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ABSTRACT: Tiotropium bromide is an anticholinergic bronchodilator used in the management of chronic obstructive pulmonary disease.
The crystal structures of this compound and its monohydrate have been previously solved and published. However, in this paper, we
showed that those structures contain some major errors. Our methodology based on combination of the solid-state nuclear magnetic
resonance (NMR) spectroscopy and quantum mechanical gauge-including projector-augmented wave (GIPAW) calculations of NMR
shielding constants enabled us to correct those errors and obtain reliable structures of the studied compounds. It has been proved that
such approach can be used not only to perform the structural analysis of a drug substance and to identify its polymorphs, but also to verify
and optimize already existing crystal structures. © 2015 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci

104:2285-2292, 2015
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INTRODUCTION

There is an increasing interest in the pulmonary route of ad-
ministration for both local and systemically acting drugs or
vaccines.! Inhaled aerosol therapy is capable of transferring
the drug directly to the target organ, hence systemic drug lev-
els can be reduced, whereas systemic exposure and adverse
drug effects lowered.?

A very important decision in the development of inhaled
medications is to select the best solid form of an active phar-
maceutical ingredient (API) for particular pharmaceutical for-
mulation. Each API polymorph has its specific physicochemical
properties. Therefore, it is not easy to find the most appropriate
solid form of API, taking into consideration possible polymor-
phism of pure API and of its solid derivatives (salts, solvates,
and cocrystals). Various API polymorphs can crystallize in the
different ways, forming crystals of different shapes and sizes.
In some cases, aerosolization of a given polymorph can be very
difficult because of its strong cohesive and adhesive properties.?
Besides, it may happen that over specific time metastable poly-
morphs undergo transformations into other forms during drug
formulation or storage, spontaneously or as a result of inter-
action with excipients. Such transformations can greatly affect
drug bioavailability.

It should also be emphasized that for each polymorphic form
of API, a separate patent protection can be obtained. This may
be of a great importance for the fast-growing market of generic
drugs. Furthermore, good quality crystal structures have to be
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included in input files of some computational procedures used
to determine solubility and other physicochemical properties of
APILS

Therefore, accurate and reliable methods and procedures
have to be developed to characterize API polymorphs and de-
termine precisely their crystal structure. The characteriza-
tion of API polymorphs can be accomplished by the powder
X-ray diffraction (PXRD), or single-crystal X-ray diffraction,
Fourier transform infrared spectroscopy, Raman spectroscopy,
solid-state nuclear magnetic resonance (ssNMR), thermal anal-
ysis, and scanning electron microscopy; each of those analytical
methods provides different information and has its own advan-
tages and disadvantages. In many cases, ssNMR is the method
of choice because of following important practical aspects.’® It
can be used to analyze a final drug form without any need of
special sample preparation, then ssNMR spectra do not usually
pose problems with interpretation and the method can also be
used for quantitative analysis. Any changes in the API struc-
ture (phase transitions) caused by molecular interactions or
chemical bonding between API and associated excipients can
easily be identified using the ssNMR spectra.

Tiotropium bromide (T10), (1a,2B,4B,50,7B)-7-[(2-
hydroxy-2,2-di-2-thienylacetyl)oxy]-9,9-dimethyl-3-oxa-9-
azoniatricyclo[3.3.1.0>*Inonane bromide (Fig. 1) is an an-
ticholinergic bronchodilator used in the management of
chronic obstructive pulmonary disease. Unlike ipratropium
and atropine that nonselectively block all three muscarinic
receptors, TIO is more selective for the M; and M3 receptors,
from which it dissociates much more slowly. As a consequence,
TIO is more potent bronchodilator than ipratropium, and has
a much longer duration of action. A single dose of inhaled
TIO produces bronchodilation that is sustained for 24 h or
more.’ In a retrospective analysis of two studies performed
in the United States,!®!! it was found that treatment with
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Figure 1. The structural formula and atom numbering of tiotropium
bromide (TIO).

tiotropium reduced average total annual healthcare costs by
approximately thousand US dollars per patient. This financial
saving was entirely because of reduction in the hospitalization
costs.!? D’Souza et al.’® in their review article stated that
treatment with tiotropium is undoubtedly more cost-effective
than with ipratropium.

Tiotropium was synthesized and crystallized in various
polymorphic forms,'*1% including hydrates and cocrystals, but
only one of them, that is, tiotropium bromide monohydrate,
is present in the commercially available drugs (Spiriva®,
Tiova®). In this study, we wish to focus on the anhydrous
tiotropium bromide (TIOA) and its monohydrate (TIOH), for
which four and three crystallographic information files, respec-
tively, have been deposited in Cambridge Structural Database
(CSD).'® However, only two of them contain complete struc-
tural data, the other five provide limited information without
3D atoms coordinations. Therefore, we can only make use of the
two available structures with full crystallographic information:
GUYGOXO03 (structure of TIOA) and GUYGUDO1 (structure of
TIOH). It is worth mentioning that the other five structures
have been assigned with the following comment from the CSD
administration: “No reply to request for data.” The information
about all of the deposited structures can be found in Table 1.

The main aims of our study were the following: (1) to assess
the quality of the existing CSD crystal structures of TIOA and
TIOH, (2) to develop a practical and nondestructive analytical
procedure to distinguish TIO polymorphs, (3) to determine cor-
rect structures of TIO that can be used in the further analysis.

In this work, experimental and theoretical methods were
applied in tandem: high-resolution solid-state *C NMR spec-
troscopy and quantum mechanical calculations of NMR shield-
ing constants. For NMR, cross-polarization (CP) under magic
angle spinning (MAS) was employed.

Our principal intention was to verify the hypothesis that the
quality of the published API crystal structure can be improved
by using the density functional theory (DFT) method of ge-
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ometry optimization for periodic systems,'® together with two
experimental methods of structure quality verification: ssNMR
and PXRD.

MATERIALS AND METHODS
Sample Preparation

Tiotropium bromide was obtained using a three-step synthesis
according to known methods described previously.?*2? First,
dimethyl glioxalate was reacted with 2-thienylmagnesium bro-
mide. Then, the obtained methyl di(2-thienyl)glycolate was
subjected to transesterification with scopine hydrobromide in
the presence of potassium carbonate to give scopine di(2-
thienyl)glycolate. The final anhydrous tiotropium bromide was
obtained by quaternisation of scopine di(2-thienyl)glycolate
with methyl bromide. Monohydrate tiotropium bromide was
prepared using previously published procedures.!8

NMR Spectroscopy

The high-resolution *C NMR spectra were collected at 298 K
on a Bruker Avance 400 WB spectrometer using 100 MHz res-
onance frequency (By = 9.4 T). The CP experiments?® were
performed with high-power proton decoupling using Bruker 7-
mm MAS probe with zirconia rotors driven by dry air. The MAS
rate was set at 7 kHz and the Hartmann-Hahn condition was
matched using adamantane. We used a m/2 pulse of 4 pus, and
a recycle delay of 50 and 30 s for TIOA and TIOH, respectively
(both optimized). Chemical shifts were referenced to TMS us-
ing glycine as an external secondary standard (8co = 176.5 ppm
from TMS). The dipolar dephased experiments were carried out
with dipolar filters to suppress the CP/MAS NMR signals from
13C nuclei strongly coupled to protons (CH and CH; groups).
A 50-pus delay before the FID acquisition results in the selec-
tive dephasing of magnetizations from methine and methylene
groups was inserted. Conventional 1D and 2D NMR solution
spectra in deuterated acetone were recorded on a Varian Unity
Plus 300 MHz spectrometer (7.0 T, 298 K). The NMR spectra
were processed with the ACD/SpecMenager NMR program.?*

Gauge-Including Projector-Augmented Wave CASTEP
Calculations

The quantum chemical calculations of geometry, energy,
and NMR shielding constants were carried out with the
CASTEP program?>2% implemented in the Materials Studio
6.1 software.?” Geometry optimizations and calculations of
NMR chemical shielding were performed using the plane wave
pseudopotential formalism and the Perdew—Burke—Ernzerhof
exchange—correlation functional, defined within the general-
ized gradient approximation and the dispersion—interaction
contributions were considered using the Tkatchenko—Scheffler
method?® for density functional theory dispersion correction.
All the calculations were performed with ultrasoft pseudopo-
tentials calculated on the fly; the quality of calculations was
set to fine as implemented in the CASTEP standards. CASTEP
default values for the geometry convergence criteria were used.
The kinetic energy cutoff for the plane waves was set to 550 eV.
Brillouin zone integration was performed using a discrete 1 x
1 x 1 Monkhorst-Pack k-point sampling for a primitive cell.
The computation of shielding tensors was performed using the
gauge-including projector-augmented wave (GIPAW) method
of Pickard et al.?? Additional computational data can be found

DOI 10.1002/jps.24490
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Table 1. TIOA and TIOH Structures Formerly Deposited in Cambridge Structural Database

Form REFCODE Space Group Cell Parameters (A, °) Volume (A3) R-Factor (%) Methods
TIOA GUYGOX4 Pbca a=11.742 4101.479 4.45 Single-crystal X-ray diffraction
b=17.796
¢ =19.628
GUYGOX0114 P21/c a = 10.440 2010.382 5.87 Single-crystal X-ray diffraction
b=11.326
¢=17.601
B =104.99
GUYGOX0214 Pbca a = 15.550 3908.705 3.87 Single-crystal X-ray diffraction
b=12.031
¢ =20.893
GUYGOX0317 P21/c a=10.434 2011.893 6.2 Powder X-ray diffraction
b =11.330
¢ =17.633
B =105.16
TIOH GUYGUD P21/c a =9.939 2088.260 5.55 Single-crystal X-ray diffraction
b =11.935
¢ =18.558
B =108.45
GUYGUDO1'8 P21/n a =18.077 2096.859 6.2 Single-crystal X-ray diffraction
b=11.971
c=9.932
B =102.69
GUYGUDO02'7 P21/n a =18.077 2096.859 6.2 Single-crystal X-ray diffraction
b=11.971
¢ =9.932
B =102.69

in the Supplementary Materials (Tables 1S-4S). In the calcu-
lations, the experimental X-ray structures of cocrystals were
used. Two approaches of geometry optimization have been per-
formed. In the first one, hydrogen atoms positions were opti-
mized, whereas heavy atoms and cell parameters were fixed
to their experimental values. In the second one, all atom po-
sitions were optimized, whereas cell parameters were fixed to
their experimental values. In the case of TIOH, the hydrogen
atom positions were optimized, whereas in the case of TIOA,
the hydrogen atoms had to be added, choosing their initial co-
ordinates very carefully and then performing optimization of
their positions. To compare the theoretical and experimental
data, the calculated chemical shielding constants (ois,) were
converted to chemical shifts (8y,), using the following equation:
Giso = (Oaty + Oaly)—0iso, Where ogry and dqiy stand for the shield-
ing constant and the experimental chemical shift, respectively,
of the glycine carbonyl carbon atom (176.5 ppm).

PXRD Measurements

Powder X-ray diffraction patterns were obtained using Rigaku
MiniFlex X-ray diffractometer, with Cu Ka radiation and Kf
filter. Parameters of X-ray tubes were set at 30 kV and 15 mA.
Divergence and scattering slits were set at 4.2°, and a receiving
slit was set at 0.3 mm. Deflection of rays was detected with
scintillation detector Nal. The 620 continuous scan at 1°/min
with a step of 0.02° from 2.0° to 40° 20 was used. Samples were
prepared by pressing the solid in a quartz holder.

RESULTS AND DISCUSSION

The crystal structures of TIO polymorphs have been previously
solved and deposited in CSD, and this has been described in
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details in the Introduction section. However, analysis of the
data from Table 1 raises the following crucial questions. (1)
Are the structures deposited under the Refcodes GUYGOX01
and GUYGOZXO03 only the slightly different representations of
the same polymorph? (2) What are the structural differences
between the structures GUYGOX and GUYGOXO02? Probably
those questions could be answered if the missing structural
data from the discussed files were known. As the files GUY-
GOX, GUYGOX01, GUYGOX02, GUYGUD, and GUYGUDO02
contained no details on the atom positions, we could not per-
form required structural analysis of them and answer ourselves
those questions.

Although TIO is a very popular API, any detailed structural
studies of its polymorphs have not been reported yet. One of
the reasons for this may be the relatively high cost of TIO. It
is worth noticing that the standard dose of TIOH is 18 pg®’;
therefore, the quantity needed for the ssNMR measurements
(about 50 mg) is equivalent to more than 2500 single therapeu-
tic doses.

In order to perform ssNMR analysis of the differences be-
tween the TIO polymorphs, one needs good quality *C spectra
with properly assigned peaks. We started our interpretation
by considering the solution spectrum of TIO. The peak assign-
ments are presented in Tables 2 and 3. After that, we passed to
the interpretation of the 1*C CP/MAS NMR spectra of TIOA and
TIOH (Figs. 2 and 3). This was carried out by reference to the
solution chemical shifts (Tables 2 and 3) and by considering the
dipolar dephased spectra. Dipolar dephasing experiments are
usually very helpful in assigning the 1*C CP/MAS NMR spectra
of organic solids, as they display signals arising from *C nuclei
undergoing weak dipolar interactions with protons: from qua-
ternary carbons (no adjacent protons) and from methyl carbons

Pindelska et al., JOURNAL OF PHARMACEUTICAL SCIENCES 104:2285-2292, 2015
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Table 2. 13C NMR Chemical Shifts (ppm) of TIOA
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GIPAW Values
Group Assignment Solution Acetone-D6 ssNMR  Only H Optimized A(ssNMR-GIPAW)  Full Optimization = A(ssNMR-GIPAW)
C 10 171.20 170.23 163.9 6.33 176 —5.77
C 4 147.86 151.83 157.2 —5.37 154.82 —2.99
C 6 147.86 151.83 199.29 —47.46 155.1 —3.27
CH 3 126.93 126 103.13 22.87 125.73 0.27
CH 9 126.93 126 123.2 2.8 126.17 —0.17
CH 2 127.62 126 116.32 9.68 126.96 —0.96
CH 8 127.62 126 106.97 19.03 126.83 —-0.83
CH 1 126.72 122.2 113.8 8.4 120.15 2.05
CH 7 126.72 128.46 118.44 10.02 127.06 1.4
C 5 77.94 77.07 85.76 —8.69 79.09 —2.02
CH 13 66.22 66.75 54.16 12.59 66.21 0.54
CH 16 66.22 65.67 52.63 13.04 66.12 —0.45
CH 11 65.32 63.38 73.93 -10.55 62.23 1.15
CHs 18 56.79 55.61 56.58 —0.97 50.32 5.29
CH 14 55.00 54.46 53.08 1.38 56.62 —2.16
CH 15 55.00 55.61 53.57 2.04 57.15 —1.54
CHj 19 48.43 49.88 44.34 5.54 47.89 1.99
CH, 12 29.71 28.35 25.13 3.22 25.6 2.75
CH,y 17 29.71 29.82 19.7 10.12 26.78 3.04
R2 0.910 0.998
Table 3. 1C NMR Chemical Shifts (ppm) of TIOH
GIPAW Values
Group Assignment ssNMR Only H Optimized A(ssNMR-GIPAW) Full Optimization A(ssNMR-GIPAW)
C 10 170.5 165.99 4.51 176.67 —6.17
C 4 150.47 157.24 —6.77 152.54 —2.07
C 6 148.91 188.54 -39.63 151.24 —2.33
CH 3 125.8 117.93 7.87 124.96 0.84
CH 9 129.87 132.16 —2.29 130.51 —0.64
CH 2 129.87 130.59 —0.72 130.96 -1.09
CH 8 127.77 107.01 20.76 127.64 0.13
CH 1 122.1 126.06 —3.96 122.48 —0.38
CH 7 125.8 120.26 5.54 124.24 1.56
C 5 77.78 82.39 —4.61 78.98 -1.2
CH 13 66.51 65.33 1.18 65.29 1.22
CH 16 66.51 64.8 1.71 65.35 1.16
CH 11 63.71 65.05 -1.34 63.58 0.13
CHs 18 56.89 56.89 0 52.32 4.56
CH 14 54.73 56.35 1.62 55.45 0.72
CH 15 56.89 56.33 0.56 56.63 0.26
CHs 19 47.72 47.29 0.43 45.01 2.71
CHy 12 29.26 26.59 2.67 26.33 2.93
CH, 17 29.96 29.76 0.2 29.59 0.37
R2 0.947 0.998

Solution NMR data can be found in Table 2.

(group rotation).?! The dipolar-dephased spectra of TIOA and
TIOH have been included in Supplementary Materials of this
article.

The ssNMR peaks of TIOA and TIOH were generally nar-
row, thus indicative of a high structural order in the crystalline
phase. Because of the apparent differences in the spectra of
TIOA and TIOH, ssNMR enables simple and straightforward
distinction between the samples of those two polymorphs. How-
ever, in order to find out what structural aspects of TIOA and
TIOH are responsible for the differences in their NMR spectra
(particularly evident in the 120-160 ppm region), it was neces-
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sary to assign the peaks. Unfortunately, because of the signal
overlapping, the proper assignment of the *C CP/MAS NMR
peaks, based exclusively on the interpretation of the solution
spectra and the solid-state dipolar-dephased spectra, was in
this case infeasible.

Therefore, to achieve reliable assignment of the 1*C NMR
signals from TIOA and TIOH, we have resorted to the GIPAW
calculations of chemical shielding constants, preceded by the
crystal structure optimization. In our recent article,?? we have
proven that using a good quality crystal structure of organic
solid compound, it is possible to calculate the NMR chemical

DOI 10.1002/jps.24490
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Figure 2. 13C CP/MAS NMR spectra of the TIOA: calculated using the original CSD structure (top), experimental (middle), and calculated

using our optimized structure (bottom).

shifts with very good precision. Therein, we have initially em-
ployed the standard procedure to optimize hydrogen atom po-
sitions with constrained positions of other atoms and cell pa-
rameters fixed to the experimental values. Such methodology
has been successfully applied by us several times recently.?3233
In the present case, to create the input files for CASTEP calcu-
lations, we took advantage of the deposited crystal structures
of TIOA (GUYGOX03) and TIOH (GUYGUDO1). The obtained
GIPAW results, collected in Tables 2 and 3, have then been used
to simulate the 1*C NMR stick spectra, presented in Figures 2
and 3.

In both the TIOA and TIOH cases, we were amazed by the
unexpectedly wrong results. The absolute values of the differ-
ences between the theoretically and experimentally obtained
chemical shifts (A) were in some cases larger than 10 ppm, the
largest one exceeded 40 ppm. The differences of such magni-
tude are extraordinary, even when performing the calculations
of the isolated molecules that do not impose periodic boundary
conditions. For both polymorphs, the worst results (the highest
A) were observed for carbons of the thiophenyl rings. In order to
explain such large differences, we have examined bond lengths

DOI 10.1002/jps.24490

and bond angles in those rings and compared them with the
experimental data from the crystal structure of the thiophene
(Tables 4 and 5).3* The thiophene reference data are adequate
for such comparison. Certainly, some differences between the
bond parameters of nonsubstituted and monosubstituted thio-
phene are expected, but the aromaticity of thiophene makes its
structure rather insensitive to conformational changes result-
ing from substitution.

The bond length and bond angle values of the thiophenyl
rings in the analyzed CSD structures of TIOA and TIOH were
found dubious. The comparison of those values with the cor-
responding ones for thiophene confirmed our bad impression.
For example, the C1-C2 bond length in TIOA (1.107 A) was ex-
tremely small, more than 20% shorter than the corresponding
parameter for thiophene. The bond angles did not agree with
the experimental values as well, for example, C1-C2-C3 bond
angle in TIOA was more than 20° larger than the corresponding
one in thiophene.

Hence, it became clear to us that both studied CSD struc-
tures are wrong and contain some uncorrected major errors.
Despite that nuisance, we did not give up and performed

Pindelska et al., JOURNAL OF PHARMACEUTICAL SCIENCES 104:2285-2292, 2015
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Figure 3. 13C CP/MAS NMR spectra of the TIOH: calculated using the original CSD structure (top), experimental (middle), and calculated

using our optimized structure (bottom).

full optimization of all the atoms positions. The fully op-
timized structures were then used to calculate the chemi-
cal shielding constants collected in Tables 2 and 3 and to
simulate from them the 3C NMR stick spectra, presented
in Figures 2 and 3. Those fully optimized structures have
been deposited by us as Supplementary Materials to this
article.

After the full optimization of all the atom positions, the NMR
shielding constants reached excellent agreement with the ex-
perimental values (e.g., R? for TIOA has increased from 0.910
to 0.998). Furthermore, the bond length and bond angle val-
ues after the full optimization were very close to the corre-
sponding ones in thiophene, neglecting some small differences
caused by the ring substituents (symmetry destruction of the
nonsubstituted thiophene). The superimpositions of the orig-
inal and optimized structures are shown in Supplementary
Figure 1S.

To confirm that the structures generated by us after the
full optimization are of superior quality and that they are real

Pindelska et al., JOURNAL OF PHARMACEUTICAL SCIENCES 104:2285-2292, 2015

representations of the studied polymorphs, we have simulated
and compared PXRD patterns, computed using as the input
files both nonoptimized and optimized structures of TIOA and
TIOH. The results are presented in Figure 4. In both cases, a
better agreement between the intensities of the reflexions has
been achieved for the fully optimized structures; those differ-
ences were particularly evident in the case of TIOA. It is also
worth to notice that our experimental PXRD patterns were al-
most identical with the corresponding ones presented in the US
patents.

Not only simple comparison of the selected bond length
and bond angle values, but also two experimental methods
(PXRD and ssNMR) confirmed that the structures suggested
by us (after optimization) are more accurate that the orig-
inal ones. We have therefore proved that using the GIPAW
calculations it is possible to correct the deposited crystal
structures. As similar errors in the structures determination
occurred twice (for TIOA and TIOH), they cannot be described
as random.

DOI 10.1002/jps.24490
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Table 4. Selected Bond Lengths and Bond Angles in TIOA

Table 5. Selected Bond Lengths and Bond Angles in TIOH

Bond Length (A)/Bond Angle (°)

Bond Length (A)/Bond Angle (°)

Tiophenyl Selected Only H Full Experimental Values  Tiophenyl Selected Only H Full Experimental Values
Ring Atoms Optimized Optimization  for Thiophene3* Ring Atoms Optimized Optimization for Thiophene3*
A S-C4 1.670 1.720 1.714 A S-C4 1.686 1.719 1.714
C4-C1 1.588 1.379 1.370 C4-C1 1.398 1.379 1.370
C1-C2 1.107 1.418 1.423 C1-C2 1.429 1.422 1.423
C2-C3 1.410 1.377 1.370 C2-C3 1.337 1.374 1.370
C3-S 1.784 1.717 1.714 C3-S 1.700 1.711 1.714
S-C4-C1 115.745 110.398 111.467 S-C4-C1 113.240 111.245 111.467
C4-C1-C2  98.937 113.642 112.450 C4-C1-C2 108.795 112.464 112.450
C1-C2-C3 133.589 111.795 112.450 C1-C2-C3 114.017 112.333 112.450
C2-C3-S  103.551 111.677 111.467 C2-C3-S 112.446 111.772 111.467
C3-S-C4  87.639 92.485 92.167 C3-S-C4  91.498 92.176 92.167
B S-Cé 1.668 1.722 1.714 B S-Cé6 1.676 1.724 1.714
C6-C7 1.274 1.377 1.370 C6-C7 1.571 1.380 1.370
C7-C8 1.464 1.422 1.423 C7-C8 1.099 1.420 1.423
C8-C9 1.236 1.375 1.370 C8-C9 1.423 1.376 1.370
C9-S 1.656 1.711 1.714 C9-S 1.759 1.712 1.714
S-C6-C7  113.069 110.965 111.467 S-C6-C7  115.874 110.483 111.467
C6-C7-C8 108.808 112.768 112.450 C6-C7-C8  99.288 113.100 112.450
C7-C8-C9 114.120 112.270 112.450 C7-C8-C9 132.944 112.303 112.450
C8-C9-S  112.036 111.675 111.467 C8-C9-S  104.039 111.494 111.467
C9-S-C6  91.523 92.319 92.167 C9-S-C6  87.643 92.602 92.167
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Figure 4. Powder X-ray diffractograms of the TIOA (left) and TIOH (right): calculated using the original structure (top), experimental (middle),
and calculated using our optimized structure (bottom).
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CONCLUSIONS

On the basis of the solution *C NMR spectra, the dipolar-
dephased NMR experiments and the GIPAW calculations we
have assigned *C CP/MAS NMR spectra of TIOA and TIOH.
We have demonstrated that looking at the differences in the
spectra of those polymorphs it is easy to distinguish them us-
ing ssNMR spectroscopy. The NMR chemical shifts calculated
on the basis of previously published crystal structures of TIOA
and TIOH did not agree with the experimental values. As the
GIPAW calculations are very sensitive to the atom positions,
those divergent results indicated that the analyzed CSD struc-
tures contain some major errors. Those errors were identified
and corrected by us using the BFGS method of geometry opti-
mization employed within the CASTEP code. The accuracy of
the optimized structures was confirmed using the ssNMR and
PXRD methods. Therefore, we have shown that this approach
can be used not only to perform the structural analysis of a drug
compound and to easily differentiate its polymorphs, but also
to verify and improve its already published crystal structure.
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