Influence of Solvent Polarity and Supersaturation on Template-induced Nucleation of Carbamazepine Crystal Polymorphs
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Abstract
Studies on the use of template surfaces to induce heterogeneous crystal nucleation have gained momentum in recent years  with potential applications in selective crystallisation of polymorphs and in the generation of seed crystals in a continuous crystallisation process. In developing a template-assisted solution crystallisation process, the kinetics of homogeneous versus heterogeneous crystal nucleation could be influenced by solutesolvent, solutetemplate, and solventtemplate interactions. In this study, we report the effect of solvents of varying polarity on the nucleation of carbamazepine (CBZ) crystal polymorphs, a model active pharmaceutical ingredient. The experimental results demonstrate that functionalised  template surfaces  are effective in promoting crystallisation of either the metastable (form II) or stable (form III) polymorphs of CBZ only in moderately (methanol, ethanol, isopropanol) and low polar (toluene) solvents. A solvent with high polarity (acetonitrile) is thought to mask the template effect on heterogeneous nucleation due to strong solutesolvent and solventtemplate interactions. The current study highlights that a quality-by-design (QbD) approach  considering the synergistic effects of solute concentration, solvent type, solution temperature, and template surface chemistry on crystal nucleation  is critical to the development of a templateinduced crystallisation process. 
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1. Introduction

Crystal polymorphs of a chemical compound exhibit different molecular packing arrangements in the crystal structure – with the difference in the lattice energies leading to thermodynamic stability order between the polymorphs [1]. While the crystal structure with least energy corresponds to the stable polymorph, crystal structures with higher lattice energies lead to metastable polymorphs. Polymorphs exhibit different physicochemical properties such as solubility, density, and melting point – with these properties directly impacting the bioavailability, efficacy, and shelf life of the drug [24]. Additionally, as polymorphs typically exhibit different crystal morphologies, the processability of solids is affected through their flow characteristics, filterability, adhesivecohesive nature, and compaction behaviour. Hence, in the pharmaceutical industry, it is of utmost importance to ensure polymorphic purity of the product crystals. 

Template-induced nucleation generally refers to heterogeneous nucleation of crystals on engineered surfaces. The attributes of templates can vary widely based on the structure and material properties. Crystals of a structurally-related molecule and of inorganic minerals can provide templates with highly ordered structure [2-4]. Self assembled monolayers, colloidal interfaces, polymers, gels and functionalised glasses with much less ordered structure have also been reported to favour nucleation of specific polymorphs [4-6]. Apart from planar two dimensional functionalised templates, surfaces with specific pits and pores of definite size and shape have also been used as nucleation templates [7]. In all these cases, surface properties of the template, viz. surface chemistry, structure, surface energy, and / or porosity play a major role in template-induced crystal nucleation.

In general, solution conditions such as supersaturation, solvent and temperature are known to have significant influence on polymorphic crystallisation [8-10]. The role of solvents in the appearance of crystal polymorphs can be envisaged based on its effects on nucleation and crystal growth [11]. At the nucleation stage,  prenucleation solute clusters in solution contain closely associated solvent molecules , thereby posing a barrier to crystal formation [12]. Besides, polarity of the solvent, as characterised by its dipole moment and dielectric constant, can promote or inhibit a molecular motif  that is preserved in the crystal structure  through specific chemical interactions [13-15]. In turn, these pre-nucleation events can significantly influence the nucleation rate and crystal polymorphism. During crystal growth, solvent interactions with the crystal facets impact their growth rates, resulting in different crystal morphologies [16, 17]. While these phenomena are associated with homogeneous crystal nucleation, the effect of solvents on template-induced crystal nucleation has not been reported before.

The influence of various factors on the appearance of crystal polymorphs can be represented  by a ‘crystallisation triangle’ comprising process conditions (including solution hydrodynamics), solution properties (including supersaturation, solvent), and external stimuli (including energy and particles which might act as nucleation promoter) [18]. Moreover, as the polymorphic outcome of a crystallisation process is often determined by the interplay between these factors, it could be rather challenging to capture the combined effects of various solution and process conditions from a few experimental data [10, 19]. In our previous work, the effects of solute concentration and solution temperature on the crystallisation of polymorphs was assessed by plotting ‘polymorphic domain (PoD)’ charts [20]. These plots were useful in locating specific operating regions in the phase diagram in order to obtain specific polymorph(s) of the crystallizing molecule, with the required polymorphic purity. 

Template surfaces provide an additional parameter for influencing polymorphic nucleation and, thus bring in an additional dimension to the design space for controlling a crystallisation process. While heterogeneous nucleation on templates could potentially provide better control over polymorphic crystallisation, it also leads to further complexity in the process development. Interaction of the template with the solvent molecules, alongside solventsolute intermolecular interactions, can significantly impact the mechanism of template-induced crystal nucleation. Hence, the efficiency of template surface to induce a specific crystal polymorph could not be assessed based only on the epitaxial relationship and/ or intermolecular interactions at the templatenucleating crystal interface. It is equally important to look into the effects of solution conditions on crystal nucleation while developing a template-induced crystallisation process. This type of experimental investigation could be essential from the viewpoint of a quality-by-design (QbD) approach [21, 22] for developing novel templates and crystallisation protocols for new molecules.

The current study aims to investigate the interplay of solvents with varying polarity and solute supersaturation on template-induced polymorphic nucleation of carbamazepine (CBZ) under quiescent conditions. Stagnant solution condition was maintained during the crystallisation experiments to avoid probable effect of stirring on the nucleation process [23]. CBZ, an anticonvulsant drug, with five reported anhydrous polymorphs (form I, II, III, IV and V) [4, 24] and other solvate structures is selected as the model compound. CBZ is crystallised from five different solvents with varying polarity index, both in the absence and presence of template surfaces, to capture the influence of solvents and template surface chemistry on the nucleation of CBZ crystal polymorphs.
2. Materials and Methods

Carbamazepine (CBZ) was purchased from Sigma-Aldrich and used as such without further purification. Analytical grade (AnalaR NORMAPUR) ethanol (EtOH), methanol (MeOH), iso‑propanol (IPA), toluene (TOL), and acetonitrile (ACN) were obtained from VWR International and used as solvents for crystallisation. The polarity index of the solvents decreases in the order: ACN (5.8) > MeOH (5.1) > EtOH (4.3) > IPA (3.9) > TOL (2.4) [25]. Functionalisation and characterisation of 4 ml soda glass vials with silanes of different functional head groups  namely cyano (CN), mercapto (SH) and fluoro (CF3)  are described elsewhere [26].

CBZ solution was prepared by adding the required amount of CBZ into 150 ml solvent and heating the suspension until the solids dissolved. 3 ml of the solution was transferred to the silanised glass vial through 0.22 µm syringe filter to avoid any particulates. The solution was then cooled naturally to the required temperature (in an incubator) to generate supersaturation. The vial was hermetically sealed to avoid any evaporation of the solvent during the experiment. Crystallisation experiments were conducted at different supersaturation levels (c/c* ranging from 1.34.0) and at three different temperatures (15, 20, and 25 °C). For each supersaturation level and crystallisation temperature, the experiment was carried out from different solvents and in various silanised glass vials. A digital USB optical microscope (VMS-004D, Veho, UK) was used to monitor crystal formation in-situ. The polymorphic form of CBZ crystals harvested at the end of the crystallisation experiment was confirmed through powder X-ray diffraction (PANalytical X’Pert PRO diffractometer).


3. Results and Discussion

3.1. Effects of solvent and supersaturation on CBZ polymorphic crystallisation

Figure 1 shows the images of CBZ crystals grown from different solvents at 20 °C within a supersaturation range of 2.5 to 3.0. Note that these results correspond to a control experiment, performed in clean glass vials without pre-silanisation of the surface. PXRD pattern of the concomitantly nucleated crystals and physically segregated (needle shaped and prismatic shaped) CBZ crystals obtained from MeOH solution is provided in Figure 2. The XRD peaks confirmed that the needle shaped crystals correspond to form II whereas form III crystals are prismatic. PXRD pattern of crystals from all solvents were analysed to confirm the polymorphic forms and to ensure that no solvates were produced from any of the solvents that are reported in this study.

Thus, by analysing the polymorphic outcomes for CBZ crystallisation from various solvents, the polymorphic domains were plotted as a function of supersaturation and crystallisation temperature (Figure 3). Within a supersaturation range of 1.34.0, crystallisation from MeOH, EtOH, IPA and ACN resulted in either pure form II/ form III polymorphs or a mixture of both the forms. Form III crystals nucleated predominantly at the lower supersaturation (less than 2.5) while form II crystal nucleation was dominant at the higher supersaturation (greater than 3.0). Concomitant nucleation of both form II and form III crystals occurred in the intermediate range of supersaturation. Contrasting from the other solvents, TOL predominantly resulted in nucleation of form II at the low supersaturations. At higher supersaturation, concomitant nucleation of form III and form II polymorphs occurred. However, a domain for pure form III nucleation was not observed in the case of TOL.

3.2. Effect of solvent and template chemistry on CBZ polymorphic crystallisation
Nucleation of CBZ crystals is influenced by surface chemistry of the template (vial) used [20]. From EtOH solvent, mercapto and fluoro templates enhanced crystallisation of form III polymorph while cyano functionalised templates promoted form II crystallisation. Furthermore, the influence of templates on CBZ crystallisation was dependent both on the  solute concentration and temperature of the crystallising solution, as represented through template-induced polymorphic domain (TiPoD) plots [26]. In the ensuing paragraphs, we extend the TiPoD analysis to the other solvents selected based on their polarity index. 

The TiPoD plots for CBZ crystallisation in MeOH are provided in Figure 4. In control vials, at a given temperature, while form III crystals nucleated at lower solute concentrations, form II crystallised at higher concentrations. Concomitant nucleation of both form II and form III occurred at the intermediate concentration. In mercapto and fluoro functionalised vials, form III crystallised predominantly even at higher concentrations at which the control vials resulted in concomitant nucleation. On the contrary, crystallisation from cyano functionalised vials resulted in pure form II crystallisation at concentrations lower than that obtained in control vials. For example, at 20 °C, pure form III was crystallised in control vials up to 140 mg/ml and pure form II formed above 190 mg/ml. When crystallisation was carried out in mercapto and fluoro functionalised vials at the same temperature, pure form III was formed up to a concentration of 160 mg/ml. Crystallisation from cyano functionalised vials resulted in pure form II at concentrations above 150 mg/ml. For all the three temperatures considered in this study, the domain under which concomitant nucleation occurred was smaller in the case of functionalised vials. Thus the effect of mercapto and fluoro templates was to enhance form III nucleation, while the cyano template promoted form II crystallisation.



In the case of EtOH and IPA, the effect of templates on CBZ polymorphic crystallisation was similar to that observed in MeOH. Since the results of template effects on CBZ crystallisation from EtOH was  published before [20], herein, we only discuss the case of IPA. As shown in Figure 5, in IPA solutions, mercapto and fluoro templates expanded the concentration region in which pure form III crystallised to values higher than that corresponding to control system. In contrast, cyano functionalised templates expanded the concentration region for crystallisation of  pure form II to values lower than that corresponding to control system.

As compared to the experimental results described above, templates had a little effect on the crystallisation of CBZ polymorphs from ACN solution. As observed from Figure 6, out of the eighteen experimental conditions represented by the symbols on the TiPoD plot, templates were found to influence the polymorphic outcome only on 4 experimental conditions. This could be reasoned due to the strong polar nature of ACN, in comparison with the other solvents (viz., MeOH, EtOH and IPA). 

In the presence of a template surface in a crystallising solution, it is envisaged that intermolecular interactions take place between the functional groups on the template and solvent as well as the template and solute. Only when the templatesolute interactions are much more favourable than templatesolvent and solventsolute interactions, the template effect on nucleation and crystallisation is likely to be dominant. On the other hand, if the templatesolvent interaction is significant, the solvent layer on the template surface will pose a barrier to template-induced crystal nucleation. Likewise, specific solutesolvent interactions can affect self-association of solute molecules in the solution, and thereby alter the nucleation rate of different polymorphs [27, 28]. Based on these viewpoints, in the case of CBZ crystallisation from a highly polar solvent (ACN), it is proposed that strong solventtemplate interaction masked the effect of template surface chemistry on heterogeneous crystal nucleation.

In the case of TOL, a non-polar solvent, the effect of template surface chemistry on crystal nucleation was quite evident (Figure 7). Firstly, the polymorphic domain plot corresponding to the control surface highlights that CBZ crystallisation behaviour from TOL is significantly different from that in the other solvents discussed before. TOL promotes nucleation of form II crystals at low solute supersaturation wherein the other solvents produced the stable form III. Only at high supersaturation, form III crystals nucleate in TOL, concomitantly with form II. In contrast, at these supersaturation levels, mercapto and fluoro template surfaces resulted in preferential nucleation of form III crystals. Also, the cyano functionalised template exhibited a moderate expansion of form II crystallisation domain as compared to the control surface.

From a thermodynamic viewpoint, in a polymorphic system, the appearance of one crystal polymorph over another form could be determined by the relative supersaturation difference between the polymorphs. Based on the published solubility data for form II and form III CBZ polymorphs in ethanol and methanol [29, 30], solubility ratio of the polymorphs is found to be 1.1 (in the temperature range of this study), corresponding to a very small difference in supersaturation between the polymorphs at a given initial solute concentration. In a specific solvent, this small difference in supersaturation cannot be considered as a significant factor in determining the polymorphic outcome under the influence of template surfaces. Also, since the solubility ratio of the polymorphs is approximately the same in different solvents within the same temperature range [31], difference in relative supersaturation cannot be attributed to the influence of solvent on nucleation of CBZ polymorphs. In addition, experiments in different solvents were conducted at similar range of supersaturation (cf. Figure 2). Hence the driving force for crystallisation in all solvents is comparable and the observed crystallisation behaviour in the solvents cannot be attributed to supersaturation. Alternatively, the role of solvents in CBZ polymorphic crystallisation could be attributed to kinetic effects associated with specific motif formation during molecular self-assembling prior to crystal nucleation [27].

It is important to consider the occurrence of solvent-mediated polymorphic transformation while analysing the observations on template-induced nucleation of CBZ polymorphs. If the polymorphic transformation rate is much higher compared to growth rate of the metastable crystal, we might observe only the stable form crystals (note that a minimum crystal size of 10 µm is required to be detected by the microscope). In the case of CBZ crystallisation from MeOH solution, that the metastable form II crystals did not transform completely to the stable form III even after a day under quiescent conditions. Among the solvents used in this study, since the solubility of CBZ is the highest in MeOH, the polymorphic transformation time in the other solvents is likely to be lesser compared to MeOH [32]. Form II to form III transformation time reported in literature also suggests a minimum of 45 minutes under stirred condition [29, 33, 34]. Considering that the induction period for nucleation of carbamazepine crystals in silanised glass vials at various solute concentrations was in the order of 45 min [26], it can be concluded that the results on template-induced nucleation of CBZ polymorphs reported in this work are not significantly influenced by solvent-mediated polymorphic transformation.

Polymorphic nucleation is a complex phenomenon that depends on a number of parameters. It is this complexity of the process that has precluded the development of quantitative tools that can accurately predict the polymorphic outcome of crystallisation of various molecules when crystallised from different solvents. Elaborate experimental and theoretical investigations are required for developing such a predictive tool. Crystallisation experiments using multiple solute molecules as well as solvents are necessary for this. However, the extensive results, highlighting the combined influence of solvent, supersaturation, and template surface chemistry, which is described in this work can provide a detailed set of experimental data that can form a basis for further development of computational calculations for establishing a predictive methodology for template-induced nucleation process. This could be a premise for developing quantitative tools for the selection of solvent and template chemistry for crystallising required polymorph.

4. Conclusion
Overall, the results obtained for template-induced nucleation of CBZ polymorphs from different solvents point out that, templates are effective in nucleating  specific crystal forms (either the metastable form II or stable form III) in moderately polar (MeOH, EtOH, IPA) and low polar (TOL) solvents. On crystallising CBZ from a solvent with high polarity (ACN), the functionalised templates did not significantly impact preferential nucleation of crystal polymorphs. It is suggested that, in the latter case, strong solventtemplate and solventsolute interactions masks the template effect on heterogeneous crystal nucleation. 

Molecular modelling of the solventtemplate, solventsolute, and templatesolute interactions could be useful towards gaining further insights into a template-induced nucleation process. Likewise, determining the interfacial tension of solvents at the template surface experimentally could help to assess the degree of solventtemplate interactions, which significantly influences the efficiency of a template surface in inducing crystal nucleation.
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Figure 1: CBZ crystals grown from different solvents; a) ACN, b) MeOH, c) EtOH, d) IPA, e) TOL. Scale bar represents 1 mm.
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[bookmark: _Ref457295369]Figure 2: PXRD pattern of CBZ crystals obtained from MeOH solution.

[image: C:\Users\Jose\Dropbox\Reports and Abstracts\Images & Pictures\OD Solvents\PoD solvents 2.png]

Figure 3: Polymorphic domains of CBZ crystallisation from different solvents.
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Figure 4: Template-induced Polymorphic Domain (TiPoD) for CBZ crystallisation from MeOH. The solid curve denotes solubility of form III (stable) polymorph. The symbols represent experimental conditions at which only form II crystals (   ), a mixture of form II and form III crystals (     ), and only form III (    ) crystals were observed. The shaded region represents the domains wherein the experimental observations were made; the regions extrapolated slightly beyond the experimental temperature range to emphasize the trend.
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Figure 5: Template-induced Polymorphic Domain (TiPoD) for CBZ crystallisation from IPA.
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Figure 6: Template-induced Polymorphic Domain (TiPoD) for CBZ crystallisation from ACN.
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Figure 7: Template-induced Polymorphic Domain (TiPoD) for CBZ crystallisation from TOL.
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