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a b s t r a c t

A comprehensive solid state study of Paroxetine nitrate hydrate, (PRXþ$NO3
�)H2O, is reported. This salt

was characterized by a combination of methods, including Single crystal X-ray diffraction, Thermal
analysis, Fourier transform infrared spectroscopy (FTIR) and Solubility measurements. (PRXþ$NO3

�)H2O
crystallizes in the monoclinic C2 space group (Z0 ¼ 1) and its packing was analyzed in details, showing
that the main supramolecular motif consists in a C2

2 ð4Þ chain formed by charge-assisted Nþ-H/O�

hydrogen bonds. The salt formation and conformation features were also accuracy established via FTIR
spectra. In comparison with the pharmaceutical approved (PRXþ,Cl�),0.5H2O, (PRXþ,NO3

�),H2O showed
a decrease of 24 �C in the drug melting peak and a slight reduction in its water solubility value.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Paroxetine (PRX), [(3S-trans)-3-[(1,3-benzodioxol-5-yloxy)
methyl]-4-(4-fluorophenyl)-piperidine (Scheme 1), is the most
potent inhibitor of the neuronal reuptake of serotonin (5-
hydroxytryptamine, 5-HT) [1] and is clinically approved for the
treatment of major depression, obsessive compulsive disorder,
generalized anxiety and social phobia [1e7]. Furthermore, PRX is
well tolerated and effective in the depression/anxiety treatment of
young and elders [2], being one of the most widely prescription
drugs in the world [8]. PRX has been pharmaceutically adminis-
tered as a hydrochloride salt. Two polymorphic forms are recog-
nized for this salt: a stoichiometric hydrate, (PRXþCl�)H2O, and a
hemihydrate form, (PRXþCl�)0.5H2O; in which the latter is the
thermodynamically most stable. Additionally, anhydrate [9] and
solvate salts containing propan-2-ol (isopropyl alcohol) [10] has
been reported. Recently, Paroxetine bromide hemihydrate,
(PRXþBr�)0.5H2O and its corresponding dehydrate phase have
been reported for us, as a part of our studies on designing of better
antidepressant solid forms [11]. Beyond these structures, novel PRX
salts with improved solubility and stability are still requested to
provide a better manufacturing and pharmaceutical performance
of this drug.

Salt selection is a common strategy applied to improve phar-
maceutical properties of ionic APIs. In general, the salt confers
valuable attributes such as the increasing of chemical stability,
aqueous solubility and bioavailability [12e15]. For this purpose,
there are a wide variety of salt formers included into the GRAS list
with different chemical properties (pKa, molecular weight, solubi-
lity) that can be combined with PRX to achieve a salt. Within this
context, we have been rationally prepared the paroxetine nitrate
hydrate salt, (PRXþ$NO3

�)H2O, following a supramolecular
approach based on the establishment of charge-assisted hydrogen
bonds (CAHBs). Structural correlations between (PRXþ$NO3

�)H2O,
(PRXþCl�)H2O and (PRXþCl�)0.5H2O salts were also accuracy
established. Furthermore, thermal behavior, spectroscopy proper-
ties and solubility measurements were performed for supporting
the crystallographic results.
2. Experimental details

2.1. Preparation of paroxetine nitrate salt

Paroxetine chloride hemihydrate, (PRXþCl�)0.5H2O, was used as
a precursor for the synthesis of the nitrate salt. Chemicals and
solvents, such as sodium hydroxide, sodium sulfate anhydrous,
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Scheme 1. Structure of Paroxetine cation (PRXþ). The N1eC1/C5, C7/C12,
C14/C19 and C10eC11eO5eC13eO6 are designed A, B, C and D rings, respectively.
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nitric acid, ethanol 95%, ethyl ether were of reagent grade quality
and used without further purification. Paroxetine free base was
obtained after deprotonation of (PRXþCl�)0.5H2O, following a
protocol previously reported for us [11]. (PRXþNO3

�)H2O was pre-
pared though the reaction of PRX free base and HNO3 acid. Single
crystals were growth from an ethanol solution 95%(v/v).

2.2. Single-crystal X-ray diffraction (SCXRD)

X-ray data of (PRXþNO3
�)H2O were acquired at 120 K (Cryo-

stream, Oxford Cryosystems) on a Bruker D8 VENTURE diffrac-
tometer with PHOTON 100 CMOS detector system, using Cu Ka
radiation. The data were integrated and processed via SAINT [16]
and SADABS [17] softwares. The structure was determined using
the Olex2 [18] program as a graphical interface together with the
SHELXS and SHELXL programs [19], in order to solve and refine the
structure, respectively. Hydrogen atoms were placed in geometric
positions and refined with fixed individual displacement parame-
ters [Uiso(H) ¼ 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 pic-
tures were generated by Olex2 [18] and MERCURY 3.2 [20] pro-
grams. The crystallographic data were deposited at the Cambridge
Crystallographic Data Center under the numbers CCDC 1456602.
Copies of the data can be obtained, free of charge, via www.ccdc.
cam.ac.uk.

2.3. Vibrational spectroscopies

Middle infrared spectrum (4000-400 cm�1) was recorded for
(PRXþNO3

�)H2O and (PRXþCl�)H2O salts as KBr pellets on a Shi-
madzu IR Prestige FTIR Spectrometer. The spectra were acquired
under 64 scans of accumulation and at 4 cm�1 of resolution.

2.4. Thermal analysis

Differential Scanning Calorimetric measurements (DSC) were
carried out on a Shimadzu DSC-60 instrument. Samples
(2.5 ± 0.5 mg) were sealed in a crimped aluminum pan and heated
under a flow of 5% O2-N2 from 25 to 300 �C at a heating rate of
10 �C/min. Thermogravimetric analyses (TGA) were performed on a
Shimadzu TGA-60 thermobalance. Approximately 2.5 mg of sample
were placed on an alumina pan and heated under a flow of 5% O2-
N2 from 25 to 300 �C at a heating rate of 10 �C/min. All data were
processed using the Shimadzu TA-60 thermal data analysis
software.

2.5. Hot-stage microscopy (HSM)

Hot-stage (HS) microscopy was performed using a Linkam T95-
PE device coupled to an optical microscope Leica DM2500 P. The
(PRXþNO3

�)H2O crystal was heated at a constant rate of 10 �C/min
from 25 �C to 150 �C, with this process being stopped after the
melting of the compound. Images were recorded by a CCD camera
attached to the microscope in time intervals of 10 s via the software
Linksys 32.

2.6. Solubility

Aqueous solubility of (PRXþNO3
�)H2O was determined by the

classical saturation shake-flask method at 20 �C in deionized water
[21]. A saturated solution of (PRXþNO3

�)H2O was obtained stirring
an excess amount of (PRXþNO3

�)H2O salt (30 mg) in 600 mL of water
for 48 h. After this time, an aliquot of the saturated solution was
removed, filtered through a 0.45 mm filter (Millipore), diluted 100-
fold inwater and its concentration measured by UV spectroscopy at
lmax ¼ 293 nm. The standard solutions used to generate the cali-
bration curve were prepared using (PRXþCl�)0.5H2O salt. The
concentration of PRXþ in the saturated aliquots was quantified by
interpolating of spectroscopic measurements in a calibration curve
whose concentrations ranged from 0.005 to 0.2 mg mL�1. This
experiment was run in triplicate.

3. Results and discussion

3.1. Crystal structure of paroxetine nitrate hydrate

Considering the strong tendency of PRX to form salts (pKa ¼ 9.9
of piperidine N), and the dominance of CAHBs in the crystal packing
of chloride and bromide PRX forms [10,11,22], a stoichiometric
paroxetine nitrate hydrate salt was prepared, (PRXþ NO3

�)H2O. This
salt crystallizes in the monoclinic Sohncke space group C2 in a
needle-shaped morphology. The C-centered unit cell shows a very
long a axis compared to b and c-axis. Details of the structure
determination and the refinement parameters are presented in
Table 1. The asymmetric unit encloses a protonated PRXþ molecule,
a NO3

� anion and a H2O molecule. The water molecule lies on the
crystallographic 2-fold axis and had its H atoms refined with 0.5 of
occupancy. A view of crystallographic asymmetric unit is shown in
Fig. 1.

PRXþ is a six-membered piperidinium ring in the usual chair
conformation (puckering parameters [23]: q2 ¼ 0.0284(3),
q3 ¼ �0.5705(3), QT ¼ 0.5713(3), 42 ¼ �52.69(5.10) and
q2 ¼ 177.15(3)º) with the ethoxyl-benzodioxole and fluorophenyl
substituents in the equatorial position. The geometric parameters
of PRXþ are listed in Table S1. Due to protonation, the sp3 hybridized
N1 atom bears a positive charge and assumes a tetrahedral
configuration. In the present structure, the ethoxyl bridge between
the piperidine ring and benzodioxolo group (C þ D ring) has an
antiperiplanar conformation with C5-C6-O4-C7 of 172.2(3)º
(Table S1, support information). As reported previously, the
conformational flexibility of PRXþ is related to the rotation freedom
about C6-O4 bond. Additionally, the C6-O4-C7-C12 torsion angle
that defines the orientation of benzodioxole groups with respect to
C5-C6-O4 mean plane assumes the value of �169.2(3)º. Although
the conformation of PRXþ in (PRXþ NO3

�)H2O salt differs from those
reported in (PRXþ Cl�)0.5H2O [10,22] and (PRXþ Br-)0.5H2O
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Table 1
Crystal data and structure refinement of (PRXþNO3

�)H2O.

Structure (PRXþNO3
�)H2O

Empirical formula C19H21.5FN2O6.5

Formula weight 400.88
Temperature/K 150.0(2)
Crystal system Monoclinic
Space group C2
a/Å 39.7779(13)
b/Å 5.8787(2)
c/Å 7.9925(3)
b/º 97.022(2)
Volume/Å3 1854.97(11)
Z, Z0 4, 1
rcalc g/cm3 1.435
m/mm�1 0.979
F(000) 842.0
Crystal size/mm3 0.562 � 0.122 � 0.06
Radiation CuKa (l ¼ 1.54178)
2Q range for data collection/� 4.476 to 140.402
Index ranges �48 � h � 47

�7 � k � 7
�9 � l � 9

Reflections collected 7890
Independent reflections 3312 [Rint ¼ 0.0624, Rsigma ¼ 0.0670]
Data/restraints/parameters 3312/1/259
Goodness-of-fit on F2 1.049
Final R indexes [I � 2s (I)] R1 ¼ 0.0413, wR2 ¼ 0.0830
Final R indexes [all data] R1 ¼ 0.0567, wR2 ¼ 0.0892
Largest diff. peak/hole/e Å�3 0.17/�0.26
Flack parameter �0.16(17)

Fig. 1. Crystallographic asymmetric unit view of (PRXþNO3
�)H2O. The hydrogen atoms

are label following the nomenclature of heavy atoms to which they are bonded.

Fig. 2. The superposed of PRXþ molecule from different solid forms. The red molecule
is from (PRXþNO3

�)H2O, the yellow one from (PRXþCl�)H2O [24] and black ones are
from the isostructural (PRXþCl�)0.5H2O [10] and (PRXþBr�)0.5H2O [11] hemihydrates.

Fig. 3. Crystal packing view along the b and c axis. The blue selection indicate the
water channels which the H2O molecules are link two adjacent nitrate ions by O-H/O
hydrogen bond.
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hemihydrates [11], it is similar to the one found in (PRXþ Cl�)H2O
(Fig. 2). Interestingly, only in the nitrate salt, the C13 atom is co-
planar with the 1,3-dioxolane ring (D ring).

PRX nitrate is formed via the N1þ-H1A/O1- CAHB (see Table S2
for H-bond geometry, Supporting Information). The PRXþ NO3

�

ionic pairs are connect to each other by N1þ-H1B/O3� CAHB into
an one-dimensional supramolecular C2

2ð4Þ chain along the [010]
direction. The ionic pairs are also stabilized by C18-H18/O5 in-
teractions. Parallel layers of PRXþNO3

� intercalated by H2O channels
(Fig. 3) characterize the 2-D assembly. Thewatermolecules, in turn,
stabilize the NO3

� anions via the O1w-H1'/O2 hydrogen bonds, by
reducing the electronic repulsion between the anions. Further-
more, two C-H/p interactions contribute to the overall supramo-
lecular arrangement: C12-H12/C-ring and C13-H13B/B-ring. The
directionality of C13-H13B/p is the feature that seems to corrob-
orate with the planarity of the D ring. Also, the PRXþ molecule
exhibits an intramolecular C19-H19/O4 interaction
(dC,,,O ¼ 3.285(4) Ǻ), which can explain the slight conformational
differences between (PRXþNO3

�)H2O and (PRXþCl�)H2O [24].
3.2. Vibrational spectra and assignments.

The analysis of the vibrational modes confirmed the confor-
mational and supramolecular features observed in the crystallo-
graphic study. For a better understanding of the FTIR spectrum of
(PRXþNO3

�)H2O, the FTIR spectrum of (PRXþCl�)0.5H2O is also
included in Fig. 4. Analysis and band assignments were made as
previously described [11,25,26].

As expected, both spectra are affected by the protonation of the
secondary amine. For the nitrate salt, the band at 1345 cm�1,
associated to the piperidine C-N stretching mode, appears red-
shifted to 1324 cm�1. Another significant shift observed in the
spectra of this salt, refers to the band at 803 cm�1. This band arises
from the coupling of phenyl-ring breathing and N-H bendings and
undergoes a blue-shifted of 13 cm�1 (816 cm�1).



Fig. 4. FTIR spectrum of (PRXþNO3
�)H2O and (PRXþCl�)0.5H2O.
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Unfortunately, the N-H stretching vibrations, arising from pro-
tonation of the secondary amine, only can be seen in the PRX
chloride spectrum (3401 and 3336 cm�1). A broad band corre-
sponding to the water O-H stretching overlaps these two bands in
PRX nitrate. Additionally, the nitrate salt also shows the presence of
Fig. 5. DSC (line filled) and TGA (dash line) thermograms of (PRXþNO3
�)H2O and

(PRXþCl�)0.5H2O.

Fig. 6. Photomicrographs of the (PRXþNO
new bands associated to the vibrational modes of the nitrate anion.
The bands at 1324 and 1386 cm�1, only presented in PRX nitrate,
has been assigned to the stretching mode of the N]O bonds, once
PRX chloride has no absorption bands in this region.

3.3. Thermal analysis

The thermal behavior of (PRXþNO3
�)H2O was analyzed by DSC,

TGA and HS microscopy. The DSC and TGA results are presented in
Fig. 5. For comparative purposes, the DSC curve of (PRXþCl�)0.5H2O
was also included in the plot. The DSC curve of PRX nitrate is
characterized by an endothermic peak at 109.0 �C, attributed to the
melting event. Also no dehydration event is observed for
(PRXþNO3

�)H2O until its melting, which can be seen as an advan-
tage, since the stability of the drug is a basic requirement for their
pharmaceutical development and manufacturability. The thermal
decomposition appears in the DSC curve as an exothermic peak at
~169 �C and as expected, it is followed by an abrupt weight loss in
the TGA curve. All thermal events assigned in the DSC curve were
further confirmed by HS microscopy (Fig. 6). No habit or color
change is observed for the nitrate salt between 25 and 80 �C. At
110 �C, the crystal starts to melt changing its morphology and above
112 �C, it has completely melting into a liquid droplet.

The melting temperature of PRX nitrate is about 24 �C less than
the one found for (PRXþCl�)0.5H2O (Fig. 5). When compared with
the (PRXþCl�)H2O, in which the reported melting point is 117 �C
[27e29], it shows a decrease of 15 �C. The melting point differences
reinforces, among others supramolecular aspects, the differences in
the nature of the CAHBs and consequently, in the lattice energy of
these salts.

3.4. Solubility measurements

Equilibrium solubility is a thermodynamic parameter that
shows the maximum amount of the solute dissolved in a given
solvent at a specific temperature. From a pharmaceutical perspec-
tive, it constitutes an important parameter to the bioavailability of a
drug. The water solubility of (PRXþCl�)0.5H2O and (PRXþNO3

�)H2O
was measured at 20 �C in deionized water. Despite our efforts,
(PRXþCl�)H2O is a form difficult to obtain, and thus only the solu-
bility of (PRXþCl�)0.5H2O hemihydrate, which is the formulation
pharmaceutically approved, was determined. The solubility results
for (PRXþNO3

�)H2O and (PRXþCl�)0.5H2O are 4.01 mg mL�1 and
6.89 mg mL�1, respectively, showing a decrease in the solubility of
the nitrate salt in comparison with the chlorine one. In fact, the
relative structural stability of these salts appears to be reflected in
their solubility differences. Although the relationship between
solubility and crystal structure is not so simple, it is well accepted
that this process is associated with the ability of the salt to alter
both the crystal lattice energy and the degree of solvation.
3
�)H2O under heat rate of 10 �C/min.
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Following this assumption, since a larger molecular ion, like nitrate,
is generally not as easy to solvate as a small one, it is plausible that
(PRXþNO3

�)H2O is less water soluble than (PRXþCl�)0.5H2O.

4. Conclusions

In summary, the crystal structure of Paroxetine nitrate hydrate
salt, (PRXþNO3

�)H2O, has been determined and its solid state
characterization was performed using thermal analysis (DSC/TGA
and HS Microscopy), FTIR spectroscopy and solubility measure-
ments. Conformational similarity is observed between (PRXþNO3

�)
H2O and (PRXþCl�)H2O forms. The packing of PRX nitrate is
essentially characterized by formation of ionic layers of PRXþ

molecules connected to NO3
� anions. In the crystal packing, these

layers are intercalated by water channels. The presence of H2O
channels plays an important role in the supramolecular assembly of
PRXþNO3

� ionic pairs, by reducing the electronic repulsion between
the anions. The packing of (PRXþNO3

�)H2O is also stabilized by C-
H/O and C-H/p interactions. From a pharmaceutical perspective,
this salt shows desirable properties for processing, storage and
drug performance. There is no occurrence of any dehydration event
and the structure is thermally stable between 25 and 100 �C. The
present study shows that a better comprehension of the supra-
molecular features of PRX salts can be crucial for a successful
development of a highly safe and efficient drug.
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