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Abstract

:

Carbon dioxide (CO2) has a wide range of uses such as food additives and raw materials for synthetic chemicals, while its application in the solid-state transformation of pharmaceutical crystals is rare. In this work, we report a case of using 1 atm CO2 as an accelerator to promote the polymorphic transformation of clarithromycin (CLA). Initially, crystal structures of Form 0′ and three solvates were successfully determined by single crystal X-ray diffraction (SCXRD) analysis for the first time and found to be isomorphous. Powder X-ray diffraction (PXRD) and thermal analysis indicated that the solvate desolvates and transforms into the structurally similar non-solvated Form 0′ at room temperature to ~50 °C. Form 0′ and Form II are monotropically related polymorphs with Form II being the most stable. Subsequently, the effect of CO2 on the transformation of CLA solvates to Form II was studied. The results show that CO2 can significantly facilitate the transformation of Form 0′ to Form II, despite no significant effect on the desolvation process. Finally, the molecular mechanism of CO2 promoting the polymorphic transformation was revealed by the combination of the measurement of adsorption capacity, theoretical calculations as well as crystal structure analysis. Based on the above results, a new pathway of preparing CLA Form II was designed: transform CLA solvates into Form 0′ in 1 atm air at 50 °C followed by the transformation of Form 0′ to Form II in 1 atm CO2 at 50 °C. This work provides a new idea for promoting the phase transformation of pharmaceutical crystals as well as a new scenario for the utilization of CO2.
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1. Introduction


Polymorphism is a common phenomenon present in active pharmaceutical ingredients (APIs). To prevent the change in drug efficacy, bioavailability, and toxicity during a long period of storage, the most stable form is typically prioritized in the drug formulations on the market. Some APIs can only be produced by the desolvation of their solvates. Under non-solvent conditions, channel solvates may transform to either a structurally different stable polymorph after desolvation such as the solvated forms of azoxystrobin [1], Form 2, Form 5, Form 7, and Form 9, or a structurally similar metastable polymorph such as the solvates of methyl cholate [2]. In the latter case, further transformation to a stable polymorph is usually necessary for APIs. Polymorphic transformation under non-solvent conditions is often more difficult in comparison to solvent-mediated transformation because of the restricted molecular migration and high resistance when rearranging. As a result, some metastable polymorphs may remain a long period without transforming to a stable one such as the metastable Form II of isotactic polybutene-1, which cannot totally transform into the stable Form Ⅰ even after a remarkably long annealing time [3]. Transformation from a metastable polymorph to a stable one requires overcoming an energy barrier. Providing energy or lowering the energy barrier will facilitate the process. Heating, mechanical force, seeding, and high-pressure CO2 are commonly used to induce the transformation. For example, the gold(I) complex, C24H15AuF3N·2(CH4O), exhibits a reversible solid-state polymorphic transformation by mechanical stimulation [4]. Hanna et al. [5] reported a single-crystal-to-single-crystal phase transition of the 2D uranium MOF NU-1302 after supercritical CO2 activation. They hypothesized that CO2 pressure induced the adjacent sheets in the crystal structure to shift from their closed conformation to a more open stacking arrangement. Yu et al. [6] found that the plasticization effect of supercritical CO2 resulted in a decreased energy barrier of phase transition, which promoted the transformation from the α Form to β Form of syndiotactic polystyrene. Several green processes affected by CO2 are reported such as the CO2-solvated liquefaction of polyethylene glycol at low temperatures [7] and the CO2-induced glassification of sucrose octaacetate and its implications in the spontaneous release of the drug from drug-excipient composites [8]. Furthermore, it was found that by adjusting the annealing time in supercritical CO2, mixtures of polymorphs Form Ⅰ and Form Ⅰ′ of isotactic polybutene-1 can be obtained with different crystal phase ratios [9]. The solid-state transformation of APIs induced by external factors, especially atmospheric pressure CO2, has rarely been reported, and an in-depth understanding of its molecular mechanism is still lacking.



Clarithromycin (CLA, C38H69NO13, Figure 1) is a common macrolide antibiotic that is mainly used in the treatment of upper respiratory tract infections, lower respiratory tract infections, and skin and soft tissue infections caused by bacteria. CLA is known to exist in three polymorphs, termed Form 0′ [10], Form I [11], and Form II [12] as well as many solvates such as hydrate, methanol solvate, ethanol solvate (CLA-Eth solvate), acetonitrile solvate, isopropyl acetate solvate, and tetrahydrofuran solvate, etc. [12,13,14,15,16,17]. Drugs currently on the market are formulated from the thermodynamically more stable Form II. Form I is crystallized in orthorhombic space group P21212, while Form II is in orthorhombic space group P212121. The two polymorphs are monotropically related, with Form II the most stable [18]. Form I converts to Form II at 130 °C~132 °C [11,13,15]. Form II melts at 227 °C~233 °C [11,15,19,20]. Form II and the methanol solvate are isomorphic [12]. No reports in the literature have been found on the crystal structure of Form 0′ or the stability relationship between Form 0′ and Form II. It has been reported that under non-solvent conditions, Form II is obtained directly by the transformation of solvates or by undergoing an intermediate Form I [18,21]. Usually, the process takes about 18 h under vacuum and/or high temperature (70 °C~110 °C). Tian et al. [12] proposed that high pressure CO2 could promote the solid-state transformation of the CLA-Eth solvate at room temperature. Their experiments showed that complete transformation directly to Form II took about 6 days at 6.8 atm CO2 atmosphere but only 4 h at 23.8 atm. They speculated that CO2 molecules cause CLA molecules to slide over one another, resulting in the break of the intermolecular hydrogen bonds between ethanol and CLA, forcing the CLA molecules to move closer together to form Form II. Additionally, their experiments at 1 atm CO2 showed that the CLA-Eth solvate did not exhibit phase change, while Form Ⅰ occasionally displayed the onset of phase transformation over a period of ~24 h. They also pointed out that prior to reaching Form II, Form I first transformed to the isomorphic Form 0′ of the CLA-Eth solvate.



Currently reported methods of the preparation of Form II from CLA solvates require high temperature, high pressure, or vacuum, which means a large amount of energy consumption. Moreover, the mechanism of the phase transformation induced by CO2 is still not clear. On the basis of the experimental research in this work, we propose a method for the transformation of CLA solvates to Form II under 1 atm CO2. Through SCXRD and PXRD characterizations, thermal analysis, measurements of adsorption capacity, and theoretical calculations, the mechanism of the phase transformation promoted by CO2 is revealed. This work provides an energy-saving, time-saving, and environmentally friendly route for the preparation of CLA Form II, expands the perspective of promoting the polymorphic transformation of APIs, and opens up a new avenue for the resource utilization of CO2.




2. Experimental Section


2.1. Materials


CLA Form II (purity > 98%) was purchased from Heowns Technology Co. Ltd. (Tianjin, China). N-Propyl acetate (PAC), isopropyl acetate (IPA), ethyl butyrate (EB), and dimethyl carbonate (DMC) (purity > 99%) were purchased from Chemart Chemical Technology Co. Ltd. (Tianjin, China) and used without further purification. CO2 (purity > 99.999%) was purchased from Bolimin Technology Co. Ltd. (Tianjin, China).




2.2. Preparation of Solvates and Form 0′


A total of 3.0 g of CLA raw material was dissolved in 50 mL PAC, 40 mL IPA, and 30 mL EB, respectively, at 80 °C. The obtained solutions were cooled to 15 °C in 3 h, and the clarithromycin n-propyl acetate (CLA-PAC) solvate, clarithromycin isopropyl acetate (CLA-IPA) solvate, and clarithromycin ethyl butyrate (CLA-EB) were crystallized, respectively. The resulting slurry was processed in three ways. (1) Removing the crystals with a spoon and placing them on a piece of filter paper. After 5–10 min, there was no obvious solvent on the crystal surface. (2) Filtered under vacuum at 20 °C for 0.5 h. (3) The crystals obtained by process (2) was dried at 50 °C under vacuum or atmospheric pressure for 9~19 h. The obtained products were immediately sampled and characterized by PXRD and thermal analysis. The results showed that the products proceeded by the three methods were the corresponding CLA solvates, a mixture of the corresponding CLA solvate and Form 0′, and pure Form 0′, respectively.




2.3. Single Crystals Preparation of Solvates and Form 0′


Single crystals of CLA solvates were obtained through slowly cooling crystallization. A total of 3.0 g CLA raw material and 50 mL PAC were dissolved at 80 °C. Then, the solution was slowly cooled to 15 °C in 6 h to obtain large single crystals of the CLA-PAC solvate. Similarly, single crystals of the CLA-IPA and CLA-EB solvates were obtained by slowly cooling IPA and EB solutions of CLA, respectively. A saturated DMC solution of CLA was placed at room temperature and atmospheric pressure for slow evaporation. About three weeks later, high-quality single crystals of CLA Form 0′ were obtained. In order to avoid desolvation, the obtained solvate single crystals were immediately subjected to single crystal X-ray diffraction analysis after being removed from solution.




2.4. Phase Transformation Experiments


In this section, the CLA-PAC solvate was selected as a representative of the three CLA solvates to perform the experiments on the phase transformation of the solvates and was prepared by method (2) in Section 2.2.



2.4.1. Phase Transformation Experiments in Air and Vacuum


The phase transformation experiment of the solvate was performed under vacuum at 50 °C. Crystalline phases of the crystals as a function of time were monitored using DSC measurements by sampling at 2 h, 3 h, 4 h, 7 h, 8 h, and 9 h.



The phase transformation experiment of the solvate was also performed in 1 atm air at 50 °C. Crystalline phases of the crystals as a function of time were monitored through TGA measurements. Samples of the crystals were taken at a time interval of 2 h.




2.4.2. Phase Transformation Experiments in CO2 Atmosphere


The phase transformation experiment of the solvate was carried out in 1 atm CO2 at 50 °C. The CLA-PAC solvate was placed in a custom built micro-vacuum box. The micro-vacuum box was first vacuumed for 2 min using a vacuum line followed by the introduction of dry CO2 until the pressure reached 1 atm. Afterward, the micro-vacuum box was placed in a thermostat at 50 °C. Crystalline phases of the crystals as a function of time were monitored using TGA measurements by sampling at a time interval of 2 h. After each sampling, the micro-vacuum box was vacuumed and CO2 was introduced again to restore the CO2 atmosphere of 1 atm.



The phase transformation experiment of Form 0′ was also carried out in 1 atm CO2 at 50 °C. Crystalline phases of the crystals as a function of time were monitored using PXRD analysis by sampling at a time interval of 1 h. Form 0′ used in the experiment was prepared by method (2) in Section 2.2.



The custom built micro-vacuum box used in the experiment is shown in Figure S1. Its outer diameter, inner diameter, inner height, and outer height were 50 mm, 30 mm, 40 mm, and 100 mm, respectively. The micro-vacuum box was equipped with an intake valve, an outlet valve, a pressure gauge, an intake port, an outlet port, and a sample cell. The intake port was connected to the CO2 cylinder through a soft rubber tube. In the experiment, powdered samples were placed on a piece of plastic wrap and then put in the sample cell. Please note that the powder was lightly covered with plastic wrap to prevent the powder from splashing during decompression.





2.5. Characterization


2.5.1. Single Crystal X-ray Diffraction (SCXRD)


Suitable single crystals were selected and analyzed using a Rigaku mm007 Saturn70 diffractometer. The diffraction data of single crystals of the three solvates (CLA-PAC, CLA-IPA, and CLA-EB solvates) and Form 0′ were collected at −165 °C and 25 °C, respectively. The structures were resolved using Olex2 [22] and SHELXT [23], and refined by the least squares methods using SHELXT [24]. The absolute configuration of all structures were determined through comparison with the structure of clarithromycin Form II (deposited at the CCDC, deposition number 780856 [12]).




2.5.2. Powder X-ray Diffraction (PXRD)


All PXRD data were collected on a Rigaku D/max-2500 diffractometer using Cu Kα radiation (λ = 1.54056 Å, 40.0 kV, and 200 mA) with a scanning rate of 8°·min−1 between 2° and 35° (2θ). For the variable temperature PXRD (VT-PXRD) trials, the sample was heated from 30 °C to 120 °C with a heating rate of 10 °C·min−1 and stabilized for 5 min before the measurements were taken.




2.5.3. Thermal Analysis


Differential scanning calorimetry (DSC) analysis was performed using DSC 1/500 (Mettler Toledo, Greifensee, Switzerland). A quantity of 5~10 mg of powder was added to an aluminum pan and heated at a rate of 10 °C·min−1 with a nitrogen flux of 50 mL·min−1. Thermogravimetric analysis (TGA) was carried out under a nitrogen flow of 20 mL·min−1 using a TGA/DSC STARe (Mettler Toledo, Greifensee, Switzerland). Then, 5~10 mg of powder was placed in a ceramic crucible and heated at a rate of 10 °C·min−1.




2.5.4. Hot Stage Microscopy (HSM)


The thermal behaviors of the CLA-PAC solvate were observed on a Kofler hot stage microscope (Reichert Thermovar, Vienna, Austria) under an optical microscope mounted with a charge-coupled device (CCD) camera. The samples were placed on the sample stage and heated from room temperature to 190 °C at a rate of 5 °C·min−1. The temperature of the hot stage was monitored with a central processor (TMS 94, Linkam Scientific Instruments Ltd., Surrey, UK). Morphological changes during heating were recorded with the CCD camera.




2.5.5. Measurement of the Physical Adsorption Capacity


CO2 adsorption at 25 °C and 50 °C was conducted using an ASAP 2020 PLUS HD88 surface area analyzer (Micromeritics, Norcross, GA, USA) to obtain the adsorption capacity of Form 0′ and Form II. All samples were pretreated at 60 °C for 3 h.




2.5.6. Measurement of Chemical Adsorption Capacity


The temperature-programmed desorption (TPD) of CO2 was measured by using a Micromeritics AutoChem 2920 equipped with a thermal conductivity detector (TCD). The sample was pretreated in a helium flow for 3 h at 60 °C, then cooled to 50 °C to conduct CO2 adsorption. A mixture of CO2 and helium (40 mL/min, CO2 volume fraction 90%) was vented for 1 h until saturation. Afterward, the helium flow was switched (30–50 mL/min) to purge 1 h to remove the weakly physically adsorbed CO2 on the surface of the sample, then the temperature was increased to 200 °C at a rate of 10 °C·min−1 in a helium flow to desorb CO2. It should be noted that Form II was used in the TPD test since Form 0′ would undergo polymorphic transformation during the test temperature range of 50 °C~200 °C, causing unstable signals.





2.6. Computational Method


2.6.1. Molecular Electrostatic Potential Surface (MEPS)


Geometry optimization and the wave function computation of the CLA molecule were carried out using both density functional theory (DFT) and B3LYP/6-311G** methods using Gaussian 09 [25]. Furthermore, Multiwfn 3.7 [26] was used to calculate the MEPS to 0.001 Bohr−3 electron density equivalence surface for analysis. Finally, Visual Molecular Dynamics (VMD) 1.9.3 software [27] was used to visualize the results.




2.6.2. Adsorption Energy Calculation


In order to obtain an adsorption model of CO2 on Form 0′ and calculate the adsorption energy, the software package Gaussian 09 [25] was used for all calculations. The adsorption model consisted of two CLA molecules extracted from a ‘Z’ shape structure in Form 0′ (as shown in Figure 10a) and one CO2 molecule. The CO2 molecule was initially placed at O7 of the CLA molecule. The B3LYP [28,29] function and D3BJ [28] dispersion correction were used. Considering the calculation time due to a large number of atoms (245 atoms in all), the 6-31G* basis set was used to determine the optimized adsorption model and the vibration frequencies of the molecules [30]. Grid data generation was performed using Multiwfn Version 3.8 (development version) [26,31]. The adsorption energy was calculated by the following equation:


Eadsorb = Etotal − ECLA − ECO2



(1)




where Eadsorb is the adsorption energy of the CO2 on the CLA molecule, Etotal is the system’s total energy once adsorption is completed; ECLA and ECO2 are the energy of the CLA molecule and CO2 molecule before adsorption, respectively. A negative adsorption energy indicates that the adsorption process can take place.




2.6.3. Crystal Habit Prediction


Universal force field package COMPASS [32] in the Discover module was used as the initialization force field in Material Studio (MS) 8.0. Smart Minimizer was selected for cell configuration optimization. After optimization, cell parameters changed within 5% compared with those before optimization. The BFDH [33] method in the Morphology module was used in predicting the crystal habit of Form 0′.






3. Results and Discussion


3.1. Crystal Structure Analysis of Form 0′ and Solvates


High-quality single crystals of a CLA non-solvated form and three CLA solvates, namely the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate, were prepared and their crystal structures were successfully resolved for the first time. The crystallographic data and structural refinement parameters are given in detail in Table 1. It can be seen that the non-solvated form and the three solvates were all in the orthorhombic system with a space group of P212121, possessed the same formula units per cell (Z = 4) as well as similar unit cell parameters. All of these properties indicate that they are isomorphic. In the crystal structures of the three CLA solvates, the stoichiometric ratios of CLA and solvent were all determined to be 1:1.



Comparing the non-solvated form with the CLA-Eth solvate (deposited at the CCDC, deposition number 700729, Table S1 [15]), it can be seen that the crystal system and space group of the two forms were the same, and the CLA molecular conformation (see Figure S2 cyan and orange) and molecular packing pattern (see Figure 2a and Figure S3) of the two forms were similar. Form 0′ has been reported as a desolvated isostructural form of the CLA-Eth solvate by Tian et al. [12]. Therefore, it is reasonable to infer that the non-solvated form crystallized in DMC was Form 0′. In addition, the molecular conformations of CLA in Form 0′ and Form II (deposited at the CCDC, deposition number 780856 [12], colored in red in Figure 2) were basically identical, suggesting that the two forms are packing polymorphs.



The molecular arrangements in the crystal structures of the three solvates are shown in Figure 2b–d. It shows that the stacking patterns of the molecules in the three solvates were the same as that in Form 0′. Solvent molecules, as a guest, enter the channels formed in the framework stacked by CLA molecules. The solvent molecules do not form hydrogen bonds with the CLA molecules, only weak van der Waals forces. This means that the solvent molecules can easily escape from the channel. In contrast, as shown in Figure S3, in the crystal structure of the CLA-Eth solvate, the ethanol molecules are connected not only with CLA molecules by O60-H60…O12, but are also connected to each other by hydrogen bonds, indicating a greater difficulty of solvent removal.




3.2. Thermal Analysis of Form 0′ and Solvates


DSC and TGA analyses were performed to gain information about the thermal behaviors of the crystals prepared in Experiment 2.2 via method (3). As shown in Figure 3a, the weight loss of the sample in the temperature range of 250 °C~350 °C on the TGA curve corresponded to the decomposition of CLA, which is basically in agreement with that (250 °C~340 °C) reported by Li Wei [34]. There was no weight loss before decomposition on the TGA curve, indicating that the crystal was a non-solvated form. Combined with the PXRD analysis in Section 3.3, it can be proven that the crystals prepared in Experiment 2.2 by method (3) are Form 0′. More discussion can be seen in Section 3.3. In the DSC curve of Form 0′ shown in Figure 3b, Form 0′ exhibited an exotherm at 114.5 °C, and an endotherm at 228.6 °C during heating. It has been reported that the melting point of Form II is between approximately 227 °C and 233 °C. The DSC curve of Form II was measured in this work and showed that Form II melted at 228.1 °C (see Figure S4). These indicate that the endothermic DSC signal of Form 0′ represents the melting process of Form II, while the exothermic event represents the transformation of Form 0′ to Form II. The exothermic transition demonstrates that Form 0′ and Form II bear a monotropic relationship, and that Form 0′ is less stable than Form II. Moreover, the density of Form 0′ (1.011 × 103 kg·m−3) being smaller than that of Form II (1.164 × 103 kg·m−3) also supports this conclusion.



The TGA and DSC profiles of the three crystals prepared in Experiment 2.2 via method (1) are shown in Figure 3c,d. All TGA profiles presented significant weight losses, which corresponded to wide endothermic peaks in the DSC profiles in the same temperature ranges (109.3 °C~134.9 °C, 109.7 °C~130.8 °C, and 99.3 °C~133.8 °C, respectively, for the three solvates), indicating solvent removal. The weight losses of the three samples were 11.88%, 12.10%, and 12.15%, respectively, which basically matched the solvent stoichiometries determined by SCXRD (12.01%, 12.01%, and 13.44%, respectively), indicating that the obtained crystals were the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate. The weight loss of the sample of CLA-EB solvate was slightly lower than the crystallographic data, which was due to the escape of the solvent molecules during the test. The CLA-IPA solvate has been published by Liang’s work [12]; here, we determined its crystal structure. At the same time, the solvates of CLA-PAC and CLA-EB obtained in this work were reported for the first time. This second endothermic peaks in the DSC curves of the three solvates appeared at approximate temperatures of 230.3 °C, 231.7 °C, and 231.7 °C, respectively. There were no weight losses at these temperature ranges in the TGA curves, thus we speculate that the endothermic peaks on the DSC curves should belong to the melting process of Form II.



To confirm the above speculation, the phase transformation process of the solvates was visualized by HSM using the CLA-PAC solvate as an example. A fresh block-shaped single crystal was used in the observation experiment, and its morphologies during heating are depicted in Figure S5. In the microscopic field of view, at the beginning, the crystal could be seen brightly, and the dark periphery was due to a certain thickness of the crystal. When heated to 110 °C, the middle of the crystal in the field of view gradually became dark, which corresponded to the first desolvation endothermic process observed in the DSC curve of the CLA-PAC solvate. When heated to 138 °C, the crystal in the field of vision became completely dark, while its boundary remained unchanged. After heated to 190 °C, the crystal was removed to perform the DSC measurement. The DSC curve (see Figure S6) showed an endothermic peak at 229.3 °C, corresponding to the melting point of Form II. Therefore, it can be concluded that the second endothermic peaks in the DSC curves of the three CLA solvates represent the melting process of Form II, and that the first endothermic peaks represent the desolvation and transformation to Form II of the solvates. Moreover, no melting behavior and distinct shape change of the single crystal were observed during the whole temperature range investigated. This means that the transition of the CLA solvate to Form II belongs to a solid-state transformation process.



The thermal behaviors of the crystals prepared in Experiment 2.2 by method (2) was characterized by DSC measurements. As shown in Figure 4a, all DSC curves showed exothermic peaks followed closely by endothermic peaks. Combined with the DSC curves of the three solvates and Form 0′ (Figure 3b,d), it can be speculated that the exothermic peak in Figure 4a represents the polymorphic transformation of Form 0′ to Form II, while the endothermic one shows the desolvation of the solvates. To confirm this speculation, a phase transformation experiment of the solvates was performed under vacuum using the CLA-PAC solvate as a representative sample. DSC measurements were conducted after the CLA-PAC solvate experienced different durations. As seen in Figure 4b, after 2 h, the DSC curve rose slightly near 91.0 °C, followed by an endothermic peak at 101.6 °C corresponding to the desolvation of the solvate. Four hours later, a clear exothermic peak appeared at 100.0 °C, followed by an endothermic peak at 106.63 °C. With the increase in duration, both the peak temperatures of the exotherm and the endotherm on the DSC curve increased. After 9 h, the DSC curve only had one sharp exothermic peak at 114.2 °C, corresponding to the transformation of Form 0′ to Form II. Figure 4c shows the correlation between the exothermic peak temperature and heating duration. It is obvious that the longer the duration, the higher the peak value, which can be attributed to the greater solvent removal and transformation of the solvate to Form 0′. When heated for up to 9 h, the solvate completely desolvated and transformed to Form 0′. The analysis above demonstrates that when the solvate is placed at a reduced pressure, solvent removal will occur, resulting in the formation of a mixture of Form 0′ and the solvate. This rationalizes the thermal events where the exothermic peaks are followed by the endothermic peaks in the DSC curves in Figure 4a.




3.3. PXRD Analysis of Form 0′ and Solvates


The PXRD of the solvent-free form prepared in Experiment 2.2 by method (3) as well as the PXRDs calculated from the single crystal structures of forms 0′, I, and II are shown in Figure 5a. The PXRD of the solvent-free form (red curve) was consistent with the calculated PXRD of Form 0′, confirming it was Form 0′. The experimental and calculated PXRDs of the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate are also depicted in Figure 5a. It is obvious that the PXRDs of the three solvates are identical and basically consistent with that of Form 0′. This indicates that the three solvates and Form 0′ are isomorphic, in agreement with the results determined by SCXRD.



The VT-PXRD of Form 0′ in the temperature range of 30 °C~120 °C is shown in Figure 5b. In comparison to the PXRD at 100 °C, three characteristic peaks of Form 0′ at 2θ = 4.601°, 6.492°, and 7.607° disappeared (marked as red circle) on equilibration at 114 °C. At the same time, two characteristic peaks (marked as yellow triangle) belonging to Form II at 10.748° and 11.356° formed. It can be seen that Form 0′ transforms into Form II at about 114 °C, which is consistent with that determined by the thermal analysis.



The VT-PXRD of the CLA-PAC solvate in the temperature range 30 °C~120 °C is shown in Figure 5c. On equilibration at 110 °C, characteristic peaks belonging to Form II emerged at 2θ = 8.445°, 9.363°, 10.748°, and 11.356° (marked as an yellow triangle). At the same time, the characteristic peaks of 2θ = 4.601° and 7.607° (green circle marks) belonging to the CLA-PAC solvate disappeared. Upon a further rise to 120 °C, the characteristic diffraction peaks of 2θ = 6.492° and 10.106° belonging to the CLA-PAC solvate disappeared (black circle marks). It can be seen that the CLA-PAC solvate begins to transform into Form II at about 110 °C, which is in agreement with the previous results of the thermal analysis. The VT-PXRDs of the CLA-IPA solvate and CLA-EB solvate could obtain similar results, as shown in Figures S7 and S8.




3.4. Phase Transformation of Solvates and Form 0′


From the analyses above, it can be seen that the three solvates, namely the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate, can transform directly to Form II at 100 °C~110 °C or first to Form 0′ at room temperature to ~50 °C, and then further to Form II at near 114 °C, as shown in Figure 6. The effects of atmospheric pressure CO2 on the desolvation of the solvates and polymorphic transformation of Form 0′ were investigated. Firstly, the solvate desolvation experiment in 1 atm CO2 was carried out with CLA-PAC as the representative, and the solvent residual in the solvate was monitored by TGA analysis (shown in Figure S9). As shown in Figure S11, it took about 19 h for the complete desolvation of the CLA-PAC solvate in 1 atm CO2 at 50 °C (marked as red circle). In an air atmosphere under the same temperature and pressure (marked as a black square in Figure S11, TGA curves shown in Figure S10), the solvent removal of CLA-PAC also took about 19 h. The result of the comparative experiment indicates that CO2 has no effect on the solvent removal of the CLA solvates.



Next, the effect of the 1 atm CO2 atmosphere on the polymorphic transformation of Form 0′ to Form II was investigated using crystalline phase monitoring by PXRD. The PXRDs of the samples at 1 h, 2 h, 3 h, and 4 h are shown in Figure 7a. After 3 h (green curve), the intensities of the characteristic peaks of Form 0′ at 2θ = 4.601°, 6.492°, and 10.106° decreased (marked as purple circle). At the same time, the characteristic peaks of Form II appeared at 2θ = 8.445°, 10.748°, and 11.356° (yellow triangle marks). At 4 h, the PXRD was in agreement with that of Form II, indicating that Form 0′ completely transforms into Form II at this time. The results of the comparative experiments in the air atmosphere at the same temperature and pressure are shown in Figure 7b. The PXRD pattern at 61 h indicates that the polymorph was Form 0′ at this time. At 88 h, the characteristic peaks of Form 0′ (2θ = 4.601°, 6.492°, and 10.106°) were still present, although their intensities became weak. Up to 108 h, no characteristic peaks of Form II were observed. The results show that CO2 can significantly promote the polymorphic transformation of CLA Form 0′ to Form II. Based on the above results, a new pathway was designed for the preparation of Form II with the CLA solvates, as shown in Figure 6c: the solvate (either the CLA-PAC solvate, the CLA-IPA solvate. or the CLA-EB solvate) desolvates to form Form 0′ in the temperature range of room temperature to ~50 °C, and then Form 0′ transforms into Form II in a 1 atm CO2 atmosphere at 50 °C. The crystals obtained by this method were characterized by DSC and PXRD. As shown in Figure S12, there was only one endothermic peak at 229.3 °C in the DSC curve, and the PXRD pattern was consistent with that of Form II with no characteristic peaks of Form 0′, indicating that the crystals prepared by the new method were pure Form II.




3.5. Mechanism of CO2 Promoting Polymorphic Transformation


The experiments show that it requires more than 108 h for the polymorphic transformation of Form 0′ into Form II in 1 atm air at 50 °C. However, at the same temperature and pressure, CO2 can dramatically shorten the transformation duration of CLA from Form 0′ to Form II. Tian et al. [15] have reported that neither air, N2, O2, H2, CH4, C2H6, nor C3H8 can accelerate the transformation. It is speculated that CO2 is likely to be chemically adsorbed on the CLA molecules, which promotes the polymorphic transformation. To confirm this hypothesis, the physical and chemical adsorption capacity of CLA for CO2 were measured. As shown in Table 2, the physical adsorption capacity of Form 0′ and Form II for CO2 was 0.31240 mmol·g−1 and 0.24877 mmol·g−1, respectively, at 25 °C, and 0.12914 mmol·g−1 and 0.11153 mmol·g−1, respectively, at 50 °C. The decrease in adsorption capacity with the increase in temperature reflects the character of physical adsorption. The adsorption capacity of Form 0′ being slightly larger than that of Form II may be related to the difference in the void structure of the two polymorphs.



The results of TPD measurement are shown in Figure 8. The results showed that two signals appeared at 63.81 °C and 196.53 °C, respectively, during the desorption process at higher temperature, indicating that there were two types of chemisorption sites (labeled L and R, respectively, in Figure 8). The desorption amounts of CO2 at peaks L and R were 0.04813 mmol·g−1 and 0.9487 mmol·g−1, respectively. The low desorption amount corresponded to the chemical adsorption of CO2 by the groups with weak electronegativity, while the high desorption amount corresponded to the chemical adsorption of CO2 by the groups with strong electronegativity. Considering the incomplete peak R caused by the sample melting when heated to 200 °C, the total capacity of chemisorption should be greater than 0.9968 mmol·g−1. Obviously, the capacity of the chemical adsorption is significantly greater than that of the physical adsorption. Therefore, the chemisorption of CO2 plays a major role in promoting the polymorphic transformation.



In order to identify the adsorption site of CO2, the MEPS of the CLA molecule in Form 0′ was calculated and is shown in Figure 9. Corresponding to the negative region displayed in the MEPS, the electronegativity of the groups in the molecular structure were ordered from strong to weak as: O7 (hydroxyl oxygen on the 14-membered lactone ring) > O1 (hydroxyl oxygen on the 6-membered desamine ring) > O9 (carbonyl oxygen on the 14-membered lactone ring) > O13 (oxygen on the 6-membered cladinose ring) > O6 (hydroxyl group on the 14-membered lactone ring) > O5 (carbonyl oxygen on the 14-membered lactone ring). Furthermore, the groups exposed on the crystal faces of Form 0′ were analyzed. There were four morphologically important crystal faces, (101), (002), (011), and (110) in the Form 0′ morphology predicted by the BFDH model (as shown in Figure S13). The groups exposed on the four crystal faces are shown in Figure S14. On faces (101) and (002), only the dimethylamino group was exposed. On face (011), O13 (EP = −42.51 kcal·mol−1, where EP denotes electrostatic potential) on the 6-membered cladinose ring was exposed. On face (110), all oxygens on the 14-membered lactone ring were exposed, among which O7, O9, O6, and O5 exhibited strong electronegativity with EP values of −47.63 kcal·mol−1, −42.99 kcal·mol−1, −40.68 kcal·mol−1, and −39.55 kcal·mol−1, respectively. It can be inferred that chemisorption may occur at O7, O9, O13, O6, and O5 when Form 0′ is exposed in a CO2 atmosphere. O7, which had the most negative EP value, was taken as the representative to construct the adsorption model (as shown in Figure S15), and the adsorption energy of CO2 on O7 was calculated to be −8.43 kcal·mol−1. The negative adsorption energy indicates that CO2 can be stably adsorbed at the site of O7.



As shown in Figure 10a, in Form 0′, two adjacent CLA molecules along the c axis compose a Z-shaped structure by van der Waals forces. The adjacent Z-shaped structures along the b axis are connected by intermolecular hydrogen bond O12-H12…O7 to form a one-dimensional chain. O12-H12…O7 is the only type of intermolecular hydrogen bond in Form 0′, with O7 as the hydrogen bond acceptor and O12 on the 6-membered cladinose ring as the hydrogen bond donor. The two Z-shaped structures (e.g., gray ‘Z’ composed of molecules A (colored in light green) and A′ (colored in dark green), and pink ‘Z’ composed of molecules B (colored in orange) and B′ (colored in rose purple), respectively) in the up–down chains along the c axis orient oppositely and they are connected by van der Waals forces. As shown in Figure 10b, in Form II, two adjacent CLA molecules along the b axis form a Z-shaped structure in parallel through van der Waals forces. The adjacent Z-shaped structures along the b axis are connected to form a zigzag molecular chain by van der Waals forces. Along the c axis, the up–down molecular chains with opposite orientation are connected by intermolecular hydrogen bond O12…H7-O7, which is the only type of intermolecular hydrogen bond in Form II. Form 0′ is the metastable form with a void ratio of 21.6%, while Form II is the stable form with a void ratio of 5.4%. Molecular packing always tends to be closer and more stable. When Form 0′ is exposed in a CO2 atmosphere, CO2 will be adsorbed on O7, O9, O13, O6, and O5 of the CLA molecule. The adsorption of CO2 changes the electronegativity of the region around O7, resulting in the break of the hydrogen bond O12-H12…O7, which connects the two ‘Z’ structures in a molecular chain extending along the b axis. In the boc plane, the two molecules A and A′ (colored in light green and dark green, respectively) composing the ‘Z’ structure in the upper molecular chain (gray) rotate counterclockwise, while the two molecules B and B′ (colored in orange and reddish-brown, respectively) in the lower molecular chain (pink) rotate clockwise. Molecule A and its upper adjacent molecule B form an intermolecular hydrogen bond O7-H7…O12 through the OH on the 14-membered ring of molecule A and the O on the 6-membered cladinose ring of molecule B. At the same time, molecule A and its lower adjacent molecule B form another hydrogen bond O7-H7…O12. Similarly, molecule A′ connects to its upper and lower adjacent molecule B′ through two hydrogen bonds O7-H7…O12. The molecules reassemble into a densely packed zigzag arrangement structure (see Figure 10b). In this way, Form 0′ transforms into Form II after CO2 activation.





4. Conclusions


The currently reported methods of preparing Form II by CLA solvates require high temperature, high pressure, or vacuum, which means a large amount of energy cost. In this work, a new method for the conversion of CLA solvates to Form II promoted by 1 atm CO2 was proposed. The mechanism of the effect of CO2 was revealed through experiments and theoretical calculations.



First of all, three channel CLA solvates were prepared that are easy to remove solvents, namely the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate. The single crystal structures of the three solvates and Form 0′ were resolved for the first time by using SCXRD. The results showed that these are isomorphic. In the crystal structures of three solvates, the solvent molecules located in the channel did not form hydrogen bonds with the CLA molecules, only weak van der Waals forces. This is the reason why the solvent removal of the three solvates was easier than that of the CLA-Eth solvate. Thermal analysis and PXRD showed that the three solvates could desolvate in the temperature range of room temperature to 50 °C to form isostructural Form 0′. Form 0′ and Form II are monotropic, related to Form 0′ transforming into Form II at nearly 114 °C. Subsequently, the comparative experiment of the phase transformation in the air atmosphere and 1 atm CO2 atmosphere showed that CO2 had no obvious effect on the desolvation process of the solvates, while it could dramatically accelerate the polymorphic transformation of Form 0′ to Form II. In the 1 atm CO2 atmosphere, the conversion time was only 4 h, which was much less time than that in the air atmosphere. In addition, through the combination of the measurement of adsorption capacity, MEPS calculation, and crystal structure analysis, the mechanism of the CO2 effect on the polymorphic transformation was uncovered. The chemisorption of CO2 on O5, O6, O7, O9, and O13 of the CLA molecule with stronger electronegativity exposed on the crystal surfaces of Form 0′ changed the electronegativity of the region near O7, resulting in the break of the only type of hydrogen bond, O12-H12…O7, in Form 0′, and the formation of the hydrogen bond O7-H7…O12 to reassemble the molecules into Form II. Finally, a new pathway for the preparation of Form II from the CLA solvates was designed. Step 1: The solvates desolvate and transform into the structurally similar Form 0′ in 1 atm air. Step 2: Form 0′ transforms into the more stable Form II in 1 atm CO2. This work provides a successful case for the application of CO2 as an accelerator or alternative energy in the phase transformation of APIs, and also provides a new idea for the study of the mechanisms of polymorphic transformation.
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Figure 1. Molecular structure of CLA.Oxygen at 13 different locations in CLA was labeled in red. 
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Figure 2. Molecular arrangements of Form 0′ and three solvates. (a) Form 0′, (b) CLA-PAC solvate, (c) CLA-IPA solvate, (d) CLA-EB solvate, where the blue dashed circles represent the channel structure; CLA, PAC, IPA, and EB molecules are colored in light blue, purple, green, and red, respectively. 
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Figure 3. (a) TGA curve. (b) DSC curve of Form 0′. (c) TGA curve. (d) DSC curve of the three solvates. 
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Figure 4. (a) DSC of the mixture obtained after the solvate was processed by method (2). (b) DSC of heating the CLA-PAC solvate processed by method (1) for different hours. (c) Temperature of the exothermic peak changing with the heating duration. 
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Figure 5. (a) Experimental and calculated PXRD patterns of the solvates and Form 0′. (b) VT-PXRD patterns of CLA Form 0′ (In (b), the red circle represents the disappeared peaks, while the yellow triangle marks represent the peaks belong to the formed crystal). (c) VT-PXRD patterns of the CLA-PAC solvate (In (c), the yellow triangle marks represent the peaks belong to the formed crystal, while the green and the black circle marks represent the disappeared peaks). 
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Figure 6. Three pathways of transforming the solvates to Form II (For pathway a: the solvates are directly transformed to Form II by heated in 100~110 °C; for pathway b: the solvates have the chance to desolvate at room temperature~50 °C, forming Form 0′. And then by being heated in 114 °C, Form 0′ transform to Form II; for pathway c: the solvates have the chance to desolvate at room temperature~50 °C, forming Form 0′. With Form 0′ being heated in 50 °C under 1 atm CO2, Form II is formed). 
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Figure 7. Polymorphic transformation of Form 0′ in (a) 1 atm CO2; (b) 1 atm air. 
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Figure 8. TPD results of CLA Form II. 
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Figure 9. MEPS of the CLA molecule in Form 0′. 
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Figure 10. Molecular arrangements in Form 0′ (a) and Form II (b). 
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Table 1. Crystallographic data of CLA Form 0′ and three solvates.
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	Phase
	CLA-Form 0′
	CLA-PAC Solvate
	CLA-IPA Solvate
	CLA-EB Solvate





	Empirical formula
	C38H69NO13
	C38H69NO13·C5H10O2
	C38H69NO13·C5H10O2
	C38H69NO13·C