
Citation: Dubok, A.S.; Rychkov,

D.A. Relative Stability of

Pyrazinamide Polymorphs Revisited:

A Computational Study of Bending

and Brittle Forms Phase Transitions

in a Broad Temperature Range.

Crystals 2023, 13, 617. https://

doi.org/10.3390/cryst13040617

Academic Editor: Edward R.T.

Tiekink

Received: 9 March 2023

Revised: 28 March 2023

Accepted: 31 March 2023

Published: 4 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Relative Stability of Pyrazinamide Polymorphs Revisited:
A Computational Study of Bending and Brittle Forms Phase
Transitions in a Broad Temperature Range
Aleksandr S. Dubok 1,2 and Denis A. Rychkov 1,2,*

1 Institute of Solid State Chemistry and Mechanochemistry, SB RAS, 18 Kutateladze Str.,
630090 Novosibirsk, Russia; alexander.dubok.nsk@gmail.com

2 Laboratory of Physicochemical Fundamentals of Pharmaceutical Materials, Novosibirsk State University,
2 Pirogova Str., 630090 Novosibirsk, Russia

* Correspondence: rychkov.dennis@gmail.com; Tel.: +7-(383)-233-24-10 (ext. 1130)

Abstract: Pyrazinamide may exist in at least four known polymorphic forms, which were obtained
experimentally. One of these polymorphs, (α), shows outstanding mechanical properties, demon-
strating a significant anisotropic plasticity in a three-point bending test, while the δ form was brittle.
Despite a δ→ α transition as well as β and γ behavior being experimentally studied, the relative sta-
bility of pyrazinamide polymorphs remains unclear and even controversial. In this work we provide
a pure computational study of the thermodynamic relationships between all four polymorphs as a
function of temperature using periodic DFT calculations. It was shown that the β but not the δ form
is the most stable at low temperatures. Moreover, the relative stability of the δ form in comparison
to α is questioned, showing that the “brittle to bending” δ→ α transition was kinetically hindered
in the experiments. We show that α and γ polymorphs were stabilized at higher temperatures due
to an entropy term. Finally, the calculated stability of the bending α form of pyrazinamide at room
temperature was in perfect agreement with previous experiments, which showed a transformation of
all other forms to α during six month storage or grinding.

Keywords: pyrazinamide; polymorphism; relative stability; drug stability; computational study;
DFT; bending crystals; thermodynamic relationship; temperature induced phase transitions

1. Introduction

Polymorphism is a widespread phenomenon for organic molecular crystals [1,2].
Different crystal structures determine the distinction in physicochemical properties, such
as the shelf-life stability [3,4], solubility [5–8], bioavailability [9,10], tableting [11–14], etc.
These properties are crucial for pharmaceutics, where polymorph screening is an almost
mandatory procedure during drug discovery and development [15,16]. Polymorphism
control helps to produce and preserve a desired form with known properties during the
shelf-life and medication use [17–19].

Pyrazinamide (pyrazine-2-carboxamide) is an antimicrobial agent that is commonly
used for the treatment of active tuberculosis during the initial phase of therapy alone or in
combination with other agents (Scheme 1) [20–22].

It may crystallize in four different polymorphs (α, β, γ, and δ), whereas only the α

form is commercially available and used in therapy (Figure 1) [23–26]. It was shown that a
transformation in the “real-world” conditions typical of pharmaceutical processing (e.g.,
milling and tableting) and storage (at a near ambient temperature and various humidity)
leads to the formation of the α polymorph from the other three crystal structures [27].
It is valuable to note that the α form shows outstanding mechanical properties, being the
only confirmed polymorph of pyrazinamide, which has a significant anisotropic plasticity
(a “bending” crystal) [28,29]. Taking into account a highly nonequilibrium grinding process

Crystals 2023, 13, 617. https://doi.org/10.3390/cryst13040617 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13040617
https://doi.org/10.3390/cryst13040617
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-9269-1627
https://doi.org/10.3390/cryst13040617
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13040617?type=check_update&version=2


Crystals 2023, 13, 617 2 of 11

and a significant amount of supplied energy during tableting, mechanical responsiveness
may play a key role in product formation. Thus, these experiments cannot be treated as a
clear way of thermodynamic stability estimation and need additional confirmation.
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Figure 1. Fragments of crystal structures of pyrazinamide polymorphs: (a) α form viewed along the 
a axis; (b) β form viewed along the b axis; (c) γ form viewed along the b axis, where disordered atom 
positions are marked as single atoms; and (d) δ form viewed along the a axis. The H-bonds are 
marked via dashed blue lines. 

Multiple experimental methods can be used to address polymorphism, including sin-
gle crystal and powder X-Ray diffraction, FT-IR and Raman spectroscopy, optical and 
electron microscopy, etc. Nevertheless, differential scanning calorimetry (DSC) helps to 
follow the phase transitions directly, which suggests a relative stability for the different 
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Figure 1. Fragments of crystal structures of pyrazinamide polymorphs: (a) α form viewed along
the a axis; (b) β form viewed along the b axis; (c) γ form viewed along the b axis, where disordered
atom positions are marked as single atoms; and (d) δ form viewed along the a axis. The H-bonds are
marked via dashed blue lines.

Multiple experimental methods can be used to address polymorphism, including
single crystal and powder X-Ray diffraction, FT-IR and Raman spectroscopy, optical and
electron microscopy, etc. Nevertheless, differential scanning calorimetry (DSC) helps to
follow the phase transitions directly, which suggests a relative stability for the different
polymorphs and provides enthalpies of the polymorphic transitions. Castro et.al shows
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direct phase transitions of β→ γ at 368 K (95 ◦C), δ→ α at 393 K (120 ◦C), δ→ γ at 408 K
(135 ◦C), and α→ γ at 418 K (145 ◦C) [30]. Cherukuvada et al. reported β (+γ)→ γ at
372 K (99 ◦C), δ→ γ at 404 K (131 ◦C), and α→ γ at 428 K (155 ◦C), as well as melting γ at
462 K (189 ◦C) [27]. These data are summarized in Table 1.

Table 1. Experimental phase transition temperatures and enthalpies determined using DSC.

DSC Results δ→ α β (+γ)→ γ δ→ γ α→ γ γ→ Liq.
1 Ttrans, K 393 * 368 408 418 463
2 Ttrans, K 293 ** 372 404 428 462
2 ∆H, kJ/mol - 0.8 *** 1.7 1.3 27

1 Data according to ref. [30]. 2 Data according to ref. [27]. * Phase transition of δ polymorph doped with pure α
form. ** Phase transition of δ polymorph in grinding experiments, no DSC. *** No exact data on enthalpy due to
an absence of a pure β form.

Later, Wahlberg et al. tried to estimate the relative stability order of all four polymorphs
at 0 K using a dispersion-corrected periodic DFT with different approaches: providing full
optimization, only ions (atom) positions relaxation with a unit cell fixed (adopted from
an experimental 122 K measurement), and only H-atoms being optimized (where the unit
cell and heavy atom positions are fixed as in the experimental structures at 122 K) [31].
All three options are summarized in Table 2 and show a different order of the polymorphs’
stability. No temperature dependence was studied in this work [31].

Table 2. Relative electronic structure energies (kJ/mol) of pyrazinamide polymorphs obtained using
different DFT optimization procedures. Results showed no consistency in relative stability using the
different procedures.

DFT Procedure 1 α β γ δ

2 Full-opt, kJ/mol −0.89 −1.29 - 0.00
Cell-fixed, kJ/mol 2.23 1.54 0.34 0.00
H-atoms opt only, kJ/mol 2.65 0.76 3.57 0.00

1 Results presented at B3LYP-D/VTZ-mod only, since the absence of dispersion correction in other LOTs. B3LYP-
D/6–31 G (d, p) level of theory is highly criticized in recent works [32] and, thus, these results are not presented
here. 2 Significant difference in the experimental and optimized unit cell volume is detected and may be the result
of a small basis set and a relatively weak dispersion correction scheme.

Hoser et al. provided the structure information of all four polymorphs at 10 K tem-
peratures, electronic energies and the Gibbs energy—temperature diagrams which take
into account zero-point energies (ZPE) and thermal effects via phonon calculations [33].
Nevertheless, phonon calculations were provided at a 6–31 G (d, p) basis set and using the
cell parameters from the 122 K XRD measurements with a further NoMoRe procedure [33].
These calculations led to different results of the polymorphs’ stability at 0–550 K depending
on the DFT optimization procedure used, in accordance with Wahlberg et al.

Important to note is that other computational approaches, such as various force
fields [34,35], the usage of bond critical point parameters obtained from the Bader anal-
ysis [36], and binding energies [37–39], may be used and adopted for a pyrazinamide
system. Nevertheless, direct calculations of the total energies using a periodic DFT is still
the most straightforward and well-proved method for a polymorphs comparison, including
in extreme conditions [40]. Thus, this approach was used by Wahlberg et.al. and Hoser
et al. to calculate the pyrazinamide polymorphs’ stability order.

Summing up, DSC provides valuable experimental data on pyrazinamide polymorphs,
but does not take into account the kinetic hindering of solid–solid phase transitions and
can hardly be used for systems where polymorphs have no direct transformations. Com-
putational methods, therefore, should be used to supplement these data and clarify the
relative stability of different forms. The theoretical investigations provided in the literature
have controversial data and do not take into account the temperature factor to the full
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extent of the DFT power and they rely on multiple constraints. Thus, an additional “pure”
computational study of pyrazinamide polymorphs’ stability is desired. Finally, special
attention in this work is pointed to the stability of the brittle δ and bending α forms and
their (brittle–bending) phase transition as an intriguing perspective of designing materials,
and changing the mechanical properties by temperature tuning [41–43].

2. Computational Details
2.1. Crystallographic Structures

The crystal structures of the pyrazinamide polymorphs were chosen from the CCDC
database with the lowest R-factors (<4%) solved and refined at a 100 K temperature:
PYRZIN22 (α) [44], PYRZIN18 (β) [27], PYRZIN19 (γ) [27], and PYRZIN16 (δ). The dis-
ordered γ form was treated as two independent structures with “A” and “B” positions
only and the energies were calculated by further summing the energies in the ratio of 0.866
and 0.134, respectively. These structures were used as the starting guesses for all further
calculations. All the pyrazinamide structures were converted to a VASP format using the
CIF2Cell code [45] for periodic DFT calculations.

2.2. Periodic DFT Calculations

All the periodic DFT calculations were performed using the Vienna ab initio simulation
package (VASP 5.4.4) [46–49] using the Perdew, Burke and Ernzerhof (PBE) functional [50],
a plane-wave basis set with a kinetic energy cutoff of 550 eV and projector augmented
wave (PAW) atomic pseudopotentials [51,52]. Dense k-point Monkhorst–Pack meshes [53]
of 5 × 2 × 1, 1 × 6 × 2, 3 × 7 × 2 and 4 × 4 × 2 were used for the α, β, γ (both “A” and
“B”) and δ forms, respectively. A typical energy convergence criteria of 0.1 meV/atom and
the additional criteria of 0.1 kJ/mol was used to achieve a tighter convergence. Gaussian
smearing was chosen (ISMEAR = 0) with 0.1 eV width smearing (SIGMA = 0.1). Dispersion
correction was used for the electronic structure calculations: Grimme D3 with a Becke–
Johnson damping function (D3BJ) [54] for the PBE functional, alongside the nonlocal
rev-vdW-DF2 functional of Hamada also known as vdW-DF2-B86R [55]. All the structures
were fully optimized, with both the unit cell and ion positions (ISIF = 3). The difference
between the experimental and optimized using PBE-D3BJ crystal structures may be found
in Table S1, showing a good agreement.

The temperature dependence of the Gibbs free energy was treated by computing the
second order derivatives of the total energy with respect to the position of the ions using
a finite differences approach (IBRION = 6) for the PBE functional with a D3BJ dispersion
correction. Symmetry was used to reduce the number of displacements. A supercell of
3 × 2 × 1 (α), 1 × 3 × 1 (β), 2 × 3 × 1 (γ), and 2 × 2 × 2 (δ) was constructed for the
finite differences approach to increase the accuracy of the performed calculations. K-point
meshes were chosen of 2 × 1 × 1, 1 × 2 × 2, 2 × 2 × 2 and 2 × 2 × 1 and were used for the
α, β, γ and δ forms, respectively. The finite difference approach using the D3BJ dispersion
correction scheme was performed to save the computational resources in comparison to the
density-functional-perturbation theory (DFPT) using a rev-vdW-DF2 dispersion correction,
while taking into account the good agreement of these methods for full electronic energy
calculations (see Table 3).

The dynamical matrix that was constructed and diagonalized, and the phonon modes
and frequencies of each system were reported in the OUTCAR file. Hessian elements from
vasprun.xml were further extracted to proceed with the Phonopy 2.17.1 package [56,57] to
calculate the zero-point energy correction term (ZPE), temperature dependent vibrational
energy, entropy and free energy. Mesh samplings of the reciprocal space used for the
calculations of the thermal properties in Phonopy were equal to the meshes used for the
electronic calculations in VASP.
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2.3. Molecular Mechanics Calculations

Additional calculations were provided using the robust CrystalExplorer 21 (CE) soft-
ware [58], which uses crystal structures without any optimization except for hydrogen
position normalization (as a default). The molecular cluster of 32 Å was used for all forms,
providing a convergence tighter than 0.1 kJ/mol. The lattice energy calculations employed
the CE-B3LYP/6–31 G (d, p) model intermolecular interaction energies incorporated in
CrystalExplorer 21, using the Gaussian 09 program suite [59] as a backend.

3. Results and Discussion
3.1. Lattice and Total Electronic Energies

Calculations of the electronic structure energies at 0 K are frequently used as a first
step in ranking polymorphs’ stability, especially at extreme conditions [40,60]. The lattice
energies of these pyrazinamide polymorphs were calculated using various methods at 0 K,
not taking into account any vibrational modes to rationalize the polymorphs’ stability. The
results show a good agreement between the plain-wave periodic DFT calculations using
different methods (shown in Table 3). These calculations were also supplemented with
CE results. In this method, a cell is mandatorily constrained to the experimental (100 K),
and only the intermolecular interactions are calculated to estimate the lattice energy; thus
giving different results in comparison to DFT. Despite several works with a successful
application of the CE algorithm for polymorphs’ stability ranking being presented in the
literature [61,62], it is more reasonable to use the original energy framework concept only
to visualize and rationalize the supramolecular architecture of molecular crystal structures,
as it was performed in ref. [33].

All our DFT calculations showed that the β form was the most stable at 0 K according
to full electronic energies. This coincides well with the previous results of Wahlberg et al.
for a full optimization procedure, and Hoser et al., where the unit cell was constrained at
10 K experimental structures using the B3LYP-D3 and PBE0-D3 functionals with a TZVP
basis set. The relative stability of δ (being more stable) and α (being less stable) forms based
on full electronic energies were also confirmed in a recent study of Hoser et al. Nevertheless,
ZPE is mandatory to include for estimating thermodynamic stability at any temperature.

Table 3. Relative electronic structure energies (kJ/mol) of pyrazinamide polymorphs obtained using
plane-wave periodic DFT with different methods and relative lattice energies via the CrystalExplorer
21 algorithm. The results show consistency in the relative stability using the DFT method, where a
full (unit cell and ions positions) optimization procedure was provided.

Calculation Method α β γ (A) γ (B) γ δ

DFT-PBE-D3BJ, kJ/mol 2.1 (III) 0.0 (I) 2.0 7.0 2.6 (IV) 1.1 (II)
DFT-rev-vdW-DF2, kJ/mol 3.0 (III) 0.0 (I) 3.3 10.4 4.3 (IV) 2.5 (II)
* CE-B3LYP/6–31 G (d, p), kJ/mol 0.9 (III) 0.0 (II) 13.5 ** 28.3 ** 15.5 ** (IV) −2.3 (I)

* CrystalExplorer 21 should not be considered analogous to periodic DFT calculations since it has a very different
approach and treats experimental structures. ** Lattice energies are very sensitive to crystallographic data and
may give overestimated energies.

3.2. Gibbs Free Energies at Different Temperatures

Gibbs free energy is a useful thermodynamic potential for estimating the relative
stability of polymorphs at finite temperatures. Adding the ZPE to the total electronic
energies levels out the difference in the internal energy (U) between the α and δ forms
(Table 4). The β form proves to be the most stable at 0 K.

These findings raise a question of the presence of any temperature interval of the
thermodynamic stability of the δ form, which was suggested previously based on DSC
data and the crystallization resulting from warming the amorphous state up to 260 K [63].
To answer this question, the temperature contributions were calculated directly from the
second-order derivatives of the total energy with respect to the position of the ions using
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a finite differences approach. Thus, it was possible to obtain the Gibbs energies and their
terms and to find the relative stabilities in the 0–470 K range.

Table 4. Relative Gibbs free energies of pyrazinamide polymorphs at 0 K calculated as a sum of
full electronic energies and ZPE vibrations using a finite difference approach (i.e., D3BJ dispersion
correction).

α β γ (A) γ (B) γ δ

∆G (rel., 0 K), kJ/mol * 2.0 (II–III) 0.0 (I) 3.0 9.7 3.9 (IV) * 2.0 (II–III)
* Calculated energies are 2.01 kJ/mol and 2.04 kJ/mol for the α and δ forms, accordingly, but the difference in
0.03 kJ/mol cannot be proved due to the convergence criteria of 0.1 kJ/mol.

The Gibbs free energies showed that the β form was the most stable at 0–264 K followed
by the highest stability of the α form of 264 K up to a melting temperature. A previously
reported δ polymorph was suggested as being more stable than the α, β and γ forms, and
was proved to be metastable in the whole temperature range. This coincides well with the
results of the periodic DFT with a unit cell fixed, as reported in ref. [33] as the Model 1.
It was also shown that the 0 K enthalpies of the α and δ forms were extremely close and
there was no possibility to prove one’s stability unambiguously. To better understand the
behavior of the system at higher temperatures and possible phase transitions, the enthalpy
and entropy terms should be examined separately.

The enthalpy differences were almost constant, except for the γ (B) form. The entropy
term (−T × S) was more demonstrative for temperature dependencies. Nevertheless,
it is important to state several technical aspects of such calculations. Supercell usage is
highly recommended for these purposes, and it significantly influences the results due to
obtaining a converged dynamical matrix (as it was shown for the pyrazinamide system
(Figure S1 see Supplementary Materials)); thus, a finite difference approach with supercells
was used. Accurate calculations show stability decreases of the β and δ polymorphs,
which was also proved in previous experiments (DSC) and DFT calculations. Temperature
dependencies (G and −TS) show that the β form became less stable at a much higher rate
in comparison to δ (which is contrary to previous DFT work) and fully coincides with
experimental studies, showing a lower temperature of β→ γ than a δ→ γ phase transition.
Our calculations were also in good agreement with an experimental transformation of
γ→ δ during storage for 6 months, due to an ~1–2 kJ/mol higher stability of the δ form
at room temperature (depending on how the γ form energy is calculated as reported
below). Direct calculations of the enthalpy differences between the forms at experimental
phase transition temperatures were also performed, and showed a very good quantitative
agreement of 0.1 kJ/mol (Table 5).

Table 5. Experimental and calculated enthalpies for pyrazinamide polymorphs phase transitions at
experimental temperatures.

DSC Results δ→ α β (+γ)→ γ δ→ γ α→ γ

1 Ttrans, K 293 * 372 404 428
1 Exp. ∆H, kJ/mol - 0.8 *** 1.7 1.3
Calc ∆H, kJ/mol - ** 4.5 1.6 1.2

1 Data according to ref. [27]. * Phase transition of δ polymorph in grinding experiments, no DSC data. ** Reverse
stability of these forms: δ form is more stable at 293 K. *** No exact data on enthalpy due to an absence of the pure
β form.

Nevertheless, the simulation of the γ form, which became most stable at higher
temperatures according to the DSC results, was not straightforward. No previous, nor has
this study predicted a α→ γ phase transition before or near the melting point according to
Gibbs free energies. A single crystal diffraction showed a disorder in the crystal structure
of the γ polymorph, which can be treated in multiple ways during DFT calculations [31].
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The most straightforward option is to simulate disorder as two independent structures
(denoted as γ (A) and γ (B) in Figure 2), and to sum the energies as a superposition of these
models (denoted as γ). A disorder stabilization of the γ structure by increasing the entropy
can be partly considered as the entropy of mixing, which was performed and plotted as the
γmix analogous to ref. [33]. This quantitatively helps to increase the stability of the γ form at
higher temperatures. Nevertheless, we would like to highlight that, according to the Gibbs
free energy (as well as the −T × S term), the γ(A) structure is more preferable than the γmix
in the whole temperature rate and increase, as it is relative to the γmix stability at higher
temperatures after 390–400 K. Taking into account that the crystal structure of the γ form
was obtained from saturated solutions, a disordered structure may be a consequence of
highly nonequilibrium crystallization. Phase transitions from other polymorphs at different
temperatures may process without the formation of a disordered structure. Based on our
calculations, one can speculate γ(A) as being the only form at high temperatures after the
occurred phase transitions. Finally, it is important to note that the real crystal morphology
is not known and that the γ form may have domains of γ(A) and γ(B), or may have various
superpositions at the supramolecular level; thus, it is not possible to provide the same level
of calculations as for the other pyrazinamide structures. Nevertheless, an overall trend in
an increasing stability via the entropy term was qualitatively proved and coincided well
with previous studies.
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of temperature (where the lower it is the more stabilizing it is): (a,d) Gibbs free energy; (b,e) enthalpy
of crystal structures; (c,f) entropy as −T × S term. β form energies at 0 K are taken as zero for
the upper row. The lower part shows the differences in energies with respect to the β form, which
becomes horizontal and equal to 0. The γ form is treated separately as γ (A), γ (B), γ and γ (mix)
where: γ is calculated as a superposition of disordered structures proportional to their ration in
the final structure γ = x1 × γ (A) + x2 × γ (B); γ (mix) is γ, corrected by T × Smix., where Smix is
calculated as the standard entropy of mixing Smix = R × [x1 × ln(x1) + x2 × ln(x2)], where x1 = 0.866,
and x2 = 0.134 for the A disorder and B disorder, correspondingly.
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4. Overview

In this contribution, we provide a pure computational study of pyrazinamide poly-
morphs without any constrains to the crystal structures in contrast to previous works.
The thermodynamic stability of four different forms was calculated and analyzed with
special attention paid to the temperature dependence. Our calculations are in a very good
agreement with experimental phase transitions data at room temperature, showing the α

form as being the most stable (Figure 3). The transition of the γ→ δ form is also consistent
with the calculated energies, while β→ γ and β→δ are predicted at higher temperatures
according to the G(T) trends of these polymorphs (Figure 2d). This might be the result of a
slight overestimation of the β form stability in ours and in previous calculations.
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Figure 3. (a) Experimental phase transition scheme at room temperature based on data from ref. [27].
(b) Calculated relative thermodynamic stability (Gibbs free energies) of four pyrazinamide poly-
morphs near room temperature as a function of temperature.

Another qualitative agreement is an increase of the α and γ stability at higher temper-
atures due to a higher entropy in respect to the β and δ polymorphs. A previously reported
experimental low-temperature stability of the δ form seems to be metastability, because of
a more advantageous internal energy of the β crystal structure. This conclusion coincides
well with previous DFT studies of 10 K structures with constrained unit cell parameters
and a full optimization in earlier work.

Finally, we have highlighted several valuable computational details in Gibbs energies
calculations for polymorphs’ stability ranking, taking pyrazinamide as an example (i.e.,
ZPE and supercell usage). The ZPE contribution may significantly change the lattice
energies, leveling out a difference in electronic energy, as it was shown for the α and δ

forms, consequently becoming very close in terms of their stability. In our calculations,
a bending α polymorph has a higher stability than a brittle δ in the whole temperature
range, proving that the δ→ α phase transition is hindered by kinetics in DSC experiments.

5. Conclusions

The relative stability of pyrazinamide polymorphs over a wide temperature range has
been studied using computational methods. Electronic structure and phonon calculations
were performed to obtain the temperature dependence of the thermodynamic properties
of α, β, γ and δ pyrazinamide. It was confirmed that the α form was a stable polymorph
at room temperature, whereas the β-form appeared to be a low-temperature form instead
of the previously suggested δ-form, which appeared to be metastable in all temperature
ranges. The relevance of our model was confirmed by the very good agreement between
the calculated and experimental enthalpies of polymorphic transitions, as well as the
relative agreement of the order of transition temperatures. The discrepancy between the
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experimental and calculated transition temperatures between the γ and the other forms is
explained by the complexity of the accurate simulation of the disordered γ-form.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13040617/s1, Figure S1: Calculated relative Gibbs free energies
using full unit cell (no supercell) (a) finite difference approach using PBE-D3BJ functional, (b) DFPT
approach using nonlocal rev-vdW-DF2 functional; Table S1: Comparison between initial parameters
of experimental crystallographic data and optimized crystal structures for the of α(PYRZIN22),
β(PYRZIN18), γ(PYRZIN19) and δ form (PYRZIN16) calculated using DFT-PBE-D3BJ level of theory.
Difference in % is given in brackets.
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