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ABSTRACT: For active pharmaceutical ingredients (API) in
the solid state, the occurrence of hydration/dehydration phase
transitions may have implications upon the efficiency of the
pharmaceutical product, once they are often accompanied by
changes of physicochemical properties. Thus, it is important
for pharmaceutical research and development to investigate
these mechanisms based on the crystal structures of the API.
In this work, beyond the structural characterization of a new
salt of the antidepressant drug Paroxetine [an HBr hemi-
hydrate, (PRX+Br−)·0.5H2O], by single crystal X-ray diffrac-
tion (SXRD), thermal analysis (DSC/TGA), and hot stage
microscopy (HSM), we were able to perform a complete investigation toward the reversible hydration/dehydration solid phase
transitions occurring for this salt. In addition, solubility measurements for the anhydrous and hemihydrate solid forms of the new
salt are compared with those of its isostructural hydrochloride hemihydrate salt, (PRX+Cl−)·0.5H2O, for which hydration/
dehydration processes are still not completely understood due to structure instability after dehydration.

1. INTRODUCTION

Hydrates constitute the most physically stable form of an active
pharmaceutical ingredient (API) under conditions of relative
humidity (RH).1−4 In the pharmaceutical context, it has been
estimated that about one-third of API’s are able to form
hydrated structures5 wherein the water is incorporated,
stoichiometrically or nonstoichiometrically, in the crystal lattice.
An important aspect of these compounds is the possibility of
hydrate/dehydrate transformations induced by environmental
changes. During manufacturing and storage steps, the drug
product is exposed to a range of temperatures and water vapor
pressures where the interaction between API and the water
makes this ordinary phase transition possible.2−4,6−9 Therefore,
for practical and regulatory reasons, the search for the
dehydrated phase(s) and the dehydration pathway are crucial
to the development of a pharmaceutical product.3,8,10−12

Dehydration is a complex phenomenon that can involve the
formation of multiples solid forms. The removal of water from
the hydrated lattice may result in three possible scenarios: (a)
an anhydrous solid form, generated by collapse of lattice; (b) an
isomorphic/isostructural dehydrate, generated by the retention
of the molecular packing of the parent hydrate; or (c) the
complete alteration of lattice packing. Despite the systematic
contributions to the mechanisms of solid state dehydrations,
the topic remains a challenge, mainly due to the nonobvious
relationship between hydrate/anhydrous lattices and the
reversibility of the process. Also relevant, the lack of theses
information can cause serious intellectual property (IP) issues

in the end-use of a compound, as illustrated by a number of
striking examples, such as the Paroxetine HCl case.13,14

Paroxetine (PRX) (Scheme 1) is an important antidepressant
agent, widely used in the treatment of depression, panic, and
obsessive-compulsive disorders, posttraumatic stress, and
general anxiety.15−23 Paroxetine HCl, the clinically utilized
form of this API, can exist as a nonstoichiometric hydrate
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Scheme 1. Chemical Structure of Charged Paroxetine
(PRX+) with the Numbering of Non-Hydrogen Atomsa

aThe numerical atoms denomination for the two distinct conformers
differ by adding the indices (′).
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(Form II), or as a hemihydrate (Form I, (PRX+Cl−)·0.5H2O).
In the last decades, efforts to protect PRX’s patent from generic
competition led to a big IP issue.13,14,24,25 The production of
the anhydrate from the (PRX+Cl−)·0.5H2O phase without the
unknown conversion of anhydrous into hemihydrate was the
core of patent litigations. The dehydration/rehydration process
is complex, and even with concentrated efforts, it was difficult
to control the presence of hemihydrate in the anhydrous
product. Recent studies26 have identified different anhydrous
phases from the dehydration of Paroxetine HCl. Upon heating,
Forms I and II give rise, respectively, to an anhydrous14 and an
isomorphic dehydrate.26 The reversibility of each dehydration
process was observed at low relative humidity conditions.26

In this study, with the aim of extending the solid state
knowledge about PRX, we have rationalized the stability of
Paroxetine HBr hemihydrate, (PRX+Br−)·0.5H2O, with respect
to its hydration/dehydration phenomenon. From a more
fundamental point of view, the comparison between the
isostructural (PRX+Cl−)·0.5H2O and (PRX+Br−)·0.5H2O salts
have provided important features about relative stability among
those phases. Finally, insights concerning the mechanism of the
hydration/dehydration processes occurring for PRX could be
completely provided for the first time, at the best of our
knowledge, by combining structural information, molecular
packing analysis, and direct observations of crystalline proper-
ties based on Differential Scanning Calorimetric (DSC),
Thermogravimetric analysis (TGA), Hot−Stage Microscopy
(HSM) and Variable temperature Single-Crystal X-ray
diffraction (VT−SC−XRD) experiments. It is worth mention-
ing that this complete description was still not reported for the
parent (PRX+Cl−)·0.5H2O salt, due its crystalline instability
after dehydration, thus hindering the complete understanding
of its spontaneous dehydration/rehydration mechanism.

2. EXPERIMENTAL DETAILS
Paroxetine HCl was obtained from commercial sources and used
without any further purification. The sample consisted of Form I
(Hemihydrate), as determined by powder X-ray diffraction (PXRD)
pattern27,28 and DSC analysis.14,29 Organic solvents (analytical or
spectroscopic grade) were also purchased from commercial sources
and used as received.
2.1. Supramolecular Synthesis of Paroxetine HBr. In order to

be able of synthesizing the proposed new salt, the first step was the
achievement of PRX free base. For this, (PRX+Cl−)·0.5H2O (Form I)
was used as the starting material, being dissolved in water, treated with
excess of sodium hydroxide, and followed by gradual addition of ethyl
ether. The mixture was then stirred until two phases became clear. The
organic phase was separated from the water fraction and the ethyl
ether phase was dried over Na2SO4. After removal of hydrated Na2SO4
by filtration, the evaporation of ethyl ether resulted in the oily free base
of PRX. In sequence, 15 mg (0.045 mmol) of PRX free base was
dissolved in 2 mL of ethanol 95%. After dissolution, 150 μL of HBr (1
mol·L−1) were added to the system. The mixture was left to stand at
−2 °C to allow for slow evaporation of the solvent. Colorless crystals
appeared within a few days.
2.2. Single Crystal Determination Measurements. The

crystallographic data for the (PRX+Br−)·0.5H2O were collected on a
Bruker Super-Duo APEX II CCD diffractometer30 using MoKα
radiation (0.71073 Å). X-ray diffraction data collection for the
PRX+Br− dehydrate was performed on an Enraf-Nonius Kappa-CCD
diffractometer (95 mm CCD camera on κ-goniostat) using graphite-
monochromated MoKα radiation (0.71073 Å) and an Oxford Cryo
Systems CryoStream 700Plus to control the temperature. Using the
Olex231 software, the structures were solved by direct methods and the
models obtained were refined by full−matrix least-squares on F2

(SHELXTL−9732). All the hydrogen atoms were placed in calculated

positions and refined with fixed individual displacement parameters
[Uiso(H) = 1.2Ueq or 1.5Ueq] according to the riding model (C−H
bond lengths of 0.97 Å and 0.96 Å, for methylene and methyl groups,
respectively). Molecular representations, tables and pictures were
generated by Olex2,31 MERCURY 3.233 and Crystal Explorer v2.134

programs.
The CIFs files of the (PRX+Br−)·0.5H2O collected at −173 °C,

dehydrated at 87 °C and rehydrated at 25 °C were deposited in the
Cambridge Structural Data Base35 under the codes CCDC 1436946,
CCDC 1436947, CCDC 1436953, respectively. Copies of the data can
be obtained, free of charge, via www.ccdc.cam.ac.uk.

2.3. Thermal Analysis. Thermogravimetric analyses were carried
out on a Shimadzu TGA-60 thermobalance. Approximately 3.5 mg of
sample were placed on an alumina pan and heated from room
temperature up to 200 °C, at 10 °C min−1, under nitrogen flow (50
mL min−1). Differential Scanning Calorimetric measurements were
performed on a Shimadzu DSC-60 instrument. Samples (3.5 ± 0.5
mg) were aluminum pans and heated from room temperature up to
296 °C, at 10 °C min−1, under nitrogen flow (50 mL min−1). All data
were processed using the Shimadzu TA-60 thermal data analysis
software.

2.4. Hot-Stage Polarized Optical Microscopy. Microscopy was
performed on a Leica DM2500P microscope connected to the Linkam
T95-PE hot-stage equipment. Data were visualized with the Linksys 32
software for hot stage control. (PRX+Br−)·0.5H2O crystals were placed
on a 13 mm glass coverslip, placed on a 22 mm diameter pure silver
heating block inside of the stage. The sample was heated at a ramp rate
of 10 °C min−1 up to a final temperature of 200 °C and interrupted
after the melting of material.

2.5. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were recorded on a PerkinElmer Paragon 1000 spectrometer
using KBr disks. Each spectrum was an average of 64 scans from 4000
to 400 cm−1 at 2 cm−1 of resolution. The spectrum of a blank KBr disk
was used for the background correction.

2.6. DFT Calculations. Considering the presence of two
conformer of PRX+ (A and B) in the asymmetric unit of
(PRX+Br−)·0.5H2O, the electronic structure of A and B conformers
of (PRX+Br−)·0.5H2O asymmetric unit was investigated within
Density Functional Theory (DFT).36,37 Starting from the X-ray
structure the hydrogen position optimization was carried out using the
6-311++g(d,p) basis set and, M062X functional.38 This functional was
chosen due to its well-established performance for both hydrogen
bonds and dispersion interactions. The zero-point vibrational energy
(ZPVE) contributions (E(A)ZPVE and E(B)ZPVE) were not neglected
and energy difference (ΔE) between the conformers was calculated
according to equation: ΔE = [E(A) + E(A)ZPVE] - [E(B) + E(B)ZPVE]
where (E + EZPVE) represent the sum of electronic and zero-point
Energies. All calculations were performed using Gaussian 0939 suite
program.

2.7. Solubility. Aqueous solubility was measured in distilled−
deionized water by the flask saturation method.40 The saturated
solution of (PRX+Br−)·0.5H2O and (PRX+Cl−)·0.5H2O was prepared
stirring a predetermined excess quantity (30 mg) of drugs in 400 μL of
water for 24 h allowing to reach the thermodynamic equilibrium at 20
and 37 °C. After 4 h of sedimentation, the solution was filtered
through a 0.45 mm filter (Millipore). The concentration of
supernatant was measured by UV spectroscopy. Samples were then
diluted 100-fold in water before analysis. The specific absorptivity was
determined in distilled water, at the selected wavelength of λmax = 293
nm and the standard solutions used to generate the calibration curve
were prepared using (PRX+Cl−)·0.5H2O. The concentration of the
compound in the filtrate was quantified by interpolating of
spectroscopic measurements from the diluted solutions in a calibration
curve whose concentrations ranged from 0.005 to 0.2 mg. mL−1. The
solubility of PRXBr was determined in 2-propanol at 20 °C follow
similar procedure.
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3. RESULTS AND DISCUSSION
3.1. Structural Description. A detailed description of the

(PRX+Br−)·0.5H2O and (PRX+Br−) structures is depicted
below. Table 1 exhibits the crystallographic data for the
structures. The main intermolecular interactions for each salt
are listed in Table S1 (Supporting Information). In Figure 1, a
view of the asymmetric unit of each salt is shown.
Paroxetine HBr Hemihydrate Salt. The (PRX+Br−)·0.5H2O

was successfully prepared by considering the similarity between
the bromide and chloride anions. The salt was obtained by the
simple acid−base reaction between the PRX free base and the
HBr acid. The (PRX+Br−)·0.5H2O crystallizes in the mono-
clinic Sohncke space group P21 with two protonated PRX+

molecules (A and B), two Br− anions, and one crystallization

water molecule in the asymmetric unit, exhibiting Z′ = 2
(Figure 1a). The A and B molecules constitute different
conformations of PRX+. Therefore, two nonequivalent
PRX+Br− ionic pairs are present in the crystal structure, with
one of the Br− anions and the water molecule disordered. The
PRX+ molecular skeleton is dominated by σ-bonds. Then, this
compound has a significant conformational flexibility that leads
to conformational differences between conformers A and B.
Figure 1b shows the main differences between the PRX+

conformers, which were superimposed through their piper-
idinium moieties. The conformers differ by the orientation of
the C6−O1−C7−C8 torsion angle [A: −147.4(4)° and B:
−40.8(7)°, respectively]. Moreover, the five-membered 1,3-
dioxolane rings (ring C) adopt different envelope conforma-

Table 1. Crystal Data and Structure Refinement of (PRX+Br−)·H2O and (PRX+Br−)

(PRX+Br−)·0.5H2O PRX+Br−

Empirical formula C38H44Br2F2N2O7 C19H21BrFNO3

Formula weight 838.57 410.28
Temperature/K 100(2) 360(2)
Crystal system Monoclinic Monoclinic
Space group P21 P21
a/Å 12.9368(4) 12.9190(19)
b/Å 10.3393(4) 10.4970(10)
c/Å 14.3259(4) 14.5580(3)
β/° 107.464(2) 109.871(7)
Volume/Å3 1827.87(11) 1856.7(5)
Z, Z′ 4, 2 4, 2
ρcalc (g/cm

3) 1.524 1.468
μ/mm−1 2.280 2.241
F(000) 860.0 840.0
Crystal size/mm3 0.083 × 0.05 × 0.044 0.083 × 0.277 × 0.543
Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073)
2θ range for data collection/° 3.724 to 51.628 5.96 to 49.86
Index ranges −15 ≤ h ≤ 15, −12 ≤ k ≤ 12, −17 ≤ l ≤ 17 −15 ≤ h ≤ 15, −12 ≤ k ≤ 11, −17 ≤ l ≤ 17
Reflections collected 30984 14094
Independent reflections 6893 [Rint = 0.0632, Rsigma = 0.0712] 6222 [Rint = 0.094, Rsigma = 0.05]
Data/restraints/parameters 6893/1/472 6222/1/461
Goodness-of-fit on F2 1.027 1.012
Final R indexes [I ≥ 2σ (I)] R1 = 0.0370, wR2 = 0.0715 R1 = 0.0597, wR2 = 0.1498
Final R indexes [all data] R1 = 0.0477, wR2 = 0.0747 R1 = 0.0903, wR2 = 0.1723
Largest diff. peak/hole/(e Å−3) 0.35/−0.41 0.28/−0.44
Flack parameter 0.008(5) −0.0071(2)

Figure 1. (a) Asymmetric unit of (PRX+Br−)·0.5H2O. The ellipsoids were drawn at 30% of probability, the disorder occurring in the molecules H2O
and Br1 was omitted for clarity, and dashed red lines refer to the N+−H···Br− and N+−H···Ow charge assisted H-bonds. (b) Overlap diagram of A-
PRX+ (green) and B-PRX+ (yellow) conformers at their solid-state geometries, as determined by the diffraction experiment at T = −173 °C. The
hydrogen atoms were hidden for clarity. The main conformational discrepancies are related with the C6−O4−C7−C8 torsion angle. (c) Asymmetric
unit of (PRX+Br−). The ellipsoids were drawn at 30% of probability, the disorder occurring in the Br1 anion was omitted for clarity, and dashed red
lines refer to the N+−H···Br− charge assisted H-bonds.
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tions with puckering coordinates41 Q(2)A = 0.4196, ϕ(2)A =
−46.90° for the A backbone and Q(2)B = 0.5103, ϕ(2)B =
−44.91° for the B one. Nevertheless, both conformers are very
close in terms of energy, with the B being more stable than the
A conformation by just 2.41 kcal·mol−1 at the M062X/6-311+
+g(d,p) theory level.
PRX+ lacks strong H-Bond donor functions, in a fashion that

just two possible N+−H hydrogen bond donors are available,
belonging to the NH2

+ group (Scheme 1), and is involved in
charge assisted H-bonds (CAHB) of the types N+−H···Br− and
N+−H···O (Figure 1a). As could be observed, in the crystal
packing of (PRX+Br−)·0.5H2O the water molecules play a key
role in the formation of the main motifs between the PRX+

conformers and the Br− anions, acting as ionic pair connectors.
Along the [010] direction, a one-dimensional supramolecular
C5
5(10) motif (highlighted in Figure 2) is formed between the

Ow1 and both independent ionic pairs. In the same direction,
symmetric C5

5(10) motifs merge into each other forming a
R6
6(12) motif, leading to a complex infinite 2D-layer of

molecules. This arrangement orientation of the conformers
such as the drug framework can be understood as a host−guest
complex, where “host” and “guest” molecules refer to PRX+

conformers A and B, respectively (Figure 2). In this way, the
host molecules are H-bonded to Br− and water molecules,
forming zigzag chains (red in Figure 2), while the guest
molecules are H-bonded only to Br−, resulting in a square
suprastructure (blue in Figure 2). The guest−host contacts are
made by nonclassical C8−H8···π, C1−H1B···O2′, and C13−
H13B···π intermolecular interactions (see Table 1S in the
Supporting Information). In addition, the water molecules and
Br− anions are located in circular channels running along the b-
axis (highlighted in yellow in Figure 2).
Paroxetine HBr. The anhydrous PRX+Br− crystalline phase

(Figure 1c) was identified at 87 °C and is an isomorphic
dehydrate (monoclinic Sohncke space group P21, Z′ = 2) of its
parent hydrated form, (PRX+Br−)·0.5H2O. In this way, similar
volume and unit cell parameters are observed between both
salts, being the differences smaller than 1.55% (Table 1). Also
interesting is that even after dehydration no significant
conformational changes on the PRX+ molecules are observed.

From a structural point of view, however, the dehydration
requires a significant rearrangement of the main hydrogen
bonds (see Figure S1 in the Supporting Information), in a
fashion that the two strong N−H···Ow and Ow−H···Br
hydrogen bonds observed in the (PRX+Br−)·0.5H2O are
replaced by NH2

+···Br− hydrogen bonds in the anhydrous
phase (Figure 1c). Nevertheless, it is worth noting that the
radius of the circular channels, now composed only by Br−

anions, remains unchanged.
3.2. Solid State Dehydration/Hydration Processes for

Paroxetine HBr Hemihydrate. As depicted earlier, the
dehydrated form of (PRX+Br−)·0.5H2O is obtained at 87 °C.
In this way, DSC, TGA and HSM measurements were carefully
carried out aiming to understand the thermal behavior of
(PRX+·Br−)·H2O during these dehydration/hydration pro-
cesses. The curve of the first heating DSC cycle (Figure 3a)

presents an endothermic peak in the temperature range of 50−
80 °C and can be assigned as the dehydration process, once the
TGA curve (Figure 3a) is accompanied by a small mass
decrease in this same region, which agrees quite well with the
release of water molecules from the crystal structure. Since the
DSC cell is a closed system under nitrogen purge gas, no
equivalent peak is observed during the cooling process (Figure
3b). However, a second endothermic peak is observed at 155
°C during the reheating process of the same sample (Figure
3c). This peak can be assigned as the melting of the resultant
dehydrated material. In addition, it can be observed in the HSM
experiment (right side of Figure 3) that at 158 °C the crystal
starts to melt, changing its morphology, and that above 165 °C
it has completely melted into a liquid droplet. Notoriously, the
complete dehydration of (PRX+·Br−)·H2O is not associated
with any amorphization of the sample, neither change of habit
or color before fusion. Also, according to the TGA data, after
water loss the next event occurs only between 232 and 300 °C
and is related with the thermal decomposition of the sample.
Based on the thermal analysis, a VT−SC−XRD experiment

have been performed for (PRX+Br−)·H2O, in a fashion that the
dehydrated crystalline phase, identified at 87 °C, can be
measured and the structure solved. Knowing that the porous
channels present in the structure of PRX+Br− (see section 3.1)
can be readily accessible by water molecules, the consequent
rehydration can be possible. In this way, if true, the
reincorporation of water molecules in the solid state should
give back the hydrated crystalline state, (PRX+Br−)·0.5H2O.

Figure 2. Perspective view of the PRX+ framework along the b-axis
showing the channels along the structure (highlighted in yellow
circles), where the H2O molecules and the Br− anions are hosted.
Symmetry independent molecules of A host (blue) and B conformer
guest (red) arrays in the crystal. Two distinct hydrogen bonded
networks in the crystal structure of (PRX+Br−)·0.5H2O.

Figure 3. Heat−cool−reheat DSC curves (lines (a), (b), and (c),
respectively), TGA (dashed gray line), and HSM for (PRX+Br−)·
0.5H2O, showing the crystal formation of the isomorphic dehydrate.
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Thus, to state the reversibility of the dehydration of
(PRX+Br−)·0.5H2O in the solid-state, the following protocol
was adopted: (a) original crystalline samples were subjected to
oven at 90 °C for 4h to get complete dehydration; (b) X-ray
diffraction experiments of the dehydrated single crystals were
performed to ensure complete dehydration at 87 °C; (c) the
dehydrated crystalline samples were exposed to humid
atmosphere for 2h; (d) the samples were measured by SXRD
at 25 °C and DSC in order to confirm rehydration.
3.3. Comparison and Phases Relationship between

(PRX+Br−)·0.5H2O and (PRX+Cl−)·0.5H2O Structures. Apart
from similarity between chloride and bromide anions, it is
interesting to note that the (PRX+Br−)·0.5H2O and
(PRX+Cl−)·0.5H2O

27,28 salts are isostructurals (see Hirshfeld
discussion in the Supporting Information). In the Mercury
3.6,33 a 20 PRX+ molecules overlay (see Figure S2 in the
Supporting Information) confirmed a high packing similarity
between these crystal structures, having 20 out of 20 PRX+

cations in common (RMSD = 0.204279 Å, 20% geometry
tolerance and ignoring the smallest molecular component).
This similarity suggests that the resultant motif formed by
interactions of the type N+−H···X (X = Cl, Br) is robust
enough to mask the disturbances caused by electronegativity
change, when Cl− is replaced by Br−.42,43 In fact, a search of the
Cambridge Structural Database35 (Version 5.36 + updates),
have shown that this is a very common supramolecular motif,
not only occurring for Cl− or Br− anions, but also for others
pairs of N+−H···X CAHB involving protonated amide···halide
(X = F−, Cl−, Br−, I−): a total of 4002 hits with 58.7% of them
exhibiting chain motif, such as observed in the isostructural
salts.
Differently from the (PRX+·Br−)·H2O, no evident dehy-

dration peak is observed in the DSC curve of (PRX+Cl−)·
0.5H2O (see Figure S3 in the Supporting Information). The
water loss in the HBr Form is detected in a large range of
temperatures.14,26,29 Despite the isostructurality, the thermal
behavior differences between both salts suggest a dissimilar
dehydration mechanism resulting in similar isomorphic
dehydrates. However, dehydrated lattices from bromide and
chloride hydrates differ in stability. The (PRX+Cl−)·0.5H2O salt
have the lowest melting point, whereas the (PRX+·Br−)·H2O
have the highest melting point. This observation agrees with
the assumption that the CAHB N+−H···Y (Y = Br− or Cl−) in
the dehydrated lattice in both hemihydrates is stronger in the
(PRX+Br−)·0.5H2O than in (PRX+Cl−)·0.5H2O. In addition,
the HCl salt degrades at a higher temperature relative to the
HBr Form. This difference can result from the high reactivity of
the bromide anion in the melting medium. Then, the

(PRX+Cl−)·0.5H2O is more thermally stable than (PRX+·
Br−)·H2O.
As shown by Pina and coauthors,14,26 the complex

dehydration of the (PRX+Cl−)·0.5H2O occurs in a completely
dry environment, RH ∼ 1%, at high temperatures, ∼75−100
°C. The resultant dehydrated phase is unstable and shows high
affinity for water, which results in the fast spontaneous
rehydration. For this reason, the detection of the event is not
clearly evident, such as observed for the (PRX+Br−)·0.5H2O.
This supports the idea that changing the chloride by bromide
results in slight structural differences that turn the dehydrate
state more stable in the (PRX+Br−)·0.5H2O than in the
(PRX+Cl−)·0.5H2O. Although no crystal structure has been
elucidated from the dehydration of (PRX+Cl−)·0.5H2O until
now, similar conclusions can be inferred to this compound, by
considering the packing similarity between both salts.
Notwithstanding, the different rehydration mechanism for the
PRX+Br− and PRX+Cl− dehydrates should be related to their
respective structural features. After dehydration, it is impossible
to fully satisfy the acceptor capacity of bromide ions (see Figure
S1 in the Supporting Information). The replacement of water
interactions by the Br− in the PRX+Br− lattice induces steric
strains resulting in a chemically unstable isomorphic system.
Indeed, the channel structure is a fundamental feature to
dehydration/rehydration behavior of both chloride and bro-
mide salts. The channel structure of dehydrates allows the
reincorporation of water without large structural rearrange-
ment. However, the difference in the topology of the channels
where the rehydration is preceded has a great impact in their
phenomena kinetics. Because the bromide has the higher ionic
radio than chloride, the channels in (PRX+Br−)·0.5H2O are
twice as larger as in the (PRX+Cl−)·0.5H2O. In addition, as
shown in Figure 4, the spatial topography of channels in the
HCl Form differ from the HBr by the presence of curvatures
near y = 1/2 and y = 1. On one hand, the linear and more
voluminous geometry of the channels in the (PRX+Br−)·
0.5H2O facilitates the outflow of water in the dehydration, and
in the other hand it also contributes to reducing the
destabilizing effects in dehydrate structure when compared to
the (PRX+Cl−)·0.5H2O. As a result, while the rehydration of
chloride occurs at ∼1 h, 75 °C at RH < 1%,26 the rehydration
of bromide was only observed at 2h, 25 °C at RH ∼ 75% (see
Figure S4 in the Supporting Information).

3.4. Fourier Transform Infrared Spectroscopy. The
structural similarities between (PRX+Br−)·0.5H2O, (PRX

+Cl−)·
0.5H2O can also be inferred from their infrared spectra. The
FTIR spectrum of (PRX+Br−)·0.5H2O (Form I) is shown in
Figure 5. The FTIR spectrum of Form II (the dehydrated HBr

Figure 4. Crystal structure of (a) (PRX+Cl−)·0.5H2O and (b) (PRX+Br−)·0.5H2O hemihydrates with the water-containing channels highlighted in
blue.
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Form) was identical to Form I, and is thus omitted. In an
attempt to establish a comparison, the FTIR spectrum of
(PRX+Cl−)·0.5H2O is also shown in Figure 5. The similarity in
the molecular packing of these two isostructural salts is
reflected on the similarity of their FTIR spectrum. For both
salts, the main spectral features of the protonated PRX+

molecule, such as the N−H stretching modes, could be easily
identified. In fact, the amine group is used as fingerprint due its
participation in strong hydrogen bonds. Primary amines are
known to give rise to two NH stretching bands in the region of
3500−3300 cm−1, and another band between 1650 and 1560
cm−1 due to the NH deformation mode. Stretching modes for
the NH2

+ group are seen at 3416 and 3356 cm−1 for (PRXBr)·
0.5H2O and at 3401 and 3336 cm−1 for (PRXCl)·0.5H2O.
Since the amine groups are particularly involved in hydrogen
bonds with the counterion in both salts this considerable shift
to higher frequencies in (PRXBr)·0.5H2O is attributed to the
decreasing electronegativity difference between Cl− and Br−.
3.5. Solubility of (PRX+Br−)·0.5H2O, (PRX

+Cl−)·0.5H2O,
and PRX+Br−. Solubility, by definition, is the measure of the
maximum amount of solute dissolved in a given volume of
solvent at a specified temperature.44−46 This property is
typically related to the melting point, the enthalpy of fusion,
and supramolecular features together with the crystal lattice
energy. This correlation is not a simple exercise and there are
no reliable general rules, especially for salts.45 The water
solubility of (PRX+Br−)·0.5H2O at 20 and 37 °C has been
determined from a saturated aqueous solution. Due to
spontaneous rehydration, the solubility of the PRX+Br−

dehydrate has been determined only in 2-propanol.
The aqueous solubility of the (PRX+Br−)·0.5H2O increases

with temperature. At 20 °C, the (PRX+Br−)·0.5H2O solubility
is 2.66 ± 0.015 and increases to 3.10 ± 0.018 mg.mL−1 when
the temperature reach 37 °C. This small difference (∼0.44
mg.mL−1) indicates the high stability of this solid form when
compared with its isostructural (PRX+Cl−)·0.5H2O salt (S =
6.890 ± 0.2 mg/mL at 20 °C). The (PRX+Br−)·0.5H2O is more
soluble in 2-propanol, with the values differing (S = 8.61 ± 0.01
at 20 °C), from those estimated in water. As expected, due to
the instability generated by the water removal, the PRX+Br−

dehydrate displays a higher solubility in this organic solvent (S
= 15.62 ± 0.01 mg·mL−1). The value is significantly higher than
its hydrate parent in the same solvent, and the solubility
difference between the hydrated and anhydrous forms is
approximately twice. In this view, the stability order of the

forms was estimated. The (PRX+Br−)·0.5H2O is thermody-
namically more stable than its PRX+Br− dehydrate and, hence,
less soluble. This thermodynamic relationship is consistent with
those obtained by DSC.

4. CONCLUSIONS

The structural and thermal investigation of Paroxetine HBr has
been performed. The determination of the crystal structure of
the anhydrous and hydrate paroxetine HBr shows that the
hydrate is isostructural to the (PRX+·Cl−)·H2O. Despite the
packing similarity, both forms have different thermal properties,
mainly involving the desolvation process. The (PRX+·Cl−)·H2O
hemihydrate does not present a structural desolvation process
while the (PRX+·Br−)·H2O loses water molecules above 87 °C
and still remains crystalline. The phenomenon is endothermic
and is associated with the supramolecular arrangement of the
water in the cavity and the organization of the channel. A
cooperative desolvation mechanism has been proposed, since
structural information is maintained after the water loss. No
significant changes are observed in the molecular conformation
and the relative position of the paroxetine molecules during the
dehydration process, which results in an isomorphic dehydrate
solid form. The anhydrous structure exhibits an increased
solubility, indicating the relative stability among both forms.
This work also suggests that the spontaneous rehydration
process of (PRX+Br−) is related to the following features: (i)
higher conformational similarity between PRX+ molecules in
anhydrous and hydrated forms; (ii) the relative stability of both
forms; (iii) the presence of channels in the structure in which
the molecule of water is accommodated; (vi) the restoration of
strong OH···Br hydrogen bonds broken during the desolvation
process; (vii) the more stable and cohesive structure generated
after the rehydration.
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