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ABSTRACT 

Salt formation with proton transfer is observed in crystals grown by cosublimation of the salt 

coformers. Diflunisal salts were obtained with 4-[3-(pyridin-4-yl)propyl]pyridine, piperazine, 

and 4-dimethylaminopyridine. Modelling studies indicate that proton transfer does not take 

place for an acid-base H-bonded adduct in the gas phase. However, modelling larger 

molecular clusters shows that proton transfer can take place spontaneously within a molecular 

cluster in the absence of a solvent.  

 

KEYWORDS  

Sublimation, organic salt, proton transfer, density functional calculations, diflunisal  

 

 



 2 

Co-crystallization from solution and solid state grinding are the dominant methods of 

cocrystal/salt production.1 The preparation of cocrystals by cosublimation of coformers while 

still relatively rare has received increasing attention recently.2-6 We now report that the 

crystal structures of three cocrystals of diflunisal, produced by sublimation of the coformers, 

are clearly salts. The production of salts by sublimation immediately raises the question: How 

does proton transfer take place in the absence of a solvent? Modelling studies are used here to 

understand the nature of proton transfer in these crystals grown in the absence of a solvent. 

Using a sublimation apparatus with multizone heating6 diflunisal, DIF, was sublimed with the 

coformers 4-[3-(pyridin-4-yl)propyl]pyridine, PBIPY, N,N-dimethylpyridin-4-amine, 

DMAP, and piperazine, PIP, and single crystals of DIF-PBIPY, DIF-DMAP and DIF-PIP 

were obtained, Scheme 1. In the crystal structures of these compounds the protons on all N 

and O atoms were located and refined. The crystal data are in Table S1 (ESI) and the crystal 

structure of DIF-PBIPY is shown in Figure 1. While the refined H atom positions indicate 

that proton transfer has taken place we looked for supporting evidence in the C-N-C angles 

and the delta C-O values, ESI Tables S2 and S3.7 The delta C-O values support proton 

transfer. 

 

 

 

 

 

Scheme 1. Chemical structures of DIF and the coformers PIP, DMAP and PBIPY. 
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Figure 1. The crystal structure of the (PBIPYH2
2+)(DIF-)2

.2DIF salt. 

 

In the asymmetric unit there are one PBIPY, two DIF anions and two DIF molecules. Both 

nitrogens of the PBIPY are protonated and H-bonded to the DIF anions and the two DIF 

molecules are H-bonded to the DIF anions. This is closely related to the crystal structure of 

2:1 trichloroacetic acid 4-cyanopyridine salt in which one trichloroacetic acid has transferred 

a proton to the 4-cyanopyridine and the other acid molecule is H-bonded to the first.8 The 

formula can be written as (PBIPYH2
2+)(DIF-)2

.2DIF. Systems of this type can be classified as 

conjugate acid/base molecular ionic cocrystals.9 The DIF-PIP salt obtained by sublimation 

had a 1:1 stoichiometry and it crystallized in space group P21/c. The structure contains chains 

of H-bonded monoprotonated piperazines to which DIF anions are attached by R (13)6
4  H-

bonded rings, Figure 2. Crystallization from solution gave a 2:1 DIF-PIP salt in space group 

P-1. The structure is shown in Figure 3. There is an inversion centre in the middle of the 

doubly protonated piperazine rings and H-bonded R (12)4
4  rings are formed. 
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Figure 2. The crystal structure of the 1:1 DIF-PIP salt obtained by sublimation. 

 

Figure 3. The crystal structure of the 2:1 DIF-PIP salt obtained by solution crystallization. 

 

The crystal structure of DIF-DMAP is shown in Figure 4. In this structure the only 

intermolecular H-bond is within the asymmetric unit. 

  (a) (b) 

Figure 4. (a) The crystal structure of DIF-DMAP. One component of the ortho-F disorder is 

shown. (b) Crystals grown by sublimation. 
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Salts are normally obtained when the pKa difference between the coformers is greater than 

310 and a survey of the Cambridge Database has shown that a pKa difference of 3 corresponds 

to an 80% probability that a salt will be obtained.11 This rule was developed using crystals 

grown from solution and it is yet to be established if it applies to crystals grown by 

sublimation. However, based on the present results, all of which have coformers with a pKa 

difference greater than 3 and are indeed salts, and three recently reported DIF cocrystals 

prepared by sublimation which have pKa differences less than 3 (and in which no proton 

transfer took place) it would appear that it may well apply.6 

While it is clear that proton transfer has taken place in the formation of salts following 

sublimation it is not clear when the proton transfer actually takes place. Two of the 

possibilities are that proton transfer could take place before sublimation and that the gas 

phase species are ionic or that proton transfer could take place after deposition during 

nucleation or early stage crystal growth. The possibility of observing ions in the gas phase 

has been examined theoretically and experimentally.12,13  

DFT calculations suggest that in the gas phase HClO4 will transfer a proton to Na2O, K2O 

and (H2N)2P=N-H but not to H2O or NH3. The fact that HClO4 is calculated not to transfer a 

proton to NH3 where the pKa difference is probably greater than 40 shows that it is difficult 

to generate ions in the gas phase. This is further emphasized by the high reactivity of both the 

phosphorous nitrogen base14 and gas phase Na2O which requires a sublimation temperature of 

1950 °C. 

Experimentally the nature of the gas phase species over distilling ionic liquids has been 

examined and two types of systems have been distinguished.13 These types are protic and 

aprotic ionic liquids. The species present in our sublimations are related to protic ionic liquids 

which are generated by transfer of a proton from a strong acid to an organic base. The 
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equilibrium constant for the proton transfer is related to the pKa difference between the acid 

and the base.15 Raman spectra of the vapor above the protic ionic liquid 1-methylimidazolium 

ethanoate show that the vapor contains only the neutral species ethanoic acid and 1-

methylimidazole.16 The vapor over ionic liquids which do not have the possibility of proton 

transfer to give neutral species may indeed contain ions but distillation requires temperatures 

greater than 150 °C and a vacuum of 1  10-6 bar. Thus it is likely that in the DIF salts proton 

transfer takes place after deposition on the desublimation surface. By analogy with ionic 

liquids these salts could be termed “protic ionic solids” and indeed we have found carrying 

the analogy further that the DIF-DMAP salt can be quantitatively sublimed at 3  10-4 bar 

presumably via reverse proton transfer. X-ray powder diffraction patterns of DIF-DMAP 

before and after sublimation are in the Supporting Information. 

Density functional calculations at WB97XD17 with basis set 6-31G(d,p) using Gaussian1618 

were carried out for the simple adducts of DIF-PIP and DIF-DMAP in the gas phase to 

determine the energy difference between placing the proton on O or N. In both cases starting 

with the proton on N as found in the crystal structure the proton moved back to O to give the 

structure in Figure 5(a). 

 

 (a) (b) 

 

Figure 5. (a) Optimized gas phase structure of DIF-PIP and (b) DIF-PIP structure optimized 

with MeOH environment simulation. 
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When the structure in 5(a) was optimized with methanol solvent simulation the proton moved 

to N and back to O again when the simulation was removed. The calculated energy of the 

neutral adduct was 17.24 kJ/mol lower than that of the salt. To see if a molecular cluster 

could simulate a polar solvent environment a crystal super cell containing 30 DIF molecules 

and 20 PIP molecules was generated from the P-1 crystal structure of DIF-PIP in which the 

proton had been moved back to oxygen. Using the NOTATOMS key word in Gaussian16 it is 

possible to refine just specified molecules in a cluster field. This approach while still 

computationally intensive is a lot faster than optimizing the complete 1100 atom super cell. 

When just one DIF and an adjacent PIP near the centre of the cluster were optimized the 

proton moved to nitrogen, Figure 6. This demonstrates that the environment around the 

optimised pair of molecules can emulate methanol solvation as far as proton transfer is 

concerned. 

 

Figure 6. Optimization of one DIF and one PIP near the centre of a cluster containing 50 

molecules showing that the proton has moved to nitrogen. 
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It has been estimated that in homogeneous solution the critical prenucleation cluster size, 

below which prenucleation clusters are reversible is between 20 and 100 molecules19 and the 

50 molecule DIF-PIP cluster is clearly in that range. Critical cluster size under the 

sublimation conditions used here will of course differ from homogeneous solution. However, 

there are some similarities in that under the low thermal gradients used single crystals grow 

with clean desublimation surface between them, Figure 4(b).6,20 This implies that sub critical 

cluster species involved in the sublimation process are reversible.  

An attempt was made to carry out an all atom optimization on a molecular cluster which was 

at the lower end of the estimated prenucleation cluster size. This was successfully achieved 

using a fifteen molecule DIF-DMAP cluster containing five DIF molecules and ten DMAP 

molecules. Three DIF molecules were inside the cluster surface and two were on the surface. 

In this case it was possible to observe the three DIF protons which are inside the cluster 

surface moving to nitrogen first and one of the surface DIF protons moving later. In the 

Supporting Information there is a movie of this optimization and the positions of the five 

protons in the optimized cluster are shown in Figure 7. 



 9 

Figure 7. The optimized 15 molecule DIF-DMAP cluster. The protons which moved first are 

labelled 1, the one which moved second 2 and the proton labelled 3 remains on O. 

 

The initial and final structures of this cluster are shown in Figures S1 and S2 (ESI) and it is 

clear that the initial “crystal order” has “liquified” on optimization bringing the final state 

closer to what might be realistically expected for a sub critical prenucleating cluster.  

These modelling studies clearly show that the type of molecular cluster likely to be formed 

when crystals are nucleating from the gas phase provide an ideal environment for 

spontaneous proton transfer and permit the growth of salt crystals following sublimation. 
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SYNOPSIS  

When organic salts crystallize from the gas phase, proton transfer can take place 

spontaneously within a prenucleation cluster in the absence of a solvent. 

. 
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