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Abstract

:

In this study, 2,6-dimethoxybenzoic acid (2,6MeOBA) was used as a model substance to investigate the use of additives to control the polymorphic outcome of crystallization. 2,6MeOBA exists as three polymorphs. Two of the 2,6MeOBA polymorphs, I and III, obtained in most of the crystallization experiments, were characterized by thermal analysis, and their relative thermodynamic stability was determined. Forms I and III are enantiotropically related, where form III is the high-temperature form. Pure form II was very difficult to obtain. Crystallization of 2,6MeOBA was explored under different conditions by performing evaporation and cooling crystallization from different solvents. Surfactants, polymers, and different molecular compounds with diverse possibilities for the formation of intermolecular interactions were tested as additives. The additives facilitating the crystallization of the metastable forms were additionally studied under different crystallization conditions. The effect of additives polyethylene glycol (PEG) and hydroxypropyl cellulose (HPC) on the thermodynamic stability and solvent-mediated phase transition (SMPT) kinetics was evaluated. HPC and PEG showed the potential to favor the formation of form III in crystallization from water.
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1. Introduction


Polymorphism is the ability of compounds to crystallize in different solid crystal structures [1,2]. It is often one of the most challenging steps in the development of pharmaceutical drugs [3,4,5]. Polymorphism and its control possibilities are not completely predictable, despite extensive research in this field. As polymorphs are also considered intellectual property, pharmaceutical companies often patent-protect the discovered crystalline forms [6,7]. A general understanding of the mechanism of polymorph formation can reduce the research and development time for the invention of new active substances or generic drugs [8]. For a better understanding of the phenomenon of polymorphism and factors affecting their appearance and crystallization, well-explored or specifically selected model substances are often used for research.



Solids with different crystal structures have different physical properties, for example, solubility [9], dissolution rate [10], stability [11], and bioavailability [12,13]. It is important to characterize all crystalline forms of API before developing the dosage form of the drug [14,15] because the selection of the dosage form, required excipients, and dose of the API depends on these physical properties [16]. In pharmaceutical manufacturing, it is safer to use the most stable polymorph with the lowest energy, but many APIs have low solubility in water. Crystallization of metastable forms improves solubility and bioavailability [17]. Unfortunately, the crystallization of such polymorphs is often complicated, with concomitant crystallization along with the stable form being one of the potential complications [18,19,20].



Concomitant crystallization occurs when at least two different polymorphs crystallize in the same sample [20]. This can occur due to competitive nucleation and growth rates of more than one polymorph [21]. The appearance of concomitant crystallization is caused by different kinetic and thermodynamic factors [22,23]. Frequently, a mixture of forms is exposed to a solvent-mediated phase transition (SMPT), and only the stable form is present in the collected product [18,21,24,25]. Modification of the crystallization process can prevent concomitant crystallization. One such modification is the use of crystallization additives, which can stabilize metastable forms [26,27,28], promote their nucleation [29], or prevent nucleation of the stable form.



Crystallization with the presence of additives or templates is one of the empirical methods for controlling polymorphic outcomes. There are many approaches to additive crystallization [30]—heterogeneous nucleation with insoluble additives or templates (for example, Langmuir monolayers [31,32], self-assembled monolayers (SAM) [23,33,34,35], polymers [24,36,37], or other insoluble additives [38]) or homogeneous nucleation with soluble additives [29,37]. Additives typically lower the activation energy of nucleation and control crystal morphology, polymorphism, and crystal size [23]. Langmuir monolayers and SAMs are efficient templates for crystallization control but are selective for each polymorph, it is necessary to regenerate the monolayers after crystallization, or it is difficult to collect the obtained crystals without impurities from the layers [39]. Homogeneous additives can be easier to separate from the crystals but sometimes integrate into the crystal structure [29]. Therefore, excipients from drug dosage forms can be used as additives for the crystallization of API [37,40], as there would be no need to separate these additives after crystallization. There are many possible mechanisms by which additives can control the outcomes of crystallization. For example, additives can selectively adsorb to some of the crystal surface faces by inhibiting their growth and, therefore, the growth of this polymorph. Additives can also help to align crystallizable substance molecules to obtain the desired polymorph [28,30,32,37,41]. However, the exact mechanism for the control mechanism by additives in most cases is still unknown.



Here, we report a study of polymorphs and crystallization of 2,6-dimethoxybenzoic acid (2,6MeOBA). 2,6MeOBA has been reported to crystallize in three polymorphic forms [42,43,44,45,46]. Form I is the stable polymorphic form [45,46]. Metastable polymorphs II and III, in previous studies, were described as disappearing polymorphs [45,46]. In this study, we explore the relative stability of 2,6MeOBA polymorphs and the ability of additives to alter the polymorphic outcome of its crystallization. 2,6MeOBA was selected for this study because of two factors. First, the two distinct hydrogen bonding patterns present in the stable and metastable polymorphs could more easily allow the additives to alter the polymorphic outcome of crystallization. Second, we selected this compound to try to find an approach for additive crystallization that would allow a reliable preparation procedure for the disappearing polymorphs. Our previous study [47] has already confirmed that polymorphs II and III can be obtained by varying the crystallization conditions. In this study, we additionally characterized forms I and III, performed screening of additives allowing control of the polymorphic outcome in the crystallization, explored the most promising additives for the crystallization control, and explored the effect of additives on phase transitions.




2. Materials and Methods


2,6-dimethoxybenzoic acid (2,6MeOBA) (purity 99%, polymorph I), polyethylene glycol (PEG, MW = 6000), and hydroxypropyl cellulose (HPC, MW = 100,000) were purchased from Alfa Aesar. 2,6-dimethoxybenzoic boronic acid (2,6MeOPheBorA) (purity 97%) was purchased from Fluorochem. The molecular structures of 2,6MeOBA and selected additives are shown in Figure 1. The water was deionized in the laboratory. Other additives (see Supplementary Materials, Table S1) and analytical grade organic solvents were purchased from commercial sources.



2.1. Crystallization Experiments


Several widely used solvents from different solvent classes were selected for the polymorph screening of 2,6MeOBA. For evaporation crystallization, 30–50 mg of 2,6MeOBA were dissolved in 2 to 3 mL of solvent and evaporated at 5, 25, and 50 °C. For cooling crystallization, 2,6MeOBA was dissolved in a selected solvent at 40 to 80 °C, depending on the boiling point of the solvent. The solutions obtained were filtered and cooled to 5 °C. The obtained products were collected by filtration, air-dried, and characterized with PXRD. Tetrahydrofuran (THF), acetonitrile (MeCN), and water were selected for the screening of additives, allowing control of crystallization polymorphic outcome.



Crystallization in the presence of additives in THF and MeCN was performed as a complete solvent evaporation. In 2 to 3 mL of solvent, 20 to 30 mg of additive and 30 to 50 mg of 2,6MeOBA were dissolved, and the solution was filtered and evaporated at room temperature. Crystallization in the presence of additives in water was performed as cooling crystallization. In 3–4 mL of water at 80 °C, 10–15 mg of additive and 20–25 mg of 2,6MeOBA were dissolved, filtered, and cooled to 5 °C. Three parallel crystallization experiments were performed for each additive. The products obtained were collected by filtration, air-dried, and characterized with PXRD.



Further cooling crystallization experiments were performed using Crystal16 (Technobis). Of all additives tested, three additives (2,6MeOPheBorA, PEG, HPC) were selected for these additional studies. Highly concentrated solutions (having supersaturation c/c* ≈ 9 at 25 °C) of 2,6MeOBA were made. A concentrated solution of 2,6MeOBA was prepared in the 50 mL flask of water equipped with an air reflux condenser. The solution was prepared by boiling and stirring for 2 to 3 h. The identical preparation process was used for solutions with additives using ~0.1 wt % HPC, 1 wt % PEG, or 0.5 wt % 2,6MeOPheBorA (the concentration given with respect to the water added). After boiling, the solution was stored at 90 °C and filtered. Then, 1 mL of the sample was transferred to preheated HPLC vial, which was placed in Crystal16 preheated to 90 °C and then cooled to 10 °C with different cooling rates—20, 10, 1, and 0.1 °C·min−1 by using the stirring rate of 900 rpm. Another series of experiments with HPC suspension was prepared in situ in Crystal16. HPC has a low critical dissolution temperature of 45 °C [48], which means that at temperatures above 45 °C, it is insoluble in water. The suspension was prepared by using 23–25 mg of 2,6MeOBA (c/c* ≈ 7 at 25 °C) and 0.5 wt % of HPC added to 1 mL of water in an HPLC vial, heated to 90 °C using Crystal16, thermostated for 30 min to completely dissolve 2,6MeOBA, and cooled with the same cooling rates by additional stirring. Four parallel crystallization experiments were performed in all cases. The obtained products were collected by filtration, air dried, and characterized with PXRD.



To determine the effect of the amount of additive on the crystallization results, 2,6MeOBA solutions were prepared in situ in Crystal16. The additive weight fractions tested were 0.5; 0.7; 1; 1.5, and 2 wt %. HPC solutions were prepared as described above for the 0.5 wt % solutions. The cooling rate was chosen based on the previous experiments—20 and 10 °C·min−1. The solutions containing PEG were prepared by first making aqueous PEG solutions. Subsequently, 33 to 35 mg of 2,6MeOBA (c/c* ≈ 10 at 25 °C) and 1 mL of different concentration PEG solutions were added to the HPLC vial, heated to 90 °C for 30 min in Crystal16, and cooled with a cooling rate of 20 and 1 °C·min−1 by stirring. For each of the different crystallization conditions, blank crystallization experiments without any additive were performed. Each experiment was carried out as four parallel crystallizations. The obtained products were collected by filtration, air dried, and characterized with PXRD.




2.2. Solubility Measurements and Solvent-MediatedPhase Transition (SMPT) Studies


For these experiments, the 2,6MeOBA form I from the commercial sample was used as received, the form III was prepared in a phase transition that occurred by heating the form I at 160 °C in the air thermostat for 1 h. The phase purity of both forms was verified with PXRD (Bruker AXS, Karlsruhe, Germany).



Solubility measurements were performed using Crystal16 (Technobis Crystallization Systems, Alkmaar, Netherlands). From 4 to 34 mg of each 2,6MeOBA polymorph was weighted in an HPLC vial, 1 mL of water or 1 wt % of the aqueous solution of PEG was added, and the mixtures were heated at a heating rate of 0.1 °C·min−1 from 10 to 90 °C. The stirring rate was 900 rpm. The temperature of dissolution was determined by recording the temperature at which the solution became transparent using turbidity measurements [49]. The experimental dependence of the temperature of solubility was fitted with linear regression and the van’t Hoff equation by the least-squares approach using the Microsoft Excel Linest add-in.



To determine the thermodynamic stability of 2,6MeOBA polymorphs at different temperatures, slurry-bridging experiments were performed. Forms I and III with a 1:1 mass ratio were suspended in 1 mL of water, toluene, and aqueous solutions of 0.1 wt % HPC and 1 wt % PEG for 24 h at 25, 50, 70, and 80 °C with a stirring rate of 900 rpm.



The solvent-mediated phase transition kinetics in 2,6MeOBA suspensions in water, isopropanol (IPA), MeCN, and ~0.1 wt % of HPC, and 1 wt % of PEG aqueous solutions were determined at 25 °C. Four experiments in each of the solvents were prepared using a 1:1 ratio (w/w) of both polymorphs as well as pure polymorph III. The samples were collected after 15, 30, 45, and 60 min of stirring by filtration, air dried, and characterized with PXRD. Form III in 0.1 wt % HPC solution was suspended for 24 h because no SMPT was observed for 60 min.




2.3. Solid Phase Characterization


The PXRD patterns were measured at ambient temperature on a Bruker D8 Advance diffractometer using copper radiation (Cu Kα; λ = 1.54180Å), equipped with a LynxEye position-sensitive detector. The tube voltage and current were set to 40 kV and 40 mA, respectively. The divergence slit was set at 0.6 mm. The anti-scatter slit was set at 8.0 mm. The PXRD patterns were recorded from 3° to 35° on the 2 θ scale. A scan speed of 0.2 s/0.02° was used.



Differential scanning calorimetry/thermogravimetry (DSC/TG) analysis was performed using the Mettler Toledo TGA/DSC 2 (Mettler Toledo, Greifensee, Switzerland). Closed aluminum pans were used. The heating of the samples from 25 to 250 °C was carried out at a heating rate of 10 °C·min−1. Samples of 5 to 8 mg mass were used. The nitrogen flow rate was 30 mL·min−1.




2.4. Rietveld Refinement for Form Quantification


The Rietveld refinement for the quantification of the polymorphs was performed with Profex 4.3.6 (Dobelin, N., Kleeberg, R., Solothurn, Switzerland) [50]. For this analysis, crystal structures of 2,6MeOBA polymorphs were acquired from the CSD with Ref. codes DMOXBA01 (form I), DMOXBA03 (form II), and DMOXBA07 (form III).





3. Results and Discussion


3.1. Characterization of 2,6MeOBA Polymorph


2,6MeOBA polymorphs are both conformational polymorphs and synthon polymorphs [44,45,46]. According to previous investigations, the most stable polymorph is form I, which crystallizes in the orthorhombic space group P212121 [42,43] and contains 2,6MeOBA molecules in the anti-planar conformation linked by hydrogen-bonded chains that form the catemer synthon (see Figure 2). Both metastable polymorphs form II and form III contain 2,6MeOBA molecules in a syn-planar conformation that forms carboxylic acid homodimers [42,43]. Form II crystallizes in the tetragonal space group P41212 [44]. After various screenings and additive experiments performed as part of this study, pure form II was never obtained, suggesting that it is the least stable 2,6MeOBA polymorph. Form III crystallizes in the monoclinic centrosymmetric space group P21/c [45,46].



3.1.1. Thermal Characterization and Solubility


In the DSC, traces of form I two endothermic events can be observed (see Figure 3). The peak onset at 118 °C corresponds to a phase transition of form I to form III, as confirmed by the PXRD analysis, while the second is the melting of form III. Form I and form III are enantiotropically related by the heat-of-transition rule [51], as the phase transition is endothermic. The melting point onset of form III is 190 °C. There is no change in the TG curves for any of these forms, except for the decomposition that occurs above 200 °C.



The solubility of forms I and III in water shows that form I is the stable polymorph (as determined from the lower solubility) at temperatures up to 79 °C (see Figure 4). At ambient temperature, the solubility of form III is 1.3 times higher than that of form I. Form III becomes the most stable polymorph above 79 °C. The theoretical solubility temperature dependence lines for each polymorph were obtained by fitting the natural logarithm of obtained solubility (lnS, where S in mg mL−1) and the inverse of temperature (1/T, where T in K) to the van’t Hoff Equation (1):


  ln S =  a T  + b  



(1)








3.1.2. Solvent-Mediated Phase Transition (SMPT)


The thermodynamic stability determined using slurry-bridging experiments at different temperatures agrees with the results obtained in the DSC/TG analysis and from the solubility curves. After 24 h, pure form I was obtained in water and toluene by suspending a mixture of both forms at 25, 50, and 70 °C. However, form III was obtained in both solvents at a temperature of 80 °C. These results confirm that the solubility curves of both forms cross between 70 and 80 °C.



Measurements of solvent-mediated phase transition kinetics show that the transformation rate in the slurry-bridging experiments is very fast (see Figure 5). Pure form I was obtained in less than 15 min at 25 °C in the mixture of both forms in the three solvents tested. The complete transformation of pure form III to pure form I in IPA and MeCN occurred as fast as from the polymorph mixture, but in water, it is slower and requires between 15 and 30 min. This can be explained by the lower solubility of 2,6MeOBA in water or the better possibilities of hydrogen bonding with water for 2,6MeOBA in syn conformation.





3.2. Crystallization from Pure Solvents


In most cases of the cooling crystallization, form I was obtained, although impurity of form III was sometimes present. The polymorph obtained correlated with the temperature in the evaporation crystallization experiments: at lower temperatures (5 °C) in most of the experiments, form I was obtained, frequently with some impurities of form III. However, at higher temperatures (50 °C), the polymorphic outcome is the opposite. The thermodynamic equilibrium point is rather close to 50 °C; therefore, form III is more likely to be obtained compared to evaporation at 5 °C. 1,4-dioxane, MeCN, and ketones can be used as solvents to obtain form III by evaporation, but these are not selective solvents. Water was the only solvent from which form I was obtained in almost all crystallizations. Using these preliminary crystallization experiments, three solvents were selected for crystallization experiments in the presence of additives: MeCN, THF, and water. The results of the crystallization experiments from pure solvents with phase composition of samples containing polymorph mixtures obtained using the Rietveld analysis are given in the supporting information, Table S4 and Figure S2.




3.3. Crystallization with Additives


The additives selected for the crystallization were polymers and surfactants that have the ability to form different intermolecular interactions. The polymorphic outcome of the crystallization in the presence of the selected additives was the same in most cases as that in crystallization from a pure solvent. From THF, some of the additives resulted in the crystallization of form III, whereas tween 20 promoted the formation of form I in all three parallel samples (see Figure 6, detailed results can be seen in Table S5). This additive was not further studied because the study aimed to find an approach for crystallization of the metastable form. Additives facilitated the concomitant crystallization of forms I and III from MeCN. Despite the very low solubility, polyvinyl chloride promoted the crystallization of form I. Overall, it can be concluded that the outcome of the evaporation crystallization from these solvents is difficult to control, even in the presence of the selected additives.



Repeated crystallizations from pure water with immediate filtration and analysis of the obtained crystals confirmed that a mixture of forms I and III crystallizes, followed by a solvent-mediated phase transition in the case that the crystals remain in suspension (see Figure 6). Therefore, only form I was observed in the preliminary crystallization experiments. Phenylboronic acid and several of its derivatives were tested as additives in crystallization from water because it was used as an additive to crystallize form II in one of the previous studies [44]. Concomitant crystallization of forms I and III or the stable form I was observed using several of the tested additives, including phenylboronic acid, 4-iodphenylboronic acid, and 4-carboxyphenylboronic acid. Some of the additives (e.g., BIS-TRIS, PEG) facilitated the formation of form II in a mixture with other polymorphs. All three crystallizations in the presence of HPC occurred very fast and produced form III. Almost the same crystallization rate was observed in the presence of 2,6MeOPheBorA, but the crystallization product was form III with minor impurities of form I. Crystallization in the presence of PEG was slower than in the presence of HPC and 2,6MeOPheBorA, but also, in this case, in two of the crystallizations, pure form III was obtained, although in the third crystallization, a mixture of all three polymorphs was formed. Additionally, form III was obtained in crystallization from THF in the presence of PEG in two of three experiments. Based on the results obtained, HPC, 2,6MeOPheBorA, and PEG were chosen for more detailed studies.



3.3.1. Crystallization from Highly Concentrated Water Solution


Highly concentrated 2,6MeOBA water solutions were used for these experiments to understand the additive effect on the crystallization of concentrated solutions. Mixtures of three polymorphs were obtained in crystallization from a highly concentrated pure water solution with the fastest cooling rate of 20 °C·min−1 (see Figure 7, column A). This result agrees with Ostwald’s rule of stages [52]: instead of the nucleation of the most stable form, the polymorph corresponding to the nearest minimum energy nucleates. Two different polymorph mixtures were obtained at a cooling rate of 10 °C·min−1. A medium cooling rate resulted in the formation of a mixture of forms I and III. The cooling rate needs to be fast to obtain form II, but such an approach cannot prevent concomitant crystallization with other forms. Additionally, form II very rapidly transforms into more stable forms. Supersaturation can also play an important role in obtaining unstable polymorphs [53,54]. A higher concentration of 2,6MeOBA was used for samples cooled with a specific cooling rate compared to the preliminary crystallization experiments from pure solvents. Nevertheless, the effect of supersaturation on the polymorphic outcome was not examined. The four samples with the lowest cooling rate (0.1 °C·min−1) produced form III; however, at a slower cooling rate, the formation of the thermodynamically stable form I was expected. In these experiments, the crystals appeared at approximately 60 °C, which is rather closer to the thermodynamical equilibrium point of forms I and III. The crystals appeared at lower temperatures (40–50 °C) in crystallizations using faster cooling rates. The phase transition to form I was prevented as the crystals formed near the water surface and formed large agglomerates. In contrast, the crystals in the SMPT kinetics experiments and in the case of using faster cooling rates were smaller and evenly suspended in the solution. Using PEG (see Figure 7, column B, detailed results can be seen in Table S6) and 2,6MeOPheBorA (see Figure 7, column C) as additives and 2,6MeOBA solution with a concentration corresponding to c/c* ≈ 9 at 25 °C, a mixture of forms I and III was obtained in most of the crystallizations. In contrast, using HPC as an additive (see Figure 7, columns D and E) at both additive concentrations, pure form III was the most frequent crystallization product. The formation of form III was facilitated by the fastest cooling rates (20 and 10 °C·min−1). On the contrary, under the same conditions as those of pure water, concomitant crystallization of 2,6MeOBA polymorphs always occurred. Interestingly, at the slowest cooling rate (0.1 °C·min−1), additives promoted crystallization of form I. Using 0.5% HPC suspension and 2,6MeOBA solution with lower concentration (corresponding to c/c* ≈ 7 at 25 °C), crystallization of form III is promoted more clearly if compared to crystallization from 0.1% HPC solution and a higher concentration of 2,6MeOBA (corresponding to c/c* ≈ 9 at 25 °C). It is possible that more HPC molecules can interact with 2,6MeOBA in heterogeneous crystallization and stabilize the syn conformation during nucleation, similar to the research by Lin et al. studying the crystallization of α,ω-alkanedicarboxylic acids [55]. Lin et al. [55] developed a method to control the crystallization outcome for conformation polymorphs having similar structures. The desired polymorph was crystallized on the template lattice, where dimer formation was possible. An additional explanation for why the crystallization control in homogeneous 0.1% HPC solution is not so effective can be the higher supersaturation; there are more 2,6MeOBA molecules but fewer HPC molecules, which apparently provide formation of form III. PEG also has the potential to control the crystallization outcome in the case of a moderately slow cooling rate (1 °C·min−1) from a highly concentrated solution. It is possible that the additives slow down the phase transition to form I, which can initiate right after the nucleation, but not enough to obtain pure form III, as stirring is still employed after the nucleation. The phase transition time can, in fact, be reduced as the crystal sizes obtained in additive crystallization are smaller than those obtained in crystallization from pure water. In general, the tested additives do not provide fully selective crystallization control. Nevertheless, PEG and HPC under multiple conditions distinctly favor the formation of form III, whereas, under the tested conditions, 2,6MeOPheBorA still provided a mixture of 2,6MeOBA polymorphs. Crystallizations in the presence of PEG with a cooling rate of 20 and 1 °C·min−1 and in the presence of HPC with 20 and 10 °C·min−1 were selected for further study to test the effect of the amount of additive on the crystallization result.




3.3.2. The Effect of the Additive Quantity on the Crystallization Outcome


From pure water using the slowest cooling rate in most of the crystallizations, form I was obtained, but a mixture of forms I and III or the stable form I was obtained using the fastest cooling rate (see Figure 8, detailed results can be seen in Table S7). Form III was obtained in most of the crystallizations using both additives and the fastest cooling rate. Again, the presence of additives did not provide selective crystallization of either of the polymorphs. Concomitant crystallization of both polymorphs was less frequent in the presence of HPC than in the presence of PEG. No clear correlation was observed between the amount of additive selected and the crystallization outcome. It is likely that additives decrease the interfacial energy and, therefore, lower the nucleation Gibbs energy, facilitating the crystallization of form III from this solution compared to the pure water solution.





3.4. Effect of Additives on Polymorph Solubility and Solvent-Mediated Phase Transitions


The solubility of form I is almost unaffected by the addition of 1% PEG (see Figure 9). At temperatures up to 30 °C, the solubility is almost identical to that in pure water, but at higher temperatures, the solubility slightly decreased. In contrast, the solubility of form III in the presence of PEG increases slightly at temperatures up to 35 °C, but the solubility at higher temperatures is lower than in the pure solvent. As the PEG solution separated into two phases above 75 °C, the solubility in this solution cannot be determined above this temperature. Additives have been shown to affect the solubility and crystal growth of organic compounds in the literature. For example, additives have been demonstrated to decrease the solubility but increase the crystal nucleation and growth rates of p-methylacetanilide [56]. The highly similar solubility of both forms can explain the nearly always observed concomitant crystallization in the presence of this additive, as observed in the crystallization experiments described in Section 3.3.1. The thermodynamic equilibrium point determined is 8 °C lower than that in pure water.



Slurry-bridging experiments in the presence of PEG and HPC additives led to the same conclusions as those performed in pure water and toluene (see Section 3.1.2); after 24 h, the pure form I was obtained at 25, 50, and 70 °C, while at 80 °C, pure form III was obtained.



Using both additives, the results of the SMPT kinetic experiments were almost identical to those of the pure solvents (see Figure 6). In the presence of 1% PEG, the SMPT time of the 1:1 mixture of both polymorphs is the same as in pure solvents (less than 15 min), but 0.1% HPC decelerates the SMPT to form I at 25 °C, as the SMPT time in the presence of HPC is between 30 and 45 min. The time of SMPT from pure form III in the presence of 1% PEG is longer (between 30 and 45 min) than from the mixture of both polymorphs, but the addition of 0.1% HPC inhibited the SMPT of pure form III to form I. SMPT was not detected by sample slurrying for 24 h. It is likely that PEG and HPC interact with the carboxyl group of 2,6MeOBA and stabilize the syn configuration in nucleation and inhibit the nucleation of form I.





4. Conclusions


The three previously reported polymorphs of 2,6MeOBA can be crystallized using different crystallization methods. Thermodynamic stability determined based on solvent-mediated phase transformations and solubility data shows that form III is stable at temperatures above 79 °C, whereas form I is thermodynamically stable at lower temperatures. The solvent-mediated phase transition from metastable to thermodynamically stable 2,6MeOBA polymorphs is very fast (less than 15 min at 25 °C and high stirring rates), which could explain why the preparation of metastable 2,6MeOBA polymorphs II and III is challenging.



The cooling rate and supersaturation are among the main variables that change the possibility of obtaining metastable polymorphs of 2,6MeOBA. Form III can be crystallized from water using a slow cooling rate and a fast stirring rate. Crystallization additives were shown to be able to improve the control of the crystallization polymorphic outcome, allowing nucleation for the pure metastable polymorph and decelerating the solvent-mediated phase transition rate by inhibiting the nucleation of the thermodynamically stable form. HPC can be used to slow the phase transition of form III to form I, although it cannot selectively provide the nucleation of only pure form III. PEG can be used to increase the probability of crystallization of metastable polymorphs of 2,6MeOBA.
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Figure 1. Molecular structure of 2,6MeOBA, 2,6MeOPheBorA, PEG, and HPC. 
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Figure 2. Relationships between 2,6MeOBA conformations and polymorphs. The connection between forms I and III is elucidated in this study. 
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Figure 3. DSC curves of 2,6MeOBA polymorphs I and III (heating rate 10 °C·min−1). The onset temperatures were used to describe each process observed in the DSC traces. 
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Figure 4. The solubility of 2,6MeOBA polymorphs I and III. Squares and triangles represent experimental data (see Supplementary Materials Tables S2 and S3), while lines are calculated using Equation (1) with coefficients a and b found in the fitting using the least-squares approach, given in Table 1. 
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Figure 5. Polymorphic composition of the solid phase after selected times during SMPT kinetic experiments at 25 °C. 
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Figure 6. Polymorphic outcome of crystallization experiments in the presence of additives from THF, MeCN, and water. Each 1/3 of the pie chart represents one of the parallel experiments. 
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Figure 7. Polymorphic outcome of the crystallization experiments from water using different additives and cooling rates. A—pure water; B—1% PEG; C—0.5% 2,6MeOPheBorA; D—0.1% HPC; E—heterogeneous crystallization using 0.5% HPC. 
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Figure 8. Polymorphic outcome of the crystallization experiments from water in the presence of different quantities of (A) PEG and (B) HPC. 
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Figure 9. The solubility curves of 2,6MeOBA polymorphs I and III in pure water and 1% aqueous solution of PEG. Brown solid line—form I in pure water; Green dashed line—form I in 1% PEG solution; Magenta solid line—form III in pure water; Orange dashed line—form III in a 1% PEG solution. Triangles and squares represent the experimental data (see Supplementary Materials Tables S8 and S9); lines are calculated using Equation (1) with coefficients a and b found in the fitting using the least-squares approach, given in Table 2. 
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Table 1. Coefficients of the van’t Hoff equation for solubility curves of 2,6MeOBA polymorphs in pure water.
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	Polymorph
	a
	b
	R2
	SE for lnScalc





	I
	−3960 ± 130
	15 ± 0.4
	0.9894
	0.09



	III
	−3400 ± 110
	13 ± 0.3
	0.9909
	0.08
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Table 2. Coefficients of the van’t Hoff equation for solubility curves of 2,6MeOBA polymorphs in 1% aqueous solution of PEG.
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	Polymorph
	a
	b
	R2
	SE for lnScalc





	I + PEG
	−3910 ± 150
	14 ± 0.5
	0.9885
	0.08



	III + PEG
	−3180 ± 200
	12 ± 0.6
	0.9698
	0.12
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