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Abstract:.  8 

Multicomponent crystallisation is a widely studied technique in pharmaceutical chemistry to 9 
enhance physical properties of API’s such as solubility, stability and bioavailability without 10 
chemically modifying the drug moiety itself. Methods to produce multicomponent crystals are 11 
varied with solution crystallisation being the predominant method. Crystal morphologies also 12 
influence an API’s properties with needle shaped crystals dissolving slower and possessing poor 13 
flow properties compared to a more equant block shape. In this paper, we discuss the preparation 14 
of co-crystals and co-crystal salts of two poorly soluble drugs, pyrimethamine and diflunisal. In 15 
particular we compare production of multicomponent crystals via cosublimation with the more 16 
common methods of mechanical grinding and solution crystallisation. Samples are sublimed on a 17 
laboratory scale from both ends of standard 15 x 160 mm test tubes sealed under vacuum with two 18 
heaters were used to equalize the sublimation rates of the components. We show that a range of 19 
multicomponent pharmaceutical crystals can be prepared that are not accessible via solution 20 
crystallisation, including polymorphs and ansolvates. In addition to binary systems, ternary 21 
crystals can also be obtained via this technique. Various diflunisal co-crystals crystallise as thin 22 
needles and we describe the use of tailor made additives to obtain unprecedented morphology 23 
control of gas phase crystal growth. Finally we discuss the formation of co-crystal salts in the 24 
absence of solvent. Salt formation was observed to occur during gas phase crystallisations in 25 
accordance with the pKa rule of 3 and modelling studies were carried out to understand the nature 26 
of proton transfer in these crystals in the absence of a solvent.  27 

Keywords: Co-Crystallisation, Sublimation, Organic Salt, Proton Transfer, Morphology Control 28 
 29 

1. Introduction 30 

Co-crystals, i.e. crystals containing two or more molecular components that crystallise together in 31 
the same crystal structure, are extensively studied in the field of pharmaceutical chemistry to 32 
enhance the physical properties of API’s without chemical modification of the drug molecule 33 
itself[1-3]. Properties such as dissolution rate, solubility, processability, stability and bioavailability 34 
can be modified in such a manner. A related yet subtly different method of pharmaceutical 35 
preparation is API salt formation with a large number of API’s marketed as salts with HCl, sodium 36 
and sulfate salts among the most common[4]. A range of techniques are used in industry and on the 37 
laboratory scale for co-crystal production with solution crystallization being the most dominant 38 
method in tandem with other less common techniques such as solid state grinding, hot melt 39 
extrusion and spray drying [5]. Sublimation is a much less common technique for co-crystal 40 
formation with only a limited number of examples available in the literature but can provide a much 41 
greener alternative to crystal growth avoiding solvent needed for growth from solution which can 42 
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also result in solvate formation[6-10]. In addition, crystals grown from solution can be of low quality 43 
for structural determination or result in solvate formation with solvent molecules present in a 44 
stoichiometric ratio in the crystal lattice[7]. Crystal morphology can have a significant effect on 45 
mechanical issues in industrial processes with more equant block shaped crystals much preferred to 46 
needle shaped crystals due to superior flow properties[11-12]. Crystal morphology can also have a 47 
significant impact on structural studies of a crystal system. However the optimization of 48 
crystallisation processes to control morphology from solution has remained challenging[13].  49 
Diflunisal, a non-seroidal anti-inflammatory drug (NSAID) and pyrimethamine, used for the 50 
treatment of toxoplasmosis and other parasitic diseases in AIDS/HIV patients, exhibit poor solubility 51 
in aqueous media while diflunisal has the additional problem of exhibiting extreme needle 52 
morphology both in the API itself and its co-crystals due to its preference for crystal growth by van 53 
der Waals stacking interactions[14-16]. Here we review and discuss our work aimed at enhancing 54 
the dissolution behaviour of both API’s by co-crystallisation with selected co-formers while 55 
developing a new technique to synthesise and characterise these co-crystals. The successful use of 56 
tailor made additives and an apparatus constructed of inexpensive and commercially available 57 
components to obtain morphology control and improve the quality of crystal growth from the gas 58 
phase is also described. 59 

2. Experiments  60 

2.1. Crystallisation from the gas phase and crystal structure determination and refinement 61 

Multicomponent crystals were crystallised from the gas phase as described previously by us [17]. An 62 
Oxford Diffraction Xcalibur system was used to collect X-ray diffraction data at room temperature. 63 
The crystal structures were solved using ShelxT and refined using Shelxl within the Oscail 64 
package[18-20].  65 

2.2. Ball Milling 66 

Equimolar amounts of the API and the respective coformers with 50 L of EtOH (120-150 mg total 67 
weight) were placed in 2mL Eppendorf tubes containing one 5mm stainless steel ball. The samples 68 
were placed in a 3D printed 6 tube sample holder developed in house and milled at 25 Hz for 20 69 
minutes using an oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany). 70 

2.3. Solution Crystallisation 71 

Equimolar amounts of API and the respective co-former were dissolved in a minimum of solvent. 72 
Crystallisation experiments were carried out in methanol, acetonitrile and ethyl acetate. The solvent 73 
was allowed to slowly evaporate from an open 20 mL vial with X-ray suitable single crystals 74 
harvested in 7-14 days. 75 

 76 
 77 
 78 
 79 
 80 

 81 
 82 
 83 
 84 
 85 
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3. Results  87 

3.1. Pyrimethamine Co-Crystal Screening 88 

In an effort to synthesise three component crystals of pyrimethamine, a comprehensive study was 89 
carried out on the crystallization behaviour from ball milling, solution crystallization and 90 
co-sublimation[21]. Novel crystal systems identified from solution crystallization are outlined in 91 
Table 1. It can be noted that many solvates were identified during this study and co-crystallisation 92 
from the gas phase was carried out to prevent solvate formation. Ansolvate structures identified 93 
from the gas phase are outlined in Table 2. 94 

Table 1. Novel Crystal Systems of Pyrimethamine Identified from Solution Crystallisation 95 

No. Components 
Solvent 

used 
Solvate Note 

1 
Pyrimethamine/ 

Benzoic acid 
Methanol Water  

2 

Pyrimethamine/ 

Benzoic acid/ 

Succinimide 

Methanol -  

3 
Pyrimethamine/ 

Nicotinic acid 
Methanol Water  

4 
Pyrimethanime/ 

Saccharin 
Methanol Water H2O solvate I 

5 
Pyimethamine/ 

Saccharin 
Methanol Water H2O solvate II 

6 
Pyrimethamine/ 

Saccharin 
Methanol - Polymorph II 

7 
Pyrimethamine/ 

Saccharin 
Methanol Methanol  

8 
Pyrimethamine/ 

Saccharin 
Acetonitrile Acetonitrile  

9 
Pyrimethamine/ 

Sorbic acid 
Methanol -  

10 

Pyrimethamine/ 

Saccharin/ Sorbic 

acid 

Methanol -  

11 
Pyrimethamine/ 

Mandelic acid 
Methanol -  

12 

Pyrimethamine/ 

Saccharin/ 

Glutarimide 

Methanol -  

13 
Pyrimethamine/ 

Anthranillic acid 
Acetonitrile Water  

14 Pyrimethamine Acetonitrile Acetonitrile  

15 
Pyrimethamine/ 

Isonicotinic acid 
Acetonitrile Water  

 96 

 97 
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3.2. Diflunisal Co-Crystal Screening 98 

Diflunisal was identified as an ideal candidate for crystallization from the gas phase due to its 99 
tendency to form highly anisotropic needlike crystals and the formation of solvates from solution 100 
crystallization. Pallipurath et al [15] previously did a comprehensive study of the crystallization 101 
behaviour of diflunisal with pyridyl derivatives and identified solvate formation as a particular 102 
hinderance to structure determination from the solution phase. Using co-sublimation we have 103 
greatly improved the landscape of diflunisal co-crystals with the ability to determine structures that 104 
were previously unobtainable. Results are outlined in Table 3. 105 

 106 

Table 3. Novel Multicomponent crystals synthesized using co-sublimation as described in [17] 107 

Components 
Amount 

API (mg) 

Amount 

Co-Former 

(mg) 

Temperature 

API(°C) 

Temperature 

Co-Former(°C) 

Time 

(hr) 

DIF/INA 

50 of milled sample (DIF 

250.2 + INA 122.1 + BEN 

37.2) 

Heater 1 170.1 

Heater 2 160.5 
2 

DIF/EBIPY 25 9.1 180.0 140 2 

DIF/BIPY 50 15.6 193.0 126.3 2 

DIF/PBIPY 50 39.62 174.4 50.0 12 

DIF/PIP 50 17.2 196.4 61.8 12 

DIF/DMAP 50 24.62 161.4 69.2 4 

 108 
 109 
 110 

3.3. Morphology Control in the Gas Phase Using Tailor Made Additives 111 

It was reasoned that an additive of similar size and shape to one component of a co-crystal but 112 
possessing a lower H bonding capacity would introduce faults into stacked structures and therefore 113 
alter morphology of cocrystals where stacking interactions dominate crystal growth. Morphology 114 
control from the solution phase has been studied in detail with modest results, however using tailor 115 
made additives in the gas phase we were able to show much more drastic effects in morphology 116 
control. 117 

Table 4. Morphology control of co-crystals using additives. 118 

Components Additive Co-Crystal 

BZA/INA - 1:1 needles 

BZA/INA BEN 1:1 blocks 

BZA/INA - 2:1 plates 

DIF/INA - 2:1 fibers 

DIF/INA BEN 2:1 needles 

DIF/BIPY - 2:1 needles 

DIF/EBIPY - 2:1 thin plates 

DIF/EBIPY SPY 2:1 needles 

 119 
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4. Discussion 120 

4.1. Methods of Co-Crystallisation 121 

We looked at three main methods of crystallisation, each with their distinct advantages and 122 
disadvantages, Ball Milling, Solution Crystallisation and Sublimation. Mechanical grinding or ball 123 
milling is a common method of co-crystal screening. During milling mechanical energy is utilised 124 
and as it is a high energy process, milling of two or more co-formers together can induce a solid-state 125 
transition to bind the co-formers together as a co-crystal[22-24]. Sample preparation can take less 126 
than one hour with a usual quantitive yield if the co-formers used are suitable for co-crystallisation. 127 
Small catalytic amounts of solvent can be employed (<20μL) as a lubricant and to aid proton transfer 128 
in the sample. However the main disadvantage by this method is the resulting powder sample 129 
where full structural characterisation by single crystal X-ray diffraction (SCXRD) is not possible. 130 
Therefore it is often deployed as a screening process in tandem with solution crystallisation for full 131 
characterisation. 132 

Solution crystallisation of co-crystals is the most common and go to method of producing single 133 
crystals [1] and indeed in many cases can produce high quality crystals suitable for SCXRD. 134 
However its application is limited when the desired compound has solubility issues and oftentimes 135 
crystals produced from solution include solvent in the crystal lattice in a stoichiometric ratio as 136 
solvates[7]. Large volumes of various solvents can be required to screen samples and crystal 137 
formation can take several days to weeks. Therefore we looked for a greener method of 138 
crystallisation that elimates the disadvantages of solution crystallisation while providing access to 139 
structural characterisation that was previously unobtainable. 140 

Around 2/3 of organic compounds are estimated to be sublimable and previously we have shown 141 
the application of sublimation to produce solvent free crystals and for polymorph selectivity for 142 
API’s[6-7]. With the use of a small temperature gradient and under vacuum to prevent sample 143 
degradation high quality single crystals can be produced on a laboratory scale. This is achieved by 144 
slow growth rates during desublimation and clean condensing areas providing a low number of 145 
nucelation sites. We have now shown that high quality co-crystals can be produced also by 146 
sublimation by use of a two-zone oven to control the sublimation rates of the two components 147 
separately. The advantage of this method as a route to co-crystallisation is immediately obvious in 148 
that we completely avoid the need for solvent during crystallisation, eliminating the possibility of 149 
solvate formation. While the process is indeed limited to thermally stable and sublimable coformers, 150 
it has proved an extremely useful method for structure determination with the ability to grow high 151 
quality crystals in less than one day. 152 

4.2. Co-crystallisation of Pyrimethamine 153 

A comprehensive co-crystal screening study of 154 
pyrimethamine was carried out with the aim of 155 
developing ternary crystal systems of 156 
pyrimethamine[21]. Pyrimethamine was identified 157 
from a crystal engineering view as having the 158 
ability to form ternary crystal systems due to the 159 
presence of a donor-acceptor-donor (DAD) and a 160 
donor-acceptor (DA) binding sites. During this 161 
study a number of novel crystal systems were 162 
identified by both solution and sublimation 163 

experiments, as outlined in Tables 1 and 2. While 164 
three novel ternary systems were identified from 165 

Figure 1, Pyrimethamine/Acetonitrile solvate identified 

from solution crystallisation 
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solution, namely pyrimethamine/saccharin/glutarimide, pyrimethamine/saccharin/sorbic acid and 166 
pyrimethamine/benzoic acid/succinimide along with a wide host of binary crystal systems and a 167 
novel pyrimethamine solvate with acetonitrile. It can be however noted the wide prevalance of 168 
solvate formation in binary crystals synthesised from solution, particularly prevalent in the 169 
pyrimethamine/saccharin system which gave one ansolvate, two hydrates, a methanol solvate and 170 
an acetonitrile solvate. To this end co-crystallisation experiments via sublimation were attempted in 171 
an attempt to crystallise the ansolvate stuctures which were identified as novel co-crystals via 172 
milling. We were successful in crystallising the ansolvate structure of nicotinic acid and a second 173 
ansolvate polymorph of pyrimethamine/saccharin. We were also able to crystallise two systems 174 
which were unobtainable via solution crystallisation; pyrimethamine/glutarimide and 175 
pyrimethamine/barbituric acid which were hindered by crystallisation from solution due to poor 176 
solubility in various solvents and resulting powder products. Most interesting from the sublimation 177 
of pyrimethamine was the ability to crystallise the ternary system 178 
pyrimethamine/saccharin/glutarimide from sublimation. This was due to the relativelty similar 179 
sublimation rates at the same temperature of pyrimethamine and saccharin and showed that 180 
co-sublimation experiments can be expanded further to ternary or higher order systems by careful 181 
selection of coformers or modification of the heating oven to include more than two heating zones.  182 

 183 

4.3. Co-Crystallisation of Diflunisal 184 

Diflunsal is a common non steroidal anti-imflammatory drug 185 
(NSAID) which exhibits poor aqueous solubility and has a 186 
tendency to crystallise as long needles which are difficult to 187 
handle. In an attempt to modulate these properties a series of 188 
co-crystallisation screening was carried out by Pallipurath et 189 
al[15] where diflunisal was co-crystallised with pyridyl 190 
containing moieties and while some crystal structures were 191 
found from solution crystallisation, more often than not the 192 
desired co-crystal failed to crystallise (e.g. diflunisal/bipyridine 193 
(BIPY)), formed a solvate ( diflunisal/ 194 
4-(2-pyridine-4-ethyl)pyridine (EBIPY)) or was unstable at 195 
room temperature when removed from solvent 196 
(diflunisal/4-[3-(pyridin-4-yl)propyl]pyridine (PBIPY)). In an 197 
attempt to succeed where solution crystallisation had failed, a 198 
series of diflunisal co-crystals and salts were synthesised via 199 
co-sublimation. We were able to synthesise a series of binary 200 

systems where solution crystallisation had failed as outlined in 201 
Table 3 including anhydrous DIF/BIPY, DIF/EBIPY and 202 
DIF/PBIPY. Of particular interest in these series of crystals was 203 
the example of diflunisal and isonicotinamide. A 2:1 co-crystal 204 
of this system has been extensively studied in the literature but 205 
due to “cotton candy” like crystallisation behaviour due to 206 
extreme van der Waals stacking, all efforts to achieve single crystal characterisation have failed. By 207 
co-sublimation and by use of benzamide as an additive in a 10% by weight ratio single crystals were 208 
able to be grown of sufficent quality for structure determination. The use of additives to control 209 
crystallisation morphology is discussed in the next section. This system showed a powerful example 210 
of the ability of co-sublimation to succeed in extreme cases where other crystallisation attempts have 211 
failed 212 

Figure 2, DIF/INA crystallised from the gas 

phase without (top) and with the presence of 

benzamide (Bottom. Reproduced from [17] with 

permission from the Royal Society of Chemistry 
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4.4. Morphology Control in the Gas Phase 213 

Morphology control is of 214 
particular interest to the 215 
pharmaceutical industry, 216 
the size and shape of a 217 
crystal dramatically affect a 218 
solid’s manual handelling 219 
ability [11-13]. More equant 220 
block shaped crystals are 221 
much preferred in industry 222 
over more anisotropic plate 223 
or needle shapes due to their 224 
flow properties with blocks 225 
acting much like spheres 226 
whereas needles and plates 227 
can accumulate and cause 228 
blockages in industrial 229 
equipment. On a laboratory 230 

scale block shaped crystals 231 
are much preferred over 232 
plates due to their diffraction properties with needle shaped crystals in general taking longer to 233 
collect weaker data for than block shaped crystals. As such we endeavored to influence the 234 
morphology of crystals during growth to a more desired shape. It was reasoned that an additive of 235 
similar size and shape to one component of a cocrystal (tailor made additives) but possessing a 236 
lower H bonding capacity would introduce faults into stacked structures and theredore alter 237 
morphology of cocrystals where stacking interactions dominate crystal growth.  238 

To start the BZA/INA crystal system was examined. 1:1 and 2:1 crystal systems are known to 239 
exist[25-28] for these cofomers with only the 1:1 system characterised by SCXRD. Previous crystals 240 

reported for the 2:1 system were poorly diffracting or 241 
twinned with no structural data availible. We succeeded in 242 
growing 1:1 and 2:1 crystals via co-sublimation. 1:1 crystals 243 
grown by sublimation were observed as needles with a sea 244 
urchin habit but with the introduction of 1% benzoic acid, 245 
similar to isonicotinamide but lacking a hydrogen bonding 246 
pyridyl nitrogen, the crystals demonstrated a dramatic 247 
change to a block like morphology. This is in stark contrast 248 
to morphology changes previously observed from solution 249 
which prove much more modest in scale. 250 

Likewise we studied the morphology behaviour of the 251 
DIF/EBIPY system. The 2:1 crystal grown from sublimation 252 
gave very thin plates which proved difficult to collect 253 
structural data for as the fine plates were very weakly 254 
diffracting. The addition of 5% 4-styrylpyridine (SPY) the 255 
plates were able to be converted to needles which gave 256 
much stonger diffraction than the thin plates. We can use 257 
the DIF/EBIPY system to explain how tailor made additives 258 

have such a dramatic effect on morphology from gas phase crystal growth. In the plates the 259 
predominant growth direction is along the c-axis with extended growth along the a-axis and 260 

Figure 4, DIF/EBipy crystal structure with growth as 

plate and needle shaped crystals. Reproduced from [17]  

with permission from The Royal Society of Chemistry 

 

Figure 3, Top, DIF/EBIPy crystallised without additive (left) and with SPY (right). 

Bottom, BZA/INA 1:1 crystallised without additive (left) and with BEN (Right) 
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negligible growth along the b-axis. Along the c-axis EBIPY is orientated in the lattice to provide 261 
hydrogen bond driven growth sites. Poisoning of these sites with SPY allows the SPY to hydrogen 262 
bond to diflunisal but providing no extra hydrogen bonding site for additional growth, preventing 263 
further growth in this direction. With the c-axis being controlled the predominant growth face then 264 
becomes the a-axis which is the molecular stacking direction. 265 

4.5. Modelling Hydrogen Transfer in the Gas Phase 266 

Table 5. pKa differences of diflunisal and co-formers 267 

Compound pKa 
Difference 

(Base-DIF) 
Outcome 

Diflunisal 2.94 0 - 

BIPY 3.39 0.33 Co-crystal 

INA 3.39 0.45 Co-crystal 

EBipy 5.5 2.56 Co-crystal 

PBipy 6.3 3.36 Salt 

DMAP 9.7 6.76 Salt 

Piperazine 9.83 6.89 Salt 

It is widely established that salt formation will occur when the pKa difference between two 268 
coformers is greater than 3 [27]. This rule was however developed using crystals grown from the 269 
solution phase and from crystals outlined in Table 5, it is shown that this rule holds also for 270 
multicomponent crystals grown from the gas phase. However while it is clear that salt formation has 271 
occurred in the crystals grown from sublimation, the question then becomes when exactly does 272 
proton transfer take place? It is possible that proton transfer can take place before sublimation with 273 
the gas phase species being ionic [28-29] or that proton transfer occurs after desublimation during 274 
early stage crystal growth. It is known ions are extemely difficult to generate in the gas phase[30], 275 
suggesting proton transfer elsewhere. We have studied proton transfer in gas phase crystallisation 276 
by computational methods utilizing molecular clusters which will be published elsewhere. 277 

5. Conclusions  278 

We have shown that pharmaceutical co-crystals can be grown by sublimation by equalising the 279 
sublimation rates of the components by multiple zone heating with crystal quality contolled by 280 
suppressing nucleation with close control over growth rates and desublimation surfaces. Tailor 281 
made additives can be used both to control morphology in co-crystal systems and to improve crystal 282 
quality for X-ray characterisation. Ternary crystals have been shown to form via sublimation, 283 
opening the possibilities for higher order crystal systems via this method. We have shown that 284 
sublimation can be an important complementary technique to ball milling and solution 285 
crystallization for the investigation and characterisation of pharmaceutical solids. 286 
 287 
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