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Abstract: Polymorphic nucleation of carbamazepine (CBZ) in several solvents (ethanol, 2-propanol, acetone, acetonitrile, toluene and nitromethane) was investigated with different functionalized porous silica templates. It was found that the introduction of silica templates with different surface chemistries such as -OH, -NH2 and -phenyl affected the polymorphic outcomes. At a low supersaturation ratio, stable form Ⅲ of CBZ was prone to nucleate as expected. However, the results in this work confirmed that phenyl-functionalized porous silica template could crystallize and maintain the metastable form Ⅱ of CBZ at a low supersaturation ratio for a long time. In terms of the underlying mechanism, the aromatic-aromatic interaction between surface of phenyl-functionalized silica and CBZ molecule played an important role in stabilizing the metastable form Ⅱ. The influence of amount of silica templates on the polymorph formation was also investigated. Our results will help to crystallize and maintain metastable materials, even at a low supersaturation ratio. 
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1. Introduction
Polymorphism refers to the ability of a molecule to take on multiple forms, in which the molecular packing arrangement or molecular conformation is different (the former is called packing polymorphism while the latter is conformational polymorphism)1,2. Different polymorphs have different physicochemical properties such as melting point3, morphology4, density5, solubility6 and stability7 etc. In the case of active pharmaceutical ingredients (APIs), the variation in physicochemical properties may contribute to significantly different bioavailability8,9. Among various APIs, the anti-HIV drug Ritonavir is a good example to show why the understanding of polymorphism and the ability to control the polymorph are critical at all stages of pharmaceutical development10. 
Crystallization is commonly used as a purification technique for APIs in the pharmaceutical industry11. Controlling the stable polymorph of API during crystallization process is well investigated12-14. However, crystallization and isolation of metastable polymorphs with high purity are rarely reported, since it is hard to stop/hinder the transformation process from metastable form into stable form using the conventional methods15. Even if metastable forms of APIs can be produced by adding polymers or other techniques, the stability of products is poor (i.e. the metastable form readily transform into other more stable forms). For example, metastable form II of paracetamol can be obtained and stabilized for only 5 h by the use of polymer additives16. Spray drying technique can be used to prepare metastable form of acedapsone, which was found to be stable for only 6 h17. However, compared to the stable form, metastable form of APIs usually displays better solubility and bioavailability18-20, which makes metastable form a desired target product if a scalable controlling method can be developed. Herein we propose the use of functionalized porous silica as templates to control metastable form Ⅱ of carbamazepine through heterogeneous nucleation21,22.
Carbamazepine (CBZ) is an anticonvulsant used in the treatment of epilepsy and trigeminal neuralgia23. It has been reported that CBZ has five anhydrous forms I, Ⅱ, Ⅲ, Ⅳ, V, one dihydrate form, many solvates and cocrystals24-28. Among the anhydrous polymorphs, forms I~Ⅳ are commonly observed while form V is difficult to obtain by conventional method. P-monoclinic form III is thermodynamically stable between ambient temperature and 70 °C, while forms I, II and IV are less stable but sometimes kinetically favored22. Studies of CBZ were mainly about the influence of solvent and supersaturation ratio on the polymorphic outcome29-31. In this work, we focus on the influence of introducing functionalized porous silica templates with differing surface-modified groups on the polymorphic nucleation of CBZ. The study was conducted in ethanol, 2-propanol, acetone, acetonitrile, nitromethane and toluene at a low supersaturation ratio (S=1.6). The polymorph structure of CBZ and the interaction between surface group on porous silica and CBZ molecules are discussed to elaborate the underlying mechanism of stabilizing the metastable form II by the application of phenyl-functionalized porous silica.
2. Experimental section
2.1. Materials. CBZ (C15H12N2O, CAS: 298-46-4) form Ⅲ was purchased from ApolloScientific (Cheshire, UK) with a purity of 99%. Solvents including ethanol, 2-propanol, acetonitrile, toluene, nitromethane and acetone were purchased from VWR (Lutterworth, UK) and used to prepare CBZ solution. Tetraethyl orthosilicate (TEOS) (98%) and triethoxyphenylsilane (98%) were purchased from Sigma Aldrich (Gillingham, UK). Sodium hydroxide (99.8%) was acquired from VWR (Lutterworth, UK). Cyclohexane (99.8%) was supplied by Fisher Chemical (Loughborough, UK). De-ionized water was generated by a PURELAB Chorus 1 water purification system (ELGA LabWater (High Wycombe, UK)). Macroporous silica with pore size of 50 nm was supplied by LGC Biosearch Technologies (Middlesex, UK).
2.2. Functionalized porous silica preparation and characterization. Spherical silica nanoparticles were synthesised based on the Stöber method reported previously32. A mixture of TEOS/ethanol/de-ionized water (60 ml / 960 ml / 138 ml) was stirred at 40 °C and 0.1 M NaOH (42 ml) was added into this mixture. The final mixture was stirred at 40 °C overnight and centrifuged at 6000 rpm for 10 minutes to recover the silica nanoparticles, which were dried at room temperature.
To functionalize the macroporous silica with phenyl groups, pristine macroporous silica (0.5 g) and triethoxyphenylsilane (5.0 g) were added into cyclohexane (100 ml). The mixture was sonicated at room temperature for 10 minutes before refluxing the mixture overnight. Reflux was performed with the heat block temperature set to 130 °C (boiling point of cyclohexane is 81 °C). The mixture was filtered through a filter paper and the retained phenyl-functionalized macroporous silica was washed repeatedly with acetone to remove any residual silane. The washed phenyl-functionalized macroporous silica was dried at room temperature overnight and dried again in vacuum oven (60 °C, 10 mbar) overnight. The functionalization of macroporous silica with aminopropyl groups followed the same procedure above using (3-aminopropyl)triethoxysilane (5.0 g).
Successful functionalization of silica with the phenyl group was verified by the water test, where 10 mg of the phenyl-functionalized silica was added into 1 mL de-ionized water. The phenyl-functionalized silica floated on top of the water even after vigorous shaking due to the high water contact angle as shown in previous study33. For comparison, 10 mg of original silica was added into 1 mL de-ionized water and it sank immediately to the bottom due to the hydrophilic nature of silica and higher density of silica than water (2 g/mL). For aminopropyl-functionalized silica, the successful functionalization was verified by the chloranil test for the presence of amine. A chloranil test solution was prepared by dissolving 0.1 g chloranil in 4.9 mL dimethylformamide. 10 mg of aminopropyl-functionalized silica was added into 1 mL chloranil test solution and turned dark blue within several minutes, indicating the abundance of free amine groups. In comparison, 10 mg of original silica was added into 1 mL chloranil test solution and remained white for a day, indicating the absence of amine groups.
2.3. Cooling crystallization. Cooling crystallization of CBZ was conducted under quiescent condition in glass vials, which were placed inside a jacketed crystallizer, whose temperature was controlled by a water bath (F32, Julabo). The functionalized porous silica particles were submerged in CBZ glass vials, which were sealed with caps and parafilm to avoid evaporation of solvent. The mass ratio of silica to CBZ is about 1~10%. Initial supersaturation ratio (S=c/c*=1.6), was prepared by dissolving the required amount of CBZ in ethanol, 2-propanol, acetone, acetonitrile, toluene and nitromethane, respectively at an elevated temperature up to 55 ℃ for 2 h to ensure all the CBZ powder dissolved, and about 6 ml CBZ solution in each solvent was formed in 10 ml glass vial. And then start the cooling crystallization by a natural cooling step to 25 ℃. For each silica template, at least five repeated experiments were performed.
2.4. Characterization. A digital USB optical microscope (VMS004D, Veho, UK) was used to monitor the crystallization process. The crystal morphology of all the solid samples in the solution was observed and recorded every other day. PXRD analysis of the CBZ polymorphs was performed with an X'Pert PRO diffractometer (PANalytical, Almelo, The Netherlands) with nickel-filtered Cu Kα radiation operated at 40 kV and 40 mA. The samples were scanned in the theta range of 5~50° using a step size of 0.01° with a count time of 2.5 seconds per step.
3. Results and discussion
3.1. Characterization of the silica. Fig. 1 schematically shows the structure and surface chemistry of different silica particles. The spherical silica synthesized in our group and pristine macroporous silica purchased from the commercial supplier were hydrophilic due to the presence of free silanol groups (-Si-OH) on their surface. The aminopropyl-functionalized macroporous silica was also hydrophilic due to the presence of free amine group (-NH2). On the other hand, the phenyl functionalization turned the silica from a hydrophilic material into a highly hydrophobic material, resulting in the floating of the phenyl functionalized silica on water, whereas the original hydrophilic silica sank to the bottom of water due to higher density. Similar functionalization of silica with hydrophobic groups was performed in the previous study33, in which the hydrophobic silica had water contact angle ~150°. The synthesized spherical silica nanoparticles had diameter of 410 nm as shown in the SEM image (Fig. 2) and had micropores according to previous reports34. Fig. 2 also shows that size, shape and porosity of the silica which agree with our previous study32. The macroporous silica purchased from the commercial supplier had a porous structure as shown in the SEM image (Fig. 2) and had pores with diameter of 50 nm according to the supplier. 
[image: ]
Fig. 1. Schematic diagram of structures of different silica templates.
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Fig. 2. SEM images of spherical silica and macroporous silica.

3.2. Characterization of CBZ polymorphs. In our work, only two different shapes (prismatic and needle, Fig. 3) of CBZ crystals were observed. PXRD analysis (Fig. 3) was used to characterize the polymorphs of CBZ crystals, and it was found that the crystals with needle shape and prismatic shape belong to form II and form III respectively. As form III is more thermodynamically stable than form II between ambient temperature and 70 ℃, the transformation from form II to form III was observed. Due to our experiments conducted in quiescent condition, it took more time to transform from form II to form III than under stirring condition. It has been reported that under stirring condition transformation just took a few hours35, while it took several days in our experiments.
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Fig. 3. PXRD patterns and microscope images of CBZ polymorphs.

3.3. Effect of functionalized silica templates on crystallization of CBZ. The polymorphic outcomes for template-induced crystallization of CBZ from ethanol, 2-propanol, acetone, acetonitrile, toluene and nitromethane at 25 ℃ were shown in Fig. 4. The interval (1 day) refers to time duration after starting the experiment. In our work, the supersaturation ratio was calculated based on the solubility of stable form III, and only the low supersaturation ratio (S=1.6) was considered to prepare the metastable form II by using different templates such as spherical silica, macroporous silica, phenyl-functionalized macroporous silica and aminopropyl-functionalized macroporous silica. The mass ratio of each template to CBZ was kept constant at 5% in different solutions. Although template-induced polymorphic crystallization of CBZ was investigated in our previous works9,21, both of them focused on the influence of template surface and high supersaturation ratio on the polymorphic crystallization of CBZ. It has been reported that low supersaturation ratio favors nucleation of stable form III of CBZ22. 
Based on Fig. 4, it was found that silica templates had great impact on the crystallization of CBZ even at a low supersaturation ratio. Without silica, only form III with prismatic shape nucleated as expected in ethanol, 2-propanol, acetone, acetonitrile, toluene and nitromethane after an induction time of one day. At the same supersaturation ratio, there were more CBZ crystals in nitromethane and acetonitrile than in other solvents, indicating faster nucleation kinetics was obtained in these two solvents. The crystal size of CBZ crystals in ethanol, 2-propanol and acetone was larger than in other solvents, indicating faster growth kinetics was obtained. Duo to the adding of silica templates and aggregated nature, the microscope images of solutions became slightly unclear. Obviously, phenyl-functionalized macroporous silica had greater influence on polymorphic outcome than other silica templates. The phenyl-functionalized macroporous silica successfully induced the nucleation of metastable form II in 2-propanol, toluene and nitromethane, without changing polymorph nucleation in ethanol, acetonitrile and acetone. Although there were no significant effects on polymorph nucleation by spherical silica, macroporous silica and aminopropyl-functionalized macroporous silica, the crystals amount and size in all solvents have been changed due to the acceleration or hindrance of nucleation and growth process with the existence of silica templates.
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Fig. 4. Polymorphic outcomes for silica templates-induced crystallization of CBZ from different solutions at 25 ℃ (A, spherical silica; B, macroporous silica; C, phenyl-functionalized macroporous silica; D, aminopropyl functionalized macroporous silica).

To investigate the stabilizing effect of phenyl-functinoalized macroporous silica on metastable form II, the transformation process in 2-propanol, toluene and nitromethane was discussed, as was shown in Fig. 5. The solid samples were characterized every other day from start and ended in the third day. Without silica templates, the initially nucleated polymorph of CBZ was form III, and no transformation was observed from form III to other forms in several days, since form III is the most stable form under ambient temperature. When adding phenyl-functionalized macroporous silica into these solutions, only metastable form II nucleated in 2-propanol and toluene for the first day, while metastable form II and stable form III concomitantly nucleated in nitromethane. However, the amount of form II was significantly more than that of form III. In the next two days, the form II was also stable in 2-propanol with macroporous silica template, no transformation process took place. While form II was observed to transform into form III in toluene and nitromethane even with templates, the transformation kinetics was slow, which requires 3 days to accomplish the transformation process in nitromethane. The above results indicated that phenyl-functionalized macroporous silica template could induce nucleation of metastable form II and stabilize it for a long time even at a low supersaturation ratio in these three solvents. 
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Fig. 5. Polymorphic transformation with phenyl-functionalized macroporous silica template.

3.4. Influence of amount of phenyl-functionalized silica. To further investigate the influence of phenyl-functionalized silica template on crystallization of CBZ, the amount added into solutions was also considered. Fig. 6 shows polymorphic outcomes when different amount of phenyl-functionalized silica template was introduced into CBZ solution at S=1.6 in 2-propanol, toluene and nitromethane. It was found that in 2-propanol there was no nucleation of form III no matter how much phenyl-functionalized silica was added. However, it should be noted that the amount of silica template would affect the nucleation and growth kinetics of form II. When the amount of silica exceeded 5% (wt%), the reduced amount of form II in solution revealed the hindrance effect on the nucleation kinetics by the too much silica templates. For the polymorphic outcomes in toluene and nitromethane, the percentage of form III decreased with the increase of phenyl-functionalized silica template, indicating the possibility of obtaining form II increased compared with that without silica.
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Fig. 6. Effect of amount of phenyl-functionalized silica on polymorphic outcomes of CBZ.

3.5. Underlying mechanism of stabilizing metastable form II. To understand the mechanism of stabilizing metastable form II by the phenyl-functionalized silica template, the crystal structures of forms II and III were discussed. In our previous study36, the intermolecular interactions in form III and form II were calculated, as was shown in Fig. 7. The strongest interactions were found to be non-hydrogen bonding contacts, whose values were -9.8 and 10.6 kcal mol-1 in forms II and III respectively. The relative strong interactions belong to NH…O hydrogen bonding in both forms, but the hydrogen bonding in form II (-9.2 kcal mol-1) is stronger than in form III (-7.6 kcal mol-1). Although the other two intermolecular interactions in both forms were significantly weaker, it should be noted that there was also a relatively strong aromatic-aromatic contact (-6.4 kcal mol-1) in form III, which probably contributes to the most stability of form III among all polymorphs of CBZ. Therefore, it was concluded that form II could be more preferably nucleated than form III if aromatic-aromatic interaction between CBZ molecules was disrupted by adding other templates. 
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Fig. 7. The four strongest intermolecular interactions between surround CBZ molecules and a central CBZ molecule for form II and form III [adapted from reference 36].

Through experiments of silica templates-induced crystallization of CBZ, it was confirmed that only phenyl-functionalized macroporous silica template had significant impact on the polymorphic outcome. The other three silica templates such as spherical silica, macroporous silica and aminopropyl-functionalized silica had no effect on the polymorph nucleated in solutions, but had effect on the size of crystals. Fig. 8 shows the interaction between CBZ molecule and phenyl-functionalized silica template, where it is probably that silica template disrupts the aromatic-aromatic interaction between molecules by mimicking the aromatic-aromatic interaction between itself and CBZ molecule, which leads to the disruption of solute-solute apolar interaction in form III. This can explain why form II is more preferably nucleated than form III in solution with phenyl-functionalized silica template. Even at a low supersaturation ratio, it is possible to induce and stabilize metastable form II of CBZ in solution.
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Fig. 8. Diagram for the aromatic-aromatic interaction between CBZ molecule and phenyl functionalized porous silica.
4. Conclusions
The functionalized porous silica template had great impact on crystallization of CBZ. Without silica template, only stable form III nucleated at a low supersaturation ratio (S=1.6) as expected in our tested solvents such as ethanol, 2-propanl, acetone, acetonitrile, toluene and nitromethane. With phenyl-functionalized silica template, the metastable form II of CBZ was successfully crystallized and can keep its original form for a long time in 2-propanol, toluene and nitromethane. It was concluded that the disruption of aromatic-aromatic intermolecular interaction between CBZ molecules by mimicking these similar interaction between CBZ molecule and phenyl-functionalized silica template contributed the nucleation of form II instead of form III. Therefore, it is possible to crystallize and maintain metastable materials, even at a low supersaturation by using functionalized silica templates.
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