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Abstract

:

The investigation of molecular crystals at high pressure is a sought-after trend in crystallography, pharmaceutics, solid state chemistry, and materials sciences. The di-p-tolyl disulfide (CH3−C6H4−S−)2 system is a bright example of high-pressure polymorphism. It contains “conventional” solid–solid transition and a “hidden” form which may be obtained only from solution at elevated pressure. In this work, we apply force field and periodic DFT computational techniques to evaluate the thermodynamic stability of three di-p-tolyl disulfide polymorphs as a function of pressure. Theoretical pressures and driving forces for polymorphic transitions are defined, showing that the compressibility of the γ phase is the key point for higher stability at elevated pressures. Transition state energies are also estimated for α → β and α → γ transitions from thermodynamic characteristics of crystal structures, not exceeding 5 kJ/mol. The β → γ transition does not occur experimentally in the 0.0–2.8 GPa pressure range because transition state energy is greater than 18 kJ/mol. Relations between free Gibbs energy (in assumption of enthalpy) of phases α, β, and γ, as a function of pressure, are suggested to supplement and refine experimental data. A brief discussion of the computational techniques used for high-pressure phase transitions is provided.
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1. Introduction


High-pressure research of molecular crystals is an important direction of modern crystallography [1,2,3,4,5,6,7,8,9,10,11]. A lot of organic systems have polymorphic modifications at ambient pressure, while other organic crystals undergo phase transitions at extreme conditions [12,13]. These new high-pressure structures may be the result of direct solid-solid transformation and may be called “conventional”. Nevertheless, the formation of new polymorphs may also be hindered by the high transition state energies and crystalize only from liquid phase. These solid–liquid–solid phase transitions (which can also undergo through mobile fluid phase, e.g., partial dissolution) are called “hidden” polymorphs [14,15,16]. The comparison of the thermodynamic stability of both “hidden” and “conventional” phases is a complicated question, especially if several phases exist at the same conditions. High-pressure experiments could only show the structural stability of such phases, but not the thermodynamic stability. If there is no direct phase transition between polymorphs, it becomes impossible to investigate their thermodynamic stability. Both computational and experimental approaches should be used in such cases [13,17].



Di-p-tolyl disulfide (p-Tol2S2) is a demonstrative organic system that contains a “conventional” form and a “hidden” high-pressure form (Scheme 1). The “hidden” form recrystallizes from solution at elevated pressures, while the “conventional” form is obtained via solid–solid transition [18].



Szymon Sobczak and Andrzej Katrusiak previously found that the α phase is the most stable phase at ambient conditions, while, at higher pressures, two phase transitions occur with the formation of β and γ polymorphs [18]. On the one hand, the reversible α → β phase transition occurs at a pressure near 1.6 GPa and the β phase remains stable up to 2.8 GPa (glycerin was used as a pressure transmitting media). On the other hand, α transforms to the γ-phase form near 0.45 GPa via recrystallization (methanol, ethanol, and isopropanol solvents were simultaneously used as hydrostatic fluids). The γ-phase form is also stable up to 2.8 GPa, similarly to the β one. Based on those experiments, the authors suggested a scheme of phase transitions and schematic relations between the free Gibbs energy of the α, β, and γ phases as a function of pressure for p-Tol2S2 (Figure 1).



It is impossible to measure the relative stability of β and γ polymorphs in different pressure regions due to the absence of a direct phase transition between them. Thus, the aim of this study is to calculate the thermodynamic stability of all three polymorphs of the p-Tol2S2 system and explain the driving force for experimentally observed structural reorganization at pressures of 0.45 GPa and 1.6 GPa. Based on several previous works [19,20,21,22,23,24] Force Field (FF) and periodic DFT methods in conjunction with equations of states (EoS), the enthalpies of all polymorphs are calculated as a first rough approximation of the Gibbs energy for each.




2. Computational Details


Lattice energies were calculated using different approaches. The force field approach, as implemented in the CrystalExplorer 21.5 (CE21) software package, calculates pair-wise energies, summing up the energy of all intermolecular energies in the experimental crystal structure in terms of kJ/mol [25,26,27]. CE21 uses data calculated via DFT (e.g., electron density mapped on a Hirshfeld surface at B3LYP/6-31G (d,p)) and should be strictly named as an FF-based method, but, following major principles, it is further referred to as an FF method. Periodic DFT, as implemented in VASP 5.4.4 [28,29,30,31], calculates an overall (electronic) energy of the optimized system, which may be presented as a sum of inter- and intra-molecular interactions (which are of course interrelated from molecular geometry). Thus, periodic DFT (apart from obvious differences in principles in comparison to FF methods) considers conformational changes in crystal structures, whereas the CE21 algorithm does not. Enthalpies were calculated by manual addition of the PV term at pressure points, where volume was known experimentally (for FF calculations) or from EoS calculations (for DFT calculations). Zero-point energy was not considered, as well as temperature (T = 0 K). An overall workflow is presented in Scheme S1.



2.1. FF Method Calculations


CrystalExplorer 21.5 [25] was used with a Gaussian09 [32] backend at D2-B3LYP/6-31G (d,p) level of theory (LOT) with four further terms (electrostatic, polarization, dispersion, and exchange-repulsion) separation. Corresponding default scaling factors for this LOT were used to calculate total energy, which were further interpreted as lattice energy.




2.2. Periodic DFT Calculations


All periodic DFT calculations were performed using the VASP 5.4.4 package using a PBE functional [33] plane-wave basis set with a kinetic energy cut-off of 500 eV and PAW atomic pseudopotentials [34,35]. The integrals in reciprocal space were calculated on a k-point Monkhorst-Pack mesh of 4 × 4 × 2 [36]. Grimme D3 dispersion correction with Becke–Johnson damping was used for better simulation of van der Waals (VdW) interactions in crystal structures [37]. Convergence criteria were applied, where the maximum change in system energy was 10−5 eV and the norms of all forces were smaller than 10−4. The volumes of unit cells in all periodic DFT calculations were fixed at calculated values from corresponding EoS (which are respectively calculated from experimental data), while cell shapes and atom positions were fully relaxed during the optimization procedure (ISIF = 4). Crystal structures for all calculations were prepared manually by editing the experimental lowest pressure structure (cif) file cell parameters. This editing considered the Vp/Vo ratio (preserving same angles as in the initial structures), where Vp is the calculated volume of the crystal structure at pressure P from EoS. All unit cell parameters including angles were fully relaxed further during DFT optimization procedure, keeping volume fixed only. Experimental structure (.cif) files were obtained from the CCDC database [38].




2.3. Equations of States


Experimentally obtained pressure dependencies of unit cell volumes of the polymorphs (Table S1 in Supplementary Materials) were fitted by the EoSFit7-GUI software [39,40], using the third order Birch–Murnaghan equation of state [40,41]. Standard deviations of the volumes and pressures were considered.





3. Results and Discussion


The thermodynamic stability of different polymorphs is described as the enthalpy of these forms in the current study. The authors are aware of possible significant changes in the entropy term due to change in lattice vibrations under pressure. Nevertheless, we suggest such simplification reasonable for this system while taking into account the isothermal conditions of the experiments, minor changes in the molecular arrangement of the α and β forms, which results in very small lattice changes, and the preserved symmetry (P)2 point group of the α and γ polymorphs (Figure S1 and Table S1). Thus, the entropy difference should be less significant than that which is expected for major materials and may be neglected as a rough approximation of the Gibbs energies to save computational resources. Enthalpy may be divided into several terms to find a driving force for phase transitions (Equation (1)).




H = Ucrystal + P × V = Uinter + Uintra + P × V



(1)





Lattice energy is presented as an Ucrystal and presents a sum of inter- and intra-molecular interactions. Considering the computational techniques, Equation (1) transforms to Equation (2) in the case of FF calculations as implemented in CrystalExplorer 21.5 software (where only intermolecular interaction energies are parametrized).




H = Ucrystal + P × V = Uinter + P × V



(2)





Uintra, being conformational energy, was calculated in the work [18] separately using several gas-phase DFT methods, and is reproduced in Figure S2, showing γ-phase conformations are 6–8 kJ/mol less favorable than the α and γ forms at the same pressures. Thus, Uintra may be added to Uinter manually, which in fact does not change the overall picture for used FF method (Figure S3).



Following this logic, an overall behavior of p-Tol2S2 system may be assessed regarding Ucrystal lattice energies (mostly intermolecular interactions) and PV term (compressibility) to find a driving force for phase transitions and evaluate relative stability of polymorphs using different computational techniques.



3.1. Force Field Calculations


Lattice energies of all experimentally founded crystal structures were calculated using the CrystalExplorer 21.5 software package at corresponding experimental pressure values (Figure 2). The function of lattice energies on the pressure shows relative stability of all three phases in the regions of their structural stability. A significant decrease in the lattice energy of α phase in the interval 0.0–1.5 GPa is probably an artifact of CE21 parametrization, which was already discussed in the work [24]. It was shown that decrease of lattice energies with an initial increase in pressure is similar for all phases/interactions and does not affect results of polymorphs relative energies.



According to the lower lattice energy of the γ phase (Figure 2), it has higher stability in the pressure range of 0.45–2.5 GPa with relatively reversed stability for the β and γ polymorphs at 2.8 GPa. The addition of conformational energies does not change this tendency (Figure S3). Thus, based only on the lattice energies, one can expect a γ to β phase transition at higher pressures. Nevertheless, compressibility of different phases should be considered, which may affect PV term and consequently H drastically [42].



The enthalpies of all phases were calculated at experimental pressures by manual addition of a PV term (Figure S4). Higher lattice energy of the γ polymorph was fully compensated by PV term (compressibility of γ phase) and the γ phase preserved relative stability at 2.8 GPa. It is impossible to compare the enthalpies of all phases at the same pressures in a whole pressure interval (0–3 GPa) due to the limitation of lacking a region where the phases are all structurally stable. This is one of the key limitations for the FF method, because atom coordinates for other pressures cannot be obtained without expensive DFT calculations or new labor-intensive experiments. Linearization of enthalpy data may be successfully used in such cases [17] and be applied for a p-Tol2S2 system (Figure 3).



The phase transitions from α → γ and α → β can be expected when the free energies (in the approximation of the calculations used here—the enthalpies) of the corresponding phases become equal. These calculations predict this to happen at 0.44 GPa and 1.45 GPa, respectively (Figure 3). The obtained theoretical values are extremely close to the experimental values of 0.45 and 1.6 GPa for the α → γ and α → β phase transitions, respectively (Table S2). Nevertheless, the applied approximation of linear enthalpy change (due to high PV energies) at higher pressures is a significant simplification and is recommended for use only with short pressure intervals. The periodic DFT calculations, in conjunction with EoS, were applied to estimate the possible margins of the used approach.




3.2. Periodic DFT Calculations with EoS


The prediction of structure change at finite pressure points is mandatory to overcome the limitations of experimental data at different pressures. A previously reported [21] technique of fully automated structure change prediction at any pressure using the PSTRESS tag in VASP turned out to be inaccurate for small pressure ranges, at least for a p-Tol2S2 system. Thus, a concept similar to those reported in the work [43] was applied. Equations of state were calculated based on experimental data for all three polymorphs to predict the cell volume of each phase at the 0.0–3.0 GPa pressure range with a 0.5 GPa step size (Figure S5 and Table S3). At each pressure point, the full electronic energy was calculated using DFT optimization with a fixed cell volume (Figure 4).



Lattice energies show a similar trend as calculated using the FF approach, predicting that the relative stability of β to γ changes at elevated pressures. The γ phase is slightly less stable than the α phase in the whole pressure range, which may be explained by less favorable conformations. What is more important, however, is that these calculations predict γ and β phase instability at ambient pressure, which fully coincides with the experimental study.



It is not only possible to estimate phase stability, but also to compare separate enthalpy terms and find a prevailing term for phase transition. Pairwise comparisons of lattice energies with PV in terms of polymorphs are presented in Figure 5a,b.



Phase transition α → γ is justified by higher compressibility (the PV component of the enthalpy, rather than the specific pairwise energies) of γ polymorph (what also shown with K’ coefficients from EoS data (Table S3)), whereas α → β transition cannot be unequivocally defined by any term. This also coincides well with structure data, showing β and α phases being very similar in terms of geometry (Figure S1).



Calculated cell volumes from EoS helps to exclude simplification of enthalpy linearization—it is possible to calculate enthalpies at each point by direct sum of Ucrystal (Uinter + Uintra) and PV term (Figure S6). Enthalpy difference is plotted in Figure 5c (and Figure S7 and Table S5 with linearization).



Based on this more sophisticated approach, one can predict phase transitions at 0.34 GPa and 0.36 GPa for α → γ and α → β transitions in comparison to experimental 0.45 GPa and 1.6 GPa. Such deviations may be explained by several factors, apart from the absence of calculated thermal effects. It is mandatory to understand that experimental techniques show a range of pressures where transition occurs, due to features of the high-pressure devices (e.g., a diamond anvil cell and the limitations of a single crystal diffraction technique at elevated pressure). The experimental data are limited, so the exact pressure of phase transition is not reported: α → β transition occurred in the interval 1.52–1.60 GPa, whereas the γ phase was crystallized at 0.45 GPa and other pressures were not checked. On the other hand, transition state energy during phase change may be significant and lead to hysteresis and higher pressures of experimental phase transition in comparison to thermodynamic data [21,44,45]. Finally, the entropy term may also affect transitions, changing the Gibbs energies of different polymorphs. Nevertheless, it is possible to estimate energy limits of the transition state from the suggested enthalpy functions.



The differences in polymorph enthalpies, when at pressure of experimental phase transition, denote the upper limit for the transition state energy. This is because the initial phase (α in this case) stores “excessive” energy in relation to the final phase. Following this logic, the formation of the “hidden” γ polymorph has an energy barrier less than 2 kJ/mol, which is reasonable for solid–liquid–solid phase transition. The “conventional” β polymorph also has very small transition state energy less than 3 kJ/mol, which may be explained by extremely small structure changes during this transition. The β → γ phase transition has a TS energy barrier of no less than 18 kJ/mol. So, the “excessive” energy of the β phase is not enough to result in solid–solid crystal structure rearrangement.



Finally, it is possible to refine the phase diagram for a p-Tol2S2 system based on the enthalpy calculations, where the α form is the most stable in the pressure range of 0.0–0.34 GPa, the γ phase is the most stable at a pressure range from 0.34 GPa to 3.0 GPa, and the β phase is metastable in the whole pressure range from 0.0 GPa to 3.0 GPa (nevertheless, being more stable than the γ phase in the pressure range of 0.0–0.32 GPa) (Table S4). Figure 6 illustrates the thermodynamic relation between p-Tol2S2 polymorphs, which turned out to be more complicated than suggested from experimental data (Figure 1b, Table S6).





4. Conclusions


In this study, we show how different computational techniques supplement previous experimental studies to evaluate thermodynamic stability of p-Tol2S2 polymorphs in the approximation of enthalpy changes. Force field methods (as implemented in CE21) show reliable stability ranking of polymorphs at pressure ranges where phases coexist, if enthalpies are calculated. The “hidden” γ form was predicted to be more stable than the α form in the 0.45–1.52 GPa experimental pressure range, and more stable than the “conventional” β phase in the interval of 1.60–2.8 GPa. Periodic DFT methods, in conjunction with EoS, help to answer questions regarding polymorph stability in the whole pressure (not only experimental) range, even if a specific form does not exist experimentally. It was shown that the α form is the most stable form when in the pressure range 0.0–0.34 GPa, while the γ phase is the most stable from 0.34–3.0 GPa due to higher compressibility (PV term). Upper limits for transition state energies for both experimental phase transitions were estimated from the suggested relations between the free Gibbs energy values of phases α, β, and γ as a function of pressure. Both methods proved to reveal valuable information about relative polymorph stability (FF for experimental and periodic DFT for the whole pressure range). A refined phase diagram (in a rough assumption of calculated enthalpies) over pressure shows the necessity of computational methods for high-pressure crystallography.
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Scheme 1. Molecular structure of di-p-tolyl disulfide (p-Tol2S2). 
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Figure 1. (a) Principal scheme of the experimentally observed phase transitions in a di-p-tolyl disulfide system. The α → β phase transition is given by two arrows due to formation of two different molecular conformations. (b) Suggested relations between the free Gibbs energy of phases α, β, and γ as a function of pressure based on experimental study (adapted from [18]). 
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Figure 2. Lattice energies (Ucrystal = Uinter) of phases α, β, and γ as a function of pressure calculated based on experimental data. Regions of structural stability according to experimental data [18] are shown with dashed lines. 
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Figure 3. Calculated enthalpy differences between p-Tol2S2 polymorph α and γ (green), α and β (purple), and β and γ (orange) as a function of pressure (i.e., ΔHα − β = Hα − Hβ, ΔHα − γ = Hα − Hγ, and ΔHα − β = Hα − Hβ). Phase transition between the involved polymorphs can be expected when their enthalpy difference is equal to zero, marked with circles. 
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Figure 4. Relative lattice energies of phases α, β, and γ as a function of pressure calculated based on EoS predicted data. Full electronic structure energy contains both inter and intramolecular interaction energies. The α phase energy at ambient pressure is taken as zero. 
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Figure 5. Calculated (a) lattice energy ΔUcrystal, (b) ΔPV term and (c) ΔH differences between p-Tol2S2 polymorphs α and γ (green), α and β (purple), β and γ (orange) as a function of pressure (i.e., ΔUα − β = Uα − Uβ, ΔPVα–β = PVα − PVβ, ΔHα − β = Hα − Hβ, etc.). Phase transition between the involved polymorphs can be expected when their enthalpy difference is equal to zero. 
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Figure 6. Suggested relations between the free Gibbs energy of phases α, β, and γ as a function of pressure based on a periodic DFT study where only enthalpies were calculated. Table S4 shows the relative phase stability according to calculated enthalpies in different pressure ranges. 
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