
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:44:36Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Unprecedented morphology control of gas phase cocrystal
growth using multi zone heating and tailor made additives

Author(s) O'Malley, Ciaran; Erxleben, Andrea; Kellehan, Seamus;
McArdle, Patrick

Publication
Date 2020-04-15

Publication
Information

O’Malley, Ciarán, Erxleben, Andrea, Kellehan, Seamus, &
McArdle, Patrick. (2020). Unprecedented morphology control
of gas phase cocrystal growth using multi zone heating and
tailor made additives. Chemical Communications, 56(42),
5657-5660. doi:10.1039/D0CC01067G

Publisher Royal Society of Chemistry

Link to
publisher's

version
https://doi.org/10.1039/D0CC01067G

Item record http://hdl.handle.net/10379/16123

DOI http://dx.doi.org/10.1039/d0cc01067g

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


Unprecedented Morphology Control of Gas Phase Cocrystal Growth Using Multi Zone Heating and 
Tailor Made Additives 

Ciarán O’Malleya, Andrea Erxlebena,b*, Seamus Kellehana and Patrick McArdlea 

The morphology of organic molecular crystals can have a significant effect on their performance in fields ranging from 

pharmaceutics to organic photovoltaics.1-3 Unsuitable crystal morphologies can lead to mechanical handling problems. Crystal 

quality is directly related to the performance of organic electronics and morphology control is important in the investigation of 

structure-property relationships. Solution crystallization is the dominant method for crystal production and solvent choice and 

the use of additives can provide modest morphology control.3-11 Sublimation can be a green alternative to solution crystallization 

offering good polymorph control and industrial scale operation.12,13 It has also been possible to achieve some morphology 

control during sublimation by adjusting the crystallization driving force.14 Cocrystal formation, where two compounds crystallize 

together in the same crystal structure, has been used to improve crystal properties such as dissolution rate and crystal stability.15 

In the field of organic electronics, cocrystal formation is of significant interest, as it allows to tune the optoelectronic properties 

[ref]. The preparation of cocrystal systems has been reviewed recently16 and while a range of less common techniques are 

currently in use including hot melt extrusion and high shear wet granulation, solution crystallization is the dominant method. The 

use of sublimation for cocrystal production has been reported for a limited number of examples17-20 and the thermodynamics of 

cocrystal formation by sublimation of 2-hydroxybenzamide with 4-acetamidobenzoic acid has been examined in detail.20 The 

experimental setups used for the generation of cocrystals by sublimation include heating the components in air between a pair 

of microscope slides, using saturated carrier gas at elevated temperature and reduced pressure (transpiration) and heating in a 

sealed tube under vacuum.17, 18, 22 Here we report that a range of cocrystals can be prepared by sublimation where the components have 

quite different sublimation rates and that for the first time tailor made additives can be used to obtain highly effective morphology control 

and to improve the quality of gas phase crystal growth using an apparatus that can be easily constructed from inexpensive commercially 

available components. 

Samples were sublimed on a 200 mg scale from both ends of standard 15 x 160 mm test tubes sealed under vacuum. Two 

heaters were used to equalize the sublimation rates of the components. Details of the sublimation apparatus are described in 

the ESI. Benzoic acid, BZA, and isonicotinamide, INA, can be crystallized from solution as 1:1 and 2:1 cocrystals.23, 24 The sublimed 

1:1 cocrystals were obtained as needles with a sea urchin habit but crystals grown in the presence of 1% benzamide, BEN, 

showed a dramatic change to a block like morphology, Fig. 1.  

This is in strong contrast to the general crystal morphology changes observed for crystals grown from solution in the presence of 

additives, including the BZA-INA cocrystal, 25 which are more modest in scale. 26-28  

 

Fig. 1 Crystals of the 1:1 BZA-INA cocrystal grow as needles with a sea urchin habit (left) and when 1% BEN is added as blocks 

(right). 

 

The crystal structure of the 1:1 cocrystal, CSD code BUDWEC, contains four unit super molecules and the 2:1 cocrystal has been 

reported to contain three unit super molecules, Fig. 2.23 H-bonding between the super molecules of the BZA-INA structures is 

shown in Figs. S4 and S5 (ESI). 

However, the single crystal of the latter was described as poorly diffracting and twinned and while the structure was outlined no 

crystal data were reported and the structure is not on the CSD.23  
 
 

 

 

Fig. 2 The supermolecules present in the crystal structures of the 2:1 (left) and 1:1 (right) cocrystals of BZA-INA. 

 



The 2:1 cocrystals grown by sublimation were not twinned and the crystal data are in the ESI. In both of these cocrystals the H-

bonding extends beyond the supermolecules, Fig. S2 (ESI). Concomitant crystallization of 1:1 and 2:1 cocrystals has been 

reported for crystals produced by sublimation.20 However, in our apparatus it is possible to selectively produce 1:1 and 2:1 

cocrystals by using different ratios of the coformers. More examples of cocrystals crystallized from the gas phase and the effect 

of additives are summarized in Table 1 and Scheme 1. 

 

Table 1 Cocrystals grown by sublimation and the effect of 

additives on their morphology 

 

Components Additive Cocrystal Mean vdW 

contact/% 

BZA INA - 1:1 needles 55 

BZA INA BEN 1:1 blocks  

BZA INA - 2:1 plates 50 

DIF INA - 2:1 fibers  

DIF INA BEN 2:1 needles 85 

DIF BIPY - 1:1 needles 80 

DIF EBIPY - 1:1 thin plates 79 

DIF EBIPY SPY 1:1 needles  

 

 
Scheme 1 Structures of benzoic acid, BZA; isonicotinamide, INA; benzamide, BEN; diflunisal, DIF; 4,4’-dipyridyl, BIPY; 4-(2-

pyridine-4-ethyl)pyridine, EBIPY and 4-styrylpyridine, SPY. 

 

The 2:1 cocrystal of the nonsteroidal anti-inflammatory drug diflunisal with INA when grown from solution or by sublimation 

looks like candy floss, Fig. 3.29, 30 The additive BEN is also effective in this case and when the cocrystal is generated by sublimation 

in the presence of 10% BEN needle shaped crystals suitable for crystallography are obtained, Fig. 3.  

 

 

Fig. 3 DIF-INA 2:1 sublimes like candy floss (left) and gives needles when sublimed in the presence of 10% BEN (right) 

 

The crystals were weak diffracters but it was possible to solve and refine the structure and the simulated XRPD pattern of the 

crystals show that it has the same polymorph as that previously reported, Fig. S8.29, 30 DIF forms cocrystals with BIPY and EBIPY 

and attempts to obtain these cocrystals from solution gave only the starting compounds and a solvate respectively.31 When 

grown by sublimation the cocrystals were obtained as good quality crystals and thin plates respectively. The thin plates of DIF-

EBIPY were converted to needles when grown in the presence of 4-styrylpyridine, SPY, Fig. 4. The needles which grew in the 

presence of SPY also gave better diffraction than the thin plates, Figs. S7 and S9 (ESI). 

 



 

 

Fig. 4 DIF-EBIPY crystals grow as plates extended along c and as needles along a when SPY is added (right).  

 

A common feature of the compounds in Table 1 which grow as thin needles is that the highly anisotropic growth direction is 

aligned with molecular stacking in their crystal structures. It has been shown that molecule stacking can dominate crystal growth 

when the molecules have more than 50% of their atoms in vdW contact with their stack neighbours.32 This fraction is a measure 

of the slippage in the stacks. The stacking in the DIF-INA 2:1 structure and the needle growth direction along b are shown in Fig. 

5. 

Fig. 5 Two filled unit cells along b of DIF-INA 2:1 cocrystal and the needle growth direction. The fractions of atoms in vdW contact 

are also given. 

 

It is the high fractions of the atoms in each molecule that are in vdW contact with their stack neighbours that leads to the 

extreme needle growth observed in this case. In the BZA-INA 2:1 cocrystal the fraction of atoms in vdW contact does not exceed 

50% and needle growth is not observed and crystal shape is not affected by the presence of BEN.  

The strategy used here to reduce the rate of stack growth is to introduce faults in the stacks using an additive which has the 

same structure and number of non-hydrogen atoms as one of the cocrystal components but has reduced H-bonding ability. Thus 

BEN is an effective tailor made additive for replacement of INA in the four unit super molecule in the BZA-INA structure, Fig. 1, 

and in the DIF-INA structure in Figs. 4 and S3. 

In both the BZA-INA 1:1 and DIF-INA 2:1 structures part of the effectiveness of the additive is due to the presence of H-bonding 

beyond the super molecules which makes the defect induced more energy expensive, Fig. S3. It is also possible to observe major 

changes in morphology where H-bonding does not extend beyond the super molecule. In the DIF-EBIPY structure there is no H-

bonding beyond the super molecule and the plate like crystals in Fig. 4 actually show extended growth in the c direction rather 

than the stacking direction along a. This exception to the expected role of molecular stacking is probably due to the effective way 

the EBIPY is oriented to provide H-bond driven growth sites on the c face, Figs. 6 and S7. 

 

 

Fig. 6 The DIF EBIPY crystal structure with plate and needle shaped crystals. 



 

In the presence of SPY H-bond driven growth is suppressed and stacking along a dominates giving the needles shown in Fig. 4. 

The closely related structure of the DIF-BIPY cocrystal also has no H-bonding beyond the super molecule but here the more 

compact BIPY orientation is not effective in promoting growth which can compete with molecular stacking, Figs. S5 and S6 (ESI). 

The X-ray powder patterns of BZA-INA 1:1 cocrystals show no change when grown in the presence of BEN. However 1H NMR 

spectra indicate that there is 0.1% incorporation into crystals when they are grown in the presence of 1.0% BEN, Figs. S7 and S8. 

It is difficult to experimentally observe crystal growth during sublimation as the test tube is covered by the heaters and 

insulation. However, crystal growth can be examined in reverse as the mechanisms of crystal growth and dissolution are related 

through microscopic reversibility.33 The dissolution of the plate and needle crystals of DIF-EBIPY would be expected to be the 

reverse of the observed crystal growth in the absence of SPY in that the plates should get shorter and the needles should get 

thinner and this is observed, a movie is in the ESI. It is also possible to observe the reverse of crystal growth in the gas phase by 

subliming crystals. This was done for the needle crystals of DIF-EBIPY and DIF-BIPY and the former get thinner and the latter 

shorter as expected, movies in the ESI. 

Gas phase crystal growth mechanisms do not have the solvation and desolvation steps of solution phase growth and it is perhaps 

the absence of these steps which makes tailor made additives so much more effective in controlling gas phase crystal growth. 

In conclusion, cocrystals can be grown by sublimation when the component sublimation rates are equalized using multi zone 

heating and growth rates are controlled to suppress nucleation and to maintain crystal quality. Tailor made additives can 

improve crystal quality and provide higher levels of crystal morphology control in the gas phase than has been observed for 

solution growth. The use of additives in gas phase crystallizations can thus offer new opportunities for morphology-controlled 

crystal growth of organic materials far beyond the co-crystal examples described here and should provide improved control of 

crystallization of pharmaceuticals and organic electronics. 
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