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Abstract

:

To better understand and control the crystallization of different polymorphs, a comprehensive crystal structure analysis was conducted by using fluralaner as a model compound, and the thermodynamic stability, phase transformation, and selective nucleation mechanisms were studied. Various analytical techniques such as powder X-ray diffraction, thermal analysis, and FT-IR spectra were used to comprehensively characterize Form I, Form Ⅱ, and Form III of fluralaner, and it was found that there is structural similarity between Form I and Form III, which was further confirmed by single crystal X-ray diffraction. However, it was found that Form Ⅱ had unique molecular conformation and packing pattern. The lattice energy was calculated by Materials Studio 7.0 and the thermodynamic stability of three forms was explored by phase transformation experiments, which suggested that the order of thermodynamic stability was Form Ⅱ > Form I > Form III. The selective nucleation of Form I and Form III with similar structure was studied through FT-IR spectra and molecular dynamics simulations. The results indicated that the addition of n-hexane may hinder the solute–solute interaction in the solution, thus resulting in the nucleation of different polymorphs.
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1. Introduction


It is well-known that polymorphism is common in active pharmaceutical ingredients (APIs), which can lead to diverse physicochemical properties such as solubility, hygroscopicity, stability, dissolution, etc., further affecting their bioavailability [1,2,3,4]. For metastable forms, potential transformation can happen during filtration, drying, formulation, storage, and transportation. The disappearing ritonavir form event is a typical example, where a phase transformation occurred during the production process, resulting in serious economic losses [5]. Therefore, a comprehensive characterization and phase transformation study of polymorph and determination of thermodynamic relationships between the different forms can assist in the selection of the best solid form for development [6,7,8]. In addition, it is important to understand the selective nucleation of different polymorphs so that polymorphism can be precisely regulated and predicted to guide product and process development [9,10].



In recent years, researchers have conducted numerous studies on the link between solution chemistry and crystal structure [11,12,13,14,15]. Davey et al. [12] demonstrated that the polymorphs of 2,6-dihydroxybenzoic acid have some relationship with the arrangement of molecular clusters in solution, while solvents can significantly influence the supramolecular structure of the pre-nucleated aggregates. Chen et al. [11] found that tetrolic acid can exist as different molecular self-assemblies in different solvents, which is consistent with the corresponding synthons in the structure. However, Du et al. [16] reported that nucleation of tolfenamic acid polymorphs in toluene and ethanol solutions was independent of the solute molecular aggregation pattern. Piedade et al. [17] demonstrated that the different 5-hydroxynicotinic acid tautomers can selectively crystallized as a hydrate or a DMSO solvate in water and DMSO, respectively, while they transformed to the same tautomeric form once the solvent is removed. Davey et al. [18] found that benzoic acid molecules exist essentially as monomers in methanol, while the molecules form cyclic dimer units in the crystal structure obtained by crystallization from methanol. This suggests that the relationship between the pattern of solute molecules presented in solution and the synthon in the resulting polymorph is ambiguous and controversial. Therefore, it is not clear how the selectivity of polymorphs crystallization is affected by different solution environments [19,20]. It is therefore necessary to explore the mechanisms of selective crystallization of polymorphs in different solvents.



Fluralaner is a new broad-spectrum veterinary drug for the treatment of ectoparasitic diseases [21,22,23], the chemical structure of which is shown in Figure 1. Although three polymorphs are known [24], studies carried out up to now were mainly focused on efficacy, toxicity, and pharmacokinetics [25,26,27,28], and no detailed studies related to polymorphism of fluralaner have been reported. In order to achieve precise regulation of fluralaner polymorphs and provide theoretical guidance for drug development and production as well as research on polymorphs, it is necessary to systematically study the thermodynamic stability, phase transformation, and selective nucleation of fluralaner polymorphs.



In this study, various analytical techniques such as PXRD, DSC, TG, and FT-IR were used to comprehensively characterize Form I, Form Ⅱ, and Form III of fluralaner. Through detailed crystal structure analysis, the differences and similarities in the structure of Form I, Form Ⅱ, and Form III were comprehensively studied. The phase transformation between Form I, Form Ⅱ, and Form III was investigated by thermal analysis methods (DSC and HSM) and solvent-mediated phase transformation experiments. Materials Studio 7.0 was used to calculate the lattice energy of the three forms, and the thermodynamic stability of the three forms was investigated in combination with phase transformation experiments and calculation results. In order to explain the selective nucleation of Form I and Form III with similar structures, the relationship between solution chemistry and crystal structure was investigated through FT-IR spectra and molecular dynamics simulations.




2. Experimental Section


2.1. Materials


Fluralaner (Form Ⅰ) with purity higher than 99% was provided by Tianjin Ringpu Bio-technology Co., Ltd. (Tianjin, China). All analytical-grade organic solvents (>99% purity) were purchased from Tianjin Kermel Chemical Reagent Co., Ltd. Reagents were used without further purification.




2.2. Preparation of Fluralaner Polymorphs


2.2.1. Preparation of Form I


A total of 120 mg of fluralaner was added to 2 mL of isopropanol and dissolved completely at 60 °C. Then, the solution was quickly quenched from 60 °C to 20 °C and left for one day to obtain Form I. Single crystals of Form I were prepared by slowly evaporating 2 mL of a saturated methanol solution at room temperature (23 ± 2 °C) for 2 days.




2.2.2. Preparation of Form Ⅱ


At 25 °C, 0.2 g of fluralaner was dissolved in 1 mL of ethyl acetate and the solution was then filtered through a 0.22 µm nylon filter into a 10 mL beaker. The beaker was then sealed with cling film, and a small hole was punctured on the cling film with a syringe needle for evaporation. After 3 days, Form Ⅱ was obtained from the solution. Single crystals of Form II were prepared by slowly evaporating 4 mL of a saturated ethanol/isopropyl ether (1:1 v/v) solution at room temperature (23 ± 2 °C).




2.2.3. Preparation of Form Ⅲ


At 50 °C, 60 mg of fluralaner API was dissolved in a solvent mixture of 1 mL of isopropanol and 1 mL of n-hexane, and then the solution was filtered through a 0.22 µm nylon filter into a 10 mL beaker. The beaker was placed in a vacuum drying oven at 50 °C with pressure of 0.1 MPa, and after rapid evaporation of the solvent, Form III was obtained. Single crystals of Form III were obtained by adding 60 mg of fluralaner to 12 mL of isopropanol /n-hexane (1:5 v/v) and quenching rapidly from 50 °C to 20 °C and leaving for one day.





2.3. Characterization


2.3.1. Powder X-ray Diffraction (PXRD)


PXRD analyses of fluralaner polymorphs were performed on a Rigaku D/max-2500 X-ray diffractometer (Rigaku, Tokyo, Japan) using Cu Kα radiation (1.54178 Å) at 100 mA and 40 kV. The samples were scanned continuously at ambient temperature over a range of 2θ from 2~40° at a speed of 8°/min. All data were collected at room temperature (23 ± 2 °C) and analyzed using Jade 6.0 software [29,30].




2.3.2. Differential Scanning Calorimetry (DSC)


Differential scanning calorimetry (DSC) of fluralaner polymorphs was carried out on a DSC 1/500 (Mettler Toledo, Switzerland). Samples weighing 5–10 mg were placed into a standard aluminum pan and heated from 30 to 200 °C at a rate of 10 °C/min under nitrogen purge at flow rate of 50 mL/min. The instrument was calibrated against the melting properties of indium.




2.3.3. Thermogravimetric Analysis (TGA)


Thermogravimetric analyses of fluralaner polymorphs were performed on a TGA/DSC 1 STARe System (Mettler Toledo, Greifensee, Switzerland). Samples weighing 5–10 mg were placed into a standard alumina crucible and heated from 30 to 400 °C at a rate of 10 °C/min under nitrogen purge at flow rate of 20 mL/min. The temperature was calibrated by testing on standards such as Zn, Al, Au, and Pd. The built-in balance of TGA/DSC 1 is equipped with two high-quality ring calibration weights for fully automatic internal calibration of the balance.




2.3.4. Morphology Analysis


Morphology of the samples were investigated using an optical microscope (Leica Optical Instruments Co., Ltd., Tianjin, China) with a CCD camera (DXC-390, Sony Corporation, Tokyo, Japan) connected to a computer. The Hot-Stage Microscopy (HSM) experiments were carried out on a polarizing microscope (Olympus BX-51, Tokyo, Japan), and the DSC600 hot-level Linkam system was connected to control the temperature. Samples were heated from 30 to 180 °C at a heating rate of 0.5 °C/min.




2.3.5. Solid-State Nuclear Magnetic Resonance (SSNMR)


The 13C NMR spectra of fluralaner polymorphs were recorded on a Bruker Avance III WB 400 (Bruker, Karlsruhe, Germany) using the cross-polarization magic angle spinning (CP/MAS) method. The measurements were carried out using a 4 mm rotor with a spinning rate of 12 kHz, contact time of 1 ms, a pulse delay time of 4 s (D1), and 512 scans were accumulated. Solid-state NMR experiments were carried out at 20 ± 2 °C.




2.3.6. Fourier Transform Infrared (FTIR)


FTIR spectra of the polymorphs were collected using an ALPHA ATR platinum instrument (Bruker, Germany) with a resolution of 4 cm−1 and 32 scans per spectra at 4000–400 cm−1 range. FTIR spectra of liquid samples were recorded on an FTIR spectrometer (ReactIRTM45, Mettler-Toledo) to study the interactions between molecules in solution with different supersaturation at 20 °C. The wavenumber range obtained was 2800~650 cm−1 with a resolution of 4 cm−1. The background of the corresponding solvent in the liquid sample was subtracted when acquiring the sample spectra.




2.3.7. Single Crystal X-ray Diffraction (SCXRD)


SCXRD measurements of Form I and Form Ⅲ were performed on a Rigaku Saturn 70 CCD diffractometer using graphite monochromator with Mo-Kα radiation (λ = 0.71073 Å). SCXRD measurements of Form Ⅱ was performed on a ROD, Synergy Custom DW system, HyPix diffractometer using graphite monochromator with Cu-Kα radiation (λ = 1.54184 Å). In Olex2 [31], the structures were solved with the SHELXT [32] structure solution program using intrinsic phasing and were refined with the SHELXL [33] refinement package using least squares minimization. The PXRD patterns were simulated using Mercury software [34].





2.4. Hirshfeld Surface Analysis


Crystal Explorer 17 was used for the Hirshfeld surface analysis of molecules in different crystal structures [35,36], so as to reveal the intermolecular interactions in crystal structures.




2.5. Solvent-Mediated Phase Transformation Experiment


Solvent-mediated phase transformation experiments for Form I and Form III of fluralaner were carried out in methanol, with the powders of Form I and Form III being added to 10 mL vials containing 1 mL of methanol solvent and the suspensions stirred at 300 rpm for 72 h at 30 °C. Samples were taken for filtration at different times and the resulting powders were characterized by PXRD.




2.6. Single Point Energy Calculations


The chiral R-configuration molecules of fluralaner were extracted directly from the asymmetric units of three crystal structures. The single point energy calculations were performed at the B3LYP/6-311+G (d, p) level of theory with GAUSSIAN09 [37].




2.7. Lattice Energy Calculation


The lattice energy of different forms was calculated on Materials Studio 7.0 at 298 K. The geometry optimization was performed in the Forcite module using the COMPASS II (a class II ab initio calculation of consistent force fields for condensed matter optimization for atomic level simulation studies) force field [38]. The charge was set to Forcefield assigned method, and the electrostatic and van der Waals interactions were calculated using the Ewald and atom-based summation methods, respectively. Furthermore, the supercells of each form were built with different sizes, and the lattice energies were calculated until its value became stable. The stable value was taken as the lattice energy of the corresponding form.




2.8. Molecular Dynamics (MD) Simulations


MD simulations were carried out using the Forcite module of Materials Studio 7.0 to study intermolecular interactions under supersaturated conditions in different solvents. The Smart method, which combines the conjugate-gradient method and steepest-descent method, was used in the energy minimization procedure. The amorphous cell module was used to construct cubic cells with 500 solvent molecules and a certain number of solute molecules according to solubility and experimental supersaturation, and the geometry optimization simulation was carried out after the completion of the construction. A 200 ps run for equilibration was performed in an NVT ensemble with a time step of 1 fs, which is followed by a 2 ns production run in the NPT ensemble with a time step of 1 fs. The temperature was maintained at 293.15 K by a Nose thermostat and the pressure was maintained at 101.325 kPa by a Berendsen barostat. The electrostatic and van der Waals interactions were calculated using the Ewald and atom-based summation methods, respectively. The properties of simulation system are shown in Table S5. After performing molecular dynamics calculations, the equilibrated final structure was to calculate the solvation free energy. The solvation free energy (ΔGsolv) can be calculated as the sum of three contribution: ΔGid, ΔGvdw, and ΔGelec, as shown in Equation (1). Each contribution needs to be calculated separately. Set contribution as ALL and run each contribution calculation sequentially. Equilibration steps and production steps are set to 50,000 and 100,000 respectively, and the coupling parameter steps are set to 5.


ΔGsolv = ΔGid + ΔGvdw + ΔGelec



(1)




where ΔGid, ΔGvdw, and ΔGelec represent the ideal contribution of the solvation free energy, the van der Waals contribution of the solvation free energy, and the electrostatic contribution of the solvation free energy, respectively.




2.9. Radial Distribution Function (RDF)


Radial distribution functions (RDFs) were used to analyze the conformations and molecular scale features in solution. RDFs provide information on the probability of finding an atom at a certain distance from a selected atom. In this study, the results of the last 1 ns of the MD simulation trajectory were used to calculate the RDFs.





3. Results and Discussion


3.1. Characterization of Polymorphs


PXRD analysis was used to identify Form I, Form Ⅱ, and Form III, and the results are shown in Figure 2. The specific characteristic peaks of them are summarized in Table S1. Surprisingly, it was found that the PXRD patterns of Form I and Form III are close, suggesting that their crystal structures may have some degree of similarity. Although the PXRD patterns of Form I and Form III are very similar, some characteristic peaks have undergone a certain degree of shift, and there are also some weaker characteristic peaks that differ. For example, Form I and Form III can be distinguished by the characteristic peaks at 2θ = 17.98°, 27.16°, and 29.74° for Form I, and 2θ = 19.70°, 26.96°, and 29.56° for Form III. The PXRD pattern of Form II shows distinct differences from Form I and Form III, with the main characteristic peaks located at 2θ = 18.48°, 20.06°, and 26.70°. The morphology of single crystals of Form I, Form Ⅱ, and Form III observed through an optical microscope are shown in Figure 3, indicating a distinct contrast in the appearance of these three forms. Form I has a regular parallelogram appearance (Figure 3a), and Form II has a rectangular shape (Figure 3b), whereas Form III is rod-like (Figure 3c). To further identify Form I and Form III, the solid-state NMR spectra of fluralaner Form I and Form III were determined, and the results are shown in Figure S1 (in Supplementary Materials). The results indicate that the NMR spectra of Form I and Form III are very similar, with subtle differences. The characteristic peak with a chemical shift of 43.20 ppm in Form I shifted slightly to 43.37 ppm in Form III, while the characteristic peak with a chemical shift of 21.07 ppm in Form I shifted to 18.80 ppm in Form III. These observations suggest that the structures of Form I and Form III are similar, but the chemical environment of the molecules in the crystal structure is slightly different. Solid-state NMR spectra are an effective method for identifying polymorphs.



FT-IR spectra can be used to identify polymorphs and analyze intermolecular interactions in different forms [39]. The FT-IR spectra of Form I, Form Ⅱ, and Form III are shown in Figure S2. There are two amide groups in the fluralaner molecule, which are the main hydrogen bond donor-acceptors. Therefore, the amide group (-NH) and the carbonyl group (-C=O) were used as the two main characteristic functional groups to analyze the FT-IR spectra of Form I, Form Ⅱ, and Form III. The stretching vibration and bending vibration peaks of the amide group (-NH) in Form I occurs at 3266 cm−1 and 1531 cm−1 respectively, which is blue-shifted to 3267 cm−1 and 1531 cm−1 in Form III. Furthermore, the stretching vibration of the amide group (-C=O) in Form I appears at 1631 cm−1, while it is blue-shifted to 1632 cm−1 in Form III. The differences between vibration frequencies of both Form I and Form III are all considerably smaller than the spectral resolution of 4 cm−1 given in the Section 2, indicating that the differences in the strength of the hydrogen bonding interactions are small and that the crystal structures of the two forms are similar. However, the stretching vibration and bending vibration peaks of the amide group (-NH) in Form II occurs at 3311 cm−1 and 1505 cm−1, respectively, and the vibration of the amide group (-C=O) appears at 1649 cm−1. These values differ significantly from those of Form I and Form III, indicating that Form II may have a unique crystal structure. The shift in the vibrational frequencies of -NH and -C=O in Form II relative to Form I and Form III may indicate that the hydrogen bonding interactions are weaker in Form II than in Form I and Form III.




3.2. Molecular Conformations and Crystal Structure Analysis


3.2.1. Crystal Structure Analysis


Since Form I and Form III are structurally similar according to the results of PXRD and FT-IR, the crystal structures of the three forms were analyzed in detail to further investigate this phenomenon. Single crystals of fluralaner polymorphs were obtained for the first time, and information on the crystal structure of Form I, Form Ⅱ, and Form III is summarized in Table 1. There are eight molecules in the unit cell of Form I, and four molecules in the unit cells of Form Ⅱ and Form III.



The crystal structures of Form I, Form Ⅱ, and Form III of fluralaner are shown in Figure 4, Figure 5 and Figure 6. Molecules with different configurations are represented by different colors. Two molecules with different chirality can be found in the asymmetric unit of Form I. R-configuration molecules are represented in green, and S-configuration molecules are represented in blue. The dimer (Figure 4a) is linked ‘hand in hand’ by hydrogen bonding interactions between the N2-H2 of the amide bond in the R-configuration molecule and the O2 of the amide bond in the S-configuration molecule (2.796(5) Å). In addition, weak interactions C12-H12⋯C15 are also formed between the carbons of the benzene rings of the two molecules, and weak interactions C17-H17B⋯O3, N3-H3⋯O3 are formed between O3 in the R-configuration molecules and C17-H17B and N3-H3 in the S-configuration molecules. Along the a-axis, adjacent dimers are linked into a chain by intermolecular interactions N2-H2⋯O2 (2.786(5) Å), C17-H17B⋯O3 and N3-H3⋯O3 (Figure 4b). Along the b-axis, the chiral molecules are connected by weak π−π interactions and Cl2⋯F2 (3.166 Å) interactions are formed by Cl2 on the benzene ring and F2 in the trifluoromethyl group (Figure 4b). As shown in Figure S3, the distance between the centroids of two parallel benzene rings is 3.955Å, and the distance from the centroid of one benzene ring to the plane of the other benzene ring is 3.510Å. The chains are arranged side by side to form a two-dimensional network structure on the a-b plane (Figure 4b). Along the c-axis, adjacent dimers are connected to each other by intermolecular interactions of molecules of the same configuration. The two-dimensional network structure is stacked along the c-axis to form a three-dimensional structure (Figure 4c).



Two molecules were found in the asymmetric unit of Form II, but this dimer was composed of two molecules with the same chirality with different conformations. The green and yellow molecules were named as R (1) and R (2), and the mirror image of the molecules were named as S (1) and S (2), respectively. In Form II, the dimer (Figure 5a) is like a small ‘boat’, which was formed by intermolecular hydrogen bonding between O2 in the R (1) molecular and N3-H3 in the R (2) molecular (N3⋯O2 distance of 3.021 Å). Along the a-axis, adjacent dimers were linked to each other into a chain by the same intermolecular interactions as described above. Hydrogen bonds were formed by the N3-H3 of the R (1) molecule and the O2 of the R (2) molecule in the adjacent dimer (3.036 Å) (Figure 5b). The S (1) and S (2) molecules were connected in the same way to form a chain, in the opposite direction to the R molecules chain. Along the c-axis, the S-configuration and R-configuration molecular chains were connected by weak π-π interactions and extended in alternating arrangements to form a two-dimensional network structure on the a-c plane (Figure 5b). Along the b-axis, the S-configuration and R-configuration molecular chains also extended in alternating arrangements. The S (2) and R (1) molecules in the same cell were connected by C22-H22⋯N1 interactions, as shown in Figure 5c, and the S (1) and R (2) molecules were connected in the same way as above. The R and S molecular chains in the different cells were linked mainly by C4-H4⋯O3, C17-H17⋯O1, and N2-H2⋯N1 interactions between the R (2) and S (2) molecules. Thus, the two-dimensional network structure on the a-c plane was stacked along the b-axis to form a three-dimensional structure (Figure 5c).



The arrangement of the molecules in Form III is similar to that of Form I. Only one independent molecule can be found in the asymmetric unit of Form III. The S-configuration molecules are also shown as blue and the R-configuration molecules are shown as green. A two-dimensional network structure on the b-c plane is shown in the Figure 6a, while Figure 6b is a magnified view of Figure 6a. Along the c-axis (Figure 6b), adjacent S-configuration and R-configuration molecules are connected by N2-H2⋯O2 (2.798(5) Å) hydrogen bonds and arranged alternately to extend into a chain. Consistent with Form I (Figure 6a), weak interaction C12-H12⋯C15 is formed between the carbon atoms of the benzene rings of the two molecules, and weak interactions C17-H17B⋯O3, N3-H3⋯O3 are formed between O3 in the R-configuration molecules and C17-H17B, N3-H3 in the S-configuration molecules. The chains (Figure 6a) are connected by Cl2⋯F1 (3.297 Å) interactions between Cl2 and F1 from the same chiral configuration, and extend along the b-axis in an alternating arrangement. Along the a-axis, chains are connected by interactions between molecules with the same chirality (Figure 6c). Two R-configuration molecules are linked by weak interactions such as C19-H19A⋯O1, N3-H3⋯N1, and the two S-configuration molecules are linked in the same way as above. The three-dimensional structure (Figure 6c) is formed by the stacking of two-dimensional network structures along the a-axis. The data related to hydrogen bonds in Form I, Form Ⅱ and Form III are shown in Supporting Information (Table S2). The results of crystal structure analysis indicate that Form I and Form III have structural similarity, while Form II possesses a unique molecular packing pattern.




3.2.2. Crystal Structure Comparison


Detailed comparative analysis was conducted on the crystal structures of Form I and Form III. As shown in Figure 7, the difference in crystal structure between the two forms is mainly the arrangement between adjacent molecular chains. As shown in Figure 7a,c, the adjacent molecular chains of Form I extend in opposite directions, while the adjacent molecular chains in Form III are identical. Viewed by local magnification, as shown in Figure 7b, the benzene rings of the molecules in the adjacent molecular chains of Form I are parallel, while in Form III the benzene rings of the molecules in the adjacent molecular chains are arranged at an angle. The arrangement of Form I is more conducive to the formation of intermolecular interactions, with Cl2 and F2 atoms forming interaction between them (3.166 Å), whereas the distance between these two atoms in Form III (6.893 Å) is relatively far. Based on the results, it can be concluded that the different molecular arrangement is the dominant factor that cause the crystal structure difference in Form I and Form III, and the stacking pattern suggests that Form I may be more stable than Form III.




3.2.3. Molecular Conformations


The molecular conformation is an important parameter in relation to hydrogen bonding network and crystal packing [40,41]. Hence, the molecular conformations of Form I, Form Ⅱ and Form III were analyzed to further investigate the similarity and difference between the three forms (Figure 8). The specific torsion angle data are shown in Table S3. The main torsion angles with differences in various conformers are shown in Table S4. It can be found that the molecular conformations of Form I and Form III are similar. The molecular conformations of Form II differ significantly from that of Form I and Form III. In addition, the single point energy of conformations extracted from the crystals were also calculated using GAUSSIAN 09 and the results are shown in Table 2. It can be found that the relative conformational energies of the molecular conformations in Form I and Form III are similar, indicating that the similar molecular conformation may be one of the factors that lead to the close crystal structure of Form I and Form III. However, the conformations of the two molecules in the asymmetrical unit of Form II are similar, with the same relative conformational energies (1.57 kcal/mol) but higher than those of Form I and Form III, indicating a relatively weaker stability of molecular conformation in Form II.




3.2.4. Hirshfeld Surface Analysis


The Hirshfeld surface analysis is a commonly used method for analyzing intermolecular interactions, which can compare crystallographic stacking patterns of polymorphs and quantify intermolecular interactions [35,36]. It is also a useful way of comparing the similarities and differences between various forms. To further compare the structural similarity between Form I and Form III, the Hirshfeld surface analysis was performed. The Hirshfeld surfaces (with dnorm descriptor) and two-dimensional fingerprint profiles of the fluralaner molecules in Form I and Form III are shown in the Figures S4 and S5, respectively. The Hirshfeld surfaces of Form I and Form III show a similar shape, which is consistent with the conclusions of the crystal structure analysis. Red and blue represent shorter interatomic distances and longer interatomic distances, respectively [42,43]. Distinctive red circles can be observed on the amide group in Form I and Form III, corresponding to the predominant N-H⋯O hydrogen bonds in the crystal structures.



The percentages of the different interactions were summarized in Figure 9. It can be suggested that F⋯H interactions account for the largest percentage, due to the presence of two trifluoromethyl groups in the fluralaner molecule and the strong electronegativity of the F atom. The contribution of O⋯H interactions in the two polymorphs are the same (13.5%), due to the fact that the molecules of Form I and Form III are connected by similar N-H⋯O hydrogen bonding interactions. In addition, it can be seen that the contribution of the F⋯H and Cl⋯H interaction is greater in Form III than that in Form I, due to the fact that F (Cl) atoms in Form III are easier to form hydrogen bonding interactions with molecules in adjacent molecular chains.





3.3. Thermal Analysis


Thermal analysis of Form I, Form Ⅱ, and Form III was carried out by TGA and DSC. As shown in Figure 10, at a heating rate of 10 °C/min, only one distinct endothermic peak was observed in the DSC curves for both Form I and Form Ⅱ. Form I began to melt at 175.27 °C, with a melting peak of 177.61 °C, and Form Ⅱ began to melt at 171.38 °C, with a melting peak of 174.74 °C. Two incompletely separated endothermic peaks were observed in the DSC curve of Form III with peak temperatures of 169.22 °C and 176.31 °C. The TGA curves for three forms show no significant weight loss before decomposition temperature (approximately 290 °C), indicating that Form I, Form Ⅱ, and Form III are anhydrous.



The enthalpies of the observed thermal events for Form I, Form Ⅱ, and Form III are shown in Table S6. It was suggested that, compared with the enthalpy of the melting process, the transformation enthalpy of Form III is much smaller, indicating that the phase transformation barrier is lower and the transformation is more likely to occur.



DSC was conducted combined with PXRD and HSM to investigate the polymorph transformation of Form III during heating. Slower heating rates were applied to better separate endothermic peaks and facilitate PXRD analysis at different temperatures. As shown in the Figure S6, the two endothermic peaks on the Form III DSC curve become more apparent as the heating rate decreased. At a heating rate of 3 °C/min, a clear endothermic–exothermic–endothermic process can be observed. The PXRD result at 165 °C was consistent with Form III (Figure S7), indicating that the crystal did not undergo a phase transformation before this temperature. However, at 171 °C, the typical peak of Form I appeared (Figure S7), indicating the transformation of Form III to Form I during heating, and the second endothermic peak is corresponding to the melting of Form I. The detailed process of the transformation was also observed through the HSM (Figure S8). It was found that the morphology of the crystals did not change significantly until they were heated to 170 °C at a rate of 0.5 °C/min. At 172 °C, the crystals began to partially melt. However, at 173 °C, the crystals no longer melted and showed a tendency to grow. After 176 °C, the crystals totally transformed into Form I, followed by the melting of Form I.




3.4. Solvent-Mediated Phase Transformation


To further investigate the phase transformation and thermodynamic relationships between Form I and Form III, solvent-mediated phase transformation experiments were carried out in methanol. The PXRD results of the process are shown in Figures S9 and S10. The results show that both Form I and Form III transformed into Form II after suspension in methanol at 30 °C for 72 h. Interestingly, Form I transformed directly to Form II, whereas Form III first transformed rapidly to Form I and then continued to Form II.



The lattice energy calculations at 298 K were also conducted to compare the stability of the three forms (Table 2). The lattice energy refers to the energy of the interactions between atoms in a crystal and the conformation energy. The results indicate that the lattice energy of Form II (74.95 kcal/mol) is slightly greater than that of Form I (73.55 kcal/mol), while the lattice energy of Form III is the smallest (70.80 kcal/mol). Form II is more stable than Form I and Form III, and the lattice energy calculations are consistent with FT-IR analysis. The results of the phase transformation experiments and lattice energy calculations indicate that Form II is the stable form, while Form I and Form III are metastable forms. The order of stability of the three forms under environmental conditions is Form II > Form I > Form III. This provides evidence to support the statement that the low Z’ form (Form III) may not necessarily be more stable than the high Z’ form (Form I) as proposed several years ago [44,45,46,47].




3.5. Selective Nucleation Studies


The results of the rapid cooling crystallization experiments in different solvents are shown in Table S7. Though Form I and Form III are similar in crystal structure, interestingly, Form I was obtained in most pure solvents (e.g., isopropanol) by rapidly cooling crystallization, whereas Form III was obtained stably in mixed solvents (e.g., isopropanol/n-hexane) without transforming to Form I. It is worth noting that the absence of transformation from Form III to Form I refer to immediate precipitation of the solution without stirring, and the samples were sent for PXRD immediately after precipitation. In order to rationalize the phenomena, two solvent systems, isopropanol and isopropanol/n-hexane, were chosen for rapid cooling crystallization experiments to further study the selective nucleation mechanism of Form I and Form III. The experimental supersaturation in both isopropanol and isopropanol/n-hexane solvents was consistent. The supersaturation in the cooling crystallization experiments was controlled within the range of 1.0–4.0 (where supersaturation s = C/Cs−1, C is the actual concentration of the solution, and Cs is the saturation concentration of the solution), but no different polymorphs were observed with changes in supersaturation.



3.5.1. Solute–Solvent Interactions in Solution


FTIR spectra were collected at different supersaturation in the isopropanol and isopropanol/n-hexane systems. It can be found from the results that the FT-IR intensities of fluralaner in both solvent systems increased with increasing supersaturation (Figure 11). However, no FT-IR peak shifts were observed over 1 h, suggesting that the state of solute molecules may be stable in solution. As can be seen from Figure 11, the stretching vibration peaks of -C=O in the isopropanol and isopropanol/n-hexane solvent systems are located at 1655.70 cm−1 and 1655.80 cm−1, respectively, and the -NH bending vibration peaks are located at 1573.66 cm−1 and 1573.65 cm−1, respectively, indicating similar solute–solvent interactions in solution. The stretching vibration peak of -C=O and the -NH bending vibrational peak shifts towards higher wavenumbers compared with the solid FT-IR spectra (Figure S2), indicating that the strength of hydrogen bonding interactions in solution is weaker than that in solid.



In order to further understand the interaction between the fluralaner molecules and the solvent molecules, molecular dynamics simulations were carried out and the free energies of solvation in both solvents was calculated. As shown in Table 3, the free energies of solvation in isopropanol and isopropanol/n-hexane are −27.986 kcal/mol and −23.053 kcal/mol, respectively, indicating that solute–solvent interactions are similar in isopropanol and isopropanol/n-hexane solvents, which is consistent with the FTIR analysis.




3.5.2. Conformational Distribution of Fluralaner Molecules in Solution


Numerous studies have shown that the conformations of molecules in solution can affect selective nucleation [48,49]. Since the molecules in Form I and Form III have almost identical conformations, it can be suggested that the conformational distribution of the molecules may be similar in both the isopropanol and isopropanol/n-hexane systems. The results of the molecular dynamics simulations were analyzed for the distribution of conformations in different solvents using radial distribution function (RDF). The characteristic distances of N1-C22, H2-H3, C22-C20, and O2-C19 were selected to compare the conformational distributions, and the results are shown in Figure 12. The results of the RDF analysis in the two solvent systems are shown in Figure 13. As can be seen in Figure 13a, corresponding to the characteristic distances of the two different conformations in the crystal, there are two single peaks for the RDFs of N1-C22 in both solvents at 5.27 Å and 6.13 Å, and the broad peaks displayed by the RDFs of C22-C20 and O2-C19 (3.59–10.37 and 3.09–6.83 Å, respectively) suggest a diversity of conformations in solution. The RDF results at the four characteristic distances suggest that the conformational distribution of the fluralaner molecule is similar in isopropanol and isopropanol/n-hexane, which may be related to the fact that both forms crystallize by the same conformation.




3.5.3. Solute–Solute Interactions in Solution


RDF analysis of the interatomic distances in different molecules (Cl2 for the R-configuration molecule and F2 for the S-configuration molecule) was also carried out. As shown in Figure 14a, in isopropanol, r(Cl2-F2) has a greater probability of occurring at 2.89–5.73 Å and has the greatest probability at 3.33 Å. In isopropanol/n-hexane, r(Cl2-F2) occurs with greater probability in the range of 5.93–8.35 Å and has a maximum probability at 6.75 Å (Figure 14b). This indicates that the addition of n-hexane to isopropanol solution may hinder the interactions between the Cl atom of the R-configuration molecule and the F atom of the S-configuration molecules, leading to a difference in the molecular state in the solution before nucleation.




3.5.4. Selective Nucleation Mechanisms


The above results demonstrated that the solution chemistry can influence the self-assembly process of fluralaner molecules. The selective nucleation mechanism of Form I and Form III of fluralaner with similar crystal structures can be explained in terms of conformational distribution, solute–solvent interactions and solute–solute interactions, as shown in Figure 15. Firstly, there may be multiple conformations in solution, and the distribution of conformations of the fluralaner molecule in isopropanol and isopropanol/n-hexane may be similar, resulting in the same conformation in Form I and Form III. Secondly, the similarity of solute–solvent interactions in the isopropanol and isopropanol/n-hexane solutions leads to similar desolvation processes in both solvents. However, the addition of n-hexane reduces the probability of proximity of Cl2 of the fluralaner R-configuration molecule and F2 of the S-configuration molecule, so that intermolecular interactions are hindered, leading to difference in the interactions between solute molecules in solution before nucleation. This difference is retained during the self-assembly of fluralaner molecule. As a result, Form I with Cl2-F2 interactions in the structure is generated in isopropanol, while Form III is generated in isopropanol/n-hexane.






4. Conclusions


In this work, Form I, Form Ⅱ, and Form III of fluralaner were investigated to explore their thermodynamic stability, phase transformation, and the selective nucleation mechanism of Form I and Form III with similar structure. Form I, Form Ⅱ, and Form III were comprehensively characterized by various analytical techniques such as PXRD, DSC/TGA, and FT-IR spectra, and it was found that Form I and Form III are structurally similar. The crystal structures of the three forms were analyzed and it was found that different molecular arrangements are the dominant factor in the differences in crystal structures of Form I and Form III, while Form Ⅱ had unique molecular conformation and packing pattern. The results of phase transformation experiments and lattice energy calculations show that the thermodynamic stability of the three forms is Form Ⅱ > Form I > Form III. Through FTIR spectra and MD simulations, it was found that the conformational distributions as well as solute–solvent interactions of fluralaner molecules in isopropanol and isopropanol/n-hexane are similar. However, the addition of n-hexane leads to a difference in the interactions between solute molecules in solution before nucleation. This difference is retained during the self-assembly of fluralaner molecules, leading to the nucleation of Form I in isopropanol while Form III in isopropanol/n-hexane.
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Figure 1. Chemical structure of fluralaner. ("*" represents chiral center). 
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Figure 2. Experimental and simulated PXRD patterns of Form I, Form Ⅱ, and Form III. 
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Figure 3. Optical microscopy images of (a) Form I, (b) Form Ⅱ, (c) and Form Ⅲ. 
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Figure 4. (a) Dimer of fluralaner Form I, (b) 2D packing of Form I in a−b plane, (c) 3D packing of Form I. 
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Figure 5. (a) Dimer of fluralaner Form II, (b) 2D packing of Form II in the a−c plane, (c) 3D packing of Form II. 






Figure 5. (a) Dimer of fluralaner Form II, (b) 2D packing of Form II in the a−c plane, (c) 3D packing of Form II.
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Figure 6. (a) Interaction between fluralaner Form III asymmetric units, (b) 2D packing of Form III in the b–c plane, (c) 3D packing of Form III. 






Figure 6. (a) Interaction between fluralaner Form III asymmetric units, (b) 2D packing of Form III in the b–c plane, (c) 3D packing of Form III.



[image: Crystals 13 01241 g006]







[image: Crystals 13 01241 g007 550] 





Figure 7. Comparison of the crystal structures of Form I and Form III. (a) Crystal structure of Form I, (b) partially enlarged crystal structure of Form I, (c) crystal structure of Form III, (d) partially enlarged crystal structure of Form III. 
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Figure 8. Overlays of conformations of Form I-R (green), Form II-R1 (cyan), Form II-R2 (pink), and Form III-R (yellow). 
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Figure 9. Relative contributions of various intermolecular contacts to the Hirshfeld surface areas. 
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Figure 10. DSC and TGA curves of fluralaner (a) Form I, (b) Form Ⅱ, and (c) Form III. 
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Figure 11. FTIR spectra of (a) isopropanol and (b) isopropanol/n-hexane solutions of fluralaner at different supersaturation levels. 
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Figure 12. The characteristic distance values for the conformations in the crystal structure. 
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Figure 13. Molecular dynamics simulation results: (a) intramolecular N1−C22 RDFs, (b) intramolecular C22-C20 RDFs, (c) intramolecular H2-H3 RDFs, and (d) intramolecular O2−C19 RDFs. The red and blue curves represent isopropanol and isopropanol/n-hexane solvent systems, respectively. 
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Figure 14. (a) RDFs between the Cl2 of the R-configuration molecules and the F2 of the S-configuration molecules in isopropanol, (b) RDFs between the Cl2 of the R-configuration molecules and the F2 of the S-configuration molecules in isopropanol/n-hexane. 
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Figure 15. Scheme of solution chemistry and polymorphic nucleation results. 
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Table 1. Crystallographic data for Form I, Form Ⅱ, and Form III of fluralaner.






Table 1. Crystallographic data for Form I, Form Ⅱ, and Form III of fluralaner.





	Polymorph
	Form I
	Form II
	Form III





	Empirical formula
	C22H17Cl2F6N3O3
	C22H17Cl2F6N3O3
	C22H17Cl2F6N3O3



	Formula weight
	556.28
	556.28
	556.28



	Temperature (K)
	113(2)
	295(9)
	113(2)



	Crystal system
	Monoclinic
	Triclinic
	Orthorhombic



	Space group
	P21/c
	P   1 ¯   
	Pca21



	a (Å)
	9.0555(3)
	9.5129(3)
	12.6058(7)



	b (Å)
	39.9230(9)
	15.1300(3)
	20.0622(15)



	c (Å)
	12.6015(4)
	17.6150(5)
	9.0538(5)



	α (deg)
	90
	72.469(2)
	90



	β (deg)
	90.376(3)
	83.305(2)
	90



	γ (deg)
	90
	89.077(2)
	90



	Cell volume (Å3)
	4555.6(2)
	2400.61(12)
	2289.7(2)



	ρcalc (g/cm3)
	1.622
	1.539
	1.614



	Rint
	0.0550
	0.0960
	0.0943



	R1 (I > 2σ(I))
	0.0563
	0.0946
	0.0518



	wR2
	0.1481
	0.2623
	0.0866



	GOF(S)
	1.058
	1.208
	1.041



	CCDC
	2,253,035
	2,253,036
	2,253,037
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Table 2. Energy calculation results.






Table 2. Energy calculation results.





	

	
Form I

	
Form II (R1)

	
Form II (R2)

	
Form III






	
Relative energy (kcal/mol)

	
0

	
1.57

	
1.57

	
0.05




	
Lattice Energy (kcal/mol)

	
73.55

	
74.95

	
70.80
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Table 3. Free energy of solvation in Isopropanol and Isopropanol/n-hexane (kcal/mol).






Table 3. Free energy of solvation in Isopropanol and Isopropanol/n-hexane (kcal/mol).












	
	ΔGid
	ΔGvdw
	ΔGelec
	ΔGsolv





	Isopropanol
	−67.376
	−22.897
	62.288
	−27.986



	Isopropanol/n-hexane
	−67.258
	−21.437
	65.642
	−23.053
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