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ABSTRACT: Drospirenone (DE) is a fourth-generation proges-
terone that has been widely used in oral contraceptives for women
because of its safety and few side effects in terms of
pharmacological activity. A new solvatomorph (crystal form C)
of DE with dimethyl sulfoxide was identified and characterized for
the first time through a thermogravimetry−mass spectrometry
(TG−MS) coupling system. The thermodynamic property of the
new solvatomorph of DE was different from those of most
pharmaceutical solvatomorphs, and it was revealed via the
skimmer-type interfaced TG−MS system and differential scanning
calorimetry. This new solvatomorph and a polymorph of DE
obtained without solvent (crystal form A) were well characterized
by X-ray crystallography and vibrational spectroscopic analysis.
Computational studies based on their single-crystal structures, such as Hirshfeld surface analyses, were used to determine the
intermolecular interactions in the crystal network. The single-crystal structure of crystal form C of DE was determined and reported
for the first time.

■ INTRODUCTION

Drospirenone [DE; 6β,7β:15β,16β-dimethylene-3-oxo-17α-
pregn-4-ene-21,17-carbolactone], also known as dihydrospir-
orenone, drospirenona, and dehydrospirorenone, is an
analogue of spironolactone, and its biochemical and
pharmacologic profiles are similar to those of endogenous
progesterone. The formula structure of DE is shown in Figure
1. As a fourth-generation progesterone, DE has been widely
applied in contraception and hormone replacement therapy for

women. DE can potentially reduce body weight and blood
pressure in postmenopausal women and decrease the incidence
of cardiovascular disease in women using oral contraceptives or
postmenopausal hormone treatment. DE-containing oral
contraceptive formulations have shown improvement and
high tolerability as a treatment for premenstrual dysphoric
disorder and have positive effects on bone turnover and bone
sparing in young postadolescent women.1−5 The antiadipo-
genic effect of DE and its mechanism were studied previously,6

that also bring additional therapeutic options for the control of
excessive adipose tissue deposition and its related metabolic
complications.
Two different solid states of DE, a polymorphism without

solvents (crystal form A) and an amorphism (crystal form B),
have been reported previously.7 However, the solvatomor-
phism phenomenon of DE has not been reported before.
Solvatomorphism, also called pseudopolymorphism, is consid-
ered as crystal systems with different crystal structures of the
same substance combined with various amounts or types of
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Figure 1. Formula structure of DE.
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solvent molecules. Polymorphism is deemed as crystal systems
of substances with different unit cells and with the same
elemental composition.8 In general, crystal forms without
solvents can be obtained after the desolvation process of
solvatomorphs. Solvatomorphs are significant in crystal
engineering and pharmaceutical science. For some active
pharmaceutical ingredients (APIs), solvatomorphs are the only
kind of crystalline forms available for use in single-crystal X-ray
diffraction (SXRD) studies.9 Solvatomorphs could also be the
ultimate pharmaceutical form for clinical use because of their
advantages in improving the solubility or stability of APIs. For
instance, Jevtana, an anticancer drug composed of cabazitaxel
solvate with acetonate and developed by Sanofi-Aventis, was
used for the treatment of prostate cancer.
Common pharmaceutical solid-state analytical techniques,

including spectroscopy methods (powder X-ray diffraction or
PXRD, SXRD, Fourier transform infrared or FT-IR, and
Raman spectroscopy) and thermal analytical methods (differ-
ential scanning calorimetry or DSC and thermogravimetric
analysis) are used to characterize various pharmaceutical
solvatomorphs.10 However, except for SXRD analysis, other
methods cannot provide accurate qualitative information of
solvatomorphs. With the development of technology, some
powerful coupling techniques have gradually shown excellent
characteristics in the field of pharmaceutical analysis.
Thermogravimetry−mass spectrometry (TG−MS) coupling
analysis, as an advanced technique for analyzing evolved gases,
has been widely applied in chemical engineering, energy
industry, and thermophysics research to analyze the pyrolysis
of the polymer, coal, and various inorganic substances,11−15 as
well as in characterizing solvates.16−23 Detailed information
about the thermodynamics reaction of samples during the
measurement can be obtained by this system. In the present
study, a crystal form of DE without solvent (crystal form A)
and a new solvatomorph of DE (crystal form C) were obtained
by designing a series of crystal growth experiments through
single and multiple organic solvent systems based on DE
solubility. This new solvatomorph contains DE and dimethyl
sulfoxide (DMSO) with a 1:1 stoichiometric ratio. This work
reported the preparation of this new solvatomorph and its
TG−MS, DSC, X-ray structure analysis, computational study,
PXRD, and vibrational spectroscopic analysis for the first time.

■ EXPERIMENT

Materials. The white powder of DE raw material was
purchased from Wuhan Yuancheng Technology, Inc. (batch
number: BEA201104211; Hubei, China) and used without
further purification. The purity determined by high-perform-
ance liquid chromatography was greater than 0.990 mass
fractions. All of the solvents used for crystallization were of
analytical reagent grade and purchased from Beijing Chemical
Works (Beijing, China).
Preparation of Samples. (Crystal form A) Approx-

imately, 200 mg of DE raw material was added to 10 mL of
ethanol. The solutions were stirred overnight at an ambient
temperature and filtered to obtain clear and transparent
solutions. The solutions were placed in a refrigerator for
crystallization for approximately 10 days at 10 °C to obtain
single crystals without solvents. Several small pieces of single
crystals were ground to powder. The obtained powder was
sifted by a 100-mesh sieve to meet the requirements of
analysis.

(Crystal form C) For this solvatomorph of DE, the process
basically follows the procedure for crystal form A, but the
solvent in the first step was replaced by DMSO, and the
solutions were placed for crystallization for approximately 30
days at 20 °C to obtain single crystals of solvatomorphs.

TG−MS. The TG−MS measurements were performed on a
Thermo Mass Photo/H instrument (Rigaku, Tokyo, Japan).
This skimmer sampling interfaced TG−MS system can
successfully overcome the recrystallization problem of evolved
gases from the pyrolysis of samples.24 Therefore, the
recondensation problem of evolved gases from solvatomorph
desolvation can be remarkably avoided. The onsite and real-
time measurements for solvatomorphs can be achieved.
Detailed information about this TG−MS system has been
previously described.25−27

Evolved gases are ionized using the standard electron
ionization (EI) method at 70 eV. Approximately 5−8 mg of
the powder of crystal form C of DE was used for the TG−MS
measurements. The sample was weighed in an alumina crucible
and heated up to 300 °C with a controlled temperature
program. The measurement was performed at a heating rate of
5 °C min−1 under high purity analytical grade dry helium (He)
gas (99.999%) with a flow rate of 200 mL min−1.

DSC. DSC curves were recorded with a DSC 1 (Mettler
Toledo, Switzerland) calorimeter and processed by the STARe
Evaluation software 13.0. Approximately, 3−5 mg was placed
on an aluminum crucible and heated at a series of constant
rates of 10 °C min−1 over the temperature range of 30−230 °C
under air ambience.

SXRD. SXRD experiments were carried out on a Rigaku
MicroMax-002+ CCD diffractometer (Rigaku, Americas, the
Woodlands, Texas) with Cu Kα radiation (wλ = 1.54178 Å).
The intensity data of solvatomorphs were collected at 293 K.
Absorption correction and integration of the collected data
were handled using the CrystalClear software package (Rigaku
Americas), and the crystal structures of the analytes were
solved by the direct method followed by Fourier syntheses
with SIR2008.28 They were refined by full-matrix least-squares
procedures by using SHELXL29 on F2 with anisotropic
displacement parameters for nonhydrogen atoms on the
Olex2 crystallography software platform.30 Hydrogen atoms
were refined isotropically with isotropic atomic displacement
parameters (Uiso) having 1.2 times the value of the parent
atom. The hydrogen atoms of methyl groups were assigned at
1.5 times that of the parent atom. Hydrogen atoms were placed
in ideal positions and refined within the riding model.
Disorders with restraints were refined to help data in
convergence.31

PXRD Pattern. Simulated PXRD patterns were calculated
using Mercury software (Version 2020.1, Cambridge Crystallo-
graphic Data Center, UK)32 with a starting angle of 3°, final
angle of 80°, step size of 0.02°, and full width at half-maximum
of 0.15°.

Hirshfeld Surface Analysis. Hirshfeld surface (HS)
analysis was carried out using the CrystalExplorer 17
program33 to display HSs and intermolecular interactions in
molecular crystals. The program accepts a structure input file
in the CIF format.

Vibrational Spectroscopy Analysis. FT-IR Spectroscopy.
Infrared spectra were recorded using a PerkinElmer Spectrum
400 FT-IR spectrophotometer (PerkinElmer, Massachusetts)
with an attenuated total reflectance sampling accessory. The
scanning range was set from 650 to 4000 cm−1 with a 4 cm−1
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resolution. The spectra were recorded and processed using
Spectrum software suite (PerkinElmer, US).
Raman Spectroscopy. The (22−25 °C) room temperature

Raman spectra were recorded on a Jobin Yvon LabRam HR
Evolution Raman spectrometer (HORIBA Scientific, France).
The Raman effect was obtained using 785 nm line from a
semiconductor laser. An Olympus BX41 confocal microscope
with 100× objective for magnification was selected. The
spectral resolution was set to 4 cm−1. A confocal hole of
approximately 2 μm in diameter was used, and the position on
the sample surface was adjusted using a motorized x−y stage to
focus the laser beam. The Raman shift was calibrated using the
Raman peak of silica located at 520.7 cm−1. The acquisition
time and accumulation were set to 10 s and 2 scans,
respectively.

■ RESULTS AND DISCUSSION

TG−MS Analysis. The mechanism of TG−MS for the
solvatomorph of DE is exhibited in Figure 2(i). The peak
temperature of differential thermogravimetry (DTG) was at
116.9 °C, where the mass-less rate is maximum in TG. This
temperature (116.9 °C) is close to the temperature of the
maximum mass spectrum signal intensity (115.4 °C). Figure
2(ii) shows the TG and DTG curves of crystal form C.
The complete 3D mass spectrum characteristic fingerprint

graph of evolved gases from crystal form C was obtained
through TG−MS analysis (Figure 2(iii)). After deducting the
helium background spectrum, every characteristic fragment
peak of the evolved gas within the range of m/z 1−100 became
visible. Furthermore, Figure 2(iv) shows the mass spectrum of

Figure 2. Mechanism of TG−MS analysis for the solvatomorph of DE (i); TG and DTG curves of crystal form C (ii); mass spectrum of the
evolved gases at 115.4 °C (iii); characteristic fingerprint of the mass spectrum of evolved gases from crystal form C (iv); mass ion curves of the four
main characteristic fragment ions of DMSO (v).

Figure 3. DSC curves of crystal form A and C (i); the PXRD patterns of crystal form C before and after desolvation (ii).
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the evolved gases at a temperature of 115.4 °C when the signal
intensity of mass spectrum was the highest. After assigning the
characteristic peaks, the main fragment ions were identified as
(a) CH3

+ (m/z 15), (b) H2O
+ (m/z 18), (c) CO+ (m/z 28),

(d) S+ (m/z 32), (e) CHS+ (m/z 45), (f) CH3SO
+ (m/z 63),

and (g) (CH3)2SO
+ (m/z 78). The assignment of fragment

ions in MS was fulfilled using the NIST library database.34

Every detected fragment ion was produced by the ionization of
DMSO molecules at the EI method, except the fragment ion at
m/z 18 (H2O

+), which might be caused by the secondary
reactions during desolvation. Figure 2(v) shows the mass ion
curves of the four main characteristic fragment ions of DMSO,
including [(d) S+ (m/z 32), (e) CHS+ (m/z 45), (f) CH3SO

+

(m/z 63), and (g) (CH3)2SO
+ (m/z 78)] during the

measurements.
Therefore, the main ingredient of evolved gas from crystal

form C was DMSO, and the mass-loss stage in the temperature
range of 90−130 °C in the TG curve of crystal form C was
caused by the evolution process of DMSO in crystal form C.
DSC Analysis. Figure 3(i) shows the DSC curves of crystal

forms A and C of DE. There is a single sharp endothermic
peak at approximately 120 °C in the DSC curve of crystal form
C, whereas no other endothermic or exothermic peaks
appeared in the DSC curve of crystal form C. The results
indicated that the single endothermic peak at 120 °C in the
DSC curve of crystal form C was caused by its desolvation
behavior according to the temperature range of desolvation
process of crystal form C determined by TG−MS before.
Meanwhile, after the one single sharp endothermic peak, the
DSC curve of crystal form C started to become less smooth
and straight, and the sharp endothermic peak at approximately
203 °C (melting point of DE) in the DSC curve of crystal form
A disappeared in the DSC curve of crystal form C. The solid
state of crystal form C might transform from solvatomorphism
to amorphous after desolvation during the measurements. To
investigate the process of this transformation, the sample of
crystal form C was analyzed before and after desolvation by the
PXRD method. (The sample of crystal form C after
desolvation was the sample at 180 °C during the DSC
measurement). The PXRD patterns of the sample before and
after desolvation are shown in Figure 3(ii). Results confirm
that the solid-state transformation occurred before and after
the desolvation process of crystal form C. This phenomenon is
different from the thermodynamic properties of most
pharmaceutical solvatomorphs.35−40 The DSC curve of
pharmaceutical solvatomorphs usually possesses more than
one endothermic peak. One or more relatively small and blunt
endothermic peak at a low temperature is caused by
desolvation, and one relatively sharp and large endothermic
peak at high temperatures is caused by API melting.
SXRD Analysis. The prism crystals of crystal forms A and

C suitable for crystal structure determined by the SXRD
experiment were obtained from their solutions by slow
evaporation. The absolute structure of crystal form A could
not be determined from diffraction data, but it was known
from synthesis, and the absolute structure of crystal form C can
be determined from the Flack’s parameter. The SXRD results
suggested that crystal forms A and C are crystallized in the
space group P212121. The molecules in crystal forms A and C
were arranged loosely in a unit cell, resulting in relatively lower
density values (approximately 1.2 g/cm3) than other
pharmaceutical crystalline compounds. For the single crystal
of crystal form C, the stoichiometric ratio between DE and

DMSO molecules was 1:1 in an asymmetric unit. Classic
hydrogen bonds were absent between DE and DMSO
molecules. Weak hydrogen bonds via C9−H9···O1D existed
between DE and DMSO molecules, which only formed feeble
intermolecular interactions with relatively long D···A distances
(3.281 Å) and small D−H···A angles (151°). Crystallographic
data for crystal forms A and C were deposited at the
Cambridge Crystallographic Data Centre (CCDC). The
crystal parameters, data collections, and refinement details of
the two single crystals are listed in Table 1.

PXRD Pattern Analysis. As a result of unique structures of
different crystals, their calculated PXRD patterns are distinct.
Therefore, their solvatomorphs and polymorphs can be
identified through PXRD. The calculated PXRD patterns of
crystal forms A and C are shown in Figure 4(i). The peak
positions of their patterns in the green dashed frames are
different, especially in the 2θ angle range of 5−13, 15−19, and
19−23°.

Conformational Analysis. For the DE molecule in the
solvatomorph, six-membered rings (rings A and B) showed
sofa conformations and five-membered rings (rings D and E)
showed envelope conformations, whereas the six-membered
ring (ring C) showed a chair conformation. The conforma-
tional differences were observed by overlaying the two DE
molecules in these two different single-crystal structures, and
their difference was not significant. Their molecule overlay
image is shown in Figure 4(ii).

HS Analysis. HS analysis and fingerprint plots are powerful
and effective tools for explicating and comparing intermo-
lecular interactions through molecule environment analysis
from a different angle. HSs (mapped with dnorm), 2D
fingerprint plots, and percentage contributions to the HSs
area are shown in Figure 5, where (i) is for crystal form A, (ii)
is for DE in crystal form C, and (iii) is for DMSO in crystal
form C. The fingerprint plots summarized the information

Table 1. Crystallographic Data and Refinement Details for
Two Crystal Forms of DE

parameters crystal form A crystal form C

empirical formula C24H30O3 C24H30O3·C2H6OS
molecule weight 366.48 444.61
crystal size (mm) 0.24 × 0.31 × 0.67 0.19 × 0.35 × 0.40
temperature (K) 293(2) 293(2)
crystal system orthorhombic orthorhombic
space group P212121 P212121
a (Å) 12.220(4) 6.3541(3)
b (Å) 12.600(5) 11.5712(3)
c (Å) 12.894(4) 32.2251(4)
Z 4 4
volume (Å3) 1985.2(11) 2369.34(13)
calc density (g cm−3) 1.226 1.246
absorption coefficient
(mm−1)

0.622 1.443

θ range for data collection
(deg)

4.907, 72.354 4.059, 72.115

goodness-of-fit on F2 1.016 0.994
Rint 0.0432 0.0459
final R, wR (F2) values
[I > 2σ(I)]

0.0355, 0.0946 0.0406, 0.1073

final R, wR (F2) values (all) 0.0398, 0.0987 0.0450, 0.1114
completeness 0.997 0.983
CCDC deposition no. 1994085 1994086
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regarding intermolecular interactions, including the plot of di
versus de, where di is the distance to the nearest atom center
interior to the surface, de is the distance to the nearest atom
center exterior to the surface, and dnorm is the normalized
contact distance, which is based on de and di and the vdW radii
of the atom. de and di reflect the distance from the surface to
the nearest external and internal atoms, respectively. HSs
provide a 3D image of close contacts in a crystal, and these
contacts can be summarized in a fingerprint plot. Percentage

contributions to the HS area for various close intermolecular
contacts for molecules in crystal forms A and C are given using
pie charts.
A range of 0.7 Å (red) and 2.6 Å (blue) for surface mapping

of de was used. The large circular depressions (deep red)
visible on the surfaces of molecules indicated hydrogen
bonding contacts. Figure 5 shows the distinct HS of DE
molecules in crystal forms A and C. The location of hydrogen
bonding contacts changed. Inside the red circles of 2D

Figure 4. Calculated PXRD patterns of crystal forms A and C of DE (i); the molecule overlay image of crystal forms A and C of DE (ii).

Figure 5. HSs (mapped with dnorm), 2D fingerprint plots, and percentage contributions to the HSs area for DE molecules in crystal form A (i) and
DE molecules (ii) and DMSO molecules (iii) in crystal form C.
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fingerprint plots (Figure 5 lower), the upper spike (de > di)
corresponded to the hydrogen bond donor and the lower spike
(de < di) indicated the hydrogen bond acceptor in each case. In
general, the sharp spikes on both sides of each plots are due to
the dimeric H···O hydrogen bonds. Two sharp spikes appeared
in the DE molecule in crystal form A, which means that the DE
molecule in crystal form A acted as a hydrogen bond donor
and a hydrogen bond acceptor. However, only one upper spike
(de < di) appeared in the DE molecules of crystal form C. So,
the DE molecule acted only as a hydrogen bond donor in
crystal form C. The fingerprint plot of the DMSO molecule
showed two sharp spikes (de > di and de < di) because of the
interactions of the H···O/O···H hydrogen bonds. Thus, the
DMSO molecule in crystal form C acted as a hydrogen bond
donor and a hydrogen bond acceptor.
SXRD analysis indicated that classical hydrogen bonds

between DE molecules and DMSO molecules in crystal form C
were absent, and only weak hydrogen bonds via C9−H9···O1D

existed between them. These weak hydrogen bonds have
relatively long H···A distances (2.39), D···A distances (3.281
Å), and small D−H···A angles (151°). This intermolecular
interaction is weaker than other classical hydrogen bonds. This
phenomenon may explain the lower temperature of desolva-
tion of this solvatomorph of DE compared with most other
solvatomorphs with DMSO. HS analysis indicated that the
mode of the hydrogen bond network in crystal form C was
remarkably distinct compared with that in crystal form A
because of the introduced solvent molecules for crystal form C.
Vibrational Spectroscopy Analysis. FT-IR Spectroscopy

Analysis. The IR spectra of crystal forms A and C are shown in
Figure 6(i). In general, the peaks in the 1060−1040 cm−1

region are attributed to the SO stretching vibrations in
sulfoxide. For crystal form C, the SO stretching vibrations of
DMSO showed an obvious obtuse peak at 1059 cm−1 in the
green dashed frame, whereas similar peaks did not appear in
the IR spectra of crystal form A.
Raman Spectroscopy Analysis. The Raman spectra of

crystal forms A and C differed obviously, as shown in Figure
6(ii). For crystal form C, the telescopic vibrations of the C−S
bonds (671 and 702 cm−1) were strong but were
inconspicuous in crystal form A. The differences were marked
with green-dashed frames.

The results of vibrational spectroscopy analysis indicated the
differences of two crystal forms in vibrational energy level in
the molecules.
In general, a new solvatomorph of DE with DMSO and a

polymorph of DE without solvents were obtained through
solvent evaporation method A series characterization for them
was fulfilled by various pharmaceutical solid-state analysis
techniques. SXRD analysis, as the most authoritative and
accurate crystal structure analysis method, provided their
precise structural information. Notably, the thermodynamic
property of this new solvatomorph of DE is different from
most reported pharmaceutical solvates. Through TG−MS and
DSC analyses, the relatively low desolvation temperature and
the disappearance of original melting point of DE caused by
transformation to amorphous after desolvation behavior were
confirmed. These phenomena do not usually occur for
pharmaceutical solvates. The results provides meaningful
reference for the subsequent solid-state research, manufacture,
and preparation of DE. Finally, this skimmer-type interfaced
TG−MS system provides an authoritative and potential
strategy for the performance of an in-depth investigation of
the deep thermodynamic reaction mechanism of different
pharmaceutical solvates. The powerful onsite and real-time
analytical capabilities of this system can prevent errors for
reaction properties and progresses caused by insufficient
information in traditional thermal analysis. The desolvation
behavior of solvatomorphs usually leads to their solid-state
transformation and production of new crystalline form. As
such, this technique can provide detailed information about the
transformation process, which is significant for revealing the
formation law of different crystal forms.

■ CONCLUSIONS
In this present study, a new DMSO solvatomorph of DE as
well as the characterization for this solvatomorph by the TG−
MS system with the skimmer-type interface was reported for
the first time. This solvatomorph and a polymorph of DE were
analyzed by DSC, X-ray crystallography, computational studies,
and vibrational spectroscopy. The evolved volatile gas from the
solvatomorph of DE containing C2H6OS (DMSO) as the main
volatile gaseous species during desolvation was identified using
the TG−MS system with the skimmer-type interface. The
thermodynamic property of this new solvatomorph of DE is
distinct from those of most pharmaceutical solvates, and the

Figure 6. IR spectra of crystal forms A and C (i); Raman spectra of crystal forms A and C (ii).
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solid state of this solvatomorph will transform into an
amorphous one after the desolvation behavior. Through X-
ray crystallography and computational studies, the weak
intermolecular interactions between the DE molecules and
the DMSO molecules are elucidated.
Traditional pharmaceutical solid-state characterizations

methods, such as TG, DSC, PXRD, FT-IR, and Raman
spectroscopy, do not provide sufficient information for
identifying pharmaceutical solvatomorphs. SXRD analysis can
provide the most accurate information on the crystal structures
of solvatomorphs, but it is a static analysis for single crystals
and cannot be used for the dynamic reaction process of
solvatomorphs. By contrast, the TG−MS coupling system with
a skimmer-type interface has shown its superiority and facility
for pharmaceutical solvatomorphs. The in-depth thermody-
namic reaction process of pharmaceutical solvatomorphs can
be revealed using this technique. The skimmer-type interfaced
TG−MS system may serve as a powerful technique for
identification, characterization, and in-depth study of various
pharmaceutical solvatomorphs in the future.
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