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Pre-nucleation aggregation based on solvent microheterogeneity 

Christopher D. Jones,a Martin Walker,b Yitian Xiao,a and Katharina Edkins*a 

Investigation into pre-nucleation aggregates indicating hydrate 

formation of caffeine and theophylline in aqueous acetonitrile 

showed hydrate crystallisation at much lower water fraction than 

significant solute self-association. Molecular dynamics simulations 

indicate that the solvent separates on the molecular scale and that 

solute molecules preferentially localise on the phase interface.  

Hydrates, i.e. crystal forms incorporating water from the 

crystallisation process, are amongst the most difficult 

pharmaceutical materials for formulation and processing due to 

their inherently low water solubility.1 Efforts to identify these 

crystal forms early-on in the drug development, or even to 

predict them, range from extensive crystallisation screens2 to 

elaborate in silico crystal structure prediction.3, 4 But a truly 

effective method has yet to be discovered. Of the estimated one 

third of APIs with hydrated solid forms,5 the methylated 

xanthines caffeine (1) and theophylline (2) are arguably the 

most extensively characterized (Fig. 1). Caffeine, a commonly 

consumed stimulant, forms a channel hydrate with a 

water/xanthine molar ratio of 0.8,6, 7 but keep in line with earlier 

publications, we will refer to this crystal form as monohydrate.  

The structure is stabilized by π-stacking and CH···O hydrogen-

bonded dimer formation of the xanthine molecules, and H-

bonding of water to the unsubstituted nitrogen atom.8, 9 The 

monohydrate of the bronchospasmolytic theophylline has a 

very similar channel structure, but shows stronger NH···O H-

bonded dimer formation of host molecules.10 While 

theophylline monohydrate is physically more stable against 

dehydration than the caffeine monohydrate, both systems 

undergo complete dehydration at low humidity (<20% and 

<35% relative humidity, respectively).11-13 In addition to their 

hydrates, caffeine can form three anhydrous modifications,14, 15  

 

Figure 1. Molecular structures of caffeine (1, R=CH3) and theophylline (2, R=H). 

while theophylline exists in up to seven different anhydrous 

crystal forms,16-18 some of which can only be obtained as 

epitaxial adducts.19-22 Neutron total scattering experiments and 

molecular dynamics (MD) simulations show that caffeine forms 

extended stacks surrounded by poorly defined hydration shells 

in pure water solutions.23-25 This supramolecular stacking is 

driven by a reduction in area of the water-solute interface and 

a related enthalpic stabilization of the solvent. This has been 

suggested to be the initial stage of hydrate nucleation.26-28 

However, the presence of water in solutions does not always 

favour hydrate formation. Slurry experiments in aqueous 

solvent mixtures reveal that the hydrates of xanthines and 

several other APIs are stable only above a critical water activity, 

corresponding to different water concentrations in different 

solvents.29-31  

To gauge the thermodynamic crystallisation products from 

aqueous acetonitrile, supersaturated solutions of caffeine (0.36 

M) and theophylline (0.11 M) were stored at 20 °C for one week, 

and the crystalline products were analysed by powder X-ray 

diffraction (see ESI Fig. S1). Pure monohydrate for both solutes 

was obtained at mole fractions of water, XH2O, above 0.29, 

whilst mixtures of hydrate with anhydrous form β (caffeine) or 

form II (theophylline) were obtained at XH2O between 0.15 and 

0.29. Below XH2O = 0.15, the pure anhydrous crystal forms 

crystallised. Due to the highly non-ideal behaviour of 

acetonitrile/water mixtures, the water activity, aW, rises from 0 

to 0.82 in the range XH2O = 0 – 0.4.32 The thermodynamic 

concept aW quantifies the availability of water to hydrate  
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Figure 2. Self-association K constants of caffeine (black squares) and theophylline (red 

triangles) vs. mole fraction water (XH2O) of the acetonitrile solvent as measured by NMR 

titrations. 

material, i.e. form hydrogen bonds to solute or at interfaces, or 

participate in reactions in aqueous solvent mixtures and 

solutions. The activity aW is independent of the solvent system 

used and gives a measure of how water-like the aqueous 

fraction behaves compared to pure water.33 The reason for the 

rapid increase in aW in aqueous acetonitrile at low XH2O is due to 

the nanoscale demixing of the components. This leads to 

frustrated hydrogen bonding for the water molecules and thus 

a higher propensity of interaction with solute molecules. For 

theophylline, the threshold aW for hydrate crystallisation is 

reported to be 0.64 at 30 °C for acetone-water and methanol-

water mixtures,29 which fits well with our measurement of aW= 

0.67 at XH2O = 0.29 in acetonitrile at 20 °C. No comparable study 

has been performed for caffeine, but this system seems to 

follow the same trend as theophylline. 

Since both caffeine and theophylline monohydrates show 

dimer formation in their crystal structure, we are interested to 

probe for these dimers in solution as indicators of hydrate 

nucleation. 1H-NMR spectra of the compounds in 

concentrations ranging from 1 mM to the solubility limit in 

acetonitrile-d3 were recorded at various fixed XD2O. Chemical 

shifts were referenced to the signal of residual protiated 

acetonitrile (δH = 2.0), and a calibration curve was used to 

account for changes in solvent density for different XD2O (Fig. 

S2). Self-association constants K were estimated by 

simultaneous fitting of the methyl proton signals (Fig. 2) using 

an isodesmic polymerization model.34 At low XD2O, the K values 

for caffeine (1.0 – 2.0 M-1) are slightly higher than those for 

theophylline, which appears to undergo negligible self-

association. Surprisingly, K rises rapidly for both solutes above 

XD2O = 0.77 with the endpoint K values for pure D2O close to 

those reported.35-37 This behaviour does not reveal a significant 

difference in self-aggregation between the two compounds. In 

addition, the low value of the binding constants relates to a 

surprisingly low Gibbs free energy of the interactions (just under 

2 kJ mol-1), which suggests that the interaction motif probed is 

different to the hydrogen-bonded dimer observed in the crystal 

structures. As we reported in an earlier study, the dimer motif 

in theophylline monohydrate is with an energy of approximately 

-30 kJ mol-1 the second strongest individual interaction in the 

crystal structure38 and can be classified as a strong neutral 

hydrogen bond.39 The low Gibbs free energy of the solution 

interaction points towards a different interaction motif. 

Even though the increase of self-association and the onset 

of hydrate crystallisation do not coincide and are on the first 

glance mutually exclusive, the behaviour can be explained by 

earlier observations of the molecular characteristics of 

acetonitrile-water mixtures.33, 40 In the range from 0.2 < XH2O < 

0.8, they show macroscopic homogeneity but microscopic 

phase separation with transient water clusters in a coherent 

acetonitrile matrix, a phenomenon called 

microheterogeneity.41 At lower XH2O the microscopic demixing 

leads to clustering and isolation of the water molecules and thus 

frustration of their hydrogen bonding network, which explains 

the steep increase in water activity as described above.42 Once 

the transient water clusters have formed, the behaviour of the 

mixture does not change significantly upon addition of further 

water. Finally, above XH2O = 0.80, the microheterogeneity is lost 

as neighbouring clusters merge into a percolated network and 

the overall properties of the solvent mixtures are dominated by 

water characteristics.43 This change in the local environment 

affects the solute behaviour of both hydrophilic and 

hydrophobic species, impacting a wide range of reaction and 

aggregation processes. For example, both the Ka of 2-naphthol 

and the hydrolysis rate constant of t-butyl chloride in 

acetonitrile increase dramatically at XH2O > 0.80.44 

To gain further insight into the behaviour of caffeine and 

theophylline in aqueous acetonitrile, 0.1 M solutions of varying 

XH2O were analysed in atomistic molecular dynamics (MD) 

simulations. It is noted that H2O and D2O display similar trends 

in activity with varying concentration, although D2O demixes 

more readily.45 The simulations were performed in Gromacs 

4.9.246 using the General Amber Force Field47 a time step of 2 fs 

and fixed bond constraints. The solutions were modelled by 

solvating 60 solute molecules in a 10 nm cubic box with a 

random configuration of TIP5P water48 and acetonitrile, 

matching the experimental density of the solvent mixture. After 

energy minimization and equilibration for 5 ns at 293 K and 1 

bar, the systems were simulated for a further 5 ns under the 

same conditions. Solute-solute and solute-solvent interactions 

were analysed at 100 ps intervals and averaged over three 

replicate runs for each solvent composition. 

As expected, pronounced clustering of water molecules was 

observed at all XH2O. Even at low XH2O, water and acetonitrile do 

not show molecular mixing but local demixing. Water molecules 

interact more strongly with each other than with acetonitrile 

molecules leading to clustering. However, these clusters are too 

small to show the H-bonded network of bulk water leading to 

H-bond frustrated water molecules, exhibiting the sharp rise in 

aW (vide supra). At XH2O above 0.3, the clusters become large 

enough to exhibit bulk water characteristics while H-bond 

frustrated water molecules can only be found on the surface of 

the clusters. This is the region of microheterogeneity. Both 
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Figure 3. MD simulations of a) caffeine and b) theophylline in acetonitrile/water mixtures at XH2O = 0.5 mole fraction and a concentration of 

0.1 M. Acetonitrile molecules are represented in red, water in cyan and solute in light grey (space-filling). Quantitative data extracted from 

MD simulations of c) number of hydrogen bonds per molecule and d) proportion of molecules in clusters. 

caffeine and theophylline preferentially localize at the water-

acetonitrile interface without being individually solvated in 

either phase even when XH2O = 0.9. In the range XH2O = 0.1 – 0.8, 

water occupies 10 – 26% of the solvent-accessible area for 

theophylline but just 4 – 19% of the equivalent area for caffeine. 

Thus, the area of the solute-water interface represents an 

optimal balance between water-water and solute-water 

hydrogen bonding and increases only slightly as water is added 

(Fig. 3, S3). 

In the range of XH2O up to 0.3, the MD simulations show for 

both caffeine and theophylline a sharp rise in solute-water H-

bonding before plateauing between 0.3 < XH2O < 0.8, the 

microheterogeneous region (Figure 3c). At this critical value of 

XH2O, water forms one hydrogen bond with caffeine and 2.0 – 

2.5 with theophylline. This could explain the crystallisation 

behaviour of both hydrates at lower XH2O, as the activity at 

which caffeine and theophylline hydrates become the only 

crystallisation products coincides exactly with the plateau in 

hydrogen bonding. Surprisingly, the number of homomeric 

theophylline hydrogen bonds decreases from 0.5 per molecule 

to zero, so dimer formation is unlikely to occur in solution, as 

evidenced by the low binding constants in the NMR titrations.  

The main interaction between the solute molecules is π-

stacking to minimize solvent disruption (Figure 3d and S6). For 

theophylline, the proportion of molecules involved in stacking 

rises from 85% in pure acetonitrile to 90% at XH2O = 0.2 and 

remains approximately constant above that. By contrast, 

caffeine solutions exhibit a gradual increase in stacking from 

75% to almost 90% up to XH2O = 0.8. In both systems, stacking 

becomes much more prevalent if XH2O rises beyond 0.8, 

affecting 95% of the solute at XH2O = 1. This transition can be 

attributed to the loss of discrete water clusters, which 

subsequently forces solute molecules to occupy a relatively 

water-rich solvent environment. This is directly comparable to 

the self-association constant K measured by NMR, which shows 

a sharp increase at XH2O > 0.77. It is thus clear that the 

microheterogeneities in the solvent mixture act as a template 

for solute aggregation, which will have a large influence on 

crystallisation behaviour. 

The behaviour of either solute is only marginally influenced 

by concentration with the main impact being on the cluster size 

and thus solvent accessible surface (Fig. S4, S6, S7).  

The influence of microheterogeneity on molecular assembly 

raises questions to be considered in the crystallisation and 

crystal growth community. The case of microheterogeneity in 

acetonitrile-water mixtures is well documented, although its 

effect on crystallisation has been overlooked, but there are also 

reports of DMSO-water,49 acetone-water,49 methanol-water50, 

51 and DMF-water52 mixtures showing either microscopic phase 

separation or considerable clustering. These mixtures are 

frequently used for crystallisation. How many other solvent 

mixtures show microscopic structuring that can influence the 

molecular arrangement in solution and thus crystal nucleation? 

We should pay more attention to the solvent systems we use 

for crystallisation on the laboratory scale for research and 

development as well as the large scale of manufacturing. 

Furthermore, such effects are likely to be of relevance to all 

supramolecular chemistry in binary solvent mixtures. 

In conclusion, we have shown that both caffeine and 

theophylline crystallise readily into their hydrated crystal forms 

from aqueous acetonitrile with XH2O > 0.3. This solvent 

composition corresponds to a water activity of 0.6 matching the 

threshold for hydrate crystallisation observed in other solvent 

systems. On the microscopic scale, however, the solute 
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molecules interact only weakly with each other at these low 

XH2O, while a significant increase in self-association can be 

observed by 1H-NMR spectroscopy at XH2O > 0.77. With the help 

of MD simulations, we show that in the range between these 

values, both caffeine and theophylline localise at the interface 

of water clusters present in the microheterogeneous mixed 

solvent system. This result raises the question of the influence 

of microheterogeneity on supramolecular assembly in mixed 

solvent systems, which can have subsequent effect on sensing, 

material science and synthesis. 
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