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Abstract: A validation study to predict the possible stable polymorphs of
pyrazinamide within the low energy conformational region of the flexible
torsion angle was performed through a potential energy surface (PES) scan by
gas phase optimisation using the MP2/6-31G(d,p) method. Hypothetical crystal
structures with favourable packing density for each of the stable conformers
generated from the PES scan were generated using a global search with a
repulsion only potential field. The densest crystal structures with stable energy
were analyzed with more accurate lattice energy minimisation via distributed
multipole analysis using the repulsion—dispersion potential. The stability of the
predicted crystal structures with similar close packing to the known experi-
mental polymorphs of the pyrazinamide molecule were analyzed by inspecting
their intermolecular short contacts. Studies to analyze the second derivative
mechanical properties from the Hessian matrix were realised to emphasise the
thermodynamic stability of predicted polymorphs of pyrazinamide.

Keywords: Ab initio crystal structure prediction; polymorphs; PES scan; lattice
energy minimisation; Hirshfeld surface.

INTRODUCTION

Polymorphism is the property of a molecule that describes its ability to crys-
tallise in more than one crystal form. Theoretical work to identify the poly-
morphs is a subject of great academic and industrial importance, since the experi-
mental observation of certain polymorphs is sometimes very challenging. Poly-
morphic structures can have similar or very different chemical and physical pro-
perties from the parent structure,! which may alter, for example, their pharma-
ceutical effectiveness. Typical investigations to find the polymorphic landscapes
are performed experimentally, but theoretical predictions can reduce the process
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764 ARPUTHARA, NIDHIN AND SRINIVASAN

time with much accuracy. As a result, techniques to predict crystal structures
have been introduced and tested for various molecules. Recently, in a report on
the fifth blind test, Price et al. analyzed the polymorphic hydrate gallic acid
monohydrate? by refining the search space to a more manageable level by iden-
tifying the flexible torsions. Most of the crystal structure prediction (CSP) tech-
niques assume that the stable polymorphs come in the lowest energy region of
lattice-energy surface.3

Interesting and challenging tests for ab initio CSP techniques are the extent
to which they can predict the polymorphs of the same crystal compositions. The
current paper presents an attempt to predict the polymorphic structures of pyra-
zinamide, within a flexible torsion range and a specific potential field. Pyrazin-
amide is an antitubercular drug molecule, which can shorten the therapy to 6-9
months and has a better effect over semi-dormant bacilli.# The concerned pyra-
zinamide molecule has four known polymorphic forms, @, B, y and .5 The
structural reports of these known polymorphs revealed that the two-dimensional
sheet-like appearance of the £ polymorph contributes to a herring bone motif, and
similar can be observed for the ¢ polymorph; whereas the a and J forms exist as
simple sheet structures.® Detailed analysis of the intermolecular short contacts of
the four polymorphic forms indicated the presence of a dimer interaction between
the carboxylic and the amide functional eroun. which was absent for the y poly-
morph. The presence of strong n---m stacking for the y polymorph causes the
crystal structure to create face—face stacks whereas an edge—face interaction was
exhibited by the & polymorph.” Studies of these structures showed that the known
polymorphic forms arose from deviation in the short contacts and the hydrogen
bond motifs that may affect the solubility of the pyrazinamide molecule, which in
turn is one of the favourable qualities of a pharmaceutical compound. As exp-
lained, the presence of polymorphic structures may change the physical and
chemical properties of molecules, and may alter their medicinal value. Thus the
need for ab initio CSP techniques to predict the polymorphs of different organic
molecules justifies its importance.

AB INITIO METHODOLOGY

The crystal structure prediction methodology for flexible molecules exhibiting conform-
ational polymorphism should evaluate and compare the relative energy penalty for the
intramolecular distortion of the molecule to verify its stability using Eq. (1):

Etolal = Ulattice + AEintra (1)

The commonly used ab initio CSP method starts with a potential energy surface scan
with a flexible torsion angle and global search to identify the likely crystal structures within
the crystal energy landscape. The selected best crystal structures were then subjected to lattice
energy minimisation. The same methodology was used in the current paper with the potential
energy surface scan executed using the MP2 method with the 6-31G(d,p) basis set in Gaussian
09.8 A global MOLPAK? search for the densest hypothetical crystal structures within the
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AB INITIO PREDICTION OF PYRAZINAMIDE 765

crystal energy landscape was realised by performing step-by-step orientations of the con-
cerned molecule in all common coordination geometries for constructing the appropriate
coordination patterns with the unit cell volume as the function to be minimised. The algorithm
uses a repulsion only UMD potential to build the packing arrangements in the commonly
encountered space groups P1, P 1, P2, Pm, Pc, P2, P2/c, P2,/m, P2/m, P2,/c, Cc, C2, C2/c,
Pnn2, Pba2, Pnc2, P22, Pmn2;, Pma2, P2,2,2,, P2,2,2, Pca2;, Pna2;, Pnma and Pbca. The
densest hypothetical packings generated from the MOLPAK search were then subjected to
more accurate lattice energy minimisation using DMACRYS,!? which implements a repul-
sion—dispersion potential field of the form:

U=Zic1ie2 [(AiiAkk)l/z]eXp[_(Bii + B Rt/ 2]_(Ciickk)l/2/R6ik 2

where i and & are the atoms in molecules 1 and 2 of different types. The parameters used in
this study came from the FIT potential, parameterized by Williams and Cox,!! with additional
terms for the hydrogen atoms bound to nitrogen later fitted by Coombes et al.'?

The thermodynamic stability of predicted crystal structures was verified from the second
derivative properties from the DMACRYS optimization by confirming the Born stability
criteria were met. The eigenvalues of the final optimized structure were evaluated for all the
representations of the group to find the occurrence of any negative eigenvalues. The presence
of negative eigenvalues indicates that the structure had been optimized to a saddle point
between two lower symmetry structures. A valid minimisation can be performed in such cases
by re-minimising the optimized structure after removing the corresponding representation of
space group from the symmetry constraints to attain the true minimum.

In the next section, a detailed outline of the employed approach towards pyrazinamide is
provided.

Potential energy surface scan with flexible torsion

The conformational diversity of a molecule increases with increasing number of flexible
torsion angles,'? and hence, the potential energy surface of flexible molecules which form
different conformational structures should be analyzed.!# The aim of this stage was to find the
local minima of the low energy conformers within the energy landscape by performing a
potential energy surface scan with a selected flexible torsion angle (8), the variation of which
plays a vital role in producing conformational polymorphism. A potential energy surface scan
executed through a series of MP2 level gas phase optimizations gives detailed analysis of
possible conformers of the molecule of interest and the energy barrier associated with the
conformational changes of the flexible molecule and thereby locating local minima,!> which is
crucial for the prediction methodology.

The central aromatic ring of the pyrazinamide molecule was found to be rigid due to its @
interactions compared to the terminal bonds. Since the range of conformers produced depends
on the degrees of freedom of the flexible molecule, the terminal torsion angle N(3)-C(2)—
—C(1)-N(1) (0) was selected as flexible for the current potential energy surface scan. Each
point on the potential energy surface was considered to be a partial gas phase optimization
with the MP2 level theory using the 6-31G(d,p) basis set, and varying 6 from —180 to 180°. A
plot of the energy difference of each conformer generated on the PES scan as the torsion angle
varies from —180 to 180° with respect to the global minimum is shown in Fig. 1. The PES
scan revealed that the conformer with lowest energy was attained at a torsion angle of 0° and
is considered as the global minimum. The structural aspects of the conformers generated at the
troughs of the PES scan were analyzed and studied thoroughly. The deep trough (at 0°) in the
plot of the energy penalty against torsion angle (Fig. 1) arises from the geometric position of
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7 6 6 ARPUTHARA, NIDHIN AND SRINIVASAN

the terminal nitrogen atom (N(1)] being cis to the ring nitrogen [N(3)), thereby enabling a
strong intramolecular hydrogen bonding interaction. Two shallow troughs in the plot were
found at the near trans position of N(1) and N(3) making a torsion angle of ~140°. The stable
conformers generated in the PES scan of the selected torsion angle were analyzed and those
within an energy range of =10 kJ mol! of the global minimum'® were selected for the
MOLPAK global search. The selected conformers had the cis configuration of the key aro-
matic nitrogen with the terminal nitrogen atom, and a torsion angle ranging from —40 to 40°.
All the other structures were not considered since they were found to be at higher regions of
the energy plot and thus, it was very unlikely that the intermolecular energy could overcome
the energy penalty for deformation of the molecule from the global minimum.
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Fig. 1. Graph of energy difference vs. the torsion angle N(3)—C(2)—C(1)-N(1).

MOLPAK global search for the crystal structures

The prior background aim of the global search is to generate all the possible hypothetical
dense structures with various space group symmetry within the lattice energy surface. All the
generated structures within a specific space group were then optimized with the boundary
values of decision variables like lattice lengths, lattice angles and Euler's coordinates which
determine and specify the geometry of the unit cell. The optimized structures with calculated
density less than the threshold density were taken as one of the possible crystal structures.

The global search for the crystal structures of pyrazinamide was realised using the
MOLPAK algorithm, which reconstructs the optimized conformers on a three dimensional
grid. All the unique orientations were obtained by rotation of the rigid molecule in 10° steps
from —90 to 90° within the three Cartesian planes, generating 6859 (193) hypothetical starting
molecules. Space group symmetry was then applied to generate the complete crystal structure.
The packing density and the unit cell volume of each generated structure were analyzed with
the PMIN refinement using a repulsion only UMD potential. The structures were ranked based
on the packing density and the densest were carried forward to the lattice energy minimis-
ation.!” The current study of pyrazinamide dealt with the search in 25 commonly encountered
space groups in the Cambridge Structural Database (CSD), from which about 1067 hypo-
thetical crystal structures were selected as starting point for lattice energy minimisation.
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AB INITIO PREDICTION OF PYRAZINAMIDE 767

DMACRYS lattice energy minimisation and selection of the final structures

The hypothetical densest rigid molecule crystal structures generated from the global
search were selected as the starting points for the lattice energy minimisations to evaluate their
thermodynamic stability using the DMACRYS algorithm, which incorporates a repulsion
dispersion potential field of the form Eq. (2). The electrostatic and intramolecular interactions
of the molecules were modelled through a set of atomic dipoles evaluated from a distributed
multipole analysis of the MP2/6-31G(d,p) charge density using the GDMA algorithm.!8

The DMACRYS lattice energy minimisation of the hypothetical rigid molecule crystal
structures calculates the Ewald summed charge—charge, charge—dipole, dipole—dipole inter-
actions'? and the second derivative properties from the Hessian matrix to emphasise their
stability and valid minimisation. The structures that had not reached true minima were at a
transition state, which will reach true minima in further lattice minimisation within the
interaction field. For pyrazinamide, it was noted that some of the crystal structures failed to
reach true minima, generating non-zero eigenvalues for the coordination symmetry. Therefore
repeated minimisation was done for such crystal structures to attain true minima, by removing
the non-zero representation from the symmetry constraints.
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Fig. 2. The crystal energy landscape showing all the possible predicted stable crystal
structures of the pyrazinamide molecule along with the minimised experimental
pyrzin 16 (), pyrzin 22 (o) and pyrzin 18 (5) polymorphs.

Figure 2 shows the dense crystal energy landscape with the generated optimized crystal
structures together with the minimised experimental pyrazinamide structure within the region
from —90 to —103 kJ mol~!'. The predicted structures within this region are expected to be
stable and crystallise under normal thermodynamic conditions. The densest crystal structures
which are stable and match with the experimental crystal structures were evaluated from
comparisons performed using COMPACK?2? with 20 molecules in the coordination sphere and
50 % tolerance to check the accuracy of the optimization technique and potential used.
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RESULTS AND DISCUSSION

Analysis of the predicted conformers

The hypothetical crystal structures from the crystal energy landscape were
sorted in increasing order of the total energy (FEtota1). The most stable structures
from the landscape predicted via the ab initio crystal structure prediction method
are presented in Table I. The structures that almost matched the experimental
crystal were selected based on the root mean square deviation (RMSD) for the
crystal packing similarity. The lowest energy optimized crystal structures could
be considered as potential polymorphs of pyrazinamide.

TABLE 1. List of lowest energy conformers identified via ab initio CSP together with the
reproduced experimental polymorphs (d, o and ) of pyrazinamide

Space A A A o o o 7Ulattice 7Etotal D‘en-
Structure aroup al b/ cl/ o/ p/ v/ I moll kI mol! gs;g;d
Strl Pc  7.206 11.663 15938 90.00 154.23 90.00 104.4143 102.803 1.4041
Str2 Pc 4225 15.833 8.824 90.00 85.56 90.00 101.9214 101.921 1.3895
Str3 P2,,, 6.345 15916 11.685 90.00 90.00 90.00 102.6184 101.007 1.3861
Str4 P2, 9.674 15.854 4.054 90.00 70.36 90.00 101.9925 100.381 1.3964
Str5 Pna2, 8.870 15.491 4.213 90.00 90.00 90.00 100.2139 100.214 1.4126
Str6 P2,/c 5.650 5.377 18.471 90.00 92.38 90.00 100.1129 100.113 1.4586
Str7 P1  5.797 6.624 7.563 89.89 85.02 76.74 99.3356 99.3356 1.4523
Str8 P1  5.852 6.356 13.152 53.75 130.69 129.85 100.6196 99.0078 1.504
Str9 P1  22.149 7.193 3.616 90.00 90.00 90.00 98.8418 98.8418 1.4196
Str10 C2/c 14.184 7.878 10.675 90.00 72.70 90.00 98.8156 98.8156 1.4361
Str11 P1  21.768 3.608 14.783 90.00 90.00 90.00 98.8047 98.8047 1.4088

Str12 Pna2, 14.15710.537 3.743 90.00 90.00 90.00  98.2558 98.2558 1.4648
Strl3 P2,/c 9977 5.623 13.521 90.00 46.17 90.00 97.8271 97.8271 1.4943
Str14 P1  3.728 7.742 11.524 65.73 92.62 105.15 97.8262 97.8262 1.4006
Strl5 P1  7.605 5800 7.135 107.71 85.75 113.36  97.7639 97.7639 1.4878
Strl6 P2,/c 8354 4.520 14.909 90.00 7521 90.00 97.582  97.582 1.5023
Strl7 P2,2,2,11.760 15.854 6.404 90.00 90.00 90.00  99.1534 97.5416 1.3699
Str18 P2, 8.342 4.528 14.905 90.00 75.24 90.00 97.5236 97.5236 1.502
Str19 Pl 5313 7.813 8.051 73.70 80.96 73.66 97.5112 97.5112 1.333
Str20 P2;/n 3.658 6.898 22.790 90.00 82.05 90.00 97.4168 97.4168 1.4357
Str99 Pl  3.703 5.494 14.41193.079 92.315 104.460 91.9924 91.9924 1.4445

The COMPACK comparison for the predicted low energy crystal structure
generated at the 8th, 20th and 99th rank, with the corresponding Ejota energies
—-99.01, —97.42 and —91.99 kJ mol-! (called hereafter Str8, Str20 and Str99) res-
pectively show a perfect match with the known experimental polymorphs of
pyrazinamide, pyrzinl6, pyrzin22 and pyrzinl8 (hereafter called J, a and S, res-
pectively) exhibiting 20 molecules in common within the coordination sphere and
a packing RMSD value below 1.1 (Fig. 3). The presence of the optimized struc-
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AB INITIO PREDICTION OF PYRAZINAMIDE 769

tures similar to the experimental polymorphs of pyrazinamide successfully valid-
ates the generated landscape. No optimized crystal structures with similar pack-
ing to the experimental y polymorph of pyrazinamide were generated in the land-
scape, probably because this structure is in a disordered form in the CSD database.

(D @) ©)

Fig. 3. Overlay of: 1) Str8 (blue) with the experimental form (green), 2) Str20 (blue) with
experimental form (green) and 3) Str99 (blue) with experimental form (green).

TABLE II. Reproduction of the observed crystal structures of pyrazinamide using the
experimental conformation (Expminexp) and the matching structures (20 molecules in
common) found during the search of the optimized conformations

Density  —FE,
gcm?  kJ mol?!
Pyrzinl6 (J) 5.119 5705 9.857 97.460 98.170 106.470 - -

Conformation a/A  b/A c¢/A a/° p/° yl°

observed

Expminexp 5.194 5852 9.803 97.924 97.789 110.040 1.5041 99.05
Expminopt 5.852  6.356 13.152 53.749 130.686 129.849 1.504 99.01
Pyrzin22 (a) 3.617 6.741 22.463 90.000 92.390 90.000 - -
observed

Expminexp 3.617 6.714 22.463 90.000 92.395 90.000 1.4354 97.47
Expminopt 3.658 6.898 22.790 90.000 82.050 90.000 1.4357 97.42
Pyrzinl8 (f) 3.624 10.616 14.315 90.000 101.120 90.000 - -
observed

Expminexp 14.021 3.791 10.953 90.000 100.402 90.000 1.4280 93.55
Expminopt 3703 5494 14.411 93.079 92315 104.460 1.4445 91.99

The comparative analysis shown in Table II indicates that the optimized
hypothetical structures were generated at equivalent total energies with respect to
those of the reproduced experimental polymorphs of pyrazinamide, thereby con-
firming the similarity. As mentioned in the previous report,2! there was a dis-
crepancy between the f polymorph (Pyrzin 18) at 0 K and its CSP generated
equivalent.

Figure 4 shows the powder XRD patterns simulated for both experimental
and the corresponding optimized pyrazinamide structures exhibited good match.

Available on line at www.shd.org.rs/JSCS/

(CC) 2016 SCS. All rights reserved.



7 7 O ARPUTHARA, NIDHIN AND SRINIVASAN

The similarity in the patterns confirmed the optimized structures Str8, Str20 and
Str99 resemble those of the J, a and S polymorphs, respectively.
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Fig. 4. Comparisons between the simulated XRD patterns of the experimental (top) and
predicted (bottom) structures of the a) &, b) a and c) § polymorphs of pyrazinamide.
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Intermolecular short range contacts of rigid molecules are of vital import-
ance to their thermodynamic stability and strong packing. Since the stability of
well packed crystal structures is a result of hydrogen bond interactions, the graph
sets and key hydrogen bond motifs of the theoretical and experimental crystal
structures of pyrazinamide were analysed to explain the structural stability. The
analysis demonstrated that the predicted crystal structures Str8, Str20 and Str99
replicate the hydrogen bond interactions of the §, @ and f polymorphs of pyrazin-
amide. Detailed inspection of the structures showed that the experimental § and
polymorphs formed a ring type R»2(8) hydrogen bond motif, whereas the experi-
mental o polymorph was stabilised by two ring type motifs, R»%(8) and Ry2(10),
and three chain type C52(9), C2(7) and C,2(16) motifs (Table III). It should be
noticed that these ring types are explicitly H-bonded dimers which include N(1)
as the donor and N(3)/0O(1) as acceptors (N(1)-H(2)---O(1) and N(1)-H(1)---N(3),
see Fig. 1 for the atomic numbering); whereas the chain type hydrogen bonds
give rise to a zig-zag manner of interaction, with the same donor—acceptor pairs of
atoms as for the case of both the experimental and the corresponding predicted o
polymorphs. The similarity in the short intermolecular contacts between the
experimental and theoretical crystal structures with the same donor acceptor pairs
of atoms revealed that Str8, Str20 and Str99 resemble the experimental 6 , o and f
polymorphs, respectively, with low RMSD values (Table I1I).

TABLE III. List of the common graph sets for the experimental polymorphs and
corresponding ab initio predicted crystal structures

Conformer . Deviation in Experimental
label Hydrogen bond motif Ep. kJ mol! RMSD polymorph
Str8 R22(8) 0.0754 0.217 o
Str20 R22(8) R22(10) C22(7) C22(9) C44(16)  0.0494 0.321 o
Str99 R22(8) 1.5574 1.098 yij

From the COMPACK comparison exhibiting the low RMSD values and the
hydrogen bond motif analysis, it is clear that the predicted crystal structures,
Str8, Str20 and Str99, with Eiy, values of —99.01, —97.4 and —91.9 kJ mol ™!,
respectively, are in good agreement with the J, a and f polymorphs of pyrazin-
amide with the same hydrogen bond network that stabilizes the structure. Ther-
modynamic stability and mechanical strength were analyzed from the C;; mat-
rix,22 which indicates that the crystal structures met the Born criteria of stability.
The estimated mechanical properties of the predicted structures are presented in
Table I'V.

The results from Table IV revealed that the predicted structures had good
matches with the mechanical sensitivity (Young’s modulus) of the experimental
polymorph of pyrazinamide, which validates the prediction methodology and the
potential field used in the current research.
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TABLE IV. Comparison of the mechanical properties of the ab initio predicted crystal
structures and the minimised experimental polymorphs of pyrazinamide

Structure/ Diagonal elements of elastic stiffness tensor matrix, C; Young’s
Label Cy Cyp, Cs; Cy Css Cq  modulus, GPa
) 42.15949 37.22293 56.43596 12.98786 31.09893 1231457  34.80518
Str8 3293377 70.05573 26.60066 26.68087 15.79472 16.98622  34.79503
o 21.3624 48.63952 50.55721 23.50807 8.76284 13.58747  32.05085
Str20 21.2048 48.76925 51.25284 23.87522 8.47534 13.15296  32.06417
Y/ 82.43099 19.57472 40.87375 8.44669 12.50882 16.82628  32.54519

Str99 28.51313 18.95646 99.67113 7.88322 13.27796 8.63193 26.30433

Hirshfeld finger print plot analysis

An investigation of the intermolecular short contacts for the ab initio pre-
dicted polymorphs of pyrazinamide was performed by analyzing the 2D finger-
print plots for each structure23 generated using Crystal Explorer.24 The finger-
print plots for each predicted polymorph showed two distinct spikes at the lower
di/d, region indicating the presence of N---H/H---N and O---H/H---O intermole-
cular short contacts. As the oxygen atom is more electronegative than the nitro-
gen atom, the interaction was found to be stronger in structures containing
O---H/H---O. A comparative analysis of the intermolecular short contacts between
the experimental and predicted polymorphs of pyrazinamide revealed the similar
nature of the interactions with the N(1) atom at the terminal bond being the donor
atom. The 2D fingerprint plots with resolved and unresolved short contacts of the
experimental and predicted polymorphs of pyrazinamide are shown in Figs. 5-7.

Figures 5-7 show the 2D finger print plots for the experimental pyrazin-
amide polymorphs, &, o and 3, together with the corresponding optimized struc-
tures, Str8, Str20 and Str99, respectively, with resolved and unresolved short
contacts. It could be seen that the structures were stabilized through N---H/H---N
and O---H/H---O intermolecular contacts. The former interaction was found to
contribute the major percentage to the Hirshfeld surface, indicating its vital imp-
ortance for both experimental and theoretically predicted structures. It could be
observed that the greater electronegativity of the oxygen atom makes the spike
more pointed to the low d;/d, region for all the experimental and predicted
structures, indicating the O---H/H---O interaction.

The interactions contribute ~18 % for both the experimental dand a poly-
morphs, whereas a higher contribution was observed for the experimental £ (19.7
%) and Str99 (21.7 %) molecules. The shallow and broad region of the Hirshfeld
surface between the spikes indicates weak H---H interactions. The strength and
the surface contribution to the Hirshfeld surface for each interaction emphasise
the fact that the crystal structures are stabilized through N---H/H---N and O---H/
/H---O intermolecular contacts, whereby, the nitrogen atom is the donor and oxy-
gen is the acceptor.
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N---H/H--*N interactions and (c) resolved O---H/H:--O interactions.
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Fig. 6. 2D finger print short contact plots of the experimental a polymorph (first row) and
Str20 (second row) with (a) 100 % contribution of all atoms to the Hirshfeld surface, (b)
resolved N---H/H--N interactions and (c) resolved O---H/H---O interactions.
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Fig. 7. 2D finger print short contact plots of the experimental £ polymorph (first row) and
Str99 (second row) with (a) 100 % contribution of all atoms to the Hirshfeld surface, (b)
resolved N---H/H---N interactions and (c) resolved O---H/H---O interactions.

The resolved and unresolved contributions of each key interaction with
respect to their experimental polymorphs are tabulated in Table V.

TABLE V. The percentage contributions of the key interactions for both experimental and the
corresponding theoretical structures

Interaction exp 0/ Str8 exp o/ Str20 exp f / Str99
N---H/H-N 22.8/22.4 26.1/25.3 24.1/21.5
O---H/H---O 18.2/17.7 18.3/18.5 19.7/21.6

The data included in Table V show the percentage contribution of the key
interactions for both the experimental and their corresponding optimised con-
formers. An analysis of the data from Table III indicates that the structures called
Str8, Str20 and Str99 are the experimental §, o and £ polymorphs of pyrazin-
amide generated in the energy landscape and thereby justifies the thermodynamic
stability of the optimized structures.

CONCLUSIONS

Ab initio crystal structure prediction of the hypothetical densest structures
within a flexible conformeric region using a repulsion—dispersion potential field
showed good accuracy in predicting the polymorphic structures of pyrazinamide.
The energy landscape generated by considering all the likely geometric con-
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formers was found to be densely populated. Lattice energy minimisation of the
lowest energy structures was performed incorporating the distributed multipole
charges. The unique optimized crystal structures were refined and studied
thoroughly. The stability of the selected structures was verified by analyzing the
intermolecular interactions and second derivative mechanical properties, con-
firming that the structures had achieved the Born criteria of stability. Detailed
analysis of the hydrogen bonds showed that Str8, Str20 and Str99 had similar
interactions to the 8 a and £ polymorphs of pyrazinamide indicating their physic-
ally favourable nature. The Hirshfeld 2D fingerprint plot analysis of the predicted
polymorphs revealed that the majority of the interactions are made by the amide
and carboxylic group of the molecule, providing a major contribution to the
Hirshfeld surface, thereby achieving the stability. The favourable results from the
studies made for the theoretical crystal structures of pyrazinamide justify the sel-
ected flexible torsion angle and the potential field used for the current prediction
methodology. The similarities of the optimized structures with respect to the
experimental known polymorphs of pyrazinamide proved the authenticity of the
generated energy landscape. Thus the lower energy optimized theoretical struc-
tures of pyrazinamide generated via the current prediction method in the energy
landscape could be considered as potential polymorphs of pyrazinamide, which
are resolved or yet to be resolved, thereby the current methodology was validated.
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ance in the preparation of this manuscript. The authors are also grateful to DST-SERB for

providing financial assistance and support for this research work, carried out under the young
scientist fast track project.

H3BOI
AB INITIO IPEABUBALE TIOIMMEPHUX CTPYKTYPA ITMPASUHAMUTIA
CTYIWJA BAJIUJAIIUJE

DAVID STEPHEN ', P.V. NIDHIN' u P. SRINIVASAN?

"Department of Physics, Sri Shakthi Institute of Engineering and Technology, Coimbatore, India;
2Department of Physics, C. Kandaswami Naidu College for Men, Anna Nagar, Chennai, India

CxeHrpameM NoBpLIMHE NoTeHUHjanHe eHepruje (PES) nobujeHe ontumMusanujom y rac-
HOj dasu nomohy MP2/6-31G(d,p) metone, ypaheHa je cTynuja Banupauuje 3a npensuhame
moryhux crabunHux nonumopda nmupasvHaMupa y odmactd KoHdopManyja HUCKE eHeprHje
3a ¢nexcudUIHY TOP3HUOHM yrao. ['eHepucaHe Cy XHIOTeTHYHE KPHUCTaaHE CPYKType ca IMo-
BOJBHOM T'YCTHHOM IaKOBama 3a CBaKH of cTabwiHuX koHMopmepa koje aaje PES xopucrehn
rnobanHy mpeTpary camo Iossa ofdojHor norenuyjana. Hajrymhe xpucranue cTpykType cTa-
OunHe eHepruje Cy aHaJW3WpaHe MOY3NaHWjOM MHHHMMH3ALUjOM E€HEPIHje pelIeTKe MyTem
oucTpudyrpaHe MYJITHIIONIHE aHauW3e Kopucrehu pemysni3MoHO-TUCIIEP3UOHH IOTEeHLH]jall.
CTaduIHOCT NpencKkasaHuX CTPYKTypa Ca CIMYHUM ITaKOBAaKkEM Kao U €KCIIEPUMEHTAIHO 103-
HaTW NonUMOpdH NUpasUHaMHA, aHAJIW3UPaHU Cy MCIUTHBAKHEM IUXOBUX ONHMCKHUX KOH-
TakaTa. YpaheHa je aHanmu3a Jpyrux U3BOoJa MEXaHUYKUX 0CODMHA HA OCHOBY XecoBe MaTpHile
Kako 91 ce HarIacuiIa TEpMOSUHAMUYKA CTaDMITHOCT ITpeficka3aHyX Monumopda nrpasuHaMuia.

(ITpummeno 10. nenembpa 2015, pesunupano 15. MmapTa, npuxsaheHo 7. anpuia 2016)
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