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Abstract

:

Pharmaceutical cocrystals are currently gaining interest among the scientific community, due to their great potential for providing novel crystalline forms with superior properties such as solubility, dissolution rate, bioavailability, and stability. Robust computational tools are valuable tools in the rationalization of cocrystal formation, by providing insight into the intermolecular interactions of multicomponent molecular solids. In this study, various computational techniques based on charge density analysis were implemented to assess structural and energetical perspectives of the interactions responsible for the formation and stability of entacapone-theophylline-water (ETP-THP-water, 1:1:1). Significant non-covalent interactions (NCIs) were identified and evaluated by Hirshfeld surface analysis and density functional theory (DFT) computations, and three-dimensional networks (energy vector diagrams, lattice energy frameworks) were constructed, outlining the crucial stabilizing role of water and the dominance of π-π stacking interactions in the cocrystal. Furthermore, thermal dehydration studies confirmed the strong binding of water molecules in the crystal lattice, as expressed by the high activation energy.
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1. Introduction


Pharmaceutical cocrystals are crystalline multi-component phases, usually consisting of a single active pharmaceutical ingredient (API) and one or more coformers in a stoichiometric ratio [1]. Upon cocrystallization, the starting components are held together in a common crystal lattice through non-ionic non-covalent interactions, such as hydrogen bonds, van der Waals and π-π interactions [2,3]. Pharmaceutical cocrystallization is a very promising strategy for the successful modification of several properties of APIs, including solubility, dissolution rate, bioavailability, and mechanical and physicochemical properties [4,5]. The solid state and crystalline nature offers cocrystals advantages in terms of reproducibility in their properties and stability under storage and manufacturing, compared with the individual components or other formulations, such as amorphous dispersions or solid solutions [6]. Consequently, they are easier to handle and process, resulting in great academic and industrial interest.



For successful cocrystallization with a suitable coformer, a rational design strategy according to the principles of crystal engineering is desirable. Theoretical calculations, like pKa value difference [7] and Hansen solubility parameters [8], to more advanced computational predictive approaches have been used for this purpose. Virtual screening techniques built on knowledge-based models, like hydrogen bonding propensity [9], molecular complementarity [10], or thermodynamics [11,12] and even techniques based on machine-learning approaches [13], such as artificial neuronal networks (ANN) [14,15], and support vector machine (SVM) [16] are being implemented and further developed in favor of designing new multicomponent pharmaceutical materials. However, despite the numerous attempts to develop reliable predictive tools for cocrystallization, the most successful cocrystal screening approaches over the last two decades remain experimental, including methods such as mechanochemistry [17,18], thermal analysis (differential scanning calorimetry (DSC) [19], hot stage microscopy (HSM), and the Kofler contact method [20]) or phase diagrams [21].



Nevertheless, computational approaches can provide a more in-depth understanding of cocrystal structures, molecular packing motifs, and corresponding intermolecular interactions [22]. The significance of high-level computations for the rationalization of cocrystal structures and guidance of their experimental investigation has been highlighted [23]. Nowadays, quantum chemistry-based investigations are implemented to reveal valuable information about the nature and strength of non-covalent bonds involved in cocrystals [24,25]. By assessing qualitatively and quantitatively the structure-directing and energetic driving forces, computational modelling further aids rational cocrystal development and engineering [23,26]. In light of this, ab initio molecular dynamics, and especially density functional theory (DFT) computations are proven to be powerful tools to elucidate the relationship between cocrystal structure and stability or other physicochemical properties [27,28,29]. For example, based on the lattice energy derived from 3D periodic DFT calculations, Surov et al., have recently found that fluconazole-4-hydroxybenzoic cocrystal hydrates are energetically preferable over anhydrous forms [30].



In the present work, we investigate structural and energetic aspects of an interesting cocrystal system, recently discovered and characterized by Bommaka et al. [31]. Entacapone-theophylline-water (ETP-THP-water, 1:1:1) cocrystal showed interestingly enhanced solubility and dissolution rate, good stability, and higher diffusion and flux rate than other studied cocrystals of entacapone. ETP-THP-water, 1:1:1 co-crystallizes in a triclinic symmetry with space group P1 through an extended hydrogen bonding network. Intermolecular N-−H···O and O-H···O hydrogen bonds between ETP, THP, and water molecules generate different ring motifs to form trimers arranged in layers interconnected via hydrogen bonded water molecules and π-π stacking, thus forming an overall ladder structure (Figure 1). Surprisingly, no anhydrous entacapone:theophylline cocrystal has been reported. Therefore, a thorough analysis was conducted to understand the structure-directing interactions within the cocrystal, in order to elucidate the role of crystal water in the stabilization of its structure. Various solid-state computational modelling techniques were implemented to quantitatively assess the contribution of intermolecular interactions in the cocrystal formation. Cocrystal screening techniques were also implemented to estimate if such a cocrystal would have been easy to predict, while the thermal dehydration process of the ENT-THP-water cocrystal was studied to gain a deeper insight into its structure-stability relationship.




2. Materials and Methods


2.1. Materials


Entacapone (>99.9% purity) was purchased by Biosynth® Carbosynth (Carbosynth Ltd., Compton, UK). Theophylline anhydrous (>99% purity) and Theophylline monohydrate (>99% purity) were obtained by Alfa Aesar (ThermoFisher GmbH, Kandel, Germany). All solvents used in this study were of analytical grade (purity > 99%).




2.2. Preparation of Cocrystals and Physical Mixtures


Equimolar amounts of ENT and coformers (THP anhydrous or THP monohydrate) were dissolved in methanol under magnetic stirring until a clear solution was obtained. The solvent was left to slowly evaporate over a period of 4–5 days in environmental conditions or in air-tight desiccators over P2O5 drying agent. The product was then gently ground with mortar and pestle and sieved through a 40 mesh.



Physical mixtures were prepared by gently mixing desired amounts of ENT and coformers in 1:1 stoichiometric ratio for 5 min at ambient conditions, using a mortar with pestle.




2.3. X-ray Powder Diffraction


X-ray powder diffraction was conducted on a Rigaku Miniflex diffractometer (Rigaku Co., Tokyo, Japan) in θ/2θ geometry at ambient temperature using CuKα X-radiation (λ = 1.54182 Å) at 40 kV and 15 mA power. X-ray diffraction patterns were collected over the 2θ range of 5−50° at a 5°/min scan rate.




2.4. Attenuated Total Reflectance (ATR)-FTIR Spectroscopy


A Shimadzu IR-Prestige-21 FT-IR spectrometer (Shimadzu Corporation, Kyoto, Japan) with a horizontal Golden-Gate MKII single reflection ATR system (Specac, Kent, UK) equipped with ZnSe lenses was used for the spectroscopic analysis. The FT-IR spectra of the cocrystals were collected in the range from 750 to 4000 cm−1 after the subtraction of the background. Continuous ATR-FTIR spectra were recorded upon heating the sample at a rate of 10 °C/min, until complete dehydration. The resolution of the measurements was set at 4 cm−1 and 64 scans/spectrum, with each spectrum requiring roughly one minute of acquisition time.




2.5. Thermal Analysis


2.5.1. Differential Scanning Calorimetry (DSC)


DSC was conducted on a DSC 1/400 W Mettler-Toledo module (Giessen, Germany) placing ~5 mg of the samples in sealed and pin-pierced perforated aluminum pans. A heating rate of 10 °C/min was applied in an appropriate temperature range for each sample. Samples were purged by a stream of dry nitrogen with a flow rate of 50 mL/min. All measurements were conducted in duplicates.




2.5.2. Thermogravimetric Analysis (TGA)


An accurately weighted sample of cocrystal was heated in open 50 μL aluminum pans from 25–200 °C, under nitrogen purge (50 mL/min). For non-isothermal TGA analysis, 5 different heating rates (2, 5, 10, 15 and 20 °C/min) were applied, using a Shimadzu TGA-50 system (Shimadzu Co, Kyoto, Japan) operated through ΤA-60WS Version 2.21 software.




2.5.3. Hot Stage Polarized Light Microscopy (HSM)


Small quantities of cocrystals on glass slides were heated at a rate of 10 °C/min on a Linkam THMS 600 heating and cooling stage attached to a PriorLux Pol polarizing microscope (Prior, UK), controlled through a TP90 temperature controller (Linkam, UK). At temperatures close to significant thermal events, the heating rate was decreased to 2 °C/min to facilitate observation. Photomicrographs were captured using a ProgRes C10 (Jenoptik, Germany) digital camera operated through the ProgResCapture Pro software.





2.6. Cocrystal Screening Methods


2.6.1. Construction of Binary Phase Diagram


A temperature—molar composition phase diagram was constructed by plotting the melting points (y axis) of physical mixtures, against the molar ratio (x axis) series of ENT- anhydrous THP, ranging from 1:9 to 9:1. Additional information is available in the Supplementary Materials (Methods).




2.6.2. Hansen Solubility Parameters (HSP)


The partial and total Hansen solubility parameters (δt(Hansen)) were calculated using the atomic group contribution method of Hoftyzer-Van Krevelen. The solubility parameter difference (Δδ), proposed by van Krevelen and Hoftyzer, was estimated to assess the miscibility of the compounds, while the modified radius (Ra) between HSPs in Hansen three-dimensional space was also calculated [32,33]. Further theoretical information about the HSP model used, and the associated equations, are included in Supplementary Materials (Methods).




2.6.3. Molecular Complementarity (MC)


The Molecular Complementarity tool [10] developed by Cambridge Crystallographic Data Centre (CCDC) and run via Mercury 2020.2.0 software [34] was used as predictive tool of cocrystallization between pure components and the % hit rate and the “PASS” or “FAIL” flag was assessed. Detailed information about the MC analysis is provided in Supplementary Materials (Methods).




2.6.4. Hydrogen Bond Propensity (HBP)


The hydrogen bond propensity (HBP) [9] for multicomponent solids developed by the CCDC and run as script through CSD Python API 2020.2.0 in the miniconda environment. More information about the HBP analysis is provided in Supplementary Materials (Methods). Values of multicomponent score ≥ 0 suggest a potential cocrystallization outcome.





2.7. Molecular and Solid-State Modelling


The crystal coordinates were obtained from the Cambridge Structural Database (CSD reference code XIPNOC for the cocrystal, OFAZUQ for Entacapone, BAPLOT01 for Theophylline, and THEOPH01 for Theophylline monohydrate) and the lengths of the X–H bonds were normalized according to neutron diffraction data (C-H 1.083 Å and N-H 1.009 Å).



2.7.1. Hirshfeld Surface Analysis


The Hirshfeld surface (HS) [35,36] is the area around a molecule in crystal space which separates the region of the inner reference molecule from the region of the outer neighboring molecules. HS and the associated 2D fingerprint plots (full and decomposed) analyses were conducted with the aid of CrystalExplorer 21.5 program [37], using the CIF file. The HS was mapped with dnorm (normalized contact distance) with the color scale range of −0.050 au (red) to 0.700 au (blue) and shape-index in the range of −1.00 au (red) to 1.00 au (blue). dnorm is defined by distance from the surface to the nearest atom interior (di) and exterior (de) to the surface. The 2D fingerprint plots (di vs. de) were displayed using the expanded 0.6–2.8 Å range.




2.7.2. DFT Calculations and Topological Analysis


The crystal structure of ENT-THP-water cocrystal was used as input data for a geometry optimization with QuantumEspresso [38]. Atoms were described with ultrasoft Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ)-type pseudopotentials. Periodic plane-wave DFT computations were performed using the generalized gradient approximation (GGA) with Perdew-Burke-Enzerhof (PBE) exchange correlation and the Monkhorst pack scheme with a 2 × 2 × 4 k-point mesh. The cell vectors were constrained to the values of the experimental crystal structure. An energy cutoff of 65 Rydberg and a charge cutoff of 650 Rydberg was applied. To account for dispersion effects, the semi-empirical Grimme D3-correction [39] scheme was adopted. From the optimized unit cell, a cluster with neighboring molecules was constructed around a central complex of hydrogen bonded ENT-ENT-THP-water molecules. The cluster included molecules within a range of ca.14 Å of the water molecule in the central complex. Suitable GAFF-MM-parameters for all molecules were generated with the programs antechamber and parmchk of the Amber suite of molecular mechanics programs [40,41]. RESP-charges were computed using the Merz-Kollmann approach and RHF/6-31G* using Gaussian16 [42]. With the central complex as QM part and the surrounding molecules defined as MM-region, QM/MM geometry optimizations were performed with COBRAMM [43] applying the B3LYP functional with Grimme D3 dispersion correction and the 6-31G** basis set. The surrounding was kept fixed at its initial positions, while the QM-part was allowed to freely relax. For the resulting QM-wavefunction, a non-covalent interactions (NCI) plot [44] and Quantum Theory of Atoms in Molecules (QTAIM) analysis [45] was conducted with the help of the Multiwfn software program [46]. The Visual Molecular Dynamics (VMD) program was used for visualization [47].




2.7.3. Lattice Energy Frameworks


Τhe intermolecular connectivity in the cocrystal structure was investigated by calculating the intermolecular interaction energy with the aid of two different methods for comparison purposes.



The first method, introduced by Shishkin [48] is based on the DFT calculation of the total energy of interaction of the basic molecules within their environment in the cocrystal, using the BLYP functional augmented by empirical dispersion correction (DFT-D) and def2-TZVP basis set, applying basis set superposition error correction with the Boys-Bernardi counterpoise procedure. The calculations were performed using the Orca quantum chemistry code [49], and energy vector diagrams (EVDs) or “hedgehogs”, representing the topology of intermolecular interactions in the crystals, were constructed using the CMOL collection of Python scripts, and visualized with the help of the Mercury v. 2020-2.0 software program [50].



The second method employs a similar DFT intermolecular interaction energy calculation using B3LYP-D2/6-31G(d,p) molecular wave functions at the crystal geometry with the help of the CrystalExplorer v. 21.5 software program [51]. The “energy framework” is represented as cylinders connecting the molecules’ centers of mass, with their thickness being proportional to the intermolecular interaction energies [37].




2.7.4. Mechanical Properties


The cocrystal structure was optimized using the molecular dynamics GULP v. 6.0 code [52] The Dreiding force field parameters [53] together with ESP-derived charges based on the CHELPG algorithm [54] were calculated at the 6–31G**/MP2 level of theory by the Firefly QC package (Alex A. Granovsky, Firefly version 8.2, http://classic.chem.msu.su/gran/gamess/index.html, accessed on 18 November 2021), which is partially based on the GAMESS US [55] source code. The bulk (K) and shear (G) moduli, the Hill averages of the Young (E) moduli in three dimensions, and the linear compressibility, were calculated from the second-derivative (Hessian) matrix. In order to estimate the mechanical anisotropy of the cocrystal, the elastic anisotropy was calculated as the ratio of the highest vs the lowest Young modulus value. The spatial dependence of Young modulus and of linear compressibility was visualized via the ELATE tool for the analysis of elastic tensors [56] (available online at http://progs.coudert.name/elate, accessed on 18 November 2021), while the Vickers hardness and fracture toughness were determined using the USPEX Hardness tool [57] (available online at https://uspex-team.org/online_utilities/hardness3/, accessed on 18 November 2021).




2.7.5. Crystal Morphology Modelling


The morphology of the cocrystal was simulated based on the surface attachment energy (SAE) theory with the Oscail/Ritnos v. 5.4.7 software program [58]. A BFDH calculation provided a list of the most probable faces to appear in the final morphology, and subsequently, their surface attachment energies were calculated using Lifson and Hagler potential parameters [59] together with Mulliken atomic point charges, with the aid of Orca quantum chemistry code [49].





2.8. Dehydration Kinetics


2.8.1. Mechanistic Kinetic Models


Some of the most commonly used thermally induced solid state reaction kinetic models, as seen in Table 1, were fitted to non-isothermal data obtained by TGA at different heating rates. The model with the highest goodness of fit was selected as the most suitable to describe the dehydration mechanism of the cocrystal and the activation energy was then calculated.



Dehydration of pharmaceutical crystals can be described by the general solid-state kinetic equation:


    d α   d t   = k ( T )   f ( α )    



(1)






k(T) = Ae−(Eα/RT)



(2)




where α is the transformed mass fraction during dehydration, dα/dt is the reaction rate, k a temperature-dependent constant, while f(α) function describes the differential form of the reaction model equation (Table 1). A defines the frequency coefficient and Εα represents the activation energy according to the Arrhenius Equation (2). Upon integration, Equation (1) leads to the following:


g(α) = k(T)t



(3)




where g(α) defines the integral form of f(α) [60,61].




2.8.2. Vyazovkin’s Isoconversional Method


Non-isothermal data of TGA were used for the implementation of isoconversional method developed by Vyazhovkin [62]. This model-free method is based on the fact that the kinetic pattern of the reaction neither depends on the temperature nor the heating rate. The activation energy in each conversion fraction, α, is obtained by the determination of the Εα value that minimizes the Equation (4):


    ∑   i = 1  n    ∑   j ≠ i  n   I I     [   E a  ,  T i   (   t a   )   ]    [  E a  ,    T j   (   t a   )  ]    



(4)






  I  (   E  a ,    T a   )  =   ∫  0   T a    exp  (  −    E  a ,     R T    )  d T  



(5)




where Εα and Τα represent the activation energy and temperature corresponding to the specific α, respectively, at different heating rates i and j [63].



Vyazhovkin’s isoconversional analysis was performed by transferring the measurement data of TGA to an MS-Excel macro spreadsheet (Bernardes, CES MS Excel Worksheet for Isoconversional Activation Energy Calculations by Vyazovkin’s Method, https://webpages.ciencias.ulisboa.pt/~cebernardes/Software-macros.html, accessed on 11 December 2021) [64].






3. Results


3.1. Preparation and Characterization of Cocrystals


Solvent evaporation (SE) of equimolar methanol solutions of ENT and THP monohydrate provided the same X-ray diffractogram (Figure 2) as the reference cocrystals prepared by Bommaka et al., via liquid-assisted grinding (LAG) [31]. The experimental X-ray diffractogram was superimposed on the theoretically calculated patterns of the known crystal structure (CSD reference code XIPNOC) and all major reflections showed good agreement, with only minor shifts, confirming the existence of highly pure cocrystal in the sample obtained by SE (Figure S1, Supplementary Materials). It should be noted that in our experiments, attempts to produce the cocrystal by LAG were unsuccessful, possibly due to low environmental humidity. Therefore, physicochemical characterization of physical mixtures was also applied for a better monitoring of the cocrystal formation and purity upon production. Interestingly, the ENT-THP-water 1:1:1 cocrystal was also obtained using anhydrous THP as starting material upon SE in methanol at room temperature without environmental humidity control, while when the solvent was evaporated at 0% relative humidity (in P2O5–filled desiccators), no cocrystals were formed. The formation of the cocrystal from anhydrous components can be attributed to the moisture uptake from the atmosphere, which facilitates the nucleation and growth of the cocrystal [65], whereas the presence of equimolar quantity of water can be considered crucial for the formation of cocrystals between ENT and THP.



The cocrystal formation was also experimentally verified by the unique ATR-FTIR spectra (Figure S2, Supplementary Materials), showing characteristic absorption bands in accordance with literature [31]. More specifically, the appearance of a sharp absorption peak at 3200 cm−1 and the wider peak at 3390 cm−1 in the cocrystal indicated the extended intermolecular hydrogen bonding of the O-H stretching region of water and ENT, respectively. The shifted peak at 1695 cm−1 indicated the presence of a strongly hydrogen-bonded carbonyl (C=O) group of the ENT amide, whereas the presence of a band at 1650 cm−1 corresponded to the bending vibration of hydrogen-bonded water molecules.



Furthermore, thermal analysis identified the cocrystallization upon SE method and the destruction of the cocrystal upon dehydration. The DSC thermograms (Figure S3, Supplementary Materials) of the SE cocrystal exhibited a broad endotherm at around 65 °C corresponding to the dehydration of one mole of water, while the melting endotherm was observed at 149 °C, in accordance with the previously published data [31]. In physical mixture, the endotherm due to the dehydration of THP monohydrate and a single melting point corresponding to ENT at 158 °C could be identified. This melting point depression could be probably related to impurity effects or polymorphic transitions upon heating. Hot Stage Microscopy (HSM) photomicrographs of the needle-shaped ENT-THP-water cocrystal showed a rapid dissociation of the cocrystal after the loss of water upon heating (Figure S4-X, Supplementary Materials) and the subsequent recrystallization of the THP (Figure S4-XI, Supplementary Materials). The two components were immediately phase-separated after the dissociation of the crystal lattice of the cocrystal, indicating their immiscibility, and they melted independently, acting as a physical mixture (Figure S4-XII, Supplementary Materials).




3.2. Cocrystal Screening Methods


Conventional cocrystal screening methods have been implemented in order to assess whether such a cocrystal case would have been possible to predict based on miscibility, hydrogen bond motifs, or other molecular descriptors of the cocrystal components and identify potential limitations.



A molar ratio binary phase diagram (Figure S5, Supplementary Materials) was constructed in order to estimate if the miscibility and interaction propensity between ENT and THP anhydrous is high enough to generate a thermodynamically stable cocrystal [66]. Two distinct melting points, close to the characteristic melting points of the starting compounds, were observed in all ratios, and thus the two well-separated solidus-liquidus curves of the phase diagram could not predict the formation of a cocrystal or a eutectic mixture and evidence any solid-state interaction [67]. Thermal analysis displayed intact THP anhydrous crystals that did not dissolve into the molten phase of ENT, until they gradually melted near the melting point of THP. The results showed immiscibility of the two compounds, while THP is practically insoluble in the liquid ENT. As systems that form cocrystals are miscible to some extent [8], the possibility of ENT and THP anhydrous to cocrystallize was excluded.



Mohammad et al. proposed Hansen Solubilty Parameters (HSPs) as an effective cocrystal screening method, considering the miscibility between cocrystal components as necessary for cocrystallization [8]. More recently, the modified radius (Ra) method showed higher sensitivity (about 90%) and low miss rate to estimate the solubility difference between cocrystal components in cocrystal screening [68]. The Δδ value (>7 MPa0.5) and the estimated Ra value (>17.64 MPa0.5) between ENT and THP suggest immiscibility (Table S1, Supplementary Materials).



The Molecular Complementarity (MC) and Hydrogen Bond Propensity (HBP) analysis for multicomponent solids are knowledge-based computational predictive tools for cocrystallization, offered by Mercury software. MC analysis, based on the “principle of close packing” [10], showed for both coformers in all pairs and all conformations of ENT, a “PASS” flag with 100% hit rate. While the reliability of MC tool is referred to be moderate (27−62%), it is widely used as an easy and fast predictive tool nowadays [69,70]. HBP analysis results (Table S2, Supplementary Materials) estimated the propensity of specific hydrogen bonds between defined functional groups of the studied molecules [71]. The negative multicomponent score value of the ENT-THP monohydrate pair suggested that no cocrystal formation is favorable, as the highest propensity between all interactions comes from the strong homodimeric hydrogen bonding network of THP monohydrate molecules. ENT-THP anhydrous pair showed a zero multicomponent score, that is the cut-off limit [72]. Thus, the model rather suggested a potential cocrystal formation, displaying a very slight increased probability of occurrence for heterodimeric bonds than for homodimeric bonds between THP molecules. Although the ability for HBP to predict cocrystallization is characterized by high accuracy in true positive results [70,73], this was not the case in our study.




3.3. Molecular and Solid-State Modelling


3.3.1. Hirshfeld Surface Analysis


Hirshfeld surface (HS) analysis has become a valuable tool to elucidate the nature of intermolecular interactions affecting the molecular packing in cocrystals [74,75]. HS analysis can provide useful information about the detailed intermolecular interactions of the whole molecular system through color mapping (red and blue for high and low interaction intensities, respectively). The quantification of these intermolecular interactions can be performed with the aid of the corresponding 2D fingerprint plots, splitting them into specific atom···atom contacts. Figure 3 indicates the Hirshfeld surfaces mapped over dnorm function, where (a) represents the water molecule, (b) represents THP molecule, and (c) represents ENT molecule of the ENT-THP-water 1:1:1 cocrystal. The large deep-red spots, attributed to N-H···O and O-H···O intermolecular hydrogen bonds, are dominant for the stabilization of the primary cocrystal structure. Interestingly, the hydrogen-bonded intermolecular contact between ENT and water (O1-H1A···O8) is shown to be shorter (and stronger) than the ones with the THP, respectively. This is in accordance with the geometric parameters derived in literature [31]. For better identification of regions of interest, an overall view of HS mapped over dnorm of the cocrystal in different orientations is provided in Figure 4. The large deep-red spots are associated with the O-H···O (O8-H8A···O5) hydrogen bond between water and ENT molecule. These interactions constitute the driving force in the cocrystal packing with the water molecule to play a crucial role in the stabilization of the ladder structure of the cocrystal dimers. Except for the displayed contacts, the three diminutive red spots near the -NO2 group of ENT (1) are assigned to the intermolecular interactions of two ENT dimers, forming the sheet structure. Furthermore, the two red spots close to C=O group of THP (2) are assigned to two close contacts with an ENT molecule at the corresponding (2) site, while the intermolecular interaction (3) is attributed to a weak contact C-H···O between the THP and the water molecule. The white HS spots, displaying the contacts with lengths close to the sum of van der Waals radii, are due to π-π stacking interactions (C···C and C···N) of the molecules’ rings.



Figure 5 shows the overall 2D fingerprint plots of the cocrystal and its constituents, while Figure 6 displays the relative percentage contributions of most important close contacts to the overall Hirshfeld surface. The decomposed 2D fingerprint plots analysis assign the highest contribution at H···H intermolecular interactions that comprise the highest percentage of the total Hirshfeld surface. The role of the hydrogen atoms is essential in stabilizing the crystal packing of the cocrystal. The O···H/H···O intermolecular interactions that appear as narrow spikes in the fingerprint plots also display high contribution to the total Hirshfeld area and are the shortest and most likely the strongest intermolecular interactions within the cocrystal. THP shows slightly higher relative percentage contributions of conventional hydrogen bonding (O···H/H···O and N···H/H···N) than ENT, 46.6% vs 40.8%, respectively, while for the cocrystal the value is 39.6%. This indicates that for the primary cocrystal structure, hydrogen bonds between the components are dominant, while the supramolecular assembly of the cocrystal is also based on other short intermolecular contacts, in addition to hydrogen bonds. According to the analysis, the cocrystal is stabilized by π-π stacking interactions mainly due to the strong π-π interactions of THP ring. These π-π stacking interactions contribute with 5.2% to the total Hirshfeld surface of ENT-THP-water cocrystal. As all fingerprint plots are colored on the same relative scale, it can be stated that water forms the strongest intermolecular interactions within the cocrystal.



For a better estimation of the stacking interactions of the cocrystal, the HS was also plotted over the shape-index (Figure 7). Blue triangles represent the convex regions shaped by the ring carbon and nitrogen atoms of the molecules inside the surface, while red triangles show the concave regions formed due to the carbon and nitrogen atoms of π-stacked molecules above it. The adjacent red and blue triangles indicate the presence of π-π stacking interactions at great extent, where all the rings of the cocrystal participate (imidazole and pyrimidine ring of THP and benzene ring of ENT).



A more in-depth analysis of supramolecular π-stacking interactions between ENT-THP is presented in Supplementary Materials (Scheme S1, Tables S5 and S6) [76,77].




3.3.2. Non-Covalent Interaction Plots and Bond Critical Points via Quantum Theory of Atoms in Molecules (QTAIM) Analysis


The combination of periodic DFT and QM/MM simulations has been proposed for modelling molecular crystals [78]. The cluster constructed from the optimized unit cell structure for the QM/MM computations contained a total of 34 ENT-, 41 THP-, and 21 water-molecules, where the central complex of the four H-bonded molecules (ENT-ENT-THP-water) is defined in Figure 8.



The nature of non-covalent bonding interactions between molecules in the complex was examined by NCI analysis. A graphical visualization of the NCI analysis was obtained by plotting the reduced density gradient (RDG) isosurface. Figure 9 shows the RDG plot for our QM/MM optimized system in comparison with the values for the crystal structure. The latter was obtained using the promolecular density. The intense blue isosurfaces of the NCI plot are indicative of the strong hydrogen bond interactions within the system, i.e., between water and ENT molecules, water and THP, and between ENT and THP. Surprisingly, the NCI plot based on the computed density recognized the O2-H1···O8 interaction between ENT and water as covalent. This indicates a strong accumulation of electron density between the two atoms and therefore a much stronger hydrogen bond than predicted by the promolecular density. Extended π-π stacking van der Waals interactions between adjacent rings appear to contribute significantly to the cocrystal stability. The red regions in the middle of the aromatic rings are associated with the repulsive interactions of the ring strain.



A Quantum Theory of Atoms in Molecules (QTAIM) analysis was carried out for the QM/MM optimized structure and the bond critical points (CPs) associated with the intermolecular interactions were identified (Figure 10). QTAIM analysis also demonstrated the extended π-π stacking interactions and the absence of any other π-based interaction, e.g., lone pair-π interactions, within the system. The sizable overlap of the aryl-plane areas in the cocrystal do not allow atoms with lone pair electrons, like the N atom of THP imidazole ring, to be aligned with a π-ring and participate in such interactions. A closer insight of the bond CPs corresponding to water interactions with the neighboring molecules in the cocrystal environment was obtained. In addition to the CPs corresponding to the hydrogen bond interactions colored in blue at NCI plots, another bond CP (C-H···O8) between water and ENT in the asymmetric unit was revealed. C-H···O interactions although weak are known to facilitate the crystal packing in cocrystals [79].



Approximate interaction energies between hydrogen-bond donor and acceptor atoms at the hydrogen bond critical (3,−1) points were estimated based on the approach by Espinosa et al. [80,81], where the Lagrangian kinetic energy G(r) at the CP is multiplied by a constant proportionality factor (β = 0.429). Characteristic AIM-derived properties related to the CPs of the hydrogen bonds in the cocrystal, together with the estimated energy of interaction, are summarized in Table 2. For the topological analysis at bond CPs, the parameters of electron density (ρ(r)), Laplacian of electron density (∇2ρ(r)), Lagrangian kinetic energy (G(r)), and electronic energy density (H(r)) were used [82,83] to document closed-shell interactions. According to the criteria of Rozas et al., which take into consideration the negative or positive values of ∇2ρ(r) and H(r) [84], the cocrystal possesses strong to medium hydrogen bonds. The calculated interaction energies confirmed the dominance of the O2-H1···O8 hydrogen bond between ENT and water, showing a very high energy of interaction (−16.57 kcal/mol). However, this is in accordance with the G(r)-based calculations for interaction energy values of strong O-H···O bonds in other molecular crystals yielding values up to 20 kcal/mol [85]. The H(r) >0 value at the CP of this hydrogen bond indicates a more covalent character for this interaction. This is most certainly the reason for an overestimation of the binding energy [83,86]. It is known, especially for O-H···O interactions, that shorter O···H distances correspond to a higher covalent character and higher strength [87]. Furthermore, a D-H···A angle range of 175–180° is indicative of a strong hydrogen bond (experimental O2-H1···O8 angle value 176°). To examine the validity of our model, QM/MM geometry optimizations were conducted with different methods using the crystal structure and the G(r)-based interaction energy values were compared (Table S3, Supplementary Materials).




3.3.3. Intermolecular Interactions: Energy Vector Diagrams and Lattice Energy Frameworks


Intermolecular interactions were studied on the basis of EVDs and lattice energy frameworks in order to reveal their strength and directionality within the cocrystal. The results from lattice energy calculations for the highest interaction energies (>−5.00 kcal/mol) following Shishkin’s methodology, are shown in Table 3. Interaction energy ranking suggests that water forms stronger intermolecular interactions via hydrogen bonding with ENT than with the THP molecule. Energy vectors diagrams (EVD), as well as energy frameworks illustrated in Figure 11, confirmed that the strongest intermolecular interaction in the asymmetric unit is formed between ENT and THP molecules. It is remarkable that the two different formalisms produce equivalent results, which demonstrates the validity of the approach. The O2···H-N4 hydrogen bond and other short contacts are responsible for a strong interaction energy of −9.15 kcal/mol, while the O-H···O hydrogen bond of water with ENT (O2-H1···O8) possesses an interaction energy of −6.78 kcal/mol. The O-H···O hydrogen bond of water with THP (O6···H25-O8) exhibits a slightly lower energy value of −6.05 kcal/mol.



The spatial distribution of intermolecular forces aids the analysis of molecular packing motifs in the cocrystal lattice. The strongest intermolecular interactions of cocrystal basic molecules within their first coordination sphere are formed due to π-π stacking interactions between ENT and THP of neighboring layers. The overall energy of interaction of ENT with the neighboring THP of next layer is about 2x higher than the interaction energy between ENT and THP in the asymmetric unit. As shown in Figure 11, the two energy vectors of this interaction form a straight line connecting the geometrical centers of the two molecules, determining the basic structural motif [88]. The dominance of stacking interactions leads to the formation of stacked “zig-zag” columns along the b crystallographic axis, while water molecules are directed alongside the columns. Water molecule forms a strong interaction with a neighboring molecule of ENT (O5···H-O8) with an energy of −5.96 kcal/mol that stabilizes the supramolecular architecture of the ladder motif. The interaction energies between adjacent columns are unequal. The stronger bonded neighboring columns interact via the nitro-group of two ENT molecules with rather high interaction energy (−8.13 kcal/mol), forming dimers. However, the distances between the ends of the energy vectors within the columns, which are smaller than in other directions [89], revealed that considerably strongly bonded columns are dominant in the stabilization of the cocrystal structure.



The analysis of EVDs is in good agreement with the energy frameworks calculated with the CrystalExplorer software, which can further decompose and visualize the total interaction energy to coulombic and dispersion terms. A closer look at the coulombic term of the lattice energy framework (Figure 12) illustrates the strong hydrogen bond between water and ENT.




3.3.4. Mechanical Properties


Elastic properties of ENT-THP-water cocrystal were calculated computationally via the GULP code [52]. These properties can be estimated from the second-derivative (Hessian) matrix of the energy with respect to strain, using the Voigt-Reuss-Hill approximation, after minimization of the crystalline lattice energy. Elastic constant tensors determine the mechanical properties of materials, such as the bulk modulus (K), the shear modulus (G), and the Young modulus (E). The elastic constants are closely related to the strength of the atomic bonding within the cocrystal and can provide useful information of the crystal stability and stiffness [90]. The mechanical stability of cocrystals is considered to be highly significant for their processing, e.g., piroxicam–succinic acid cocrystal is known to undergo decomposition into the initial components upon shearing [91].



Table 4 summarizes the calculated mechanical properties for the ENT-THP-water cocrystal, while Figure 13 exhibits the directional variations of linear compressibility and Young modulus.



As ENT-THP-water has a triclinic crystal structure and the lowest material symmetry, 21 independent elastic constants should be determined for the complete characterization of its elastic behavior. By comparison with the others, the bulk modulus of a crystal showed a greater dependence on the nature of its constituted chemical bonding, reflecting to some extent the bonding strength [92]. ENT-THP-water cocrystal is more easily compressed along a direction, while the high C22 and C33 elements (not shown here) suggested stronger intermolecular interactions along the b and c direction. These contacts between adjacent molecules in the b and c directions are stabilized by the dispersive (π-π stacking of ΕΝΤ-ΤHP) and hydrogen bond interactions and are consistent with the revealed molecular packing. The dimensional Young modulus values show a low stiffness of the cocrystal in the a direction and an intermediate stiffness (higher values of Young modulus) along the b and c directions that further propose a relatively stronger bonding network of the material across these directions [93]. Furthermore, the high elastic anisotropy of the cocrystal (mainly to compression and elongation) indicates the distribution of interaction energies in the unit cell and possible bulk and crystal surface imperfections [94].



The ratio of the bulk modulus to shear modulus (K/G) of crystalline phases can estimate the brittleness or ductility of the materials [95]. The K/G ratio of ENT-THP-water cocrystal is estimated at 2.57 (>1.75), showing the ductile against brittle behavior of the cocrystal, according to the empirical Pugh’s criteria. Moreover, the elastic constants values and the low Vickers Hardness value predicate a soft material with a rather good compressibility.




3.3.5. Crystal Morphology Modelling


Crystal morphologies, shown in Figure 14, were calculated according to BFDH and SAE theories and both correctly capture the higher surface area of the (001) crystal face. However, they fail to reproduce the elongation observed in crystals grown from water-alcohol solutions.



From the orientation of the unit cell molecules relative to the (001) surface, it may be seen that polar moieties are predominant, although the presence of methyl groups is also prominent.





3.4. Dehydration Study of Cocrystal


Dehydration temperature of cocrystal hydrates is related to the bonding environment of the water molecules and to the extent of how tightly or loosely water is held in the crystal lattice [96,97]. The strong intermolecular interactions of water revealed in the cocrystal in combination with the relatively low thermal stability raise questions about its dehydration process. Furthermore, dehydration studies can provide useful information and define the stability range of the cocrystal under storage and processing, where higher temperatures can be reached.



3.4.1. Variable Temperature ATR-FTIR


The dehydration process of the cocrystal and the physical mixture was monitored via variable temperature ATR-FTIR analysis (Figure S6, Supplementary Materials). During heating, characteristic FTIR peaks of THP anhydrous at 1049 cm−1, 1186 cm−1, 1278 cm−1, 1485 cm−1, 2825 cm−1, and 3120 cm−1 were revealed after 45 °C, while the dehydration of THP monohydrate occurs via a metastable state showing additional characteristic bands [98,99]. The loss of water was evident by the disappearance of the peaks at 3369 cm−1 and 3232 cm−1, attributed to asymmetrically and symmetrically O-H stretching vibrations of hydrogen-bonded water, respectively, while the rearrangement of the hydrogen bond network associated with N-H groups shifted the peaks at the area of 3360–3310 cm−1. During the thermal treatment of the cocrystal, the shifted and decreased absorption of the characteristic peak at 3200 cm−1 was related with the loss of water and dissociation of the hydrogen bonds. The stretching modes at 3290 cm−1 that appeared at 55 °C could be attributed to the new hydrogen bonding between N-H groups of THP molecules, as it immediately recrystallizes upon dehydration. As heating proceeds, new peaks appearing at the area ~ 1470 cm−1 and 1320 cm−1 could be assigned to the pyrimidine vibrations of THP and the phenolic O-H bending vibrations of ENT, respectively.




3.4.2. Thermogravimetric Analysis (TGA) and Dehydration Kinetics


TGA plots of ENT-THP-water 1:1:1 in five different heating rates (Figure S7, Supplementary Materials) showed that higher heating rates shifted the TGA curves toward higher temperatures. Dehydration started earlier (around 40 °C) in low heating rates and was completed before 70 °C. In the higher heating rate of 20 °C/min, the dehydration started at about 61 °C and proceeded much faster. However, the weight loss was constant at 2.7% ± 0.12% due to loss of one mole of water. Although the dehydration of THP monohydrate has been referred to proceed through a two-step process [100], the loss of water of ENT-THP-water cocrystal seems to follow a single process.



Based on model-fitting analysis for the dehydration kinetics of ENT-THP-water cocrystal (Table S4, Supplementary Materials), no unique model can describe the dehydration kinetics. It is also evident that the goodness of fit degrades with higher heating rate. Avrami-Erofeyev equation n = 3/2 provides the best description of the dehydration kinetics. However, correlation coefficient for other models, such as n = 1, and reaction order (F1, F2, F3) also showed very good fit for the dehydration data.



The model-free kinetic analysis results using Vyazhovkin’s isoconversional method are displayed in Figure 15 as a diagram of the activation energy (Εα) vs the converted mass fraction during dehydration (a), with (a) values of 0.125–0.85 for the different heating rates.



In all stages of conversion, the values of Eα are relatively close with a mean value of 94.42 ± 4.03 kJ/mol, which is substantially higher than the heat of evaporation of water, as well as of other known pharmaceutical hydrate crystals [60] that proceed by water diffusion. A slight downward trend is observed on a conversion range of 0.25 to 0.6 indicating an acceleration of dehydration process, but this is possibly due to the effect of the water vapor atmosphere self-generated around the cocrystal during dehydration [101]. A modest increase of Eα value that reaches 96 kJ/mol up to conversion rate of 0.75 is noted, indicating a decreasing rate of dehydration process. However, such variations of Eα are considered very small and reasonable [102]. During the reaction, the initial reactivity of the cocrystal is influenced by crystal imperfections and defects caused by dehydration [103]. The decreasing dependence of Eα as the reaction progresses at low conversion rate is related to the profile of dehydration [104]. The comparatively related Eα values signifies an indication that dehydration of the cocrystal follows a single-step reaction. However, the variation of the values cannot exclude the possibility of a more complex dehydration mechanism.



The inability to describe the dehydration kinetics by a unique model equation probably reflects the complex transitions that follow the departure of crystal water, which include extensive packing rearrangements (destruction of the crystal lattice and crystallization of separate phases) and geometry changes. Combined with the high activation energy that excludes water removal by a diffusion mechanism, it can be concluded that the crystal water is strongly bound and its presence is essential for the stability of the lattice, with its removal resulting in the destruction of the cocrystal.






4. Discussion


ENT-THP-water cocrystal was produced by solvent evaporation method in environmental conditions, without prior grinding, independently of using hydrate or anhydrous components as starting materials. This production method can be less restrictive and take advantage of the preferred use of the more stable theophylline anhydrous in pharmaceutical production [99]. ENT-THP-water cocrystal comprises a cocrystallization case of particular interest, as it is only formed in the presence of water. Thermal analysis revealed that the cocrystal immediately dissociates after the water removal to the individual components that are immiscible and subjected to phase separation. The immiscibility between entacapone and theophylline is also proposed from phase diagrams and Hansen solubility parameters. Despite the immiscibility between the anhydrous cocrystal components, stoichiometric water is the crucial “building material” which guides the formation and stabilization of the reactants as ENT-THP-water 1:1:1 cocrystal. Here, we propose the use of the term ENT-THP-water cocrystal over the ENT-THP hydrate [31], considering such cases as three-component cocrystals rather than hydrate forms. However, cocrystal screening for a case as the ENT-THP-water cocrystal meets the limitations of these methods for hydrates. Moreover, computational cocrystal knowledge-based screening tools can lead to inconclusive results because of the strong homodimeric hydrogen bond motifs appearing in hydrate components [69,105]. Further investigation is needed for more accurate prediction tools of cocrystals cases where only hydrate cocrystal components could meet screening criteria when lattice water actively participates.



In this respect, molecular and solid-state modelling has been implemented to gain a better understanding of the nature of intermolecular interactions affecting and driving the molecular packing in the ENT-THP-water cocrystal. A deeper insight into the geometry of the cocrystal by Hirshfeld surface analysis, the associated 2D fingerprint plots, and NCI plots noticed the presence of π-π stacking interactions, and demonstrated the significance of N−H···O and O−H···O intermolecular hydrogen bonds, where water plays a “bridging” role towards stabilization of the cocrystal arrangements, such as ring motifs and bilayers. Acting simultaneously as hydrogen bond donor and acceptor, the crystal water can sustain the three-dimensional cocrystal structure via various arrangements of supramolecular heterosynthons [93]. However, the supramolecular architecture analysis based on the geometrical characteristics of intermolecular interactions is less informative than the evaluation of pairwise interaction energies via quantum-chemical methods [106]. The energy vector diagrams and lattice energy frameworks showed equivalent results and proposed that strongly π-π stacked interactions are dominant in the stabilization of the cocrystal packing, while the water possesses the highest coulombic contribution from the overall energetic point of view.



Additionally, QTAIM analysis suggested that the hydrogen-bonded intermolecular contact between THP and water is the weakest intermolecular interaction in the asymmetric unit of the cocrystal, although crystallographic parameters showed that it is not the shortest interaction within the system [31]. Interaction energy calculations via Shishkin’s method and QTAIM analysis demonstrated similar values for the above mentioned hydrogen bonding interaction (O1···H23-N4), i.e., −9.15 kcal/mol and −8.14 kcal/mol, respectively. However, the hydrogen bonding interaction energies via QM/MM and QTAIM analysis are probably overestimated as a result of the geometry optimization. During relaxation, the hydrogen bonding distances consequently shorten [83]. Indeed, our optimized structure showed an average shorting of hydrogen bonds around 0.30 Å. Considering that the reliability of DFT-PBE for the description of hydrogen bonds increases significantly as the bonds approach the linear angle (180°) [107], we applied it to our system, where all crucial hydrogen bonds are defined experimentally to have angles θ > 160°. However, these PBE approximations [30,108] or the Grimme dispersion correction [109] could have been responsible for H-bonds energy overestimation. Nevertheless, both QTAIM analysis and lattice energy frameworks showed consistency in describing the dominance of the O2-H1···O8 bond between ENT and water in the hydrogen bonding network of the cocrystal.



On the basis of mechanical properties computations, the higher stiffness and lower compressibility along the b and c crystallographic axis was consistent with the investigated cocrystal packing, rationalizing the expected mechanical response. The crystal morphologies predicted by BFDH and SAE theories could explain properties as the reported enhanced solubility of the cocrystal [31], while suggesting the stability of the water molecule that is orientated far from the crystal surface. However, the strongly bound water did not translate to a greater thermal stability. The dehydration process of the cocrystal, evaluated by variable temperature ATR-FTIR and TGA analysis, showed the start of thermal water loss and the subsequent dissociation of the hydrogen bonds at relatively low temperatures. Cocrystals with similar structural features, i.e., where water molecules are arranged in tunnels but are not directly hydrogen bonded to each other, dehydrate over temperature ranges lower than water’s boiling point (100 °C) [97]. This arrangement of the water molecules seems to overcome the contribution of their strong interactions with the other cocrystal components. It is known that the thermal behavior of cocrystal hydrates remains complex and unpredictable, while it seems not to be correlated with known supramolecular synthons in the cocrystals’ structure [96,97]. Dehydration kinetic studies under non-isothermal conditions, described by mechanistic models and Vyazovkin’s model-free method, suggested rather complex transitions after the departure of crystal water.




5. Conclusions


The nature, strength, and directionality of non-covalent interactions in cocrystals should be carefully assessed in order to shed light on their formation, stability, and physicomechanical properties. Solid-state computational modelling enables the elucidation of the structural aspects and energetic driving forces of complex molecular cocrystals that are rather elusive to predict. In this way, they can further support progress in the screening efforts and the rational design of cocrystals.
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Figure 1. (a) Packing arrangement of entacapone, theophylline, and water molecules, showing the hydrogen bonding interactions as blue and red dashed lines. (b) Packing arrangement of entacapone and theophylline in the cocrystal with π-π interactions (in Å) as dashed lines between and to the ring centroids (hydrogen atoms omitted for clarity). 
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Figure 2. XRPD diffractograms for the neat components, physical mixtures (PM), and cocrystal. ENT-THP-water cocrystal was obtained with solvent evaporation (SE) in environmental conditions, from ENT solutions with THP monohydrate or anhydrous THP. 
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Figure 3. Hirshfeld Surfaces mapped over dnorm for (a) water molecule, (b) THP molecule, and (c) ENT molecule, in the ENT-THP-water 1:1:1 cocrystal. 
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Figure 4. Hirshfeld Surface mapped over dnorm for ENT-THP-water 1:1:1 cocrystal in different orientations. 
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Figure 5. Overall 2D fingerprint plots of (a) the cocrystal and individual components (b) water, (c) THP, (d) ENT. 
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Figure 6. Relative percentage contributions of most important close contacts to the overall Hirshfeld surface for the cocrystal and individual components (ENT, THP, water). 
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Figure 7. Hirshfeld surface mapped over shape-index for ENT-THP-water cocrystal. Arrows show the presence of π-π stacking interactions. 
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Figure 8. Molecular cluster of QM/MM computations with the central complex of four hydrogen bonded molecules. 
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Figure 9. NCI plots of ENT-THP-water cocrystal using (a) the crystal structure and the promolecular density and (b) the QM/MM structure with the computed density. The numbers denote non-covalent hydrogen-oxygen interactions with water. 
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Figure 10. Bond critical (3,−1) points and paths obtained by QTAIM analysis. 
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Figure 11. Shishkin’s Energy-Vector Diagrams (‘‘hedgehogs’’), in comparison with Energy Frameworks representing total interaction energy as well as the corresponding coulombic and dispersion components. A 2 × 2 × 2 supercell is shown along the b axis of the unit cell. 
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Figure 12. Close-up view of the coulombic term of the lattice energy frameworks. 
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Figure 13. Spatial distribution of linear compressibility and Young modulus of ENT-THP-water cocrystal, using the ELATE visualization tool. 
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Figure 14. Crystal morphologies calculated according to BFDH and Surface Attachment Energy theory. 
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Figure 15. Activation energy (Eα) plots against the converted mass fraction (a) during dehydration, as calculated by Vyazhovkin’s isoconversional method. 
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Table 1. Expressions of the differential form f(α) and integral form g(α) of most well-known solid-state kinetic models.
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Kinetic Models

	
Differential form f(α)

	
Integral form g(α)






	
Diffusion models




	
D1 (1D-diffusion)

	
1/2α

	
α2




	
D2 (Valensi-Carter 2D-diffusion)

	
[−ln(1 − α)] – 1

	
(1 − α)ln(1 − α)+α




	
D3 (Jander)

	
(3/2)(1 − α)2/3/[1 − (1 − α)1/3 ]

	
[1 − (1 − α)1/3]2




	
D4 (Ginstling-Brounshtein)

	
(3/2)/[(1 − α)−1/3 − 1]

	
1 − (2α/3) − (1 − α)2/3




	
D5 (Zhuravlev, lesokin, Tempelman)

	
(3/2)(1 − α)4/3/[(1 − α)−1/3 − 1]

	
[(1 − α)−1/3 − 1]2




	
D6 (Anti-Jander)

	
(3/2)(1 + α)2/3/[(1 + α)1/3 − 1]

	
[(1 + α)1/3 − 1]2




	
Nucleation and growth models




	
n = 1 (Prout-Tomkins Au)

	
α(1 − α)

	
ln[α/(1 − α)]




	
n = 3/2 (Avarami-Erofeyev)

	
(3/2)(1 − α)[−ln(1 − α)]1/3



	
[−ln(1 − α)]2/3






	
n = 2 (Avarami-Erofeyev)

	
2(1 − α)[−ln(1 − α)]1/2



	
[−ln(1 − α)]1/2






	
n = 3 (Avarami-Erofeyev)

	
3(1 − α)[−ln(1 − α)]2/3



	
[−ln(1 − α)]1/3






	
n = 4 (Avarami-Erofeyev)

	
4(1 − α)[−ln(1 − α)]3/4



	
[−ln(1 − α)]1/4






	
P2 (Power law)

	
2α ½

	
α 1/2




	
P3 (Power law)

	
3α 2/3

	
α 1/3




	
P4 (Power law)

	
4α ¾

	
α 1/4




	
P3/2 (Power law)

	
(2/3)α−1/2

	
α 2/3




	
Geometrical contraction models




	
R2 (Area contraction)

	
2(1 − α)1/2

	
1 − (1 − α)1/2




	
R3 (Volume contraction)

	
3(1 − α)2/3

	
1 − (1 − α)1/3




	
Reaction order models




	
F1 (1st order)

	
1 – α

	
−ln(1 − α)




	
F2 (2nd order)

	
(1 − α)2

	
(1 − α)−1 – 1




	
F3 (3rd order)

	
(1 − α)3

	
[(1 − α)−2 − 1]/2
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Table 2. QTAIM-calculated properties at selected bond critical points: electron density (ρ(r)), Laplacian of electron density ( ∇  2ρ(r)), Lagrangian kinetic energy (G(r)), electronic energy density (H(r)) and the estimated energy of interaction (Eint).






Table 2. QTAIM-calculated properties at selected bond critical points: electron density (ρ(r)), Laplacian of electron density ( ∇  2ρ(r)), Lagrangian kinetic energy (G(r)), electronic energy density (H(r)) and the estimated energy of interaction (Eint).





	Hydrogen Bonds
	Molecules
	ρ(r)

(a.u.)
	∇2ρ(r)

(a.u.)
	G(r)

(a.u.)
	H(r)

(a.u.)
	Eint

(kcal/mol)





	O5···H24-O8
	ENT-water
	0.0456
	0.1343
	0.0342
	−0.0656
	−9.22



	O6···H25-O8
	THP-water
	0.0349
	0.1223
	0.0291
	0.0016
	−7.84



	O2-H1···O8
	ENT-water
	0.0838
	0.1502
	0.0616
	−0.0240
	−16.57



	O1···H23-N4
	ENT-THP
	0.0395
	0.123
	0.0302
	0.0007
	−8.14



	C8-H4···O8
	ENT-water
	0.0083
	0.0333
	0.007
	0.0014
	−1.88
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Table 3. Symmetry operators of neighboring molecules (Molecule 2) for basic molecules of cocrystal (Molecule 1) located in the asymmetric unit, interaction energy (kcal/mol), and corresponding contacts of the basic molecules with neighboring molecules of the first coordination sphere (strongest interactions are highlighted in bold).






Table 3. Symmetry operators of neighboring molecules (Molecule 2) for basic molecules of cocrystal (Molecule 1) located in the asymmetric unit, interaction energy (kcal/mol), and corresponding contacts of the basic molecules with neighboring molecules of the first coordination sphere (strongest interactions are highlighted in bold).





	Molecule 1
	Molecule 2
	Symmetry Operator
	Interaction Energy (kcal/mol)
	Contact





	ENT
	THP
	x, y, z
	−9.15
	O1···H23-N4



	ENT
	water
	x, y, z
	−6.78
	O2-H1···O8



	THP
	water
	x, y, z
	−6.05
	O6···H25-O8



	ENT
	THP
	x, 1 + y, z
	−10.47
	π-π stacking interactions a



	ENT
	water
	x, 1 + y, z
	−5.96
	O5···H24-O8



	ΕΝΤ
	ΤHP
	1 + x, 1 + y, z
	−11.87
	π-π stacking interactions a



	ENT
	THP
	1 + x, 2 + y, z
	−8.61
	C-H···O



	ENT
	ENT
	1 − x, 3 − y, 1 − z
	−8.13
	C-H···C-H

C14-H12···N3







a See Figure 1 and Table S5 for more details.
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Table 4. Calculated mechanical properties of ENT-THP-water cocrystal.






Table 4. Calculated mechanical properties of ENT-THP-water cocrystal.





	Mechanical Property (Units)
	Value





	Bulk modulus (K) (GPa)
	11.86



	Shear modulus (G) (GPa)
	4.49



	Young modulus (E) (GPa)
	11.97



	Ea (GPa)
	6.91



	Eb (GPa)
	16.48



	Ec (GPa)
	14.61



	Compressibility (GPa−1)
	0.09



	Elastic anisotropy
	8.13



	Vickers Hardness (GPa)
	0.66



	Fracture Τoughness (MPa m1/2)
	0.03
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