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Abstract

:

The liquid-assisted grinding (LAG) approach was exploited to efficiently produce a new salt cocrystal with a minimum expenditure of reagents and energy, with possible application in the pharmaceutical field. LAG was applied to the acridine/diclofenac couple, and a new cocrystal was obtained with a 1:1 ratio of reagents and its structure resolved by X-ray powder diffraction (XRPD). The XRPD analysis confirmed that the yield is higher than 90% and the limited use of solvents and the absence of waste generally makes the synthesis very efficient and with the minimum possible environmental impact. The crystal structure of the title compound was compared to a previously solved 1:2 cocrystal, also with the aid of Hirshfeld’s surface analysis and calculations of the energy framework. The packing of the 1:1 structure is stabilized by a strong H-bond and partial   π ⋯ π  -stacking interactions. It differs considerably from that of the previously identified cocrystal, in which two strong hydrogen bonds and a perfect interlocking of the molecules thanks to the the   π ⋯ π   stacking induce a much higher stability, as confirmed by energy framework calculations. DSC analysis confirmed its purity and a melting point at 140 °C, which is different from those of the two reactants.
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1. Introduction


One of the new strategies used in modern medicinal chemistry is to obtain active pharmaceutical ingredients (APIs) in the form of multi-component crystals, in different ratios and/or in salt or solvated form. At the same time, X-ray powder diffraction can now be exploited to solve crystal structures obtained only in microcrystalline form as often occurs in LAG conditions [1]. Such an approach allows obtaining new forms and structural data that can be used to rationally design drugs with improved physicochemical properties and pharmacological performances [2,3,4,5,6,7]. An excellent example is diclofenac (IUPAC: 2-(2-(2,6-dichloroanilino)phenyl)acetic acid), a fast-acting non-steroidal anti-inflammatory drug with antipyretic and analgesic properties, used for various inflammations, degenerative joint disease, and also after surgery [8,9,10,11,12,13,14]. A search of the Cambridge Structure Database (CSD version 5.43, update March 2022) [15] showed that ca. 100 crystal structures of multi-component crystals involving this API were determined using single-crystal X-ray diffraction (SCXRD), involving pyrazoles, clofazimine, norfloxacine, fenamates, proline, sulfamethazine, and others [16,17,18,19,20,21]. Among them, an extensive structural study allowed obtaining molecular crystals of diclofenac with acridines by the slow evaporation of different solvents [22]. In this paper, a salt cocrystal of acridine with diclofenac (1:2 stoichiometry) and a solvated salt of ethoxyacridine with diclofenac are described. The most common way to obtain multi-component crystals involving APIs is solution crystallization. However, this technique is associated with many problems such as low purity, but also the large-scale use of solvents (and thus wastes) and energy if heating is needed for the API solubilization. Moreover, the possibility of obtaining different polymorphs, solvates, or crystals with stoichiometric diversity of reagents is possible [23,24], but sometimes some cocrystals can be obtained only by changing the preparation method. Bearing in mind that liquid-assisted grinding (LAG) enables producing of molecular crystals, e.g., cocrystals involving diclofenac [25], as well as acridines [1], the LAG approach was applied to obtain new molecular crystals involving acridine/diclofenac couple. As a result, a new acridine:diclofenac (1:1 stoichiometry) cocrystal was obtained and its structure was solved using the XRPD method using the sample obtained by LAG without any recrystallization. The crystal structure of the title compound was compared with that of the 1:2 cocrystal, previously determined by the single crystal X-ray diffraction method [22]. Hirshfeld surface analysis and energy framework calculations were also performed. Additionally, DSC analysis on the cocrystal and mechanical mixture of reactants was carried out to shed light on the thermal behavior of the newly obtained cocrystal, in comparison with the mechanical mixture. To the best of our knowledge, the crystal structure of the title compound is the first structure of multi-component crystals involving diclofenac determined using the XRPD method deposited within the CCDC.




2. Materials and Methods


2.1. Solid State Synthesis


All of the chemicals were purchased from Merck (Sigma-Aldrich, St. Louis, MO, USA). An extensive investigation of the possible molar ratios between the acridine and the diclofenac in the asymmetric unit was carried out as in an our previous work [1]. In addition to different reagent ratios, the type of liquid medium for the mechanochemical reaction was varied, spanning from pure water to pure ethanol and including a 50:50 mixture of the two. The exploration was carried out taking into account that it is possible to obtain different cocrystals based on the variations of the type of solvent, as reported in the scientific literature [26,27]. A 1:1 molar ratio of the reactants was then extended up to a 1:2, as in the single-crystal structure already reported in the literature [22], to investigate the possibility of obtaining such a complex also by LAG, but without any results. Different methods (all in one and multistep) of solvent addition before grinding were tested to select the one with the highest yield. In the final recipes, acridine (0.06 g, 0.334 mmol) and diclofenac (0.093 g, 0.314 mmol) were ground in a ceramic mortar together with 10 drops (about 0.4 mL) of ethanol three times (each grinding 3 min), then treated in an oven at 93 °C for 3 h to obtain a dried and well-crystallized sample. The same procedure was used to obtain molecular crystals of 9-aminoacridine with diclofenac, since a single crystal was obtained [22]. However, these attempts were unsuccessful, as in the case of 9-aminoacridine with naproxen [1].




2.2. X-ray Powder Diffraction and Structure Solution


A Bruker D8 Advance diffractometer equipped with a LynxEye XE-T detector and Cu   K α   ( λ  = 1.5418 Å) radiation was exploited for the XRPD data collection. The instrument has a goniometer radius set to 280 mm and the tube was set at 40 mA current and 40 kV electric potential. The diffractometer was operated in two different configurations, the first consisting of an auto-sampler setup in Bragg–Brentano geometry to analytically track the correct execution of the mechanochemical reaction and the possible presence of residual reagents inside the reaction products. On top of the sample an air scatter knife was positioned to reduce noise during low angle measurements. Soller slits of 2.5° were used on both primary and secondary optics to reduce axial divergence. Variable diverging slits were used as primary optics to ensure a constant sample irradiation of 17 mm. The diffraction patterns were collected in an angular range from 3° to 70° in 2 θ  with a step size of 0.01° and irradiation time 0.05 s/step. The second setup is a capillary stage with Debye–Scherrer geometry that was used for data collection for structure solution. A Göbel mirror with a 1 mm focusing hole was used as the primary optic together with a planar 0.6 mm slit. The sample was positioned in a 0.7 mm glass capillary and measured in order to obtain an optimal angle resolution suitable for indexing the reaction product. The measurement was carried out in a 2 θ  range of 3° to 70°, a step-size of 0.005° and exposure time of 5 s, resulting in 18 h of data collection. The new structure was indexed by EXPO2014 [28] and solved exploiting simulated annealing in direct space with the same software. The final structure refinement was carried out by Topas Academic [29,30] on both flat and capillary samples. To facilitate the indexing and structure solution and simulate at best a 100% pure phase pattern, the reactant residual main peaks were removed. Additionally, it is worth noting that the structure solution was carried out taking into account many possible unit cells and lattices and afterward possible solutions and crystal packing. The indexing was carried out independently using the EXPO and Topas softwares and the final lattice parameters and space groups were selected by looking to the agreement factor and absence of non-indexed peaks (excluding non-reacted acridine and diclofenac peaks). Moreover, a contact analysis was carried out and the possibly acidic H position obtained by energy framework calculations to support the chosen solution. For the sake of completeness, quantitative phase analysis was then performed with the complete pattern to further confirm the obtained structure and estimate the excess of reactants in the final structure pattern and thus the yield. Such an analysis was carried out according to the Rietveld method of multi-structural refinement, as described in section A2 of the article by Lopresti et al. [31], and allowed also an improvement of the agreement factor between the calculated and experimental patterns. Several polymorphs of acridine and diclofenac were tested and in the final refinement, the fitting of all of the observed peaks was possible with one acridine and two monoclinic different forms of diclofenac. Such a refinement suggested 92% of the 1:1 title compound, 3.5% of acridine, and a 4.5% of diclofenac.




2.3. Thermal Analysis


DSC analyses were performed using a DSC 3 instrument from Mettler Toledo. Profiles were collected in the range from 35 to 200 °C in an air atmosphere with a ramp of 5 °C/min and back to RT. The samples and reference were positioned in an aluminium 40  μ L flat sample pan with a same-material lid.




2.4. Hirshfeld Surface and the Energy Frameworks Ab Initio Calculations


All of the ab initio calculations of the Hirshfeld surfaces, fingerprint plots, and energy frameworks were carried out by using CrystalExplorer 17.5 [32]. For both structures, the Hirshfeld surfaces were calculated with a high-resolution setting. Each molecule’s wavefunctions and pairwise interaction for the energy framework estimation were calculated using Tonto [33] with the B3LYP DFT method by employing the 6–31 G(d,p) basis set, as implemented in CrystalExplorer. The scale for the tube size employed for energy framework pictures was 80 and the cut-off value for energies was set to 0 kJ·mol    − 1   . Calculations of the interaction energies between each molecule and the chemical neighborhood were performed. From the results, the sum of the lattice energy for each individual molecule was obtained as one half the product of the number of symmetry-equivalent molecules in the cluster and the total energy, as reported in Thomas et al. [34]. Mercury 2022.1 CSD release was used to assess the presence of voids [35].





3. Results and Discussion


3.1. Structure Solution by X-ray Powder Diffraction and DSC Analysis


The synthesis of the cocrystal was carried out using the mechanochemical approach, as described in the previous section. The LAG was performed manually for a few minutes, and afterward the synthesis product was dried in an oven to remove the solvent molecules. The obtained sample was at first measured in the flat sample geometry, where the presence of a new cocrystal was assessed, to optimize the yield so as to obtain the final recipe with an estimated yield of about 92%. This yield was obtained by the XRPD pattern (Figure 1c), showing four reflections belonging to the reactants (9.37°, 15.26°, 21.41°, and 23.84° in two theta), which were quantified globally as 8% in weight (3.5% of acridine, 4.5.0% of two polymorphs of diclofenac). Given the nature of the synthesis process, it was not possible to grow a single crystal large enough for structural resolution. For this reason, the resolution attempt was performed using XRPD. The sample was then placed in a 0.7 mm glass capillary for a XRPD analysis in Debye–Scherrer geometry to obtain optimal peak sharpness, avoiding or limiting peak superposition. After the data collection, the indexing and the subsequent resolution by simulated annealing were carried out using EXPO2014 software [28]. In both procedures, the four reflections of the reactants were excluded. The product crystallizes in the monoclinic system, with the   P  2 1  / n   space group. Cell parameters are: a = 22.7175(9) Å, b = 11.4960(5) Å, c = 8.6040(3) Å,  β  = 90.53554(2)°. The volume of the unit cell is 2246.93 Å   3  . In the asymmetric unit (Figure 1a), the ratio between the reagents is retained, resulting in a one-to-one ratio between acridine and diclofenac. The crystal packing of the new structure (Figure 1b) was compared to the one previously identified in the work of Mirocki and Sikorski [22]. Whereas in the previously solved structure, the driving force for the crystallization was the formation of strong charge-assisted hydrogen bonds and of the perfect  π -stacking between acridine and diclofenac, in the new product only one hydrogen bond is present and the ring substituted with the acidic function is positioned perpendicularly to the acridine rings (Figure 1b) with much fewer degrees of  π - π  interaction. This is attributed to the short reaction time that is involved in the formation of the 1:1 product by the LAG method: with longer crystallization times, such as those attained by solution crystallization, diclofenac molecules overcome the steric hindrance assuming a planar conformation. The result is a more energetically advantageous packing that fully exploits the  π -stacking between diclofenac and acridine, maximizing the hydrogen bonds among diclofenac and acridine molecules. In Figure 1c the structural Rietveld refinement performed on the pattern collected by powder diffraction is reported. For a more accurate result, the refinement in the figure was carried out by fitting at the same time the new structure and those of the residual reagents, as detailed in the experimental section. Only one small peak is calculated at the position 21.4° in 2 theta, but it was not well-fitted, probably because of the low amount and the disorder of the corresponding phase. The index of agreement between the calculated and the experimental pattern is    R  w p   = 7.959  . The likelihood of the 1:1 crystal structure together with the visual good fit (Figure 1c) and   R  w p    suggest that the packing is correct.



The typical limitations of X-ray diffraction, exacerbated by peak superposition and the limited resolution of the mandatory powder diffraction approach, render impossible a correct location of the H atom (bonded to the N atom of acridine or O atom of diclofenac) and thus the neutral or salt form of the cocrystal. The small pKa difference and the use of the neutral form of diclofenac suggests a neutral cocrystal, but as suggested by [36], the proton exchange from O to N can be facilitated by the absence of an energy barrier and by the very similar relative energy of the two minima. Moreover, the hydrogen can be in straight configuration, pointing directly to the nitrogen or bent as suggested by the Rietveld refinement. The three possible configurations are depicted in Figure 2. An experimental proof of the hydrogen location is tough or impossible, since N-H and O-H infrared bands have similar position and shape [37]. NMR is also rather complicated to be applied to the H position determination in the solid state. For these reasons, to discriminate among the these three possible configurations, they were explored using energy framework calculations, whose description is carried out in a dedicated section.




3.2. Thermal Analysis


To give a final proof of the presence of a new crystalline cocrystal and further explore the thermal behavior and stability of the 1:1 form, DSC was used to measure the melting temperature of both the LAG reaction product and a unreacted mechanical mixture of acridin and diclofenac in the same molar ratios, and the effect of cooling on the sample crystallinity. In Figure 3 the black curve refers to the DSC of the title cocrystal. During heating, a single-phase transition peak is shown at 140 °C, which is much closer to acridine (m.p. about 100 °C) than diclofenac (m.p. 284 °C). During cooling no crystallization peak was observed, meaning that the cocrystal does not return to the two individual chemical species, but remains an amorphous solid. On the contrary, the mechanical mixture has a single melting peak at 106 °C and a crystallization homologous at 84 °C, which correspond to the thermal neighborhood in which the melting and crystallization of acridine are expected, as reported in the literature [38]. This indication confirms that the drying process at 93 °C is below the melting of acridine alone (about 100 °C from the literature) and in the mechanical mixture (106 °C). In Figure 3, the melting point of diclofenac is not observed, as it occurs at 285 °C, a temperature where melting can be sided by partial decomposition. However, the crystallization of acridine in the mechanical mixture cooling from 200 °C is sufficient, not only to prove that the obtained structure has high purity and has a different melting point, but also to demonstrate that the mechanical mixture is thermally stable up to 200 °C and does not react even at high temperatures in the presence of melted acridine. Interestingly, in the similar case of acridine/naproxen [1], the melting point of the 1:1 form was smaller than the two reactants, while in this case the 1:1 acridine/diclofenac cocrystal melts above 140 °C, whereas the mechanical mixture starts melting at 106 °C indicating an increase of about 40 °C in its melting point, suggesting an improved thermal stability of its solid form.




3.3. Hirshfeld Surface Calculations


To extend the understanding and highlight the differences between the new structure obtained by LAG and the single-crystal resolved one by Mirocki and Sikorski [22], ab initio calculations of the Hirshfeld surface and energy frameworks were performed on both 1:1 and 1:2 cocrystals. Moreover, the calculations for the 1:1 case were repeated in three possible cases depicted in Figure 2 to assess the best H location according to the energetic viewpoint. In Figure 4 the shape index plotted on the Hirshfeld surface of an acridine of the 1:2 single crystal structure is reported. Alternating red and blue triangles on the surface indicate the presence of a  π -stacking interaction. As a result, the acridine within the surface in Figure 4 is perfectly interlocked by the surrounding net of diclofenac and acridine molecules, bonded by medium–strong hydrogen bonds, one of them charge-assisted. Conversely, in the short time of a LAG reaction and the quasi-solid conditions, diclofenac is not able to overcome the energetic barrier to assume a planar conformation, resulting in a only partial  π -stacking between acridine and the chlorine-substituted ring of diclofenac Figure 1b). For these considerations, the 1:2 single crystal cocrystal appears more stable than the 1:1 LAG one. The same effect can be observed on both faces of the molecule, hinting that the close packing of the structure is mostly driven by a  π - π  interaction. To better analyze the packing of the 1:1 crystal structure and exclude the neglection of water or ethanol coming from the used LAG solution, the voids within the structure were calculated by mercury. For this operation a standard size probe set at 1.2 Å was used to simulate a water molecule. Following this calculation, there are no solvent accessible voids and therefore the crystal packing depicted in Figure 2 does not contain either free solvent or pores large enough for solvent to be adsorbed inside.



In Figure 5, the calculations of the energy frameworks with their coulomb and dispersion contributions are reported separately. As regards the Coulomb energy frameworks, it is evident that the electrostatic effects are not conjugated in an expanded network, but in local chair-shaped clusters that are oriented head–tail with those parallel along the c-axis. A different behavior is observed for dispersion energy frameworks in which a 2D network exist along the b–c plane, but it is not connected along the a-axis. Figure 5a also shows the energy frameworks belonging to the lattice destabilization forces (yellow cylinders). These appear to be very small in size, a sign that from the simulations of the energy frameworks the structure has high stability. This is further verified by the calculation of the total lattice energy, which turns out to be   − 605.9   kJ·mol    − 1   .



Figure 6 shows the shape index plotted on the Hirshfeld surface for comparison with Figure 4. The alternating red and blue triangles (resulting by the presence of  π -stacking) are observed only in the overlap between acridine and the chlorine-substituted ring of diclofenac. The second ring of diclofenac is instead positioned so as to be perpendicular to the acridine plane, which results in a less efficient stacking than that observed in the single-crystal resolved structure. However, this orientation allows a stabilization by the means of a hydrogen bond that is established between the carboxylic function and the heteroatom of the acridine.



In Figure 6b the unconventional position of the hydrogen of the carboxylic function of diclofenac can be observed. During the structural resolution, and in the later refinements, the hydrogen was always moved iteratively to a final position where hydrogen is not oriented towards nitrogen of acridine. To have a better understanding of the true orientation of hydrogen, two neutral possible structures were produced: one with the hydrogen oriented as suggested by the Rietveld refinement (Figure 2a) and the second with the hydrogen with a forced position that makes it oriented towards the nitrogen of acridine (Figure 2b). A third structure, consisting of the salt form with the hydrogen bonded to the N atom of the acridine to form the acridinium cation, was also produced (Figure 2c). On the three structures, the Hirshfeld surface was calculated and the fingerprint plots of the H-N (or H-O for the acridinium) interaction are reported in Figure 7. In the fingerprint plots of Figure 7b,c,   d e   and   d i   distances belonging to the bonds N-H and O-H, respectively, are equivalent. This confirms the hypothesis that the structure can host a proton transfer effect, probably associated with pH variations. The fingerprint of the structure giving the best agreement after Rietveld refinement (Figure 2a) indicating a weak or no H-bond interaction (absence of the spike) suggests that this configuration is wrong. The hydrogen must therefore be located along the N⋯O direction with a strong H bond in the neutral (H on O atom) or salt (H on N atom) form. The corresponding Hirshfeld fingerprint (Figure 2b and Figure 7) suggest in both cases a strong H-bond interaction (more directional with a more marked spike in Figure 2b of the neutral form), but it is not enough to chose the best H location. Energy framework calculations were then used to assess the best solution. The analysis of the contacts indicates that the three possible configurations have the following total lattice energies:   − 159.9   kJ·mol    − 1    (refined hydrogen position structure Figure 2a),   − 215.2   kJ·mol    − 1    (neutral form with hydrogen pointing to N atom as in Figure 2b) and   − 513.4   kJ·mol    − 1    (salt form with H on the N atom as in Figure 2c). These data allow us to select the salt form as the most stable one among the three possibilities and consequently it was chosen to be deposited in the CCDC database.



Figure 8a shows the energy framework given by the electrostatic effects of the structure. The size of the cylinders gives a hint about the contribution to the total lattice energy, which is still very high and comparable to the single crystal form of the cocrystal. As previously observed in Figure 5a, the energy framework still does not present a full 3D conjugation, but local L-shaped clusters. In Figure 8b it can be observed how the contribution of the dispersion forces to the stabilization of the lattice still presents larger and smaller cylinders, but the differences in size are much smaller than the ones between the Coulomb forces. Moreover, dispersion forces are connected along the entire structure. The combination of all of the effects is however much less efficient in stabilizing the lattice than that observed for the single-crystal resolved cocrystal, with a lattice energy equal to   − 513.4   kJ·mol    − 1   .





4. Conclusions


A new crystal structure was obtained using a mechanochemical approach (liquid assisted grinding), starting from acridine and diclofenac in a 1:1 ratio. The diffraction data demonstrate a yield greater than 90% with a minimum waste of solvents and energy. The cocrystal structure was solved from powder diffraction data by simulated annealing and was analyzed by calculating the Hirshfeld surfaces and the energy frameworks. The same calculations were carried out for the 1:2 structure recently reported in the literature obtained by crystallization from solution and with a acridine/diclofenac ratio of 1:2. The 1:1 new structure shows a strong hydrogen bond and a cage-like structure. DSC analysis confirmed a melting point of the cocrystal at about 140 °C, which is different form those of the reactants (about 100 °C and about 284 °C for acridine and diclofenac, respectively). The 1:2 structure is the most stable cocrystal, probably because the packing of the 1:1 structure is stabilized only by one H-bond. Conversely, the previously identified cocrystal shows a perfect interlocking of the molecules, thanks to a net of strong H-bonds and extended   π ⋯ π   stacking, which can explain its much larger stability, suggested by energy framework calculations. Although the 1:2 ratio structure is the most stable according to energy framework calculations, attempts at converting the 1:1 cocrystal presented in this paper to 1:2 have been unsuccessful. Additionally, LAG treatment of the reactants in 1:2 ratio converged to the production of a 1:1 product. The obtained product is thus strongly related to the preparation method (LAG or solution crystallization). Further experiments to verify the stability of the two species are not feasible because of the low quantities and low purity of the 1:2 product obtained via the solution crystallization process. The crystallographic data of a new structure have been uploaded to the CCDC website and correspond to the identification number 2211637.
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Figure 1. (Top): asymmetric unit (left) and crystal packing (right) of the new cocrystal; (Bottom): Rietveld refinement of the new structure. 
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Figure 2. The three different hydrogen configurations studied. 
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Figure 3. DSC curve of the novel cocrystal structure (black) compared to the one relative to the simple mechanical mixture of acridin and diclofenac (red). 
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Figure 4. Shape index plotted on the Hirshfeld surface for the 1:2 single-crystal structure. 
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Figure 5. Energy frameworks calculated for the 1:2 single crystal-solved structure. 
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Figure 6. Hirshfeld surface for the LAG 1:1 structure. 
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Figure 7. Fingerprint plots with the highlighted H-N interactions (a,b) and H-O (c) for the three different configurations assumed by the hydrogen, in the LAG-solved 1:1 structure, as in Figure 2. 
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Figure 8. Energy frameworks calculated for salt form of the 1:1 LAG crystal structure. (a) Coulomb energy framework along the b-axis. (b) Dispersive energy framework along the a-axis. 
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