 1707 cm-1 and a split peak at 2950/2935 cm-1. In the IR spectrum of amorphous GLZ the 

latter merges to a single peak at 2950 cm-1, while the C=O band decreases in intensity. The 

s(SO2) and as(SO2) bands of crystalline GLZ at 1162 and 1346 cm-1 broaden and shift to 1152 

and 1335 cm-1, respectively. The IR spectrum of amorphous IND shows characteristic peaks at 

3260, 3060, 1660 and 1243 cm-1. Compared to crystalline IND the as(SO2) band at 1338 cm-1 is 

broadened and has a lower intensity due to the loss of long-range order. It has been noted in the 

literature that the peak at 1660 cm-1 in the IR spectrum of amorphous IND is indicative of a 

proton transfer from the nitrogen to the carbonyl oxygen and an amide-imidine tautomeric 

equilibrium on amorphisation (Wojnarowska et al., 2013). The IR spectrum of co-milled GLZ-

IND matches the calculated spectrum of a physical mixture of amorphous GLZ and IND (Fig. 

S6). Likewise, the IR spectra of co-milled GLZ-HTZ, GLZ-CTZ and GLZ-NIF are 

indistinguishable from the theoretical spectra of the physical mixtures of the respective 

amorphous components. Thus, the IR data of these coamorphous systems give no evidence for 

specific H bonding interactions between the two drug molecules. The formation of stable single-

phase coamorphous systems in which molecular level mixing is sufficient to stabilize the 
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amorphous state towards recrystallization has been described in the literature (Löbmann et al., 

2012; Gniado et al., 2017). By contrast, there are clear differences between the IR spectrum of 

coamorphized GLZ-TRI and that calculated for physically mixed amorphous GLZ and TRI (Fig. 

S6) suggesting the formation of new H bonds. A new peak appears in the (N-H) region at 3290 

cm-1 and the NH2 bending vibrations at 1565 and 1530 cm-1 are shifted to 1570 and 1536 cm-1. 

The (C=O) band of GLZ of the co-milled sample is observed at 1701 cm-1 compared to 1707 

cm-1 for the physical mixture. 

Next the amorphization of mixtures containing pharmaceutically appropriate ratios was 

examined. GLZ and HTZ mixed in a 5:1 molar ratio turned fully amorphous on milling (Fig. S7). 

However, the milled sample proved less stable towards recrystallization than the 1:1 

coamorphous system. Peaks of GLZ appeared in the XRPD pattern after storage for one week at 

56 % RH. Milling at room temperature and cryomilling of 1:5 GLZ-CTZ mixtures led to partial 

amorphization only. Broad peaks of CTZ and an underlying amorphous halo were seen in the 

XRPD pattern (Fig. S8). The pharmaceutically relevant ratio of GLZ and TRI is approximately 

1:1 so that no other GLY-TRI mixtures were examined, while studies of relevant 70:1 GLZ-IND 

mixtures were not considered meaningful. 

As it is well known that milling in the presence of small amounts of solvent (liquid-assisted or 

solvent-drop grinding) can catalyse cocrystallization, GLZ-HTZ, GLZ-CTZ, GLZ-IND, GLZ-

TRI and GLZ-NIF (1:1) were also milled with a drop of methanol and acetonitrile. No cocrystal 

formation was observed for GLZ-HTZ, GLZ-CTZ, GLZ-TRI and GLZ-NIF in the presence of 

methanol or acetonitrile. The XRPD patterns of the milled samples were those of physical 

mixtures of the starting components. Co-milling of GLZ with IND in the presence of methanol or 

acetonitrile had no effect on the GLZ peaks in the XRPD pattern indicating that GLZ remains 

unaltered (Fig. S9). By contrast, IND apparently underwent a solvent-mediated transformation to 

a new solid-state form as discussed further below. Milling of BZA and GLZ in the presence of 

methanol gave crystalline (BZA+)(GLZ-) (Fig. S4, vide infra). 

3.3 Solution crystallization experiments  

In an attempt to obtain cocrystals from solution, solution crystallization experiments were carried 

out (Table S2). From a methanolic solution containing equimolar amounts of GLZ, NaOH and 
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BZA crystals grew within a week. Single crystal X-ray analysis indicated that proton transfer had 

taken place form the sulfonamide nitrogen to the amidine group leading to the formation of the 

benzamidinium salt (BZA+)(GLZ-) (Fig. 3). There is extensive H bonding between the 

amidinium group and the sulfonamide and urea oxygens (Table S4). N5-H2 forms a bifurcated H 

bond to the sulfonyl O2 and carbonyl O3 oxygens giving rise to an 𝑅 (6)1
2  motif (N5...O2 = 

3.260(3) Å, N5...O3 = 2.919(2) Å). O2 on the other hand acts as a bifurcated H bond acceptor in 

an 𝑅 (6)2
1  motif (N4...O2 = 2.808(3) Å; N5...O2 = 3.260(3) Å). The ureyl O3 oxygen accepts an 

additional H bond from another BZA+ cation (N5...O3 = 2.828(2) Å). H bonding between 

sulfonyl O1 and amidinium N4 generates 𝑅 (12)4
4   rings (N4...O1 = 2.926(3) Å). Furthermore, 

two ureyl oxygens and two amidinium NH2 groups form eight-membered 𝑅 (8)4
2   motifs. Overall, 

the benzamidinium cations and GLZ anions are packed in chains of fused 𝑅 (6)1
2 , 𝑅 (6)2

1 , 𝑅 (12)4
4  

and 𝑅 (8)4
2  rings. Consistent with salt formation, there are clear differences in the IR spectrum of 

(BZA+)(GLZ-) and those of the starting compounds (Fig. S10). The (C=O) and as(SO2) bands 

that appear at 1707 and 1346 cm-1 in the spectrum of GLZ, are observed at 1684 and 1351 cm-1. 

Pronounced changes also occur in the amine region of BZA. The band at 3170 cm-1 decreases in 

intensity and the broad band at 3331 cm-1 shifts to 3295 cm-1. 
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Fig. 3. Crystal structure of (BZA+)(GLZ-). 

 

Unfortunately, GLZ and IND, GLZ and HTZ, GLZ and CTZ, GLZ and NIF as well as GLZ and 

TRI crystallized separately from all common organic solvents. Applying the gel-diffusion 

method was also unsuccessful. Gel diffusion under basic (NaOH) conditions gave X-ray suitable 

crystals of the sodium salt of GLZ whose structure has not been previously reported in the 

literature and is shown in Fig. 4. In Na+GLZ- the Na+ cations are surrounded by three GLZ 

anions that bind in a chelating mode via three different sites; the sulfonyl O2 / ureyl O3 oxygens 

(six-membered chelate ring), deprotonated sulfonamide N1 / sulfonyl O1 (four-membered 

chelate ring) and ring nitrogen N3 / ureyl O3 (five-membered chelate ring). The anions are 

further linked through N2H...O2 H bonding (Table S5).  
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(a) (b) 

 

 

 

 

 

 

Fig. 4. Crystal structure of Na+GLZ-: (a) asymmetric unit and (b) Na coordination sphere with H 

atoms omitted for clarity. 

 

Our cocrystallization experiments with IND gave single crystals whose XRPD pattern matched 

that of commercial IND. According to the European Pharmacopeia IND may contain up to 3 wt 

% of water. The first structure solution of commercial IND was obtained from powder data and 

was published in 2006 (Smrkolj and Menden, 2006). The structure was refined to IND.0.35H2O 

and appeared to confirm the hypothesis that IND exists as a non-stoichiometric hydrate with the 

water molecules being only weakly bound into the crystal structure. Ten years later a single 

crystal structure analysis of IND was reported (Bojarska et al., 2016). The unit cell was 

determined as a = 15.0586(9) Å, b = 9.6218(6) Å, c = 23.5080(14) Å,  = 92.5980(16)  and the 

structure was solved in space group I2/a as IND.0.5H2O with the sulfonamide group being 

disordered over two positions. We redetermined the structure and found a unit cell with the 

length of the a axis doubled (a = 30.0598(11) Å, b = 9.6685(3) Å, c = 23.5727(10) Å,  = 

92.325(4)), space group P21/c and four IND molecules and two water molecules of 

crystallization in the asymmetric unit (Fig. S11, Table S6). The theoretical XRPD pattern 

calculated from the single crystal data matched the experimental pattern of the commercial 

sample (Fig. S12). Smrkolj and Menden observed a broad endotherm below 100 C in the 

differential scanning calorimetry (DSC) thermogram of IND.0.5H2O indicating a continuous loss 

of water without any indication of a phase transformation during dehydration. XRPD supported 

the interpretation that the crystal structure did not collapse. Heating to 160 C where dehydration 
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was anticipated to be complete, followed by cooling and exposure to air showed that the 

desolvation is reversible (Smrkolj and Menden, 2006). While we could reproduce the DSC 

experiment, we observed a new XRPD pattern after heating for 24 h at 160 C (Figs. S13, S14). 

This pattern is identical to the one reported in the literature for the solid-state form denoted as 

IND form I that was obtained when IND was precipitated from glacial acetic acid and is believed 

to be an anhydrous form (Ghugare et al., 2010). The DSC of our heated sample showed the 

melting endotherm at 197.5 C (Fig. S15), slightly higher than the melting endotherm reported 

for IND form I (189 C) (Gughare et al., 2010). In our hands IND form I remained stable for four 

months at 98 % RH.  

3.4 Dissolution studies  

Dissolution studies were carried out for the two coamorphous systems that were 

pharmaceutically meaningful and stable at 56 % RH; GLZ-HTZ (1:1) and GLZ-TRI (1:1). The 

dissolution profiles of amorphous GLZ, HTZ, and TRI were also measured for comparison. Fig. 

5a shows the dissolution profiles of coamorphous GLZ-HTZ, crystalline HTZ and crystalline 

GLZ at pH 6.8. The dissolution profiles of amorphous GLZ and HTZ can be found in the 

Supplementary Data (Fig. S16). In line with the literature (Jhondale et al., 2012), no 

improvement of the dissolution properties of amorphous GLZ compared to the crystalline drug 

was observed. In fact, amorphous GLZ dissolved at a slower rate, probably due to poor 

wettability and dispersibility, as pronounced clumping occurred during the dissolution testing. 

Likewise, amorphization of HTZ does not give a dissolution advantage over its crystalline form. 

The XRPD pattern of the undissolved residue indicated that the amorphous phase had 

recrystallized on contact with the dissolution medium. There is no difference between the 

dissolution rate of amorphous/crystalline HTZ and the release rate of HTZ from coamorphous 

GLZ-HTZ. Crystalline HTZ and GLZ were identified in the XRPD pattern after the dissolution 

testing of coamorphous GLZ-HTZ (Fig. S17).  

There is also no dissolution advantage for amorphous TRI, either as the pure amorphous phase or 

coamorphized with GLZ (Figs. 5b and S16). GLZ is released at a slower rate from GLZ-TRI 

compared to crystalline GLZ and again, this can be attributed to clumping and dispersibility 

problems. Solution-mediated recrystallization can be clearly ruled out as the reason for the 

unexpected poor dissolution properties of the coamorphous system, since XRPD measurements 



121 

 

indicated that the GLZ-TRI sample remained amorphous during the dissolution study (Fig. S18). 

In this context it is noteworthy that - in contrast to GLZ-HTZ - GLZ-TRI appears to be stabilized 

by drug-drug intermolecular interactions as suggested by the IR data.  

 

 

 

 

 

 

 

 

 

 

Fig. 5. Dissolution profiles of coamorphous GLZ-HTZ, GLZ-TRI, crystalline GLZ, HTZ, and 

TRI. (a)  release of GLZ from coamorphous GLZ-HTZ;  release of HTZ from coamorphous 

GLZ-HTZ;  crystalline HTZ;  crystalline GLZ; (b)  release of GLZ from co-amorphous 

GLZ-TRI;  release of TRI from coamorphous GLZ-TRI;  crystalline TRI;  crystalline GLZ. 

 

As the lack of a dissolution advantage of coamorphous GLZ-TRI was attributed to poor 

dispersibility and wettability, the effect of surfactants was explored. GLZ and TRI were co-

amorphized in the presence of sodium dodecyl sulfate (SDS) and sodium taurocholate (NaTC). 

The XRPD patterns of samples containing 15 wt% SDS showed crystalline GLZ after exposure 

to the dissolution medium for 2 h. The effect of excipients on the physical stability of 

coamorphous systems is little explored. Very recently, Ojarinta et al. described a decrease in the 

physical stability of coamorphous ibuprofen-arginine when xylitol was added as a diluent to a 

tablet formulation and attributed this to the hygroscopicity of the sugar alcohol (Ojarinta et al., 
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2018). Alternatively, residual crystal seeds of SDS may trigger heterogeneous nucleation in our 

case. Commercial NaTC is amorphous and in contrast to GLZ-TRI-SDS, samples containing 15 

wt% NaTC remained X-ray amorphous. Hence, dissolution studies were carried out on GLZ-

TRI-NaTC (Fig. 6). A significantly larger percentage of TRI was released from coamorphous 

GLZ-TRI-NaTC compared to a physical mixture of crystalline GLZ, TRI and NaTC. For GLZ, 

no dissolution advantage was observed. 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Dissolution profiles of coamorphous and crystalline GLZ-TRI-NaTC. (a)  release of 

GLZ from coamorphous GLZ-TRI-NaTC;  release of TRI from coamorphous GLZ-TRI-NaTC; 

 release of TRI from a physical mixture of crystalline GLZ, crystalline TRI and NaTC;  

release of GLZ from a physical mixture of crystalline GLZ, crystalline TRI and NaTC. 

 

The dissolution profiles of crystalline and coamorphous (BZA+)(GLZ-) were also measured (Fig. 

7). As expected, salt formation led to an enhanced dissolution rate. (BZA+)(GLZ-) has a 

relatively low melting point of 177.3 C as determined by DSC indicating a low lattice energy 

which should be an important factor for the dissolution performance. On contact with the 

dissolution medium coamorphous (BZA+)(GLZ-) converts to the crystalline salt (Fig. S19). In 

addition, clumping is observed so that there is no dissolution advantage of the amorphous phase.  
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Fig. 7. Dissolution profiles of crystalline (BZA+)(GLZ-) (), amorphous (BZA+)(GLZ-) () and 

crystalline GLZ (). 

 

3.5 Solid-state forms of IND  

Our findings on the stability of IND form I at high RH prompted us to investigate the solid-state 

forms of IND and their phase transformations in more detail. As already described above, neat 

milling of the commercial form leads to amorphization. No change of the XRPD pattern and IR 

spectrum is observed, when IND.0.5H2O is milled in the presence of water, except for a 

sharpening of the peaks (Fig. S20a and S21). Ghugare et al. obtained three solvates from solution 

(CCl4, C6H6, Et2O) (Ghugare et al., 2010). To explore the formation of further solvates or 

solvent-mediated solid-state transformations, we performed liquid-assisted milling with 

methanol, acetonitrile, acetone, ethanol, chloroform and dichloromethane (Figs. S20-22). Milling 

in the presence of ethanol, acetonitrile and acetone led to IND form I, while in the case of 

methanol a different IR spectrum and XRPD pattern A was observed. The broad (NH2) peaks of 

commercial IND (IND.0.5H2O) at 3287 and 3311 cm-1 are shifted to 3278 and 3321 cm-1 and 

have a higher intensity in A. The (C=O) vibration that appears at 1655 cm-1 in IND.0.5H2O is 

observed at 1673 cm-1 with a shoulder at 1644 cm-1. Differences in the s(SO2) and as(SO2) 

bands in the spectrum of commercial IND and A are <2 cm-1. The changes are indicative of a 
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change in the intermolecular H bonding interactions. A comparison with the XRPD pattern 

displayed in Fig. S9 shows that IND converts to the same new solid-state form as in the case of 

methanol-assisted grinding of GLZ-IND. The DSC plot of A revealed no thermal events other 

than melting at 181.9  (Fig. S23) so that it seems unlikely that form A is a methanol solvate. In 

line with this, the XRPD pattern did not change when A was heated for two weeks at 140 C. 

Neither did the XRPD show any changes, when form A was kept at 98 % RH for four weeks. 

Unfortunately, all attempts to obtain X-ray suitable single crystals of form A were unsuccessful. 

A new pattern was obtained after milling IND.0.5H2O with CHCl3. The endotherm at 134.9 C 

in the DSC combined with an 11 % weight loss in the thermogravimetric analysis (Fig. S24) is 

consistent with the formation of a solvate of composition IND.0.34CHCl3. Milling with CH2Cl2 

gave an almost identical XRPD pattern suggesting an isomorphous CH2Cl2 solvate. At 98 % RH, 

both solvates transform to the hemihydrate IND.0.5H2O (Fig. S25). The solid-state 

transformations of IND.0.5H2O are summarized in Fig. 8.  

 

Fig. 8. Milling- and heating-induced solid-state transformations of IND. LAG = liquid-assisted 

grinding. 
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Conclusions 

Cocrystallization of strongly basic BZA with GLZ gives a low melting, rapidly dissolving salt. 

GLZ does not form cocrystals with the benzothiazides CTZ and HTZ, the pteridine TRI, the 1,4-

dihydropyridine NIF or the sulfonamide IND. The crystal structure of GLZ shows the presence 

of the sulfonamide and amide dimer homosynthons (N-H...O=S and N-H...O=C dimers, R (8)2
2  

rings, Parvez et al., 1999) which are apparently preferred over the heterosynthons that could 

form in the potential cocrystals. On the other hand, GLZ easily amorphizes on milling with HTZ, 

TRI, IND, CTZ and NIF. Out of the five coamorphous systems GLZ-TRI (1:1) presents a 

pharmaceutically viable coamorphous formulation, as it is stable in air and dissolution medium, 

contains the two drugs in an appropriate ratio and gives an enhanced dissolution rate for TRI, 

when a suitable surfactant is added. Milling of IND.0.5H2O in the presence of traces of methanol 

produces a new (presumably solvent-free) solid-state form of IND. 
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Appendix-A. Supplementary data 

Tables with details of the coamorphization, cocrystallization and dissolution studies, H bonding 

interactions in (BZA+)(GLZ-) and IND.0.5H2O, selected bond lengths, bond angles and H 

bonding interactions in Na+GLZ-, additional XRPD patterns, calculated XRPD patterns, IR 

spectra, DSC plots. 
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Table 1. Crystallographic data of (BZA+)(GLZ-), Na+GLZ-, and IND.0.5H2O 

 (BZA+)(GLZ-) Na+GLZ- IND.0.5H2O 

Formula C22H28N4O4S C15H20N3NaO3S C16H17ClN3O3.5S 

Mr 444.54 345.39 374.83 

Crystal color and habit colorless block colorless block colorless block 

Crystal size (mm) 0.5  0.4  0.2 0.5  0.4  0.2 0.5  0.4  0.2 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/c 

Unit cell dimensions    

a [Å] 12.5834(5) 15.4014(11) 30.0598(11) 

b [Å] 11.2216(5) 9.8387(5) 9.6685(3) 

c [Å] 16.1766(8) 12.2789(6) 23.5727(10) 

 [°] 94.702(4) 109.559(7) 92.325(4) 

V [Å3] 2276.54(18) 1753.26(19) 6845.4(5) 

Z 4 4 16 

Dcalc (g cm–3) 1.297 1.308 1.455 

No. measd. reflections 10208 7993 28521 

no. unique reflections (Rint) 5196 (2.2 %) 4064 (2.5 %) 12492 (3.5 %) 

No. obs. reflections 3549 2913 9064 

Final R1, wR2  

(obs. reflections) 

8.7 %, 13.0 % 7.7 %, 15.6 % 11.5 %, 17.9 % 

Goodness-of-fit  

(obs. reflections) 

1.036 1.008 

 

1.116 
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Brief description of the paper 

In this paper a detailed study of the crystallization of methyl vanillate, ethyl vanillate and 

zingerone is described and the relationship between crystal growth, habit and intermolecular 

interactions in the crystal lattice is discussed. X-ray suitable single crystals of zingerone were 

obtained by cooling crystallization from cyclohexane or by sublimation. Solution crystallization 

from cyclohexane gave crystals of anhydrous methyl and ethyl vanillate and both were found to 

form hydrates when crystallized from water. 
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Abstract 

Vanillin and vanillate esters are widely used as flavourings in the food industry and the vanillin 

derivative zingerone is one of the compounds found in the spice ginger. Neither the growth of 

single crystals of zingerone, methyl or ethyl vanillate nor their crystal structures or the crystal 

structures of their hydrates have been reported. In this paper a detailed study of the 

crystallization of methyl vanillate, ethyl vanillate and zingerone is described and the relationship 

between crystal growth, habit and intermolecular interactions in the crystal lattice is discussed. 

Adventitious or deliberately added water suppressed the crystal nucleation and growth of 

zingerone from cyclohexane solution. Good quality single crystals of zingerone can be grown 

from cyclohexane solution in closed vials if water is excluded. It was not possible to isolate a 

hydrate of zingerone. In contrast the crystallization of methyl and ethyl vanillate from 

cyclohexane is not affected by small amounts of water and mono hydrates are easily isolated. 

The crystal structures of zingerone, methyl and ethyl vanillate and the mono-hydrates of the 

vanillates have been determined and analysed using the PIXEL program. Observed crystal 

morphologies have been rationalized using intermolecular interaction energies and slice 

attachment energy calculations. 

 

Introduction 

Crystal nucleation is an important and fundamental part of the crystallization process that is still 

not fully understood. In classical nucleation theory each crystal nucleus that is formed in solution 
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has the same structure as the final crystal product and in “nonclassical” two step nucleation 

initially formed liquid like disordered clusters later transform to crystalline nuclei.1, 2 Two step 

nucleation has been observed during protein and small molecule crystallization.3, 4 Additives and 

impurities can have a profound effect on the crystallization process.5 While it has been suggested 

that theoretically, the inhibition of nucleation by low concentrations of additives should not take 

place it has been observed that low concentrations of a weakly binding additive inhibit the 

nucleation of 3-nitrophenol. 1, 6 

Vanillin (4-hydroxy-3-methoxy benzaldehyde, Scheme 1) is an organic compound frequently 

used in the food, liquor, pharmaceutical, agrochemical, non-linear opticals and galvano metallic 

industries.7–9 Vanillin crystallization is an essential unit of operation in many of these industries, 

with crystal quality playing a key role.10 Bulk growth of single vanillin crystals from mixtures of 

chloroform-methanol, chloroform-acetone and chloroform using melt growth processes have 

been reported by several authors.11–14  The polymorphism of vanillin was first described by 

McCrone in 1950 12 and the first crystal structure was determined in 199515 with a second polymorph 

being reported more recently.16 The crystal structure of ethyl vanillin consisting of layers of planar 

molecules linked into one-dimensional chains was also reported.17 

 

 Scheme 1 

 

In 1945, Cotton patented a manufacturing process for the synthesis of zingerone.18 Zingerone, 

also called vanillyl acetone, is a member of the phenolic alkanone group, Scheme 1. Its 

pharmacological properties include antioxidant, anti-inflammatory, anticancer and antimicrobial 

activity.16,19   
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In view of the high level of interest in vanillin and related compounds it is surprising that neither 

crystallization studies nor crystal structures have been reported for zingerone, and methyl and 

ethyl vanillate. In this paper we discuss the factors that control the nucleation, crystallization of 

and hydrate formation by these important food additives. 

 

Materials and Methods 

Materials 

Zingerone (4-(4-hydroxy-3-methoxyphenyl)-2-butanone), methyl vanillate (methyl 4-hydroxy-3-

methoxybenzoate) and ethyl vanillate (ethyl 4-hydroxy-3-methoxybenzoate) were purchased 

from TCI Europe. 

Solution crystallization of ethyl and methyl vanillate 

50 mg of ethyl or methyl vanillate were dissolved in 5 mL of cyclohexane. Single crystals of the 

respective anhydrous vanillate ester were obtained by slow evaporation at room temperature 

within a week. 

50 mg of methyl or ethyl vanillate was dissolved in water.  Single crystals of the respective 

hydrate were obtained by slow evaporation at room temperature within a week. 

Solution crystallization of zingerone 

50 mg of zingerone was dissolved in 5 mL of cyclohexane. Then the solution was allowed to 

slowly evaporate at room temperature. Crystals were not formed as nearly the entire amount of 

solvent evaporated, with only small spots remaining. However, heated supersaturated solutions 

of zingerone in cyclohexane that were left to cool at room temperature in a closed vial produced 

single crystals of zingerone after a few days. 

50 mg of zingerone was dissolved in 5 mL of water. Crystallization experiments were carried out 

at room temperature and under cooling conditions, but neither process resulted in crystal growth. 

Solution crystallization of zingerone in the presence of ciprofloxacin and norfloxacin 

50 mg of ciprofloxacin or norfloxacin were weighed and added to 5 mL of solvent (acetonitrile, 

ethanol, methanol, ethyl acetate, isopropanol, toluene, cyclohexane and DMF). The solutions 
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were heated in an oven at 60 °C for 3 hours and then filtered as soon as they were removed from 

the oven before they had cooled to room temperature. In separate vials, an equimolar quantity of 

zingerone was dissolved in minimum amounts of solvent and added to the filtered solutions and 

left to slowly evaporate at room temperature. Crystals of zingerone were obtained after a week 

from only the cyclohexane and ethylacetate solutions. 

Crystallization of methyl and ethyl vanillate and their hydrates 

50 mg of methyl or ethyl vanillate was dissolved in 5 mL of water with gentle heating. Single 

crystals of the hydrates were obtained after a few days at room temperature. 

Sublimation  

Sublimation experiments were carried out in a vacuum oven as previously described.20 The 

temperatures at the top and bottom of the Petri dish were 80 and 49 and 43 and 23 C 

respectively for methyl vanillate and zingerone. In the case of zingerone a water cooler was used 

to hold the top of the Petri dish at 23 C. 

Conversion of methyl vanillate to methyl vanillate hydrate 

Methyl vanillate was stored at room temperature and 98 % relative humidity (generated using a 

solution of K2SO4
21). After one day the sample was analysed by X-ray powder diffraction. 

X-ray powder diffraction 

X-ray powder patterns of gently ground samples were recorded on an Inel Equinox 3000 powder 

diffractometer between 5 and 90  (2θ) using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). 

Theoretical powder patterns were calculated using the Oscail software package.22 

Crystal structure determination and refinement  

An Oxford Diffraction Xcalibur system was used to collect X-ray diffraction data at room 

temperature. The crystal structures were solved using ShelxT and refined using Shelxl within the 

Oscail package.22,23 The Oscail software was also used to obtain the drawings and generate 

BFDH and slice attachment energy crystal shapes. CIF files can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 

Cambridge, UK with the REF codes 1941210 (zingerone), 1941211 (methyl vanillate), 1941212 
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(ethyl vanillate), 1941213 (methyl vanillate hydrate), and 1941214 (ethyl vanillate hydrate). 

PIXEL calculations 

The Pixel program (June 2018 version)24 was used to calculate intermolecular energies. Pixel 

operations and the operation of Gaussian16w25 for electron density calculations were automated 

within the Oscail software.22 C-H bond lengths were set to 1.08 Å and N-H and O-H bond 

lengths to 1.0 Å. 

RESULTS AND DISCUSSION 

Solution crystallization of zingerone, ethyl and methyl vanillate 

Zingerone: Zingerone was dissolved in cyclohexane with heating to give an 0.05 molar solution 

which was allowed to cool and then to slowly evaporate in an open vial at room temperature. No 

crystals were formed and only spots of oil were observed. However, when the heated solutions of 

zingerone in cyclohexane were left to cool to room temperature in a closed vial single crystals of 

zingerone were observed after a few days. When the crystallization was repeated with a 1:1 mole 

ratio of water added to the cyclohexane solution prior to heating no crystals were observed when 

the closed vial was left at room temperature for one week. 

Failed attempts to obtain cocrystals of zingerone with ciprofloxacin and norafloxacin by slow 

evaporation in open vials from a range of solvents only gave crystals of zingerone from 

cyclohexane and ethylacetate solutions. The role of the floxacins is not clear but it is possible 

that their filtered solutions could contain small particles which function as efficient nucleation 

sites even in the presence of small amounts of water. 

Several attempts to obtain zingerone crystals by cooling crystallization from water did not yield 

any crystals. 

Methyl and ethyl vanillate: Good quality single crystals of methyl and ethyl vanillate were 

readily obtained from cyclohexane solution and their mono-hydrates were also easily obtained 

from aqueous solution. 

Inhibition of zingerone crystallization by water 

The role of adventitious or deliberately added water in suppressing zingerone crystal growth in 
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cyclohexane is interesting and contrasts with crystallization of the vanillate esters which is not 

affected by the presence of small amounts of water in the solvent. An initial assumption was that 

zingerone might be more hydrophobic than the vanillate esters. The solubilities of zingerone and 

methyl vanillate in water were measured spectrophotometrically (details are in the Supporting 

Information) and the measured solubilities of 2.1  10-4 and 5.5  10-5 mol/L respectively were 

the reverse of what was assumed. Calculated logP values of 1.91 and 2.12 also suggest that 

zingerone has higher hydrophilicity than methyl vanillate.26 Cyclohexane solutions of zingerone 

which yield crystals become cloudy before crystals are observed and those which do not yield 

crystals remained clear. Thus it is likely that nucleation rather than crystal growth is being 

suppressed when water is present. It is possible that the initial liquid like disordered clusters in a 

two step nucleation process may contain some H-bonded water which blocks the formation of 

the more structured second step nucleation clusters and subsequent crystal growth as has been 

suggested for the nucleation inhibition of 3-nitrophenol by 0.25 mol% of 3-aminobenzoic acid, 

Figure 1. 6 The presence of H-bonded water molecules in initial prenucleation clusters could, due 

to the greater ability of O-H to H-bond to zingerone oxygen atoms than C-H, hinder incipient 

formation of the stacks shown in Figure 3 below.  

 

Figure 1 Two step nucleation of zingerone, (a) liquid like clusters with H-bonded water, (b) 

liquid like clusters without water and (c) nucleii with crystal structure of zingerone. 

Crystal structure of zingerone 

Zingerone crystallizes as needle shaped crystals, Figure 2(a). The crystal data for zingerone are 
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given in Table 1 and the crystal structure is shown in Figure 2(b). A face indexed crystal shows 

that needle growth is along the c axis, Figure 2(c). 

 

 

Figure 2 Crystals of zingerone grown from (a) cyclohexane, (b) crystal structure of zingerone 

and crystals indexed on the diffractometer from (c) cyclohexane and (d) sublimation. 

 

There is an intermolecular O-H…O=C H-bond which generates a 1D chain along the ac 

diagonal, Figure 2(b). This H-bond is unlikely to be a driver of needle growth along c. In an 

effort to understand the origin of the extended growth the intermolecular energies were 

calculated using the PIXEL program. The six largest energies, the mass weighted centroid 

distances and the symmetry operations are listed in Table 2. 

  

(a)                                              (b) 

(c)                                            (d) 
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Table 1. Crystallographic data 

 zingerone methyl vanillate ethyl vanillate methyl vanillate 

hydrate 

ethyl vanillate 

hydrate 

formula  C11 H14 O3 C9 H10 O4 C10 H12 O4 C9 H12 O5 C10 H14 O5 

weight 194.22 182.17 196.20 200.19 214.21 

temperature 297.6(5)  296.8(6)  297.9(3)  297.0(1)  150.0(1)  

wavelength 0.71073 0.71073 0.71073  0.71073  0.71073  

crystal system Orthorhombic  Monoclinic Monoclinic Orthorhombic Triclinic 

space group Pna21 P21/n P21/c Pna21 P -1 

unit cell dimensions      

a [Å] 12.5473(15) 8.1339(12) 8.2087(8) 7.1034(11) 6.8954(15) 

b [Å] 11.8648(17)  9.4729(14)  11.9180(10)  16.4613(18) 8.930(2) 

c [Å] 7.1478(8)  11.0271(19) 10.5811(12) 8.3353(9) 9.673(2) 

 [°]     75.63(2)  

 [°]  92.046(16) 104.578(11)  84.005(19) 

 [°]     70.29(2) 

Volume/ Å3 1064.1(2) 849.1(2)  1001.84(18) 974.7(2)  543.1(3)  

Z 4 4 4 4 2 

Density (calculated)/ 

Mg/m3 

1.212 1.425 1.301 1.364 1.310 

Goodness-of-fit on F2 1.019 0.942 0.920 0.977 0.807 

R1 (obs. reflections)  0.0446 0.0605 0.0499 0.0397 0.0685 

wR2 (obs. reflections) 0.0931 0.1054 0.1323 0.1027 0.1677 

Reflections collected 2783 3392 4351 2566 4016 

Independent 

reflections 

1925 1948 2297 1448 4016 

R (int) 0.0119 0.0389 0.0287 0.0169 0.0664 

 

 

Table 2. Zingerone intermolecular energies (kJ mol-1) calculated using Pixel  

distance Coulomb polarization dispersion repulsion Pixel energy symmop 

4.943 -22.2 -7.8 -38 27.3 -40.6 1-x,1-y, ½+z 

4.943 -22.2 -7.8 -38 27.3 -40.6 1-x,1-y,- ½+z 

6.824 -14.5 -5.9 -31.7 20.1 -32 ½+x, ½-y,z 

6.824 -14.5 -5.9 -31.7 20.1 -32 -½+x, ½-y,z 

9.882 -48.1 -20.5 -13.8 53.8 -28.6 ½+x, ½-y,1+z 

9.882 -48.1 -20.5 -13.8 53.9 -28.6 ½+x, ½-y,-1+z 
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The two largest interactions are dominated by dispersion energy and are between molecules 

related by a 21 screw along the c axis, Figure 3. 

Figure 3. Zingerone molecules related by a 21 screw axis along c. 

We have shown previously that crystal structures containing molecular stacks where the stacked 

molecules have intermolecular interactions where dispersion energy is dominant exhibit needle 

growth for kinetic reasons. 27 The modest Coulombic portion of the interaction energy is 

probably associated with the C9-H9A…O2 H-bond. This H-bond (with the C-H bond length set 

to 1.08) has a H…A distance of 2.44 Å which would place it on the strong side of a scatterplot of 

C-H…O interactions. 28 When crystal growth is controlled by thermodynamic rather than kinetic 

factors the observed crystal shape is expected to be close to crystal shape predictions based on 

BFDH or slice attachment energy, SAE, calculations.29-31 Crystal shape predictions for zingerone 

based on BFDH and SAE are shown in Figure 4. 

 (a) (b) 

Figure 4. Crystal shape predicted for zingerone by (a) BFDH and (b) SAE. 
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(a) 

The melting point of zingerone is quite low, 40 °C, however, good quality crystals can be grown 

by sublimation if the desublimation surface is held at 20 °C. Crystals grown by sublimation are 

more equant in shape than the crystals grown from cyclohexane, Figure 2(d). It is also clear that 

the predicted shapes are similar to and have the same dominant face as the crystal grown by 

sublimation. Why then are the crystals grown from cyclohexane solution so different? The 

mechanism suggested above for needle growth is based on the action of an efficient mechanism 

for selective growth along the c axis. It is possible that the sublimation process which required 

less than 2 hours, in contrast to the several days which are required for crystal growth from 

cyclohexane, swamped the direction selective mechanism which may be only operative at the 

much slower crystal growth rates observed in cyclohexane. 

Zingerone crystals grown from ethylacetate solution also have a block like shape, Figure S1, and 

this could be due to the interaction of zingerone with the H-bond acceptors in the ethylacetate 

molecule having a disruptive effect on the needle growth mechanism which is operative in 

cyclohexane.  

Methyl vanillate and methyl vanillate hydrate  

The single crystal data for methyl vanillate are given in Table 1 and the crystal structure is 

shown in Figure 5(a). There is an intramolecular H-bond and no intermolecular H-bond in the 

structure. 

 

 

Figure 5. Crystal structure of methyl vanillate (a) and a crystal face indexed on the diffractometer. 

(b) 
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(a)

  

(b)

  

The methyl vanillate crystals grow as plates from both cyclohexane solution and by sublimation. 

The face indexed crystals showed no axial faces and 1 0-1 was the dominant face, Figure 6(b). 

The relationship of the 1 0-1 plane to the unit cell packing is shown in Figure 6(a). While the 

molecules are quite flat they are not aligned parallel to any unit cell axis and it is likely that the 

slow growth of the dominant face is due to the fact that molecules must be added to that face end 

on. 

 

Figure 6. (a) Methyl vanillate unit cell packing and the 1 0-1 plane and (b) the three largest 

intermolecular interactions. 

 

Table 3. Methyl vanillate intermolecular energies (kJ mol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion Pixel energy symmop No. 

3.502 -9.3 -5.1 -45.6 27.9 -32.1 1-x,1,y,1-z 1 

5.821 -13.2 -4.2 -29.3 19.4 -27.2 ½-x, ½+y, ½-z 2 

5.821 -13.2 -4.2 -29.3 19.4 -27.2 ½-x, -½+y, ½-z 3 

9.217 -11.9 -3 -10 9.9 -14.9 1-x, 2-y, 1-z  

8.003 -9.7 -3.7 -12 10.5 -14.9 3/2-x, ½+y, ½-z   

8.003 -9.7 -3.7 -12 10.5 -14.9 3/2-x, -½+y, ½-z  

 

The six largest intermolecular interaction energies calculated using Pixel are shown in Table 3. 

Since the only H-bond in the structure is intramolecular there is no dominant Coulombic 
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contribution to any of the intermolecular interactions. The three strongest intermolecular 

interactions are to the molecules labelled 1, 2 and 3 in Figure 6(b). There is no basis in these 

interactions for a stacking mechanism which might give extended growth in any direction. 

The crystal data for methyl vanillate hydrate are in Table 1 and the crystal structure is shown in 

Figure 7(a). The crystals grew as needles from aqueous solution and showed extended growth 

along the a axis, Figure 7(b). It was also found that anhydrous methyl vanillate converted to the 

hydrate in 98% relativity humidity. A comparison of the simulated PXRD patterns of the single 

crystals with the PXRD patterns of the powder samples produced in the humid atmosphere 

showed a good match, Figure S3. Figure 8 shows the crystal shape superposed on the lattice 

packing. The methyl vanillate molecules and the H-bonded water molecules are stacked along 

the needle growth direction with 76% of the atoms in a methyl vanillate molecule in vdW contact 

with their neighbours above and below them in the stacks.  

 (a) (b) 

 

Figure 7. (a) Crystal structure of methyl vanillate hydrate and (b) crystal indexed on the diffractometer. 
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Figure 8. Indexed crystal shape superposed on the lattice packing of methyl vanillate hydrate. 

 

The five largest intermolecular energies calculated using Pixel are in Table 4. The first three 

which have dominant Coulomb contributions and involve H-bonding to the three water 

molecules are shown in Figure 7(a). The remaining interactions with mass weighted centroid 

distances of 3.601 Å are between methyl vanillate molecules and their stack neighbors. These 

interactions are dominated by dispersion energy and they drive growth along the a axis.
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Table 4. Methyl vanillate hydrate intermolecular energies (kJmol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion  Pixel No. 

5.555 -77.4 -38.6 -12.6 91 -37.5 1 

5.412 -33.8 -11.2 -13 29.1 -28.8 2 

5.73 -37 -13.7 -9.8 36.1 -24.4 3 

3.601 -8.4 -5.6 -46.1 33.9 -26.2 

 3.601 -8.4 -5.6 -46.1 33.9 -26.2 

  

Ethyl vanillate and ethyl vanillate hydrate 

The crystal data for ethyl vanillate are in Table 1 and the crystal structure is shown in Figure 

9(a). In the crystal structure the molecules have an intramolecular H-bond and a bifurcated H-

bonding interaction which forms a chain which runs along the b axis. The crystals grew as plates 

by slow evaporation from cyclohexane solution. A face indexed crystal is shown in Figure 9(b). 

 (a) (b) 

 

Figure 9. (a) Crystal structure of ethyl vanillate and (b) a crystal indexed on the diffractometer. 
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(a)                                                                                (b)                          

Figure 10. (a) The number of atoms in 0.5 Å slices along the a axis and (b) crystal shape of ethyl 

vanillate predicted by slice attachment energy. 

 

Examination of the unit cell packing suggests that the 1 0 0 plane is a slip plane. This can be 

quantified by plotting the number of atoms in 0.5 Å slices through the structure as shown in 

Figure 10(a). It is only methyl hydrogens which cross this plane. It is likely that crystal growth 

across the slip plane is slow due to the very small number of atom contacts across the plane.  

In an examination of fourteen crystal structures it was found that slip planes could be predicted 

by slice attachment energies with a 50% success rate.32 The crystal shape calculated from slice 

attachment energies for ethyl vanillate is shown in Figure 10(b). The slip plane described here is 

not predicted by this calculation as the 1 0 0 face is predicted to have a significant growth rate. 

The crystal data for ethyl vanillate hydrate are in Table 1 and the crystal structure is shown in 

Figure 11(a). The ethyl vanillate hydrate crystals grew from water as needles and an indexed 

crystal is shown in Figure 11(b). 
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 (a) (b) 

Figure 11. (a) Crystal structure of ethyl vanillate hydrate and (b) a crystal indexed on the diffractometer. 

The intermolecular energies were calculated using Pixel and the five strongest interactions are 

listed in Table 5. The three H-bonds to water can be identified by their large Coulombic content 

and the water molecules can be identified in Figure 11(a) by numbers on the water molecules in 

the diagram. The H-bonding network generates sheets which are stacked along a as shown in 

Figure 12. 

 

 
Figure 12. H-bonded sheet stacking along a in the structure of ethylate vanillate hydrate. 

 

The two strongest intermolecular interactions are dominated by the dispersion force and are 

between an ethyl vanillate molecule and its neighbours above and below it in the stacks, Figure 
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12. It is this interaction with 77% of the atoms in each ethyl vanillate molecule in vdW contact 

which is responsible for the observed needle growth. 

In contrast to methyl vanillate, ethyl vanillate will not absorb water from a humid atmosphere 

and the hydrate when crystallized from water is unstable and rapidly loses water under ambient 

conditions. 

 

Table 5. Ethyl vanillate hydrate intermolecular energies (kJmol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion Pixel No. 

3.583 -12.6 -7.1 -51.9 32.3 -39.3 

 3.475 -15.7 -8.4 -58.6 43.7 -38.9 

 5.996 -65.6 -31.3 -11.2 74.4 -33.6 3 

5.047 -45.8 -16.1 -11.4 46.1 -27.3 2 

5.576 -33.8 -13.7 -14.2 35.6 -26.2 1 

The greater stability of the methyl vanillate hydrate is reflected in its calculated density which at 

1.36 Mg/m3 is higher than that calculated for the ethyl hydrate of 1.31 Mg/m3. This density 

difference and implied lattice energy difference is understated as the crystal structure of the ethyl 

hydrate was determined at a temperature 147 ° below that of the methyl derivative. In contrast to 

the vanillate esters all attempts to obtain hydrate crystals of zingerone by crystallization from 

water and a range of solvents were not successful. While zingerone and the methyl and ethyl 

vanillate esters contain the same numbers of H-bond donors and acceptors it is clear that hydrate 

stability in these systems is strongly affected by small differences as the extra CH2 in ethyl 

vanillate makes its hydrate quite unstable. It is also possible that a zingerone hydrate may be just 

too unstable to isolate. 

Inter- and intramolecular H-bonds 

When Etter’s rules for H-bonding were developed it was clear that six-membered intramolecular 

H-bonds were formed in preference to intermolecular H-bonds.33 At the time there was 

insufficient data on five and seven membered intramolecular H-bonds to include them in the 
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preference rules. It is interesting that the zingerone structure does not contain a five-membered 

intramolecular H-bond in contrast to the methyl and ethyl vanillate structures which do. It is 

possible that this is due to the stronger H-bond acceptor properties of the ketone in zingerone 

compared to the esters in the vanillate structures.34 It is also clear that the water molecules in the 

hydrate structures are able to provide a better alternative to the same five membered 

intramolecular H-bond by forming bifurcated H-bond donor interactions. 

 

Conclusions 

The important food additives zingerone, methyl and ethyl vanillate show surprising differences 

in their interaction with water despite their similar chemical structures:     

 Zingerone despite its higher solubility in water does not form a hydrate and the presence 

of water blocks its crystallization from cyclohexane. 

 Methyl and ethyl vanillate give anhydrous crystals from cyclohexane and both form 

hydrates when crystallized from water. The anhydrous crystals have contrasting 

properties. Anhydrous methyl vanillate crystals are hygroscopic and convert to the 

hydrate in 98 % RH. Anhydrous ethyl vanillate is not hygroscopic and its hydrate is 

unstable and converts back to the anhydrous form under ambient conditions. 

 Analysis of the crystal structures using the Pixel program shows that dispersive 

interactions are dominant and control crystal growth. H-bonding does not play a decisive 

role. 

Supporting Information 

Tables of the hydrogen bonds; XRPD patterns; solubility curves and zingerone crystals from 

ethyl acetate solution. 
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Brief description of the paper  

In this study the influence of excipients on the stability and formation of pharmaceutical 

cocrystals was investigated. The effect of grinding in the presence of the common excipients 

PVP and MCC on 11 cocrystals and a salt of the sulfonamide diuretic chlorothiazide (ctz) was 

examined. Excipients can influence cocrystal stability and depend on the nature of excipient and 

coformer competition which is also an important factor. 
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Abstract 

Cocrystal formation is widely used to modify and optimise the physicochemical properties of an 

active pharmaceutical ingredient (API). However, the stability of cocrystals towards formulation 

with excipients is little investigated. In this work the effect of grinding in the presence of the 

common excipients PVP and MCC on 11 cocrystals and a salt of the sulfonamide diuretic 

chlorothiazide (ctz) was studied (ctz-bipy, ctz-ebipy, ctz-pbipy, ctz-pyr, ctz-hyp, ctz-hma, ctz-

bza, ctz-nia, ctz-ina, ctz-cbz, ctz-aca, ctz-ppa, (bzamH+)(ctz-); bipy = 4,4’-bipyridine, ebipy = 

1,2-di(4-pyridyl)ethylene, pbipy = 1,3-di(4-pyridyl)propane, pyr =  pyrazine, hyp = 2-

hydroxypyridine, hma = hexamethylenetetramine, bza = benzamide, nia = nicotinamide, ina = 

isonicotinamide, cbz = carbamazepine, aca = acetamide, ppa = propionamide, bzamH+ = 

benzamidinium). Except for ctz-ppa and ctz-aca, all cocrystals were stable towards milling with 

one weight equivalent PVP or MCC. It was also shown that the cocrystals ctz-bipy, ctz-ebipy, 

ctz-pbipy, ctz-pyr, ctz-hma, ctz-bza, ctz-ina, ctz-cbz and the salt (bzamH+)(ctz-) formed in situ, 

when ctz was milled with the respective coformer in the presence of PVP or MCC. The stability 

and formation of ctz-cbz, ctz-nia and htz-nia (htz = hydrochlorothiazide) towards grinding with a 

wider range of excipients (HPC, -lactose, deoxycholic acid and sodium taurocholate) was also 

investigated and the results are discussed with regard to the heterosynthons of the ctz cocrystals 

and competing H bonding with the excipients. 
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1. Introduction 

Cocrystallization of an active pharmaceutical ingredient (API) with a biologically acceptable 

coformer or a second complementary drug has become a well-established strategy to optimise 

the physicochemical properties of the API without chemically modifying the drug molecule.1,2,3,4 

Several cocrystals have recently entered the market, examples are Entresto, a cocrystal of 

sacubitril and valsartan for the treatment of chronic heart failure, Lexapro, a cocrystal of 

escitalopram oxalate and oxalic acid for the treatment of depression and anxiety and tramadol-

celecoxib that has completed phase III clinical trials to treat acute pain. A large number of 

studies are reported in the literature that systematically explore heterosynthons and hydrogen 

bonding patterns and that apply crystal engineering concepts to rationally design new 

cocrystals.5,6 

The majority of studies on cocrystals are aimed at improving the dissolution behaviour and thus 

the bioavailability of poorly soluble drugs, as more than 70 % of the drugs currently in the 

development pipeline are Biopharmaceutics Classification System (BCS) class II or IV, i.e. have 

low aqueous solubility.7  However, modifying the dissolution properties through cocrystal 

formation presents a dilemma, as higher dissolution rates usually come at the cost of lower 

stability, while cocrystals that are more stable often fail to give a dissolution advantage. Various 

studies on the stability of ‘as-is’ cocrystals have been published. In particular, cocrystal stability 

on heating,8,9 exposure to high relative humidity9,10,11,12  and on addition of a competing 

coformer13,14,15 or additive16 was investigated. The stability of cocrystals in supersaturated 

solutions and suspension formulations has recently been reviewed.17 However, the literature on 

the stability of cocrystals during formulation as solid dosage forms and under processing 

conditions is scarce.18,19,20,21,22,23  Secondary processing involves mixing or blending with 

excipients which have H bond donor and acceptor groups that can compete with the coformer for 

the H bonding sites of the API. Chow et al. studied the effect of milling on the caffeine-glutaric 

acid cocrystal.24 Duggirala et al. reported that the caffeine-oxalic acid cocrystal, while being 

stable under high relative humidity, dissociates in the presence of ionic excipients under 

pharmaceutically relevant storage conditions.20 The reaction is water-mediated and is due to a 

proton transfer from oxalic acid to an anionic group of the excipient. It was further shown by 
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Kaur et al. that the dissociation of the caffeine-oxalic acid cocrystal is accelerated by milling.22  

In the absence of excipients the cocrystal is stable towards milling and it was suggested that the 

water-mediated dissociation is initiated in regions having processing-induced lattice defects at 

the interface of cocrystal and excipient particles. Koranne et al. investigated the effect of a range 

of excipients in tablets containing the theophylline-glutaric acid or theophylline-isonicotinamide 

cocrystals.21,23 The cocrystal stability during storage of the tablets at 40 C and 75 % relative 

humidity was found to depend on the hygroscopicity and ionizability of the excipient, the 

solubility of the coformer and the ability of the coformer to ionize in the pH microenvironment 

generated by the excipient. 

We have recently reported a series of cocrystals of the sulfonamide diuretic chlorothiazide (ctz, 

Figure 1) and analysed the heterosynthon formation and H bonding preferences with a variety of 

coformers with different functional groups.25 We have now evaluated the stability of these 

cocrystals towards grinding with a range of common excipients. We also show that in the 

majority of cases formulations of the cocrystals can be directly prepared by grinding 

chlorothiazide and the coformer in the presence of an excipient. The combination of 

cocrystallisation and blending with excipients in a one-step process which would reduce the 

number of unit operations is rarely reported.26,27,28,29 

 

Figure 1. Chemical structure of ctz. 

 

2. Experimental 

2.1. Materials 

Chlorothiazide (ctz), hydrochlorothiazide (htz), pyrazine (pyr) and nicotinamide (nia) were 

purchased from Tokyo Chemical Industry (TCI Europe). The coformers 4,4’-bipyridine (bipy), 

1,3-di(4-pyridyl)propane (pbiby), 1,2-di(4-pyridyl)ethylene (ebipy), 2-hydroxypyridine (hyp), 
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benzamidine (bzam), hexamethylenetetramine (hma), isonicotinamide (ina), acetamide (aca) and 

propionamide (ppa) were purchased from Sigma Aldrich. Carbamazepine (cbz) and benzamide 

(bza) were purchased from Alfa Aesar. The excipients deoxycholic acid (DA,  98 %) and -

lactose monohydrate (ALM, batch #018K00651) were purchased from Sigma Aldrich. 

Polyvinylpyrrolidone (PVP, MW ~10,000, batch #FZZRD-HC) and hydroxypropyl cellulose 

(HPC, batch #G102-GI$C) were obtained from TCI Europe. Microcrystalline cellulose (MCC, 

batch #7130-8C) was purchased from FMC Biopolymer and sodium taurocholate (NaTC,  98 

%, batch #0000008775) was supplied by Biosynth. 

2.2. Milling Experiments 

Milling experiments were carried out at room temperature using an oscillatory ball mill (Mixer 

Mill MM400, Retsch GmbH & Co., Germany) and a 25 mL stainless steel milling jar containing 

one 15 mm diameter stainless steel ball and 0.25 – 0.5 g sample.  

Preparation of the cocrystals by milling. The cocrystals ctz-ebipy, ctz-pyr, ctz-hyp, ctz-

hma.CH3CN, ctz-bza, ctz-nia.H2O, ctz-ina, ctz-aca, ctz-ppa and the salt (bzamH+)(ctz-) were 

prepared by milling equimolar mixtures of ctz and the respective coformer (0.25 – 0.5 g in total) 

in the presence of traces of acetonitrile as previously described.25  In the case of the ctz-cbz and 

ctz-bipy cocrystals, ctz and the coformer were mixed in a 1:2 molar ratio. A 2:1 molar ratio was 

used for ctz-bipy. The htz-nia cocrystal was obtained by milling htz and nia in a 1:1 molar ratio 

(0.25 g sample in total) in the presence of 50 µL of methanol. The identity of the cocrystals was 

confirmed by X-ray powder diffraction. 

Milling of the cocrystals in the presence of excipients. The prepared cocrystals  were mixed with 

the respective excipient in a 1:1, 1:3 or 1:10 (weight excipient : weight ctz) ratio and the 

mixtures were milled at 25 Hz for 60 minutes with a 15 minute break after 30 minutes to avoid 

overheating.  

Formation of the cocrystals in the presence of excipients. Ctz, the coformer and the excipient 

were mixed. The ctz : coformer molar ratio was 1:1 for ctz-ebipy, ctz-pyr, ctz-hyp, ctz-

hma.CH3CN, ctz-bza, ctz-nia.H2O, ctz-ina, ctz-aca, ctz-ppa and (bzamH+)(ctz-), 1:2 for ctz-cbz 

and ctz-pbipy and 2:1 for ctz-bipy and the ctz : excipient weight ratio was 1:1 (Table S1). 0.5 g 
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of the sample was placed in a milling jar and 100 µL of acetonitrile was added to the milling jar 

prior to milling at 25 Hz for 60 minutes with a 15 minute break after 30 minutes.  

 

2.3. Stability Studies 

The milled samples were stored at 20 C and 56 % relative humidity (RH) generated using a 

solution of K2SO4 
30 and the stability of the samples was checked by X-ray powder diffraction 

after 7, 14 and 30 days.  

2.4. 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).  

2.5. Infra-red Spectroscopy 

FT-IR spectra were recorded on a Perkin Elmer Spectrum 400 fitted with an ATR reflectance 

attachment. Spectra were collected in the 650 − 3600 cm−1 range with a resolution of 4 cm−1 and 

four integrated scans on a diamond/ZnSe window. 

2.6. Differential scanning calorimetry 

Thermal analyses were performed with a STA625 thermal analyser from Rheometric Scientific 

(Piscataway, New Jersey. The heating rate was 10 °C/min and the runs were performed between 

20 °C and 300 °C. Open aluminium crucibles were used, nitrogen was purged in the ambient 

mode and an indium standard was used for calibration. 

 

3. Results  

3.1. Description of the Structural Motifs in the Investigated Cocrystals 

The cocrystals investigated in this study are given in Table 1 and the heterosynthons observed in 

their crystal structures25 are shown in Figure 2. Cocrystals with a pyridine derivative coformer 

have the NHsulfonamide
...Npy heterosynthon (motif I), the NHthiadiazine

...Npy heterosynthon (motif II) 
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or the NHsulfonamide
...Npy/NHsulfonamide

...Npy motif with the pyridine nitrogen acting as a bifurcated 

H bond acceptor in the latter (motif III). Amines form NHsulfonamide
...Namine (motif IV) and 

NHthiadiazine
...Namine (motif V) H bonds with ctz, while five different motifs are found in ctz-amide 

cocrystals (motifs VI – X). In the benzamidinium salt of ctz charge assisted C=NH2
+...-Nthiadiazine 

(motif XI), C=NH2
+...O=S (motif VIII), and C=NH2

+...N(SO2)=C (motif VII) H bonds are 

present. 

 

 

Figure 2. Heterosynthons in the cocrystals investigated in this study. 

 

 

 

I II III IV

V VI VII VIII

IX X XI
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Table 1. Cocrystals investigated in this study and their structural motifs 

cocrystal a stoichiometry motifs 

ctz-bipy b 2:1 I 

ctz-ebipy b 1:1 II, III 

ctz-pbipy b 1:2 I, II 

ctz-pyr b unknown d unknown d 

ctz-hyp b unknown d unknown d 

ctz-hma.CH3CN b 1:1 IV, V 

ctz-bza b 1:1 VI, VII 

ctz-nia.H2O b 1:1 VIII, X 

ctz-ina b 1:1 I, VII, VIII, IX 

ctz-cbz b 1:2 VI, VIII 

ctz-aca b unknown d unknown d 

ctz-ppa b unknown d unknown d 

(bzamH+)(ctz-) b 1:1 VII, VIII, XI 

htz-nia c 1:1 I, X 

 

a aca = acetamide, bipy = 4,4’-bipyridine, bza = benzamide, bzamH+ = benzamidinium, cbz = 

carbamazepine, ebipy = 1,2-di(4-pyridyl)ethylene, hma = hexamethylenetetramine, htz = 

hydrochlorothiazide, hyp = 2-hydroxypyridine, ina = isonicotinamide, nia = nicotinamide, pbipy 

= 1,3-di(4-pyridyl)propane, ppa = propionamide, pyr =  pyrazine. b ref. [25]. c ref [31], d 

identified by XRPD. 

 

 

3.2. Interaction of Ctz and the Coformers with PVP and MCC 

PVP and MCC were selected as two common excipients. MCC is an important tableting 

excipient due to its dry binding properties while PVP has excellent wetting properties and is used 

as a dissolution aid. Before screening the stability of the cocrystals, the interaction of ctz and the 

free coformers with these two excipients was studied by IR spectroscopy. The chemical 
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structures of PVP and MCC are shown in Figure 3. PVP is a polyamide with the carbonyl 

oxygens presenting H bond acceptors for the NHsulfonamide and NHthiadiazine hydrogens of ctz, the 

NH2 groups of the amide coformers and the amidine group in benzamidine. When ctz is milled 

with PVP (1:1 weight ratio), shifts of 5 – 16 cm-1 of the (N-H) bands of the sulfonamide and of 

4 cm-1 of the (C=O) band of PVP are observed indicating that H bonds are indeed formed 

between the API and the excipient. Likewise, on milling with PVP the (N-H) bands of the 

amides bza, nia, ina, cbz, aca and ppa shift by up to 13 cm-1 and the C=O stretching vibration of 

PVP moves to slightly higher wavenumbers ( = 5 – 13 cm-1, Table S2). The XRPD patterns of 

the milled ctz/PVP and amide/PVP samples show the Bragg peaks of the respective coformers 

with an underlying amorphous halo. This suggests that the H bonding interactions are between 

PVP and coformer particles which is also in line with the relatively small  values that are 

sometimes close to or below the resolution limit. After milling bzam with PVP the XRPD peaks 

of bzam are no longer observed and the IR spectrum features broad and poorly resolved bands in 

the (N-H) region indicating amorphisation.  

MCC has H bond donor and H bond acceptor capability. When ctz is milled with one weight 

equivalent MCC, the (N-H), as(S=O) and sy(S=O) vibrations of the sulfonamide groups 

experience shifts of less than 3 cm-1. Slightly more pronounced shifts are observed for bza as a 

representative example for an amide coformer. The (N-H) bands of bza at 3363 and 3165 cm-1 

move to 3368 and 3170 cm-1 in the milled sample. The broad band of MCC at 1023 cm-1 with a 

shoulder at 1051 cm-1 splits into two sharp bands at 1026 and 1056 cm-1. The IR spectrum of 

bipy/MCC as a representative example for pyridine coformer/MCC shows the MCC band at 

1032/1056 cm-1 while changes of the bipy bands are below the resolution limit. Milling with hma 

results in a pronounced shift of the MCC band to 1047/1064 cm-1. The strong band of hma at 

1002 cm-1 shifts to 995 cm-1. The XRPD patterns of milled bza/MCC, bipy/MCC and hma/MCC 

show the coformer peaks with an underlying amorphous halo. By contrast, the diffractogram of 

milled bzam/MCC indicates complete amorphisation and significant changes in the (N-H) 

region are observed in the IR spectrum. The bzam band at 3265 disappears on milling with MCC 

while the bands at 3396 and 3170 cm-1 shift to 3367 and 3173 cm-1. The bands at 1640 and 1601 

cm-1 are observed at 1655 and 1625 cm-1 after milling. Instead of the broad band of MCC around 

1023, two sharp peaks appear at 1055 and 1027 cm-1 in the spectrum of bzam/MCC.  
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In summary, the IR data confirm that the components of the cocrystals can interact to a varying 

degree with the selected model excipients. 

  

Figure 3. Chemical structures of the excipients PVP, MCC, HPC, -lactose, NaTC and DA. 

 

 

3.3. Stability and Formation of Cocrystals in the Presence of PVP and MCC 

To screen the stability of the heterosynthons towards competing H bond interactions with PVP or 

MCC the cocrystals were mixed with the exipients (1:1 weight ratio ctz : excipient) and milled in 

a ball-mill for 60 min at 25 Hz. All samples containing MCC were freely flowing powders, while 

milling of ctz-aca, ctz-ppa, ctz-bzam, ctz-ina, ctz-nia, ctz-pyr, ctz-hyp, and ctz-hma with PVP 

resulted in sticky solids. The samples were analysed by X-ray powder diffraction (XRPD) 

immediately after milling and after storage for 30 d at room temperature and 56 % RH (Figures 4 

and S1 – S13). In the case of ctz-bipy, ctz-ebipy, ctz-pbipy, ctz-pyr, ctz-hyp, ctz-bza, ctz-nia, ctz-

ina, ctz-cbz and (bzamH+)(ctz-) only the Bragg peaks of the respective cocrystal were detected 
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and no changes occurred with time.  

By contrast, the XRPD patterns showed the formation of free chlorothiazide, when ctz-ppa and 

ctz-aca were milled with the excipients. While ppa could be identified as well (Figure 4C), the 

typically strong, characteristic peak of acetamide at 15.38  (2) is absent in the XRPD pattern of 

the milled ctz-aca/PVP sample (Figure 4B). It is possible that aca is formed as nanocrystalline or 

amorphous particles or is dispersed in the excipient. Ctz-aca, however, was stable during milling 

and storage in the presence of MCC and PVP, when the amount of excipient was reduced 

(weight ratio MCC : cocrystal 1:3 and PVP : cocrystal 1:10). By contrast, even quantities as 

small as 10 wt % PVP or MCC led to the complete dissociation of ctz-ppa into ctz and amide 

coformer (Figure 4C). The differential scanning calorimetry thermograms of ctz-aca and ctz-ppa 

(in the absence of excipients) show broad endotherms at 110.5 and 58.6 C, respectively, 

indicating that the ctz-ppa cocrystal has a lower (thermal) stability than ctz-aca.  

No change in the diffractogram of ctz-hma.CH3CN was detected immediately after milling with 

PVP, but on storage at 56 % RH a new XRPD pattern emerged. The same was observed in the 

absence of excipients and can be attributed to solvent loss or conversion of the solvate to a 

hydrate. The (CN) band at 2240 cm-1 in the IR spectrum of a freshly prepared sample of ctz-

hma.CH3CN disappears after one day while a new band is observed at 3317 cm-1 which may be 

assigned to hydrate water. 

Next we investigated if the cocrystals that were stable towards milling with one weight 

equivalent PVP or MCC would also form by mechanochemistry, when ctz is milled with one 

mole equivalent coformer in the presence of one weight equivalent excipient. Traces of solvent 

(acetonitrile) were added to act as a catalyst for the mechanochemical reaction (liquid-assisted 

grinding). The XRPD patterns of the milled samples are shown in Figures 5 and S14 – S24. In all 

cases except for ctz-hyp the XRPD pattern of the respective cocrystal was observed after milling 

with MCC and no peaks for ctz or the coformers could be detected. Likewise, cocrystal 

formation could be confirmed in the presence of PVP, the only cocrystals that would not form in 

a PVP mixture being ctz-nia (Figure 5) and ctz-hyp (Figure S18). The XRPD patterns of the 

cocrystal formulations prepared by milling ctz, coformer and the excipient did not change during 

storage for one month at ambient temperature and 56 % RH except for ctz-hma.CH3CN (see 

above). 
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Figure 4. (A) XRPD pattern of (a) the ctz-ina cocrystal, (b) the ctz-ina cocrystal after milling 

with PVP (ctz : PVP 1:1 w/w), (c) the ctz-ina cocrystal after milling with PVP and after storage 

for 30 d at 20 C, 56 % RH, (d) the ctz-ina cocrystal after milling with MCC (ctz : MCC 1:1 

w/w) and (e) the ctz-ina cocrystal after milling with MCC and after storage for 30 d at 20 C, 56 

% RH. (B) XRPD pattern of (a) the ctz-aca cocrystal, (b) the ctz-aca cocrystal after milling with 

PVP (ctz : PVP 3:1 w/w), (c) the ctz-aca cocrystal after milling with PVP (ctz : PVP 10:1 w/w), 

(d) the ctz-aca cocrystal after milling with MCC (ctz : MCC 3:1 w/w) and (e) the ctz-aca 

cocrystal after milling with MCC (3:1) and after storage for 30 d at 20 C, 56 % RH. (C) XRPD 

pattern of (a) the ctz-ppa cocrystal, (b) the ctz-ppa cocrystal after milling with PVP (ctz : PVP 

10:1 w/w), (c) the ctz-ppa cocrystal after milling with MCC (ctz : MCC 10:1 w/w). ♦ ppa * ctz. 
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Figure 5. XRPD pattern of (a) the ctz-nia cocrystal (b) chlorothiazide, (c) a milled mixture of ctz, 

nia and PVP (ctz : nia = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (d) a milled mixture of ctz, 

nia and MCC (ctz : nia = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 

 

3.4. Stability and Formation of the ctz-nia, ctz-cbz and htz-nia Cocrystals in the Presence of 

HPC, -Lactose, Sodium Taurocholate and Deoxycholic Acid 

Three representative cocrystals were selected for investigating their stability towards grinding 

with a wider range of excipients. These included the cocrystal of ctz and the GRAS (generally 

recognized as safe) coformer nia, and the drug-drug cocrystal ctz-cbz. The cocrystals were 

chosen on the basis of their dissolution properties and their stability relative to ctz suggested by 

their dissolution behaviour. In our previous study we found that the dissolution rate of ctz-nia is 

lower than that of ctz suggesting a higher lattice energy and stability.25 By contrast, ctz-cbz was 

one of the few ctz cocrystals with enhanced dissolution properties which may indicate a low 

stability. The nia cocrystal of the related sulfonamide htz was reported by Desiraju and 

coworkers to show an improved dissolution behaviour31 and was therefore included in the 

present study for comparison. Hydroxypropyl cellulose (HPC), -lactose, sodium taurocholate 

(NaTC) and deoxycholic acid (DA) were selected as the excipients. HPC and -lactose are 

widely used. Previous work by our group has shown that various APIs convert to the amorphous 
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phase on milling with NaTC or DA and that the two bile acids stabilise the amorphous API 

towards recrystallisation.32,33 

In all of the following milling experiments the ctz : excipient weight ratio was 1:1. In the 

experiments on cocrystal formation in the presence of excipients traces of acetonitrile were 

added to the samples, while the mixtures containing the preformed cocrystals were milled neat. 

Ctz-nia was found to be stable towards grinding with HPC, -lactose, NaTC and DA and no 

changes were observed in the XRPD patterns after storage of the samples for one month under 

56 % RH (Figure S25). However, ctz-nia/HPC and ctz-nia/NaTC had transformed to sticky, 

rubber-like solids after grinding. Milling of ctz and nia in the presence of -lactose or DA gave 

the cocrystal as a freely flowing powder, while cocrystallization did not take place in samples 

containing HPC or NaTC (Figure 6). 

 

    

 

Figure 6. XRPD pattern of (a) the ctz-nia cocrystal, (b) a milled mixture of ctz, nia and HPC (ctz 

: nia 1:1 molar ratio; ctz : HPC 1:1 w/w), (c) a milled mixture of ctz, nia and -lactose (ctz : nia 

1:1 molar ratio; ctz : -lactose 1:1 w/w), (d) a milled mixture of ctz, nia and NaTC (ctz : nia 1:1 

molar ratio; ctz : NaTC 1:1 w/w) and (e) a milled mixture of ctz, nia and DA (ctz : nia 1:1 molar 

ratio; ctz : DA 1:1 w/w). * excipient peaks. 

* 
* 

* 
* 
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Grinding with MCC, PVP, HPC, NaTC, or -lactose had no effect on the htz-nia cocrystal 

except that the htz-nia/HPC sample turned sticky. However, the XRPD pattern showed an 

amorphous halo, when htz-nia was milled with DA (Figure S26). The amorphous phase 

recrystallized to the cocrystal within 1 d under 56 % RH. The amorphous sample was analysed 

by IR spectroscopy to see if the N-Hsulfonamide
...Npy and N-Hsulfonamide

...O=C interactions of the 

cocrystal were present in the amorphous phase. The IR spectrum of the milled, amorphous htz-

nia/DA sample shows a poorly resolved (N-H) region. The C=O stretching band of nia and the 

asymmetric and symmetric S=O stretching bands of htz appear at 1673 ((C=O), 1325 (as(S=O, 

primary)), 1368 (as(S=O, secondary)) and 1156 cm-1 (sy(S=O)). In the IR spectrum of the 

cocrystal these bands are observed at 1653, 1324, 1371 and 1156 cm-1 in line with the literature 

data.31 The (C=O) band of milled htz-nia/DA coincides with that of crystalline nia (1673 cm-1), 

indicating that no interactions between nia and htz exist in the amorphous sample. However, the 

(S=O) vibrations are different from those in the spectrum of crystalline htz (1316 cm-1, as(S=O, 

primary), 1372 cm-1, as(S=O, secondary), 1147 cm-1, sy(S=O)) which demonstrates the absence 

of the catemer structure of primary sulfonamide interactions observed in the crystal structure of 

htz.31 

None of the excipients hindered the cocrystal formation of htz and nia (Figure 7), including DA. 

In contrast to the neat-milling of pre-formed htz-nia with DA, the addition of solvent prior to the 

milling of htz, nia and DA resulted in an XRPD pattern with sharp peaks for the cocrystal 

(Figure 7).  

The stability and formation of the ctz-cbz cocrystal were not affected by any of the excipients 

(Figures S27 and S28). 
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Figure 7. XRPD pattern of (a) the htz-nia cocrystal, (b) a milled mixture of htz, nia and HPC 

(htz : nia 1:1 molar ratio; htz : HPC 1:1 w/w), (c) a milled mixture of htz, nia and -lactose (htz : 

nia 1:1 molar ratio; htz : -lactose 1:1 w/w), (d) a milled mixture of htz, nia and NaTC (htz : nia 

1:1 molar ratio; htz : NaTC 1:1 w/w) and (e) a milled mixture of htz, nia and DA (htz : nia 1:1 

molar ratio; htz : DA 1:1 w/w). * excipient peaks 

 

4. Discussion 

For the stability of the cocrystals in formulations the excipient-coformer, excipient-ctz and ctz-

coformer interactions are important. The shifts of the IR bands of H bond donor and acceptor 

groups can be taken as indicators for the relative strengths of the hydrogen bonding interactions 

and the IR data are summarised in Tables S2 – S4.  

The ctz-ppa cocrystal decomposes on milling in the presence of small quantities of PVP (10 %). 

The ppa coformer seems to interact strongly with PVP as judged by a pronounced shift of the 

(C=O) band of PVP in the IR spectrum of milled ppa/PVP which is clearly at the high end 

compared to the change in the carbonyl band of other coformer/PVP mixtures (Table S2). By 

contrast, cocrystal formation between ppa and ctz leads to moderate band shifts only.  
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The low stability of the ctz-aca cocrystal is more difficult to rationalize. On cocrystal formation 

the (C=O) band of aca moves by 22 cm-1 while the difference in the position of the PVP C=O 

stretching vibration between PVP and aca/PVP is only marginal.  PVP is highly hygroscopic34 

and the sticky and rubber-like nature of the ctz-aca/PVP sample suggests significant water 

uptake which may promote the decomposition of the cocrystal as reported in the literature for 

theophylline-glutaric acid, theophylline-isonicotinamide and caffeine-urea.20,21,22,23  

In the IR spectrum of milled nia/PVP strong shifts of the (N-H) bands are observed compared 

to crystalline nia which may explain why the ctz-nia cocrystal does not form in the presence of 

PVP. However,  for the C=O stretching vibration of nia in the IR spectrum of the free 

coformer and ctz-nia is 21 cm-1 suggesting also strong interactions in the cocrystal and once 

formed, the ctz-nia cocrystal is stable towards grinding with PVP. 

The IR data indicate that bzam interacts strongly with MCC, yet the benzamidinium salt of ctz is 

stable towards grinding with MCC and readily forms in the presence of the excipient. Thus, 

overall, it is difficult to relate the IR data to the stability data. We have previously observed that 

there is apparently no correlation between the effect of cocrystal formation on specific IR bands 

and the relative stability of ctz cocrystals in dissolution medium.25 It has to be kept in mind that 

the cocrystals generally contain more than one heterosynthon (Table 1), and while individual 

interactions may be weak or strong, it is the sum of all interactions that determines the stability. 

It is noteworthy that all cocrystals that contain the NHsulfonamide
...Npy or NHthiadiazine

...Npy synthon 

are stable towards all tested excipients. In contrast to ctz-nia, htz-nia and ctz-ina form in the 

presence of PVP and both contain the NHsulfonamide
...Npy motif, while ctz-nia does not. PVP also 

hinders the cocrystal formation between ctz and 2-hydroxypyridine. The structure of the ctz-hyp 

cocrystal is not known. However, 2-hydroxypyridine predominantly exists as the 2-pyridone 

tautomer in the solid state35,36 and may therefore also lack the NHsulfonamide
...Npy motif. Bza and 

ctz cocrystallise with ctz during milling with added PVP. Both cocrystals contain the 

NHthiadiazine
...O=C synthon and this H bonding pattern is absent in ctz-nia. Unfortunately, we 

could not obtain single crystals of ctz-aca and ctz-ppa to identify the heterosynthons present in 

these amide cocrystals.  

Although PVP does not affect the stability of the cocrystals of ctz (except for ctz-aca and ctz-
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ppa), in the majority of cases the PVP formulations were sticky or rubber-like solids. MCC on 

the other hand is highly compatible with all the ctz cocrystals investigated. 

 

5. Conclusions 

The thiadiazine and sulfonamide groups of ctz form robust heterosynthons with pyridine, amine 

and amide coformers. With very few exceptions, they not only remain intact during milling with 

excipients presenting competing H bond donor/acceptor functionalities, but also form when ctz 

and the coformer are milled in the presence of excipients. These observations are of interest with 

regard to co-processing a cocrystal with an excipient to reduce production costs. Out of the 

cocrystals and excipients investigated a number of suitable formulations in terms of stability, 

visual inspection of the powder properties and pharmaceutical acceptability of the coformer 

(GRAS or second drug) can be identified; namely ctz-nia/MCC, ctz-nia/-lactose, ctz-nia/DA, 

htz-nia/MCC, htz-nia/PVP, htz-nia/NaTC, htz-nia/-lactose, ctz-cbz/MCC, ctz-cbz/PVP, ctz-

cbz/NaTC, ctz-cbz/DA, ctz-cbz/HPC, and ctz-cbz/-lactose. 
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Overall conclusions and outlook 

 

The present study was an attempt to improve the physicochemical properties of poorly water-

soluble APIs by cocrystallization and coamorphization. The methods examined in this work are 

mechanochemistry and crystallization from solution. 

This thesis reports the first cocrystals and a salt of chlorothiazide obtained by ball milling and 

crystallization from solution. XRPD patterns indicate that thirteen coformers gave cocrystals on 

milling, and it was possible to crystallize eight cocrystals and a salt from solution. The pyridine 

group seemed to be an excellent coformer for forming cocrystals with CTZ; in contrast, 

carboxylic acids were not. CTZ did not form cocrystals with carboxylic acids, and a motif search 

of the CSD showed that this is a general problem for sulfonamide drugs. The dissolution 

behavior of the CTZ cocrystals appeared to be mainly determined by the cocrystal lattice energy 

as there is a correlation between the crystal packing index, lattice energy and dissolution rate; 

however, the presence or absence of CTZ homosynthons in the cocrystals also plays a role.  

Another example of a drug containing a sulphonamide (RSO2NR2) group in its chemical 

structure is Sulfamethoxazole. Four cocrystals of SMZ were obtained and their crystal structures 

determined. The existence of up to nine further potential SMZ cocrystals was indicated from 

XRPD, and their structures remain to be elucidated. The hydrogen bonds in the cocrystals were 

found to be stronger than in SMZ itself.  It appeared that the presence of a stronger hydrogen 

bond in the cocrystals than those present in SMZ forms I and II is more important in determining 

dissolution rates than lattice energies. Clearly, more studies are needed to fully understand the 

factors which affect the solubility and dissolution rates of APIs, cocrystals and coamorphous 

systems, and this will be the focus of future work. 

Multiple drug combinations are becoming increasingly popular because of advantages such as 

better therapeutic results than when a single drug is administered alone, reduction of the number 

of prescriptions and increasing patient compliance. GLZ is an oral hypoglycemic drug. As a BCS 

class II drug (low solubility, high permeability), GLZ has a slow absorption rate and low 

bioavailability due to its poor solubility. This study investigated the formation of cocrystals and 

coamorphous systems of the antidiabetic drug GLZ with the antihypertensives CTZ, HTZ, IND, 

TRI and NIF.  CTZ, HTZ, IND, TRI and NIF are BCS class II drugs like GTZ. GLZ easily 
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amorphizes on milling with HTZ, TRI, IND, CTZ and NIF. Out of the five coamorphous systems 

GLZ-TRI (1:1) presented a pharmaceutically viable coamorphous formulation, as it is stable in 

air and dissolution medium, contains the two drugs in an appropriate ratio and gives an enhanced 

dissolution rate for TRI when a suitable surfactant is added. Cocrystallization of strongly basic 

BZA with GLZ gave a low melting, rapidly dissolving salt. 

The important food additives zingerone, methyl and ethyl vanillate showed surprising differences 

in their interaction with water despite their similar chemical structures. Although zingerone has 

higher solubility in water, it did not form a hydrate and the presence of water blocked its 

crystallization from cyclohexane. Methyl and ethyl vanillate gave anhydrous crystals from 

cyclohexane, and both form hydrates when crystallized from water. Analysis of the crystal 

structures using the Pixel program showed that dispersive interactions are dominant and control 

crystal growth. H-bonding did not play a decisive role. 

Cocrystal formation is widely used to modify and optimize the physicochemical properties of an 

API. However, the stability of cocrystals towards formulation with excipients is little 

investigated. The effect of grinding in the presence of the common excipients PVP and MCC on 

the newly prepared cocrystals and the salt of CTZ was investigated. The study evaluated the 

stability of these cocrystals towards grinding with a range of common excipients. It was shown 

that in the majority of cases, formulations of the cocrystals could be directly prepared by 

grinding CTZ and the coformer in the presence of an excipient.  
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Table S1.   Coformers used in this study and results of the cocrystal screening experiments 

Coformer neat milling a  solvent-drop milling b 

carboxylic acids   

benzene-1,3,5-tricarboxylic acid X-ray amorphous 

physical mixture c 

physical mixture 

deoxycolic acid ctz peaks with underlying 

amorphous halo 

physical mixture 

diflunisal physical mixture physical mixture 

fumaric acid physical mixture physical mixture 

gallic acid physical mixture physical mixture 

glutaric acid physical mixture c physical mixture 

m-hydroxybenzoic acid physical mixture physical mixture 

maleic acid physical mixture  

nicotinic acid physical mixture physical mixture 

p-nitrobenzoic acid physical mixture physical mixture 

oxalic acid physical mixture physical mixture 

p-aminobenzoic acid physical mixture physical mixture 

pimelic acid physical mixture  

salicylic acid physical mixture physical mixture 

succinic acid physical mixture physical mixture 

amides   

acetamide cocrystal  

benzamide cocrystal  

caprolactam cocrystal   

carbamazepine e X-ray amorphous cocrystal 

isonicotinamide cocrystal  

nicotinamide physical mixture with 

underlying amorphous halo 

cocrystal 

propionamide physical mixture cocrystal d 

amines   

hexamethylenetetramine X-ray amorphous cocrystal 

pyridines   

4,4’-bipyridine cocrystal  

1,2-di(4-pyridyl)ethylene underlying amorphous halo cocrystal 

1,3-di(4-pyridyl)propane e cocrystal  

2-hydroxypyridine cocrystal  

pyrazine cocrystal  

miscellaneous   

benzamidine X-ray amorphous salt f  

cyanuric acid X-ray amorphous 

physical mixture c 

physical mixture 

methylparaben physical mixture physical mixture 

sodium deoxycholate ctz peaks with underlying 

amorphous halo 

ctz peaks 

sulfanilamide physical mixture physical mixture 

a r.t., 60 min. b CH3CN, 60 min. c 120 min. d water. e 1:2 ratio. f from single crystal X-ray analysis  
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Table S2. Conformation of the sulfonamide side chain of ctz in the cocrystals, solvate and 

salt: torsional angle and orientation of the sulfonamide protons  

 

  

 

 

 

 

 
a a: pointing away from the molecule; t: pointing towards the molecule 

 

  

  (°) orientation of the 

sulfonamide side chain 

relative to the ring S 

orientation of 

NH2 protons a 

ctz.dmf -129.0(2) same a 

ctz-bipy 124.79(16) opposite t 

ctz-ebipy 117.1(3) opposite a 

ctz-pbipy -120.1(3) same a 

ctz-hma -122.3(2) same t 

ctz-bza 0.000 parallel t 

ctz-cbz -124.5(7), 121.3(8) same, opposite H not found 

ctz-ina -130.90(17) same a 

ctz-nia 120.2(3), 119,7(3) opposite  

(bzamH+)(ctz-) -122.44(17) same t 

 

 



182 

 

IR data of the cocrystals 

ctz-bipy 

3241 (m), 3159 (m), 3009 (w), 2951 (w), 1617 (m), 1598 (s), 1598 (m), 1572 (m), 1509 (s) 1454 

(m), 1412 (w), 1377 (m), 1337 (m), 1296 (s), 1231 (m), 1165 (s), 1142 (s), 1115 (m), 1088 (s), 

1065 (w), 993 (w), 953 (m), 904 (m), 869 (m), 795 (s), 749 (w), 719(m), 707 (s), 665 (m), 605 

(s) cm-1 

ctz-ebipy 

3368 (m), 3031 (m), 1597 (s), 1520 (m), 1457 (m), 1416 (m), 1341 (m), 1300 (s), 1237 (w), 1172 

(s), 1155 (s), 1089 (m), 989 (m), 950 (m), 894 (m), 823 (s), 789 (m), 665 (m) cm-1 

ctz-pbipy 

2942 (m), 1601 (s), 1580 (s), 1520 (m), 1457 (m), 1423 (m), 1381 (m), 1330 (m), 1305 (s), 1239 

(w), 1171 (s), 1155 (s), 1121 (m), 1091 (m), 1070 (m), 1005 (m), 968 (s), 921 (w), 854 (m), 789 

(s), 711 (m), 665 (m) cm-1 

ctz-hyp 

3353 (m), 3255 (m), 1644 (s), 1590 (s), 1510 (s), 1457 (m), 1417 (m), 1383 (m), 1363 (m), 1350 

(s), 1292 (s), 1232 (w), 1207 (w), 1172 (s), 1145 (s), 1092 (s), 993 (m), 951 (s), 896 (m), 842 

(m0, 716 (m) 

ctz-pyr 

3320 (m0, 3232 (m) 1619 (m), 1594 (s0, 1519 (s), 1458 (m), 1418 (M0, 1379 (m), 1358 (s), 1308 

(w), 1279 9s), 1178 9m), 1144 (s), 1092 (m), 1069 (m), 1035 (m), 1022 (m0, 950 (m0, 885 (s) 

687 9s), 672 (m) 

ctz-aca 

3462 (m), 3354 (m0, 3213 (m), 3073 (m0, 1650 (s), 1626 (m), 1592 (m), 1572 (s), 1514 (s), 1456 

(m), 1392 (m), 1361 (m), 1343 (m), 1318 (s), 1269 9w), 1235 (m), 1170 (m), 1153 (s), 1119 (s), 

1091 (s), 1049 (m), 959 (s), 918 (m), 873 (s), 778 (s), 720 (m) 

ctz-bza 

3481 (w), 3363 (m), 1660 (m), 1607 (m), 1575 (m), 1526 (m), 1462 (w), 1403 (w), 1388 (m), 

1368 (w), 1336 (m), 1280 (m), 1178 (w), 1145 (m), 1026 (w), 958 (w), 891 (m), 793 (m), 682 

(m), 607 (m) cm-1 

ctz-ppa 
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3475 (m), 3369 (w), 3051 (w), 1654 (s), 1610 (s), 1573 (s0, 1516 (m), 1461 (m), 1388 (m), 1337 

(m), 1298 (s), 1150 (s), 1122 (m), 1089 (m), 1031 (w), 903 (m), 755 (m) 

 

ctz-cap 

3354 (m), 3180 (m), 3079 (m) 1613 (s), 1564 (s), 1494 (s), 1456 (m), 1379 (m), 1367 (m0, 1343 

(s), 1281 (s), 1259 (m), 1237 (m), 1157 (s), 1148 (s), 1121 (m), 1089 (s), 959 (s), 91- (m), 862 

(m), 791 (s), 718 (m) 

ctz-cbz 

3496 (w), 3446 (w), 3337 (w), 3031 (w), 1668 (m), 1574 (s), 1491 (m), 1454 (m), 1410 (m), 

1387 (m), 1365 (m), 1346 (m), 1298 (m), 1235 (m), 1177 (s), 1148 (m), 1118 (w), 1088 (m), 

1040 (w), 952 (m), 864 (m), 803 (M), 791 (s), 772 (s), 720 (m), 669 (m), 600 (m) cm-1 

ctz-nia 

3474 (m), 3367 (m), 3054 (w), 2948 (w), 1653 (s), 1612 (s), 1574 (s), 1516 (m), 1461 (m), 1391 

(s), 1338 (s), 1300 (s), 1203 (w), 1167 (m), 1150 (s), 1089 (m), 1028 (m), 829 (w), 779 (m) cm-1 

ctz-ina 

3423 (m), 3341 (m), 3267 (m) 3231 (m), 3181 (m), 3065 (w), 1660 (s), 1620 (m), 1589 (s) 1552 

(s), 1496(s), 1461 (m) 1413 (m), 1396 (s), 1371 (s), 1343 (s), 1307 (s), 1224 (m), 1169 (s), 1153 

(s), 1095 (m), 967 (s) 901 (m), 853 (m) 757 (m) cm-1 

ctz-hma 

3317 (m), 3101 (w), 2927 (w), 1624 (m), 1589 (s), 1511 (m), 1459 (m), 1351 (m), 1306 (s), 1235 

(s), 1171 (s), 1151 9s), 1092 (m), 1050 (w), 996 (s), 957 (s), 912 (m), 869 (m), 812 (m), 667 (s), 

607 (m) cm-1 

(bzamH+)(ctz-) 

3439 (w), 3347 (m), 3253 9m), 3100 (w), 1709 (w), 1667 (s), 1591 (m), 1540 (s), 1492 (m), 1446 

(m), 1414 (m), 1359 (s), 1315 (m), 1246 (s), 1169 (s), 1137 (s), 1070 (s), 946 (s), 895 (w), 859 

(w), 818 (s), 722 (w) cm-1 
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Figure S1. XRPD patterns of (a) ctz, (b) aca and (c) a 1:1 mixture of ctz and aca milled for 

60 min. 

 

 

 

 

Figure S2. XRPD patterns of (a) ctz, (b) bza and (c) a 1:1 mixture of ctz and bza milled for 

60 min. (d) theoretical pattern calculated form the single crystal data of the ctz-bza cocrystal. 
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Figure S3. XRPD patterns of (a) ctz, (b) bipy and (c) a 1:1 mixture of ctz and bipy milled for 

60 min. (d) theoretical pattern calculated form the single crystal data of the ctz-bipy cocrystal. 

 

 

Figure S4. XRPD patterns of (a) ctz, (b) hyp and (c) a 1:1 mixture of ctz and hyp milled for 

60 min.  
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Figure S5. XRPD patterns of (a) ctz, (b) pbipy and (c) a 1:2 mixture of ctz and pbipy milled 

for 60 min. (d) theoretical pattern calculated form the single crystal data of the ctz-pbipy 

cocrystal. 

 

 

Figure S6. XRPD patterns of (a) ctz, (b) pyr and (c) a 1:1 mixture of ctz and pyr milled for 

60 min.  
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Figure S7. RPD patterns of (a) ctz, (b) cap and (c) a 1:1 mixture of ctz and cap milled for 60 

min.  

 

 

 

Figure S8. XRPD patterns of (a) ctz, (b) ina and (c) a 1:1 mixture of ctz and ina milled for 60 

min. and (d) theoretical pattern calculated form the single crystal data of the ctz-ina cocrystal. 
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Figure S9. XRPD patterns of (a) ctz, (b) ppa and (c) a 1:1 mixture of ctz and ppa milled for 

60 min. in the presence of water.  

 

 

 

Figure S10. XRPD patterns of (a) ctz, (b) cbz (commercial form III) and (c) a 1:2 mixture of 

ctz and cbz milled for 60 min. in the presence of acetonitrile and (d) theoretical pattern 

calculated form the single crystal data of the ctz-cbz cocrystal. 
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Figure S11. XRPD patterns of (a) ctz, (b) nia and (c) a 1:1 mixture of ctz and nia milled for 

60 min. in the presence of acetonitrile and (d) theoretical pattern calculated form the single 

crystal data of the ctz-nia cocrystal. 

 

 

Figure S12. XRPD patterns of (a) ctz, (b) hma, (c) a 1:1 mixture of ctz and hma milled for 60 

min. (d) milled ctz/hma sample kept at 56 % relative humidity for 1 d and (e) theoretical 

pattern calculated form the single crystal data of the ctz-hma cocrystal.  

(a) 

(b) 

(c) 

(d) 
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Figure S13. XRPD patterns of (a) ctz, (b) ebipy and (c) a 1:1 mixture of ctz and ebipy milled 

for 60 min. in the presence of acetonitrile and (d) theoretical pattern calculated form the 

single crystal data of the ctz-ebipy cocrystal. 

 

 

Figure S14. XRPD patterns of (a) ctz, (b) bzam and (c) a 1:1 mixture of ctz and bzam milled 

for 5 min. in the presence of acetonitrile and (d) theoretical pattern calculated form the single 

crystal data of (bzamH+)(ctz-). 
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Figure S15. X-ray structure of ctz.dmf. 

 

 

 

 

 

 

 

 

 

Figure S16. X-ray structure of ctz-hma. 

 

 

 

 

 

 

 

 

Figure S17. X-ray structure of ctz-ina. 
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Figure S18. X-ray structure of ctz-nia. 

 

 

 

 

Figure S19. Simultaneous DSC (blue) and TGA (red) of ctz-bipy crystallized from solution. 
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Figure S20. Simultaneous DSC (blue) and TGA (red) of ctz-ebipy crystallized from solution. 

 

 

 

 

Figure S21. Simultaneous DSC (blue) and TGA (red) of ctz-pbipy crystallized from solution. 
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Figure S22. Simultaneous DSC (blue) and TGA (red) of ctz-hma crystallized from solution. 

 

 

 

Figure S23. Simultaneous DSC (blue) and TGA (red) of ctz-bza crystallized from solution. 
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Figure S24. Simultaneous DSC (blue) and TGA (red) of ctz-cbz crystallized from solution. 

 

 

 

Figure S25. Simultaneous DSC (blue) and TGA (red) of ctz-nia crystallized from solution. 
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Figure S26. Simultaneous DSC (blue) and TGA (red) of ctz-ina crystallized from solution. 

 

 

 

 

Figure S27. Simultaneous DSC (blue) and TGA (red) of (bzamH+)(ctz-) crystallized from 

solution.  
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Figure S28. Powder dissolution profiles of ctz (), ctz-bipy (), ctz-hma (), ctz-bza (), 

ctz-nia () and (bzamH+)(ctz-) (o). Phosphate buffer (pH 6.8), 37 °C. 
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Figure S1. Atom charges of smz. 

 

 

Figure S2. Atom charges bza+smz-. 
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Figure S3. XRPD patterns of (a) smz form I, (b) ebipy, (c) a 1:1 mixture of smz and ebipy 

milled for 60 min, (d) theoretical pattern calculated form the single crystal data of the 

smz.ebipy co-crystal and (e) a 1:0.5 mixture of smz and ebipy milled for 60 min. 

 

Figure S4. XRPD patterns of (a) smz form I, (b) pbipy, (c) a 1:1 mixture of smz and pbipy 

with a drop of acetonitrile milled for 60 min and (d) theoretical pattern calculated form the 

single crystal data of the smz.ebipy co-crystal. 
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Figure S5. XRPD patterns of (a) smz form I, (b) bipy, (c) a 2:3 mixture of smz and bipy 

milled for 60 min and d) theoretical pattern calculated form the single crystal data of the 

smz.bipy co-crystal.  

 

Figure S6. XRPD patterns of (a) smz form I, (b) phpy, (c) a 1:1 mixture of smz and phpy 

milled for 60 min and (d) theoretical pattern calculated form the single crystal data of the 

smz.phpy co-crystal. 
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Figure S7. XRPD patterns of (a) smz form I, (b) bza, (c) a 1:1 mixture of smz and bza milled 

for 60 min and (d) theoretical pattern calculated form the single crystal data of bza+smz-. 

 

Figure S8. XRPD patterns of (a) smz form I, (b) oa and (c) a 1:1 mixture of smz and oa 

milled for 60 min. 
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Figure S9. XRPD patterns of (a) smz form I, (b) aca and (c) a 1:1 mixture of smz and aca 

milled for 60 min. 

 

Figure S10. XRPD patterns of (a) smz form I, (b) ppa and (c) a 1:1 mixture of smz and ppa 

milled for 60 min. 
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Figure S11. XRPD patterns of (a) smz form I, (b) ina and (c) a 1:1 mixture of smz and ina 

with a drop of acetonitrile milled for 60 min. 

 

Figure S12. XRPD patterns of (a) smz form I, (b) hyp and (c) a 1:1 mixture of smz and hyp 

milled for 60 min. 
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Figure S13. XRPD patterns of (a) smz form I, (b) py and (c) a 1:1 mixture of smz and py 

milled for 60 min. 

 

Figure S14. XRPD patterns of (a) smz form I, (b) imz and (c) a 1:1 mixture of smz and imz 

milled for 60 min. 
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Figure S15. XRPD patterns of (a) smz form I, (b) hi and (c) a 1:1 mixture of smz and hi 

milled for 60 min. 

 

Figure S16. XRPD patterns of (a) smz form I, (b) cbz and (c) a 1:1 mixture of smz and cbz 

milled for 60 min. 
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Figure S17. XRPD patterns of (a) smz form I, (b) cbz, (c) a 1:1 mixture of smz and cbz 

milled for 60 min and (d) - (f) the milled samples stored for 1, 7, and 14 days at ambient 

humidity (RH =  40%). 

 

Figure S18. XRPD patterns of (a) smz form I, (b) hma and (c) - (f) mixtures of smz and hma 

with molar ratios of 1:1 (c), 1:0.5 (d), 1:0.25 (e) and 1:0.1 (f) milled for 60 min. 
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Figure S19. XRPD patterns of (a) smz form I, (b) hma, (c) a 1:0.25 mixture of smz and hma 

milled for 60 min and (d) - (h) the milled sample stored for 1, 7, 14, 30 and 60 days at 

ambient humidity (RH = 40%).  

 

Figure S20. XRPD patterns of (a) smz form I, (b) da and (c) a 1:1 mixture of smz and da 

milled for 120 min. 
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Figure S21. XRPD patterns of (a) smz form I, (b) da, (c) a 1:1 mixture of smz and da milled 

for 120 min and (d) - (h) the milled sample stored for 1, 7, 30, 60 and 90 days at ambient 

humidity (RH = 40%). 

 

Figure S22. XRPD patterns of (a) smz form I, (b) Nada and (c) a 1:1 mixture of smz and 

Nada milled for 120 min. 
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Figure S23. XRPD patterns of (a) smz form I, (b) Nada, (c) a 1:1 mixture of smz and Nada 

milled for 120 min and (d) - (h) the milled samples stored for 1, 7, 30, 60 and 90 days at 

ambient humidity (RH = 40%). 
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Table S1. Statistical prediction of co-crystal formation using the Molecular Complementarity tool in 

the Mercury software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Solution crystallization experiments 

Co-former 

Molar 

ratio 

Solvent Observed 

acetamide, aca 

 

 

propionamide, ppa 

 

 

2-hydroxypyridine, hyp 

 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

tiny needles unsuitable for SC analysis 

API crystal 

tiny needles unsuitable for SC analysis 

API crystal 

API crystal 

API crystal 

API crystal 

API crystal 

 
 Hit Rate % Observed  

Prediction correct   

2-hydroxypyridine 100 + 

4.4-dipyridyl 100 + 

4.4-trimethylenedipyridine 100 + 

4-phenylpyridine 100 + 

acetamide  100 + 

benzamidine 100 + 

imidazole 100 + 

isonicotinamide 100 + 

N-hydroxysuccinimide 100 + 

propionamide 100 + 

pyrazine 100 + 

glutaric acid 0 - 

methanesulfonamide 0 - 

Prediction incorrect 

2,4-diamino-6-hydroxypyrimidine 100 - 

4-aminobenzoic acid 100 - 

5-methylpyrazine-2-carboxylic acid 100 - 

benzamide 100 - 

benzoic acid 100 - 

butyramide 100 - 

citric acid 100 - 

cytosine 100 - 

-caprolactam 100 - 

L-malic acid  100 - 

nicotinamide 100 - 

sulfanilamide 100 - 

valeramide 100 - 

1,2-di(4-pyridyl)ethylene 0 + 

oxalic acid 0 + 
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pyrazine, py 

 

 

benzamidine, bza 

 

 

1,2-di(4-pyridyl)ethylene, ebipy 

 

 

4,4’-bipyridine, bipy 

 

 

1,3-di(4-pyridyl)propane, pbipy 

 

 

oxalic acid dihydrate, oa 

 

 

N-hydroxysuccinimide, hsu 

 

 

imidazole, imz 

 

 

isonicotinamide, ina 

 

 

4-phenylpyridine, phpy 

 

 

acetamide, aca 

propionamide, ppa 

2-hydroxypyridine, hyp 

pyrazine, py 

benzamidine, bza 

1,2-di(4-pyridyl)ethylene, ebipy 

4,4’-bipyridine, bipy 

1,3-di(4-pyridyl)propane, pbipy 

4-phenylpyridine, phpy 

 

 

isonicotinamide, ina 

 

 

acetamide, aca 

 

 

propionamide, ppa 

 

 

2-hydroxypyridine, hyp 

 

 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

 

Aetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

acetonitrile 

 

 

ethanol 

ethanol 

ethanol 

ethanol 

ethanol 

ethanol 

ethanol 

ethanol 

ethanol 

 

 

ethanol 

 

 

methanol 

 

 

methanol 

 

 

methanol 

 

 

API crystal 

API crystal 

API crystal 

API crystal 

salt 1:1 

salt 1:1 

salt 1:1 

co-crystal 1:1 

co-crystal 1:1 

co-crystal 1:1 

co-crystal 2:3 

co-crystal 2:3 

co-crystal 2:3 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

API crystal 

API crystal 

API crystal 

API crystal 

API crystal 

API crystal 

API crystal 

API crystal 

smz hemihydrate 

smz hemihydrate  

salt 

smz hemihydrate  

smz hemihydrate  

smz hemihydrate 

co-crystal 1:1 

API crystal 

API crystal 

API crystal 

crystal unsuitable for SC analysis 

API crystal 

API crystal 

API crystal 

API crystal 

smz hemihydrate  

smz hemihydrate  

API crystal 

API crystal 

crystal unsuitable for SC analysis 

API crystal 
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pyrazine, py 

 

 

1,3-di(4-pyridyl)propane, pbipy 

 

 

oxalic acid dihydrate, oa 

 

 

isonicotinamide, ina 

 

 

N-hydroxysuccinimide, hsu 

 

 

imidazole, imz 

 

 

oxalic acid dihydrate, oa   

 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

1:1 

1:2 

2:1 

methanol 

 

 

methanol 

 

 

methanol 

 

 

methanol 

 

 

methanol 

 

 

methanol 

 

 

DMF 

 

 

 

 

 

API crystal 

API crystal 

crystal unsuitable for SC analysis 

co-crystal 1:1 

co-crystal 1:1 

co-crystal 1:1 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

API crystal 

API crystal 

API crystal 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

crystal unsuitable for SC analysis 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

powder unsuitable for SC analysis 

 

 

 

    

    

Table S3. Co-formers that did not give co-crystals or co-amorphous systems with smz on milling 

Butyramide 

Nicotinamide 

2,4-Diamino-6-hydroxypyrimidine 

Methanesulfonamide  

5-Methylpyrazine-2-carboxylic acid 

Valeramide 

Benzamide 

Glutaric acid 

Benzoic acid 

-Caprolactam 

Cytosine 

Citric acid 

Sulfanilamide  

 

Table S4. Solubility of smz forms I and II, co-crystals and co-amorphous systems  

Form/co-crystal Solubility / mg mL-1 

smz form I 

smz form II 

smz.ebipy 

0.705(24) 

1.447(21) 

0.334(16) 

smz.pbipy 0.983(04) 

smz.bipy 0.797(58) 

smz.phpy 0.906(64) 
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smz.bza 

smz.da 

smz.Nada 

3.289(06) 

0.567(53) 

1.700(13) 

 

 

 

 

Figure S24. Simultaneous DSC (blue) and TGA (red) of smz.ebipy crystallized from solution. 

 

Figure S25. Simultaneous DSC (blue) and TGA (red) of smz.pbipy crystallized from solution. 
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Figure S26. Simultaneous DSC (blue) and TGA (red) of smz.bipy crystallized from solution. 

 

Figure S27. Simultaneous DSC (blue) and TGA (red) of smz.phpy crystallized from solution. 
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Figure S28. Simultaneous DSC (blue) and TGA (red) of bza+smz- crystallized from solution. 

 

Figure S29. IR spectrum of smz. 
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Figure S30. IR spectrum of smz.ebipy co-crystal. 

 

Figure S31. IR spectrum of 1:0.5 smz.ebipy co-crystal. 
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Figure S32. IR spectrum of smz.pbipy co-crystal. 

 

Figure S33. IR spectrum of smz.bipy co-crystal. 
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Figure S34. IR spectrum of smz.phpy co-crystal. 

 

Figure S35. IR spectrum of bza+smz- . 
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222 

 

Investigation of the formation of drug-drug cocrystals and coamorphous systems of the 

antidiabetic drug gliclazide 

 

Marwah Aljohani, Pól MacFhionnghaile, Patrick McArdle,* and Andrea Erxleben* 

Synthesis & Solid State Pharmaceutical Centre (SSPC) and School of Chemistry, National 

University of Ireland, Galway, Ireland 

*Corresponding author email address: andrea.erxleben@nuigalway.ie (AE); 

p.mcardle@nuigalway.ie (PM) 

 

 

Supplementary Data 

  



223 

 

Table S1.   Experimental details of the preparation of the amorphous and coamorphous 

materials. 

amount 

compound 1  

amount 

compound 2 

molar 

ratio 

T milling 

time 

ball:powder 

ratio  

155.9 mg GLZ 103.4 mg CTZ 1:1 RT 2 h 52.5 : 1 

155.9 mg GLZ 104.2 mg HTZ 1:1 RT 2 h 52.3 : 1 

145.5 mg GLZ 113.9 mg TRI 1:1 RT 2 h 52.5 : 1 

120.7 mg GLZ 129.2 mg NIF 1:1 RT 2 h 54.4 : 1 

117  mg GLZ 132.6 mg IND 1:1 RT 2 h 54.4 : 1 

200.4 mg GLZ 54.1 mg BZA 1:1 RT 2 h 53.5 : 1 

64.6 mg GLZ 295.7 mg CTZ 1:5 cryo 90 min 37.8 : 1 

161.7 mg GLZ 30.0 mg HTZ 5:1 cryo 90 min 70.9 : 1 

250.0 mg IND –  RT 90 min 54.4 : 1 

250.0 mg HTZ –  RT 60 min 54.4:  1 

250.0 mg TRI –  cryo 2 h 54.4 : 1 

250.0 mg NIF –  cryo 2 h 54.4 : 1 
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Experimental details of the cocrystallization study 

GLZ and the respective coformer were weighed in separate vials and dissolved in a minimum 

amount of solvent. The clear solutions were mixed and left to slowly evaporate at room 

temperature or 4 ºC (Table S2). 

 

Table S2.   Solution cocrystallization experiments. 

mg GLZ mg coformer molar 

ratio 

solvent T result 

cocrystallization of GLZ and IND 

50.0 56.5  1:1 10 mL 

methanol 

r.t. crystallized separately 

4 ºC crystallized separately 

50.0 113.1  1:2 10 mL 

methanol 

r.t. crystallization of IND.0.5H2O 

100.0 56.5  2:1 10 mL 

methanol 

r.t. crystallized separately 

68.5 17.1  4:1 10 mL  

methanol 

r.t. crystallized separately 

51.4 34.2  3:2 10 mL  

methanol 

r.t. crystallized separately 

34.3 51.4  2:3 10 mL  

methanol 

r.t. crystallized separately 

17.1 68.5  1:4 10 mL  

methanol 

r.t. crystallized separately 

50.0 56.5  1:1 10 mL 

CH3CN 

r.t. crystallized separately 

50.0 56.5  1:1 10 mL 

acetone 

r.t. crystallized separately 

50.0 56.5  1:1 10 mL 

THF 

r.t. crystallized separately 

50.0 56.5  1:1 10 mL 

DMF 

r.t. crystallized separately 

cocrystallization of GLZ and HTZ 

50.0 44.6  1:1  7 mL  

methanol 

r.t. crystallized separately 

4 ºC crystallized separately 

50.0 89.2  1:2 7 mL 

methanol 

r.t. crystallized separately 

100.0 44.6  2:1 7 mL 

methanol 

r.t. crystallized separately 

61.2 15.3  4:1 7 mL 

methanol 

r.t. crystallized separately 

45.9 30.6  3:2 7 mL 

methanol 

r.t. crystallized separately 

30.6 45.9  2:3 7 mL 

methanol 

r.t. crystallized separately 

15.3 61.2  1:4 7 mL 

methanol 

r.t. crystallized separately 
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50.0 44.6 1:1 7 mL 

methanol 

r.t. crystallized separately 

50.0 44.6 1:1 7 mL 

CH3CN 

r.t. crystallized separately 

50.0 44.6 1:1 10 mL 

acetone 

r.t. crystallized separately 

50.0 44.6 1:1 10 mL 

THF 

r.t. crystallized separately 

50.0 44.6 1:1 5 mL 

DMF 

r.t. crystallized separately 

cocrystallization of GLZ and CTZ 

50.0 45.7  1:1 12 mL 

acetone 

r.t. crystallized separately 

4 ºC crystallized separately 

50.0 91.4  1:2 19 mL 

acetone 

r.t. crystallized separately 

100.0 45.7  2:1 12 mL 

acetone 

r.t. crystallized separately 

50.0 45.7  1:1 15 mL 

CH3CN 

r.t. crystallized separately 

cocrystallization of GLZ and TRI 

50.0 39.0  1:1 10 mL 

DMSO 

r.t. crystallized separately 

4 ºC crystallized separately 

50.0 78.0  1:2 15 mL 

DMSO 

r.t. crystallized separately 

100.0 39.0  2:1 10 mL 

DMSO 

r.t. crystallized separately 

50.0 39.9 1:1 10 ml 

methanol 

r.t. crystallized separately 

cocrystallization of GLZ and BZA 

50.0 18.0 1:1 10 ml 

methanol 

r.t. single crystal 

cocrystallization of GLZ and NIF 

50.0 53.3  1:1 15 mL 

methanol 

r.t. crystallized separately 

50.0 106.6  1:2 20 mL 

methanol 

r.t. crystallized separately 

100.0  53.3 NIF 2:1 15 mL 

methanol 

r.t. crystallized separately 
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Table S3.   Details of the dissolution studies. Composition of the powder samples and 

wavelengths used for UV-Vis analysis. 

sample amount GLZ [mg] amount API [mg] wavelengths [nm] 

GLZ 100 - 226 

HTZ - 67 238 

TRI - 78 232 

GLZ-HTZ 100 67  226, 238  

GLZ-TRI 100 78 226, 232 

(BZA+)(GLZ-)* 100 38 238 

* crystalline 

 

 

Table S4.   H bonding interactions in (BZA+)(GLZ-). 

D-H…A d(D...A) (Å) (DHA) (°) symmetry code 

N4-H1...O2  2.808(3) 162(2) x, y, z 

N5-H2...O2 3.260(3) 133(2) x, y, z 

N4-H2...O1 2.926(3) 172(3) -x+1, -y, -z+1    

N5-H2...O3 2.919(2) 149(3) x, y, z 

N5-H1...O3 2.828(2) 165(2) -x+1, -y+1, -z+1       

 

 

Table S5.   Selected bond lengths, bond angles and H bonding interactions in Na+GLZ-. 

 bond length (Å)  bond angle (°) 

Na1-N1 2.549(2) N1-Na1-O1 55.78(6) 

Na1-O1 2.596(2) N1-Na1-N3c 102.48(7) 

Na1-O2b 2.4193(19) N1-Na1-O2d 80.70(6) 

Na1-O3a    2.3202(17) N1-Na1-O3d 140.61(7) 

Na1-O3b 2.3245(18) O2d-Na1-O3c 140.69(7) 

Na1-N3a 2.608(2) N3c-Na1-O2d 114.59(7) 

D-H…A d(D...A) (Å) (DHA) (°) symmetry code 

N2-H2...O2 2.905(3) 157.00 -x+1, y+1/2, -z+3/2 

C3-H3...O1 3.197(4) 140.00 x, -y+3/2, z-1/2 

    
a x,-y+3/2,z-1/2  b -x+1,y-1/2,-z+3/2  c x,-y+3/2,z+1/2    d -x+1,y+1/2,-z+3/2   

 

 



227 

 

Table S6.   H bonding interactions in IND.0.5H2O 

D-H…A d(D...A) (Å) (DHA) (°) symmetry code 

N2-H1...O4 3.140(6) 165(6) x, y-1, z 

N5-H1...O1 3.102(6) 175(6) x, y, z 

N7-H1...O7 3.087(6) 176(6) -x+1, y-1/2, -z+1/2       

N10-H1D...O10 3.086(6) 171(5) -x, y-1/2, -z+1/2 

O14-H14A...O12 2.738(6) 156(10) x, y, z+1 

N9-H9A...O13 2.787(8) 154(4) x, y, z 

N9-H9B...N8 3.250(8) 166(8) -x+1, y-1/2, -z+1/2 

N3-H3A...N4 3.220(7) 159(6) x, y-1, z 

N3-H3B...O14 2.810(7) 151(6) x, y, z 

N6-H1E...O8 2.850(7) 124(4) x, -y+3/2, z+1/2 

N6-H1F...O1 3.016(7) 133(8) x, y, z 

N12-H12G...O2 2.881(6) 148(8) x, -y+1/2, z-1/2 

N12-H12H...O10 3.010(6) 131(7) -x, y-1/2, -z+1/2 

N12-H12H...N11 3.323(7) 154(7) -x, y-1/2, -z+1/2 

C1-H1...O11 3.479(7) 163.1 x, -y+1/2, z+1/2 

C17-H17...O9 3.487(7) 160.0 x, -y+3/2, z+1/2 

C49-H49...O3 3.469(6) 160.5 x, -y+1/2, z-1/2 

C63-H63...O2 3.458(6) 156.4 x, -y+1/2, z-1/2 

 

  



228 

 

 

 

Fig. S1. XRPD patterns of (a) GLZ (180 min.), (b) CTZ (180 min.), (c) HTZ (60 min.), (d) 

IND (90 min), (e) TRI (180 min.) and (f) NIF (180 min.) after ball-milling for  the times 

indicated; (g) ball-milled IND after storage for 10 months at 22 ± 2 oC and 56 % RH; (h) ball-

milled HTZ after storage for three months at 22 ± 2 oC and 56 % RH. 

 

 

Fig. S2. XRPD patterns of (a) CTZ, (b) NIF and (c) TRI after cryomilling for 120 min; (d) 

CTZ after cryomilling and storage for 1 d at 22 ± 2 oC and 56 % RH; (e) cryomilled NIF after 

storage for 1 d at 22 ± 2 oC and 56 % RH; (f) cryomilled TRI after storage for 3 d at 22 ± 2 

oC and 56 % RH. 
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Fig. S3. XRPD patterns of milled GLZ-NIF (1:1 molar ratio): (a) directly after ball-milling 

for 120 min; (b) after storage for 3 d (22 ± 2 oC, 56 % RH). 

 

 

Fig. S4. XRPD patterns of (a) milled GLZ-BZA (1:1 molar ratio), (b) milled GLZ-BZA (1:1 

molar ratio) stored at 22 ± 2 oC and 98 % RH for one month, (c) GLZ-BZA (1:1 molar ratio) 

milled in the presence of acetonitrile and (d) theoretical pattern of (BZA+)(GLZ-) calculated 

from the single crystal X-ray data.  
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Fig. S5. XRPD patterns of ball-milled samples (1:1 molar ratio) stored at 22 ± 2 oC and 98 % 

RH: (a) GLZ-IND after four months, (b) GLZ-HTZ after one month, (c) GLZ-TRI after one 

month and (d) GLZ-TRI after four months.  

 

 

 

Fig. S6. 2650 – 3750 cm-1 and 650 – 1800 cm-1 ranges of the IR spectra of co-milled GLZ-

TRI, GLZ-NIF, GLZ-CTZ, GLZ-IND, GLZ-HTZ (solid lines) and calculated spectra of 

physical mixtures of amorphous GLZ with amorphous TRI, NIF, CTZ, IND, and HTZ 

(dashed lines). 
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Fig. S7. XRPD patterns of a milled 5:1 (molar ratio) mixture of GLZ and HTZ: (a) directly 

after ball-milling for 90 min. (b) after storage for one week at 22 ± 2 oC and 56 % RH. 

 

 

Fig. S8. XRPD pattern of a 1:5 (molar ratio) mixture of GLZ and CTZ after cryomilling for 

90 min. 
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Fig. S9. XRPD patterns of (a) GLZ, (b) IND and (c) GLZ-IND (1:1) after ball-milling for 30 

min. in the presence of methanol. 

 

 

Fig. S10. IR spectra of GLZ (red), BZA (green), Na+GLZ- (purple) and (BZA+)(GLZ-) (blue). 
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Fig. S11. X-ray structure of IND.0.5H2O. 

 

Fig. S12. Theoretical pattern calculated form the single crystal data of IND.0.5H2O (a) and 

experimental pattern of commercial IND (b). 
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Fig. S13. DSC plot of commercial IND. 

 

 

 

 

Fig. S14. XRPD pattern of commercial IND before (a) and after (b) heating for 24 h at 160 

C.  
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Fig. S15. DSC plot of commercial IND after heating for 24 h at 160 C. 
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Fig. S16. Dissolution profiles of (a) amorphous () and crystalline GLZ (); (b) amorphous 

() and crystalline HTZ (); (c) amorphous () and crystalline TRI. 

 

Fig. S17. XRPD pattern of coamorphous GLZ-HTZ before (a) and after (b) the dissolution 

study.  

 

(a

) 

(b) 

(c) 
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Fig. S18. XRPD pattern of co-amorphous GLZ-TRI before (a) and after (b) the dissolution 

study.  

 

  

 

 

 

 

 

 

 

 

 

Fig. S19. XRPD patterns of (a) the recrystallized sample of coamorphous (BZA+)(GLZ-) after 

dissolution testing and (b) (BZA+)(GLZ-) prepared by liquid-assisted grinding. 
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Fig. S20. XRPD patterns of commercial IND after milling for 30 min in the presence of (a) 

H2O, (b) methanol, (c) ethanol, (d) acetonitrile, (e) acetone, (f) CHCl3 and (g) CH2Cl2. 

 

 

 

Fig. S21. IR spectra of commercial IND after milling for 30 min in the presence of H2O (IND 

H2O), CHCl3 (IND Chloro), acetone (IND Ace), ethanol (IND EtOH), and acetonitrile (IND 

Acn), and amorphous IND (IND Am). Green: IND form I; blue IND solvate; red: 

IND.0.5H2O 
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Fig. S22. IR spectra of IND.0.5H2O (blue), form I obtained by milling with EtOH (green) and 

Form A (red). 

 

 

 

 

Fig. S23. DSC plot of A obtained by milling commercial IND in the presence of methanol. 
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Fig. S24. DSC plot of IND.0.34CHCl3.  

 

 

 

Fig. S25. XRPD patterns of IND solvates stored at 98 % RH. (a) directly after milling, (b) 

after 1 d, (c) after 7 d and (d) after 14 d. Right: CHCl3 solvate. Left: CH2Cl2 solvate
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(b) XRPD pattern of the zingerone crystals. 

Figure S2. XRPD patterns. (a) Theoretical pattern of methyl vanillate calculated form the single 

crystal data. (b) Methyl vanillate crystals. (c) Theoretical pattern of methyl vanillate hydrate 

calculated form the single crystal data and (d) Crystals of methyl vanillate hydrate.  

Figure S3. (a) Theoretical XRPD pattern of ethyl vanillate calculated form the single crystal 

data. (b) XRPD pattern of ethyl vanillate crystals.  

Figure S4 Calibration curve and the best fit line of zingerone.  
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Table S1.  Hydrogen bonds for zingerone 

______________________________________________________________________

______  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 C(3)-H(3)...O(3)#1 0.93 2.64 3.317(4) 130.2 

 C(9)-H(9A)...O(2)#2 0.97 2.55 3.466(4) 158.2 

 O(2)-H(1O2)...O(3)#1 0.87(2) 1.88(2) 2.747(3) 173(3) 

____________________________________________________________________________  

#1 x+1/2,-y+1/2,z-1    #2 -x+1,-y+1,z+1/2   

 

     

Table S2.  Hydrogen bonds for methyl vanillate 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(4)-H(4)...O(3) 0.82 2.22 2.670(3) 114.8 

 C(5)-H(5)...O(1)#1 0.93 2.59 3.508(4) 167.7 

 C(8)-H(8A)...O(1)#2 0.96 2.63 3.533(4) 157.9 

____________________________________________________________________________  

#1 -x+3/2,y-1/2,-z+1/2    #2 -x+1,-y+2,-z+1       

 

Table S3.  Hydrogen bonds for ethyl vanillate 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(4)-H(4)...O(1)#1 0.82 2.04 2.7782(18) 150.0 

 O(4)-H(4)...O(3) 0.82 2.22 2.6667(18) 114.4 

 C(2)-H(2)...O(4)#2 0.93 2.45 3.361(2) 164.7 

 C(9)-H(9A)...O(4)#3 0.96 2.66 3.566(3) 157.7 

____________________________________________________________________________  

#1 -x+1,y+1/2,-z+1/2    #2 -x+1,y-1/2,-z+1/2    #3 -x,y-1/2,-z+1/2    
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 Table S4.  Hydrogen bonds for methyl vanillate hydrate 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(3)-H(3O3)...O(5) 0.82 1.81 2.623(3) 171.5 

 O(5)-H(1O5)...O(1)#1 0.87(2) 1.98(2) 2.849(4) 172(5) 

 O(5)-H(2O5)...O(4)#2 0.87(2) 2.22(4) 2.917(3) 137(5) 

 O(5)-H(2O5)...O(3)#2 0.87(2) 2.23(4) 3.021(4) 150(5) 

____________________________________________________________________________  

#1 -x+1/2,y+1/2,z-1/2    #2 -x+1,-y+1,z+1/2       

 

 

Table S5.  Hydrogen bonds for ethyl vanillate hydrate   

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(5)-H(1O5)...O(3)#1 0.88(2) 2.34(4) 2.944(4) 126(3) 

 O(5)-H(1O5)...O(4)#1 0.88(2) 2.09(3) 2.942(4) 162(4) 

 O(5)-H(2O5)...O(1)#2 0.87(2) 1.96(3) 2.800(4) 163(5) 

 O(3)-H(1O3)...O(5) 0.92(2) 1.73(2) 2.646(4) 172(4) 

____________________________________________________________________________  

#1 -x+1,-y,-z+2    #2 -x+1,-y,-z+1       
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Figure S9. (a) Theoretical XRPD pattern of zingerone calculated form the single crystal 

data. (b) XRPD pattern of the zingerone crystals. 

 

 

 

Figure S10. XRPD patterns. (a) Theoretical pattern of methyl vanillate calculated form 

the single crystal data. (b) Methyl vanillate crystals. (c) Theoretical pattern of methyl 

vanillate hydrate calculated form the single crystal data and (d) Crystals of methyl 

vanillate hydrate.   
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Figure S11. (a) Theoretical XRPD pattern of ethyl vanillate calculated form the single 

crystal data. (b) XRPD pattern of ethyl vanillate crystals. 
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Figure S12 Calibration curve and the best fit line of zingerone. 

  

 

Figure S13 Calibration curve and the best fit line of methyl vanillate. 
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Figure S14 Crystals of zingerone grown from ethyl acetate. 
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Table S1. Formation of cocrystals in the presence of excipients. Composition of 

samples. 

 

sample mg API mg coformer mg excipient 

ctz/bipy/PVP 328.2 86.6 328.2 

ctz/bipy/MCC 328.2 86.6 328.2 

ctz/ebipy/PVP 310.5 191.3 310.5 

ctz/ebipy/MCC 310.5 191.3 310.5 

ctz/pbipy/PVP 295.7 198.2 295.7 

ctz/pbipy/MCC 295.7 198.2 295.7 

ctz/pyr/PVP 393.3 106.5 393.3 

ctz/pyr/MCC 393.3 106.5 393.3 

ctz/hyp/PVP 378.5 121.7 378.5 

ctz/hyp/MCC 378.5 121.7 378.5 

ctz/hma/PVP 340.0 161.2 340.0 

ctz/hma/MCC 340.0 161.2 340.0 

ctz/bza/PVP 354.8 145.3 354.8 

ctz/bza/MCC 354.8 145.3 354.8 

ctz/ina/PVP 354.8 146.5 354.8 

ctz/ina/MCC 354.8 146.5 354.8 

ctz/nia/PVP 354.8 146.4 354.8 

ctz/nia/MCC 354.8 146.4 354.8 

ctz/nia/HPC 354.8 146.4 354.8 

ctz/nia/-lactose 354.8 146.4 354.8 

ctz/nia/NaTC 354.8 146.4 354.8 

ctz/nia/DA 354.8 146.4 354.8 

ctz/cbz/PVP 277.9 444.1 277.9 

ctz/cbz/MCC 277.9 444.1 277.9 

ctz/cbz/HPC 277.9 444.1 277.9 

ctz/cbz/-lactose 277.9 444.1 277.9 

ctz/cbz/NaTC 277.9 444.1 277.9 

ctz/cbz/DA 277.9 444.1 277.9 

ctz/aca/PVP 416.9 83.2 41.6 

ctz/aca/MCC 416.9 83.2 125.0 

ctz/ppa/PVP 402.1 99.4 40.2 

ctz/ppa/MCC 402.1 99.4 40.2 

ctz/bzam/PVP 354.8 144.1 354.8 

ctz/bzam/MCC 354.8 144.1 354.8 

htz/nia/PVP 178.2 73.2 178.2 

htz/nia/MCC 178.2 73.2 178.2 

htz/nia/HPC 178.2 73.2 178.2 

htz/nia/-lactose 178.2 73.2 178.2 

htz/nia/NaTC 178.2 73.2 178.2 

htz/nia/DA 178.2 73.2 178.2 
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Table S2. IR bands (cm-1) of the coformers and of the coformers after milling with PVP 

(ctz : PVP 1:1 weight ratio) 

 (N-H), coformer 

coformer            coformer-PVP                

 

(C=O), PVP 

coformer-PVP           

PVP - - - 1645 - 

ctz 3326 

3259 

3066 

3331 

3243 

3066 

5 

16 

0 

1649 4 

bza 3363  

3165 

3365 

3170 

2 

5 

1651 6 

nia 3359 

3152 

3365 

3165 

6 

13 

1651 6 

ina 3363 

3178 

3370 

3183 

7 

5 

1652 7 

cbz 3465 

3156 

3465 

3159 

0 

3 

1658 13 

aca 3303 

3153 

3300 

3152 

3 

1 

1640 5 

ppa 3363 

3178 

3356 

3181 

7 

3 

1655 10 

 

 

Table S3. Characteristic IR band (cm-1) of MCC after milling with the respective 

coformer (1:1 weight ratio) 

MCC 1023, br; 1051, sh 

MCC/bza 1026; 1056 

MCC/bzam 1027; 1055 

MCC/bipy 1032; 1056 

MCC/hma 1047; 1064 

MCC/ppa covered by ppa band 
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Table S4. IR bands (cm-1) of ctz, htz, cbz and nia after milling with HPC, -lactose, DA 

and NaTC and after cocrystal formation (ctz : excipient 1:1 weight ratio). 

 (N-H) (C=O), 

nia/cbz 

(N-H) (C=O) 

ctz 3326 

3259 

3066 

 - 

- 

- 

 

ctz/HPC 3331 

3244 

3066 

 5 

15 

0 

 

ctz/-lactose 3330 

3244 

3077 

 4 

15 

11 

 

ctz/DA 3332 

3245 

3066 

 6 

14 

0 

 

ctz/NaTC 3332 

3244 

3066 

 6 

15 

0 

 

nia 3359 

3152 

1673 - 

- 

- 

nia/HPC 3364 

3157 

1677 5 

5 

4 

nia/-lactose 3361 

3158 

1677 2 

6 

4 

nia/DA 3364 

3159 

1677 5 

7 

4 

nia/NaTC 3364 

3160 

1678 5 

8 

5 

cbz 3464 

3156 

1673 - 

- 

- 

cbz/HPC 3465 

3159 

1676 1 

3 

3 

cbz/-lactose 3464 

3159 

1677 0 

3 

4 

cbz/DA 3485 1674 21 1 

cbz/NaTC 3465 1656 1 17 

ctz-nia 3366 

3151 

1652 7 

1 

21 

htz-nia 3375 1653 16 20 

cbz-nia 3337 

3168 

1668 11 

12 

5 

 

  



254 

 

 

 

Figure S1. XRPD pattern of (a) the ctz-bipy cocrystal, (b) the ctz-bipy cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-bipy cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-bipy cocrystal after milling 

with MCC (ctz : MCC 1:1 w/w) and (e) the ctz-bipy cocrystal after milling with MCC 

and after storage for 30 d at 20 C, 56 % RH. 
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Figure S2. XRPD pattern of (a) the ctz-ebipy cocrystal, (b) the ctz-ebipy cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-ebipy cocrystal after milling with 

PVP and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-ebipy cocrystal after 

milling with MCC (ctz : MCC 1:1 w/w) and (e) the ctz-ebipy cocrystal after milling 

with MCC and after storage for 30 d at 20 C, 56 % RH. 
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Figure S3. XRPD pattern of (a) the ctz-pbipy cocrystal, (b) the ctz-pbipy cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-pbipy cocrystal after milling with 

PVP and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-pbipy cocrystal after 

milling with MCC (ctz : MCC 1:1 w/w) and (e) the ctz-pbipy cocrystal after milling 

with MCC and after storage for 30 d at 20 C, 56 % RH. 
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Figure S4. XRPD pattern of (a) the ctz-pyr cocrystal, (b) the ctz-pyr cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-pyr cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-pyr cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-pyr cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 
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Figure S5. XRPD pattern of (a) the ctz-hyp cocrystal, (b) the ctz-hyp cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-hyp cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-hyp cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-hyp cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 

 

Figure S6. XRPD pattern of (a) the ctz-hma cocrystal, (b) the ctz-hma cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-hma cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-hma cocrystal after milling 
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with MCC (ctz : MCC 1:1 w/w) and (e) the ctz-hma cocrystal after milling with MCC 

and after storage for 30 d at 20 C, 56 % RH. 

 

 

 

Figure S7. XRPD pattern of (a) the ctz-bza cocrystal, (b) the ctz-bza cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-bza cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-bza cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-bza cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 
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Figure S8. XRPD pattern of (a) the ctz-nia cocrystal, (b) the ctz-nia cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-nia cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-nia cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-nia cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 
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Figure S9. XRPD pattern of (a) the ctz-ina cocrystal, (b) the ctz-ina cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-ina cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-ina cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-ina cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 
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Figure S10. XRPD pattern of (a) the ctz-cbz cocrystal, (b) the ctz-cbz cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-cbz cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-cbz cocrystal after milling with 

MCC (ctz : MCC 1:1 w/w) and (e) the ctz-cbz cocrystal after milling with MCC and 

after storage for 30 d at 20 C, 56 % RH. 
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Figure S11. XRPD pattern of (a) the ctz-ppa cocrystal, (b) ctz, (c) the ctz-ppa cocrystal 

after milling with PVP (ctz : PVP 1:1 w/w), (d) the ctz-ppa cocrystal after milling with 

PVP (ctz : PVP 10:1 w/w), (e) the ctz-ppa cocrystal after milling with MCC (ctz : MCC 

1:1 w/w) and (f) the ctz-ppa cocrystal after milling with MCC (ctz : MCC 10:1 w/w).  
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Figure S12. XRPD pattern of (a) the ctz-aca cocrystal, (b) the ctz-aca cocrystal after 

milling with PVP (ctz : PVP 1:1 w/w), (c) the ctz-aca cocrystal after milling with PVP 

(ctz : PVP 3:1 w/w), (d) the ctz-aca cocrystal after milling with PVP (ctz : PVP 10:1 

w/w), (e) the ctz-aca cocrystal after milling with MCC (ctz : MCC 1:1 w/w), (f) the ctz-

aca cocrystal after milling with MCC (ctz : MCC 3:1 w/w) and (g) the ctz-aca cocrystal 

after milling with MCC (3:1 w/w)  and after storage for 30 d at 20 C, 56 % RH. 
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Figure S13. XRPD pattern of (a) (bzamH+)(ctz-), (b) (bzamH+)(ctz-) after milling with 

PVP (bzam : PVP 1:1 w/w), (c) (bzamH+)(ctz-) after milling with PVP and after storage 

for 30 d at 20 C, 56 % RH, (d) (bzamH+)(ctz-) after milling with MCC (bzam : MCC 1:1 

w/w) and (e) (bzamH+)(ctz-) after milling with MCC and after storage for 30 d at 20 C, 

56 % RH. 
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Figure S14. XRPD pattern of (a) the ctz-bipy cocrystal, (b) a milled mixture of ctz, 

bipy and PVP (ctz : bipy = 1:0.5 molar ratio; ctz : PVP = 1:1.5 (w/w)) and (c) a milled 

mixture of ctz, bipy and MCC (ctz : bipy = 1:0.5 molar ratio; ctz : MCC = 1:1.5 (w/w)). 

 

Figure S15. XRPD pattern of (a) the ctz-ebipy cocrystal, (b) a milled mixture of ctz, 

ebipy and PVP (ctz : ebipy = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)), and (c) a milled 

mixture of ctz, ebipy and MCC (ctz : ebipy = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)).  
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Figure S16. XRPD pattern of (a) the ctz-pbipy cocrystal, (b) a milled mixture of ctz, 

pbipy and PVP (ctz : pbipy = 1:2 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled 

mixture of ctz, pbipy and MCC (ctz : pbipy = 1:2 molar ratio; ctz : MCC = 1:1 (w/w)). 

 

Figure S17. XRPD pattern of (a) the ctz-pyr cocrystal, (b) a milled mixture of ctz, pyr 

and PVP (ctz : pyr = 1:2 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of 

ctz, pyr and MCC (ctz : pyr = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 
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Figure S18. XRPD pattern of (a) the ctz-hyp cocrystal, (b) a milled mixture of ctz, hyp 

and PVP (ctz : hyp = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of 

ctz, hyp and MCC (ctz : hyp = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 

 

 

Figure S19. XRPD pattern of (a) the ctz-hma cocrystal, (b) a milled mixture of ctz, hma 

and PVP (ctz : hma = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of 

ctz, hma and MCC (ctz : hma = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 
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Figure S20. XRPD pattern of (a) the ctz-bza cocrystal, (b) a milled mixture of ctz, bza 

and PVP (ctz : bza = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of 

ctz, bza and MCC (ctz : bza = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 

 

 

Figure S21. XRPD pattern of (a) ctz-nia, (b) a milled mixture of ctz, nia and PVP (ctz : 

nia = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of ctz, nia and 

MCC (ctz : nia = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 
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Figure S22. XRPD pattern of (a) ctz-ina, (b) a milled mixture of ctz, ina and PVP (ctz : 

ina = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of ctz, ina and 

MCC (ctz : ina = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 

 

 

 

Figure S23. XRPD pattern of (a) ctz-cbz, (b) a milled mixture of ctz, cbz and PVP (ctz : 

cbz = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of ctz, cbz and 

MCC (ctz : cbz = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 
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Figure S24. XRPD pattern of (a) (bzamH+)(ctz-), (b) a milled mixture of ctz, bzam and 

PVP (ctz : bzam = 1:1 molar ratio; ctz : PVP = 1:1 (w/w)) and (c) a milled mixture of 

ctz, bzam and MCC (ctz : bzam = 1:1 molar ratio; ctz : MCC = 1:1 (w/w)). 
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Figure S25. XRPD pattern of (a) the ctz-nia cocrystal, (b) the ctz-nia cocrystal after 

milling with HPC (ctz : PVP 1:1 w/w), (c) the ctz-nia cocrystal after milling with HPC 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-nia cocrystal after milling with 

-lactose (ctz : -lactose 1:1 w/w), (e) the ctz-nia cocrystal after milling with -lactose 

and after storage for 30 d at 20 C, 56 % RH, (f) the ctz-nia cocrystal after milling with 

NaTC (ctz : NaTC 1:1 w/w), (g) the ctz-nia cocrystal after milling with NaTC and after 

storage for 30 d at 20 C, 56 % RH, (h) the ctz-nia cocrystal after milling with DA (ctz : 

DA 1:1 w/w) and (i) the ctz-nia cocrystal after milling with DA and after storage for 30 

d at 20 C, 56 % RH. * excipient peaks 

 

* 

* 
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Figure S26. XRPD pattern of (a) the htz-nia cocrystal, (b) the htz-nia cocrystal after 

milling with PVP (htz : PVP 1:1 w/w), (c) the htz-nia cocrystal after milling with PVP 

and after storage for 30 d at 20 C, 56 % RH, (d) the htz-nia cocrystal after milling with 

MCC (htz : MCC 1:1 w/w), (e) the htz-nia cocrystal after milling with MCC and after 

storage for 30 d at 20 C, 56 % RH,  (f) the htz-nia cocrystal after milling with HPC (ctz 

: HPC 1:1 w/w), (g) the htz-nia cocrystal after milling with HPC and after storage for 30 

d at 20 C, 56 % RH, (h) the htz-nia cocrystal after milling with -lactose (htz : -

lactose 1:1 w/w), (i) the htz-nia cocrystal after milling with -lactose and after storage 

for 30 d at 20 C, 56 % RH, (j) the htz-nia cocrystal after milling with NaTC (htz : 

NaTC 1:1 w/w), (k) the htz-nia cocrystal after milling with NaTC and after storage for 

30 d at 20 C, 56 % RH, (l) the htz-nia cocrystal after milling with DA (htz : DA 1:1 

w/w) and (m) the htz-nia cocrystal after milling with DA and after storage for 30 d at 20 

C, 56 % RH. * excipient peaks 
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Figure S27. XRPD pattern of (a) the ctz-cbz cocrystal, (b) the ctz-cbz cocrystal after 

milling with HPC (ctz : HPC 1:1 w/w), (c) the ctz-cbz cocrystal after milling with HPC 

and after storage for 30 d at 20 C, 56 % RH, (d) the ctz-cbz cocrystal after milling with 

-lactose (ctz : -lactose 1:1 w/w), (e) the ctz-cbz cocrystal after milling with -lactose 

and after storage for 30 d at 20 C, 56 % RH, (f) the ctz-cbz cocrystal after milling with 

NaTC (ctz : NaTC 1:1 w/w), (g) the ctz-cbz cocrystal after milling with NaTC and after 

storage for 30 d at 20 C, 56 % RH, (h) the ctz-cbz cocrystal after milling with DA (ctz : 

DA 1:1 w/w) and (i) the ctz-cbz cocrystal after milling with DA and after storage for 30 

d at 20 C, 56 % RH. * excipient peaks 

 

* * 

* * 

* 
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Figure S28. XRPD pattern of (a) the ctz-cbz cocrystal, (b) a milled mixture of ctz, cbz 

and HPC (ctz : HPC 1:1 w/w), (c) a milled mixture of ctz, cbz and -lactose (ctz : -

lactose 1:1 w/w), (d) a milled mixture of ctz, cbz and NaTC (ctz : NaTC 1:1 w/w) and 

(e) a milled mixture of ctz, cbz and DA (ctz : DA 1:1 w/w). * excipient peaks 
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