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A B S T R A C T

Tioconazole is an effective antifungal agent, which has a very low solubility in aqueous media, that limits its
bioavailability and efficacy. In an effort to overcome the drug limitations by improving its solubility, the hy-
drochloride salt was prepared in methanolic 1 M HCl and obtained as the hemihydrate, as demonstrated by ele-
mental analysis. Single crystals were grown by slow evaporation from an aqueous 1 M HCl solution and their
structure was determined using single-crystal X-ray diffraction at 302 K. The structures resulting from dehydra-
tion and further rehydration were also assessed, at 333 and 283 K, respectively. The morphology of the crystal,
which exhibited birefringence under polarized light, was verified by hot stage microscopy. The solid was charac-
terized by additional means, including thermal analysis (melting point, differential scanning calorimetry and
thermogravimetry), spectroscopic methods (mid infrared, near infrared, 1H, 13C and 15N nuclear magnetic reso-
nance in solution, as well as 13C and 15N solid state with spinning at the magic angle) and X-ray diffraction tech-
niques. Functional evaluation tests, including the intrinsic dissolution rate and the dissolution of powders were
also performed. In the intrinsic dissolution rate test, the salt proved to dissolve over 2000 times faster than tio-
conazole. The results suggest that the new salt has physicochemical and performance properties which may sup-
port its use as a replacement of the free base in certain applications, especially where improved dissolution rate,
solubility or bioavailability of the drug would be desired.

1. Introduction

Active pharmaceutical ingredients (APIs) can be prepared and used
in various forms, the nature of which is of eminent importance in rela-
tion to industrial scale-up, ease of manipulation and even pharmacolog-
ical activity. APIs are mainly marketed as solids, the latter being most
frequently prepared in a crystalline form.

Most salts are crystalline materials, which contain in the same lat-
tice two or more different components in an ionized state and subjected
to ionic interactions. Pharmaceutical salt formation represents a unique
opportunity to generate new compounds with improved properties; cur-
rently, it is the most preferred and effective method to enhance some

critical physicochemical properties of the APIs, such as solubility,
bioavailability, stability, dissolution rate and processability, including
their ability to undergo tableting, among others. It has been estimated
that half of all drug molecules used in medicinal therapy are adminis-
tered as salts (Bharate, 2021).

Solid-state characterization is of paramount importance, because it
provides key information related to the physicochemical and functional
properties of the APIs. Currently, this is considered a multidimensional
task, that encompasses numerous scientific disciplines within materials
science (Vioglio et al., 2017), and that provides results with impact on
numerous areas of the pharmaceutical science.
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Tioconazole (TCZ, Figure S1) is 1-(2-[(2-chloro-thien-3-yl)
methoxy]-2-[2,4-dichloro phenyl]ethyl)-1H-imidazole; the compound
is an imidazole antifungal agent with a broad spectrum of activity, be-
ing useful against dermatophytes and other fungi, including Candida al-
bicans and Malassezia furfur. Its main use is for the treatment of recur-
rent vaginal candidiasis, but it is also employed topically for nail infec-
tions, and as a lotion, topical cream or in powder form, for the treat-
ment of superficial fungal infections.

The commercial solid yields colorless monoclinic crystals, the struc-
ture of which has been elucidated by single crystal X-ray diffractometry
(SC-XRD) (Kljun et al., 2014). The drug has one stereogenic center, and
the separation of its enantiomers by capillary electrophoresis-mediated
has been reported (Penn et al., 1994). TCZ is a white or almost white
solid with a low melting point (80 °C) (Crisostomo-Lucas et al., 2015),
being weakly basic (pKa: 6.51–6.61) due to its imidazole ring (Sanli et
al., 2013). The log POW (partition octanol:water) of the drug is
4.23–4.86 (Stratton et al., 2015; Brown et al., 2021), and its solubility
in water (16.5 mg l−1) is very low, being reduced to 1.7 mg l−1 at pH
6.8 (phosphate buffer) (Drozd et al., 2021), all of which limit its
bioavailability and antifungal activity.

The solubility problem has long been an issue of concern, which has
been addressed by different research groups (Yang et al., 2008). Among
others, the formation of inclusion complexes (Van Doorne et al., 1988)
with α-cyclodextrin, β-cyclodextrin (Penn et al., 1994; Kiss et al., 2019),
and substituted cyclodextrins (Penn et al., 1993) and the design of spe-
cial carriers (Pienko et al., 2017) have been reported as means to over-
come this drawback, and improve the pharmacokinetics and efficacy of
the antifungal agent. Similarly, drug delivery strategies have been ex-
plored to obtain solids with better wetting and dissolution properties of
TCZ, aiming to enhance their bioavailability and enhance the therapeu-
tic efficacy (Yang et al., 2008). These include emulgels (Sah et al.,
2017), nanocapsule suspensions (Flores et al., 2017b), lipid nanoparti-
cles (Flores et al., 2017a), and spray-dried powders (Ribeiro et al.,
2016). In addition, the group of Perlovich has recently reported the
characterization of dicarboxylic acid salts of TCZ (oxalic, malonic, fu-
maric, DL-tartaric) as more soluble alternatives to TCZ (Drozd et al.,
2021).

On the other hand, formation of the hydrochloride has been used as
a TCZ purification strategy (Gymer, 1977), whereas use of the “hy-
drochloride salt” of TCZ for pharmaceutical purposes has been included
in a patent (Koral et al., 1999). However, in neither case the prepara-
tion and physicochemical properties of the salt were disclosed.

As part of our interest in studying the properties of TCZ, we have
performed an exhaustive characterization of the drug (Calvo et al.,
2019a) and developed new alternatives for its delivery, based on chi-
tosan nanoformulations (Calvo et al., 2019b) and chitosan-
hydroxypropyl methylcellulose films (Calvo et al., 2019c). In pursuit of
our interest in this API, herein we report the characterization of tio-
conazole hydrochloride hemihydrate (TCZHCl•½H2O) as a new salt of
the API.

2. Materials and methods

2.1. API and chemicals

Pharmaceutical grade TCZ bulk drug was kindly donated by Panalab
Laboratories (Buenos Aires, Argentina). Double distilled water was
used. All solvents employed were of analytical grade.

2.2. Preparation of TCZ hydrochloride hemihydrate (TCZHCl•½H2O)

TCZ (400 mg) was dissolved in methanolic 1 M HCl (25.8 ml, molar
ratio TCZ:HCl = 1:25), and the resulting solution was concentrated at
40 °C under reduced pressure, using a rotary evaporator (Büchi,
Switzerland). For the SC-XRD experiments, a supersaturated solution of

TCZ in 1 M HCl was left to stand at room temperature until formation of
crystals. Each lot was kept in a desiccator and protected from light dur-
ing the study.

2.3. Hot stage microscopy

Thermal microscopy analysis was carried out using an Leitz model
350 optical microscope (Ernst Leitz, GmbH, Wetzlar, Germany), fitted
with a controllable heating plate and a 4 × Beion CMOS USB-digital
camera (Shanghai Beion Medical Technology Co., Ltd., Shanghai,
China) of 5.0 megapixels [resolution 2592 × 1944 (H × V)]. A crys-
talline sample was placed between two laboratory glasses into the heat-
ing plate cell, which was set under the objective lens of the microscope.
The plate was heated at different rates until the melting point was
reached. Changes in crystal morphology and phase transitions in the
sample were detected visually and using the USB-camera.

2.4. Elemental analysis

Elemental analyses were carried out with a LECO CHNS-932 ele-
mental analyzer (LECO Corp., Benton Harbor, USA).

2.5. Thermal methods

2.5.1. Differential scanning calorimetry
Differential scanning calorimetry (DSC) curves were acquired with a

Linseis PT1000 thermal analyzer (Linseis Messgeraete GmbH, Selb, Ger-
many), operating under constant nitrogen flow (130 ml min−1). The
samples (∼5 mg) were placed in open aluminum pans and heated at a
rate of 10 °C min−1 between 40 and 230 °C. An empty pan was used as
reference.

2.5.2. Thermogravimetric analysis
Thermogravimetric analysis (TGA) measurements were carried out

on a TA Instruments Q600 apparatus (TA Instruments, New Castle,
USA). The samples (∼8 mg) were placed in alumina crucibles and
heated at a rate of 10 °C min−1 from room temperature to 600 °C under
nitrogen (flow rate = 100 ml min−1), as the purge gas.

2.6. Vibrational spectroscopy studies

2.6.1. Mid-infrared spectroscopy
Mid-infrared (MIR) spectra were acquired in a Shimadzu Prestige 21

FTIR instrument (Shimadzu Corp., Kyoto, Japan), using a diamond-
based ATR accessory GladiATR (Pike Technologies, Madison, USA), fit-
ted with a Pike temperature control unit. A fixed number of 20 scans
per sample (∼20 mg) was performed, at a resolution of 4 cm−1, over a
wavenumber range of 4000–400 cm−1.

2.6.2. Near infrared spectroscopy
Near infrared (NIR) spectra were obtained at room temperature

with a NIRS DS2500 spectrometer (FOSS, Hillerød, Denmark) in re-
flectance mode, with the samples (∼500 mg) placed in a circular quartz
cell for solids. The spectral data were collected in the spectral range
700–2500 nm, as an average of 7 scans/spectrum, at a resolution of
0.5 nm.

2.7. Nuclear magnetic resonance (NMR) spectroscopy

2.7.1. Solution NMR
Solution NMR spectra were recorded on a Bruker spectrometer

(400.13 MHz for 1H, 100.62 MHz for 13C and 40.54 MHz for 15N) at
300 K, equipped with a 5-mm inverse detection H-X probe and a z-
gradient coil (Bruker Biospin, Rheinstetten, Germany). All NMR spectra
were acquired and analyzed using Bruker’s Topspin v.4.0.6 software.
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The chemical shifts are informed in ppm, in the δ scale, and were ob-
tained with regards to the residual peaks of the solvent (DMSO‑d6:
δ = 2.49 ppm for 1H and δ = 39.5 ppm for 13C). The WALTZ-16 se-
quence was used for broadband proton decoupling during the 13C ex-
periments. Nitromethane was used as external reference for the 15N ex-
periments. The spectra were acquired using a 2D (1H-15N) gradient se-
lected Heteronuclear Multiple Bond Correlation (HMBC) by means of
standard pulse sequences and in the absolute mode.

2.7.2. Solid state NMR
Solid state 13C (100.73 MHz) and 15N (40.60 MHz) NMR spectra

were obtained on a Bruker WB 400 spectrometer (Bruker Biospin, Rhe-
instetten, Germany) at 300 K using a 4-mm DVT probehead and the CP-
MAS technique. Samples were carefully packed in a 4-mm diameter
cylindrical zirconia rotor with Kel-F end-caps. The 13C spectra were
originally referenced to a glycine sample and then the chemical shifts
were recalculated to the Me4Si [for C = O of glycine, δ = 176.1 ppm)]
and 15N spectra to 15NH4Cl and then converted to the nitromethane
scale using the relationship: δ 15NMeNO2 = δ 15NNH4Cl – 338.1 ppm. Typ-
ical acquisition parameters for the 13C CPMAS experiments were: 90°
1H pulse: 3.2 μs, 1H decoupling sequence: SPINAL 64 (Fung et al., 2000)
and spectral width: 40 kHz; recycle delay: 120 s; acquisition time:
30 ms; contact time: 4 ms and spin rate: 12 kHz. Typical acquisition pa-
rameters for 15N CPMAS were: 1H 90° pulse: 3.2 µs; 1H decoupling se-
quence: SPINAL 64 and spectral width: 40 kHz; recycle delay: 120 s; ac-
quisition time: 35 ms; contact time: 9 ms and spin rate: 6 kHz. The pro-
tonated nitrogen atom (N–H subspectum) was detected by recording
the CP-MAS spectrum with a contact time of 0.5 ms.

2.8. X-ray diffraction experiments

2.8.1. Powder X-ray diffraction
Powder X-ray diffraction (PXRD) patterns were acquired in a PANa-

lytical X’Pert PRO diffractometer (Malvern Panalytical Ltd., Malvern,
UK), operated at 45 kV and a current of 40 mA. Samples were placed in
a zero-background sample holder at room temperature, which was ro-
tated. Data were obtained over the 2θ range of 5-50°, at a step size of
0.04° and a counting time of 20 s, employing Cu Kα radiation
(1.54184 Å) and a soller slit of 0.04 rad.

2.8.2. Single crystal X-ray diffraction
SC-XRD data were collected on a 0.400 × 0.300 × 0.200 mm3

crystal using a Bruker D8 QUEST ECO diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany), with MoK radiation (λ = 0.71073 Å) at
different temperatures, attained with an open-flow nitrogen gas Oxford
Cryosystems cooler (Oxford Cryosystems Ltd., Long Hanborough, UK).
The data collection strategy and data reduction followed standard pro-
cedures implemented in the APEX3 software from Bruker. The struc-
tures were solved using SHELXS-97 (Sheldrick, 2008) and refined using
the full-matrix least-squares procedure with SHELXL2018/1 (Sheldrick,
2015). All H atoms were initially found in a difference map; those at-
tached to C were further idealized [C–H (sp2): 0.93 Å; C—H2 (sp3):
0.97 Å] and refined using a riding model, while those attached to
X = N were refined with restrained distances [N–H = 0.86 (1) Å]. In
all cases, isotropic Uiso(H) = 1.2Ueq (X) were used. Multi-scan absorp-
tion correction was performed using SADABS 2016/2 (Krause et al.,
2015). WinGX (Farrugia, 2012) and PLATON (Spek, 2009) were used to
prepare material for publication. The crystal structure data (Tables S4-
S10) were deposited in the form of cif files with the Cambridge Crystal-
lographic Data Centre (CCDC). This information can be obtained free of
charge upon request from CCDC via https://www.ccdc.cam.ac.uk/
data_request/cif.

2.9. Determination of the intrinsic dissolution rate

The test was performed employing the stationary disk method and a
Hanson SR8-Plus dissolution station (Hanson Research, Chatsworth,
USA), configured as USP apparatus II (paddles). The dissolution
medium was double distilled water (500 ml) at 37 ± 0.5 °C and the
paddle rotation rate was 50 rpm. The disks were prepared by compres-
sion of the test powder (135 mg) in a Perkin Elmer (Perkin Elmer, Nor-
walk, USA) hydraulic press (20 min at 4 Ton inch−2) to obtain disks
(I.D. = 13 mm; surface area = 1.33 cm2) that would not disintegrate
during the test.

The disks were inserted into a stainless steel holder, so that only one
face was exposed to the dissolution medium. Samples (3 ml) were taken
at pre-specified times, without replenishment and filtered, discarding
the first drops, and suitable aliquots were properly diluted with H2O. A
nine point calibration curve (range = 1.9–25 μg ml−1) was concomi-
tantly prepared by dilution of a stock standard solution of TCZ
(151 μg ml−1) in acetonitrile. The assay for drug content was performed
with a 8453 UV–DAD UV–Vis spectrophotometer (Agilent Technolo-
gies, Santa Clara, USA) fitted with a quartz cell of 10 mm optical path
length, employing absorbance measurements at 225 nm (Calvo et al.,
2019c). Triplicate determinations were performed. The intrinsic disso-
lution rate (IDR) was calculated from the slope of the straight line of the
cumulative drug release graph, obtained by linear regression of the first
five points.

2.10. Powder dissolution rate

The experiments were performed with samples containing an equiv-
alent to 65 mg tioconazole, in a Hanson SR8-Plus dissolution station
(Hanson Research, Chatsworth, USA), configured as USP apparatus II
(paddles), using acetate buffer (0.266 M, pH 4.5) and double distilled
water as dissolution media (500 ml), kept at 37 ± 0.5 °C. The paddle
rotation rate was 50 rpm. The powders were directly poured into the
medium. Aliquots (2 ml) of the dissolution medium were withdrawn at
pre-established times and processed as indicated under Determination of
the intrinsic dissolution rate. The dissolution experiments were continued
up to 24 h (1440 min).

2.11. Data analysis and graphics software

Graphs and statistical data analysis were performed using Origin 8.5
(OriginLab Co., Northampton, USA).

3. Results and discussion

3.1. Preparation of the solid state forms

The pKa difference between TCZ (pKa = 6.51–6.61) and HCl
(pKa = -6) exceeds 4 units. According to the pKa rule, which states that
when ΔpKa < 1 mostly cocrystals are formed, whereas salts are pro-
duced exclusively when ΔpKa > 4 (Hossain Mithu et al., 2021), salt
formation should be expected in this case.

The new solid was prepared by reduced pressure concentration of a
methanolic HCl solution of TCZ at room temperature. This phase was
obtained as colorless plates, which exhibited birefringence when illumi-
nated with polarized light (Fig. 1). No changes were observed in the
solid upon heating until its melting point, except for a slight opacifica-
tion, in agreement with its loss of water.

3.2. Characterization of the new solid

3.2.1. Elemental analysis
The elemental constitution of both, TCZ and the new solid phase,

was analyzed in order to ascertain their chemical composition. As ex-
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Fig. 1. Left: Optical microscopy image of a TCZHCl•½H2O crystal at room temperature. Under non-polarized light (A) and under polarized light (B). Right: Thermal
behavior of TCZ and TCZHCl•½H2O. DSC profiles of TCZ (C) and TCZHCl•½H2O (D), along with the corresponding TGA and DTGA curves of TCZ (E) and
TCZHCl•½H2O (F).

pected, in the case of TCZ, the results complied with those expected for
its formula, whereas those of the salt were in good agreement with the
composition of a hydrochloride hemihydrate salt (Table S1).

3.2.2. Thermal analysis
DSC is useful to record the thermal transitions as well as the corre-

sponding latent heats of the solids under study, whereas TGA is an es-
sential technique to determine the thermal stability of the analytes, by
monitoring their weight loss in an inert atmosphere as a function of
temperature.

The DSC curve of TCZ (Fig. 1C) displayed a single endothermic peak
at 83.5 °C, with Tonset about 79.1 °C and a latent heat of about −82 J g−1

(Calvo et al., 2019a). As evidenced from optical microscopy, this event
is related to the melting point of the pure crystalline drug and does not
involve weight loss, as observed in the TGA curve (Fig. 1E), confirming
that it is an anhydrous form. The latter also revealed that TCZ is stable
up to 165 °C, when decomposition is initiated. At 241 °C, barely a 5%
decomposition level is observed, whereas 98.75% mass loss was
recorded at 325 °C (Blokhina et al., 2021).

As for TCZHCl•½H2O, its DSC profile (Fig. 1D) showed three easily
distinguishable events. The first one was endothermic, took place from
room temperature up to 90 °C and was associated with a weight loss of
2.10%, which yielded an anhydrate, as observed in the corresponding
TGA curve (Fig. 1F). This loss is fully consistent with the theoretical
value expected for the escape of H2O from the lattice of a hydrochloride
hemihydrate phase (∼2.08%). Half of the water loss occurred below
90 °C, suggesting that H2O should be rather weakly bonded to TCZHCl.
The relative ease of rehydration, detected by TGA (Figure S2) and in the
SC-XRD experiments, also point to the same conclusion.

The new solid also experienced two additional endothermic events,
with peaks centered at 147.8 °C (Tonset = 139.4 °C) and 158.2 °C, and
corresponding latent heats of about −44.2 and −53.7 J g−1, respec-
tively. These events took place without loss of mass, as evidenced from
the TGA results, suggesting the existence of a phase transformation
process at the first peak to yield the final solid form, which undergoes
melting at 158.2 °C (Gymer, 1977), without decomposition. This is
reminiscing of the behavior found in the methanolic solvate of micona-
zole, a related antifungal agent (Panini et al., 2022).

Beginning at 175 °C, the salt experienced a mass loss that was attrib-
uted to the decomposition of the anhydrous hydrochloride; the loss
reached 5% at 244 °C, while at 325 °C the process was almost complete,
as stemmed from the recorded weight loss of 97.7%. Comparison be-
tween the thermally induced weight loss curves of TCZ and the salt (Fig.
1E and 1F) evidenced essentially similar thermal stability profiles for
both solids.

3.2.3. Mid infrared spectroscopy
Analysis of the MIR spectra is appropriate to unveil structural

changes related to the formation of the hydrate of the salt; diagnostic
signals are useful evidence to identify TCZHCl•½H2O and to differenti-
ate the salt from TCZ. The spectrum of TCZHCl•½H2O (Fig. 2A) dis-
played a rather broad O–H stretching band with a peak at 3493 cm−1,
which is absent in the spectrum of TCZ (Fig. 2B). This is in agreement
with the expectations for a hydrated solid with an inter-molecularly hy-
drogen bonded system (Subashchandrabose et al., 2021). The shape
and location of the band suggested that water in the solid is hydrogen
bonded. Additionally, the salt exhibited wide and intense bands in the
range 2700–2500 cm−1, which are missing in the spectrum of TCZ.

Fig. 2. Left: Stacked ATR/FT-IR spectra of TCZHCl•½H2O (A) and TCZ (B), in the range 4000–600 cm−1. Right: Stacked NIR spectra of TCZHCl•½H2O (C) and TCZ
(D), in the range 700–2500 nm.
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These are probably due to the N–H stretching of the protonated nitro-
gen (Joshi et al., 2014).

Notably, the salt showed relatively more intense aromatic C–H and
C = C stretching bands in the 3030 and 1630–1550 cm−1 regions than
TCZ. Another spectral difference between the solids was found at the
band corresponding to the C = N stretching of the imidazole group. In
TCZ, this absorption was found at 1503 cm−1 but in the salt the band
appeared at a higher wavenumber (1545 cm−1).

Probably these shifts are related to conformational changes and
modifications in the aromatic character of the imidazole ring as a con-
sequence of protonation of the nitrogen atom. Finally, marked differ-
ences were observed in the whole fingerprint region (1500–600 cm−1),
supporting the formation of a new chemical entity. The list of relevant
signals and their assignment is detailed in Table S2.

3.2.4. NIR spectroscopy
The NIR spectra of TCZHCl•½H2O (Fig. 2C) and TCZ (Fig. 2D) in the

700–2500 nm region also proved to be different, the latter being consis-
tent with the literature.21 Obvious differences were observed in terms of
the intensity and position of the bands in the region between 2200 and
2500 nm, which typically corresponds to CH and CH2 combination
bands. The same phenomenon occurred with the peaks located in the
2150–2200 nm region, that are associated with the combination bands
of the N–H bonds, which could be due to the protonation of one of the N
as a result of formation of the hydrochloride salt.

Interestingly, the spectrum of TCZHCl•½H2O also displayed a high
intensity peak at 1974 nm, along with others at 1192 and 1444 nm,
which could be assigned to the presence of water. These signals at 1444
and 1974 nm can be attributed to the first overtone of the O–H stretch-
ing vibrations and combination of O–H stretching and bending vibra-
tions, respectively (Chavan et al., 2017).

In the 1700–1800 nm wavelength interval, frequently associated
with the first overtone of the CH and CH2 stretching vibrations, TCZ
shows a complex pattern of bands; however, TCZHCl•½H2O displayed
only a single peak at 1738 nm.

A more subtle difference was found in the band corresponding to the
first overtone of the ArC–H stretching vibrations. TCZ presents a band
centered at 1634 nm, whereas in the case of TCZHCl•½H2O, the same
absorption is shifted to 1635 nm and appears with lower intensity and
with a marked shoulder. Probably, this band reflects changes resulting
from protonation of one of the imidazole nitrogen atoms due to salt for-
mation.

More differences in band positions were found between 1350 and
1550 nm, a region generally related to the first overtone of CH and CH2
stretching vibrations and their combination bands, where the salt dis-
plays a pattern of four evenly spaced and strongly overlapped peaks
(1399, 1444, 1486 and 1527 nm). Finally, the band located at 1112 nm

in TCZ, which is shifted to 1127 nm in the spectrum of the salt can be
assigned to the second overtone of the ArC–H stretching vibrations.

3.2.5. Solution 1H and 13C NMR spectra
NMR spectroscopy is a powerful tool for identification of organic

compounds, being also sensitive to conformational and acid-base medi-
ated changes in solution. The 1H NMR spectrum provides information
about the various kinds of protons according to their different magnetic
environments as well as their orientation.

Fig. 3 displays the 1H and 13C NMR solution spectra of TCZ and
TCZHCl•½H2O. The complete and unambiguous assignment of all
both spectra of the salt, which was performed with the assistance of
standard 2D NMR techniques, including COSY, HSQC and HMBC
spectra (Figures S3-S5), is shown in Table S3.

A close inspection of the spectra revealed many differences and that
the most important changes resulting from salt formation took place in
the atoms associated with the imidazole ring. For instance, in the 1H
NMR spectrum, the resonances of H1-H3 experienced different degrees
of downfield shifts; H1 moved from δ = 7.45 ppm in TCZ to
δ = 9.04 ppm, whereas H2 changed from δ = 6.84 ppm to
δ = 7.66 ppm and the signal of H3 switched from δ = 7.01 ppm to
δ = 7.61 ppm. The highest chemical shift variations, observed on H1
and H2, suggested that protonation took place at Nb, their closest nitro-
gen atom, as anticipated by an analysis of the acid-base properties of
both nitrogen atoms of the heterocycle.

The proton-decoupled 13C NMR spectrum of TCZHCl•½H2O (Fig.
3C) displayed the expected 16 signals, as detailed in Table S3. A visual
comparison with the spectrum of TCZ (Fig. 3D) revealed clear reso-
nance changes for C1-C5 (the imidazole ring and the associated
aliphatic chain), involving upfield and downfield chemical shift dis-
placements. The magnitude of the chemical shift difference
(ΔδC2 = 8.5 ppm) further confirmed that protonation took place at the
neighboring nitrogen atom (Nb).

On the other hand, variations among the chemical shifts of the side
chain carbon atoms, which were also observed in the 1H spectra, also
suggested that protonation of Nb induced conformational changes in the
imidazole ring and its side chain attached to Na, with regards to TCZ.

3.2.6. Solid state NMR
3.2.6.1. 13C ssNMR. Solid-state NMR spectroscopy is a powerful non-
destructive technique, useful for acquiring structural information on
solid pharmaceutical systems. The 13C solid-state NMR spectra of TCZ
and TCZHCl•½H2O are shown in Fig. 4A-4D.

Despite the resonances of the aliphatic carbon atoms are observed as
rather narrow signals, both spectra contain less resonances than those
expected in the aromatic region, which are observed as wide peaks with
multiple and overlapped signals; this suggests that the crystal structures

Fig. 3. Left: Stacked 1H NMR spectra in DMSO‑d6 at 300 K of TCZHCl•½H2O (A) and TCZ (B). Right: Stacked 13C NMR spectra of TCZHCl•½H2O (C) and TCZ (D) in
DMSO‑d6 at 300 K. Proton and carbon atom numbers and dashed lines were added as visual aids.
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Fig. 4. Top: Stacked CP-MAS 13C ssNMR spectra of TCZHCl•½H2O (A and B)
and TCZ (C and D). Sub-spectra (A) and (C) were acquired with the NQS pulse
sequence. Bottom: Stacked CP-MAS 15N ssNMR spectra of TCZHCl•½H2O (E)
and TCZ (G), and N–H subspectrum of TCZHCl•½H2O (F).

are complex, and may carry more than one molecule in the correspond-
ing crystallographic asymmetric units.

Tentative signal assignments were made (Fig. 4) by comparison
with the 13C NMR data of the compounds dissolved in DMSO‑d6 (Fig.
3C-3D and Table S3) and with the guide of the corresponding NQS
(Non-Quaternary Supression) sub-spectra (Fig. 4A and 4C), which dis-
play only the quaternary carbon atom resonances.

3.2.6.2. 15N ssNMR spectra. The 15N ssNMR spectra are useful to iden-
tify the nitrogen atoms of the studied species according to their mag-
netic environment and to ascertain the site of protonation in the case of
a salt. The spectra of both solids revealed a pair of resonances each, cor-
responding to the nitrogen atoms of the imidazole moiety (Na and Nb).
In the case of TCZ (Fig. 4G), the peaks were observed at δ = -205.4 and
−118.3 ppm and attributed to Na and Nb, respectively, by comparison
with the 15N HMBC solution spectrum taken in DMSO‑d6 (Figure S6),
where these nitrogen atoms exhibited the corresponding resonances at
δ = -212.0 (cross-peaks with H1, H2, H3 and H5) and −118.7 ppm
(cross-peaks with H1, H2 and H3).

On the other hand, the signals in the spectrum of TCZHCl•½H2O
(Fig. 4E) were detected at δ = -196.1 and −194.1 ppm. The small dif-
ference between the resonances turned necessary the acquisition of a
specific N–H subspectrum (Fig. 4F), to aid the unequivocal identifica-
tion of Na. In this way, the most shielded signal was unequivocally as-
signed to Nb.

Interestingly, in the solution 15N HMBC spectrum (Figures S7 and
S8), the signal of Na was found at δ = -203.3 ppm, as stemmed from its
correlation with H1, H2, H3, H4 and H5, whereas the resonance of Nb
was observed at δ = -199.5 ppm, displaying cross-peaks with H1 and
H2, meaning that the order of the signals was reversed with regards to
the solid-state spectrum. This confirms that care should be taken when
attempting to assign closely found ssNMR resonances by comparison
with their solution counterparts, if the signals are too close.

The marked shielding experienced by Nb (Δδ = -77.8 and
−80.8 ppm for the solid and solution, respectively), combined with the
slight deprotection suffered by Na (Δδ = +11.3 and + 8.7 ppm for the
solid and solution, respectively), confirmed that Nb supports protona-
tion, and suggest that the positive charge is delocalized across the imi-
dazole ring.

3.2.7. Powder X-ray diffraction
The powder X-ray diffractograms of TCZ and TCZHCl•½H2O are

represented in Fig. 5. The PXRD pattern of the drug employed for the
preparation of the new phase (Fig. 5A) was congruent with the litera-
ture data for TCZ.21 However, a comparison of the latter with that of the
new solid phase (Fig. 5B) revealed a pattern of new reflections, with
unique 2θ values that do not exist in the diffractogram of TCZ. This con-
firmed that the API had crystallized yielding a different structure.

The powder diffraction pattern of the new salt was also compared
with that calculated from the structure refined by SC-XRD (Fig. 5C); the
high correlation observed between them confirmed their identity and
suggested lack of contamination with other TCZ solid forms. It can be
assumed that minor differences between the relative intensities of the
experimental and calculated diffraction patterns could be due to pre-
ferred orientation effects (Bunaciu et al., 2015). Ultimately, a number
of peaks proved to be exclusive to crystalline TCZHCl•½H2O, so they
can be useful to identify the salt as such or as a contaminant in TCZ bulk
drug.

3.2.8. Single-crystal X-ray diffraction
A suitable single crystal was selected and used as material for the

analysis at three different temperatures (302 K, 333 K, and 283 K after
the heating stage). Crystallographic data, data collection, and structure
refinement details for TCZHCl•½H2O at 283 K, 302 K, and 333 K are
summarized in Table S4. All crystal structures were resolved and re-
fined into the triclinic space group and Fig. 6 shows the correspond-
ing molecular diagram (at 283 and 302 K) with the corresponding atom
labeling. The atomic coordinates, torsion angles, bond lengths, and
bond angles are provided as Supplementary Material (Tables S4-S10).

Fig. 5. Stacked PXRD diffractograms of (A) TCZ and (B) TCZHCl•½H2O. Com-
parison with the theoretical diffractogram of TCZHCl•½H2O (C).
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Fig. 6. ORTEP representation of TCZHCl•½H2O at 302 K and 283 K showing
the numbering scheme used and displacement ellipsoids drawn at the 50%
probability level.

The structure at 302 K corresponds to a salt hemihydrate containing
in the asymmetric unit two crystallographically independent (TCZ)+

(Cl)− ionic pairs and one water molecule, with the following lattice pa-
rameters: a = 10.3995(5) Å, b = 11.0516(6) Å, c = 18.6950(9) Å,
α = 78.245(2)°; β = 84.851(2)°, and γ = 84.851(2)°.

This phase is a channel hydrate, where the included water mole-
cules of adjoining unit cells lie next to each other along the direction [1,
−1, 0] of the lattice, forming a sort of “channels” through the crystal

(Fig. 7). Noteworthy, each water molecule is disordered, displaying two
positions with different occupancy factors (0.68 and 0.32). The internal
C1-N2-C2 angle of the imidazole ring is 109.2(3)° for both molecules,
which is within the range observed for similar imidazole salts, indicat-
ing the protonation of the N atom and the formation of a salt
(Budagumpi et al., 2012; Drozd et al., 2021).

Compared to TCZ, and in agreement with previous inferences, it was
also observed that the aromatic rings experienced conformational
changes, tending to be more coplanar to each other. On the other hand,
the solid undergoes partial dehydration upon heating. At 333 K, the
asymmetric unit contains a single (TCZ)+ (Cl)− ionic pair and only 10%
of the original water molecules remain, resulting in a unit cell with
smaller cell dimensions (V = 941 Å3).

However, the solid retains the three-dimensional crystal structure of
the hemihydrate, so both are isostructural. In each ionic pair, the coun-
terions are associated by N+−H···Cl− interactions (Table S6). When the
previously heated solid was cooled down to 283 K recovery of both, the
volume of the orginal unit cell and the percentage of water, were ob-
served; this behavior, which is to be expected for a channel hydrate,
was confirmed by TGA (Figure S2).

3.2.9. Dissolution of the solids
3.2.9.1. Intrinsic dissolution rate. IDR refers to the amount of drug dis-
solved per unit time per unit area of a pure drug substance under
conditions of constant surface area, composition of the dissolution
medium and rotation speed. Being related to the rate of mass transfer
from a solid surface to the liquid phase, it is a kinetic parameter that
is useful to characterize solid drugs (Etherson et al., 2020; Zakeri-
Milani et al., 2009). IDR is a rate phenomenon; therefore, it might be
expected to correlate more closely than solubility with in vivo drug
dissolution dynamics.

A comparison between the dissolved masses of TCZ and
TCZHCl•½H2O is shown in Fig. 8, revealing that the salt is much more
soluble than the parent drug. In addition, the dissolution rates were
rather constant during the initial part of the experiments, enabling exe-
cution of linear regressions with good correlation coefficients.

The results indicate that the dissolution rate constants are signifi-
cantly different. Kaplan suggested that drugs with an aqueous IDR of
<1.8 × 10-3 mg cm−2 s−1 are highly likely to exhibit dissolution rate-
limited absorption (Kaplan, 1972); this is the case of TCZ, which dis-
played an IDR value of 8.77 × 10-5 mg cm−2 s−1 (r2 = 0.9993, n = 5).

Fig. 7. Crystal structure of TCZHCl•½H2O. Dashed arrows have been added as visual aids to highlight the location of the water channels.
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Fig. 8. Intrinsic dissolution rate test. Linear-log plot of the amount of drug dis-
solved in the dissolution medium as a function of time, for TCZHCl•½H2O (■)
and TCZ (□). Standard deviations marks (∼1–2%) were omitted for the sake of
clarity.

Contrastingly, however, the IDR of TCZHCl•½H2O was determined as
1.81 × 10-1 mg cm−2 s−1 (r2 = 0.9953, n = 5), representing a substan-
tial increase of over 2000 times.

3.2.9.2. Dissolution of powders. The powder dissolution test was carried
out at pH 4.5 (0.266 M acetate buffer) and in distilled water. It was ob-
served (Fig. 9) that the dissolution rates depended on the nature of the
solid, as well as on the pH of the medium used, in case of TCZ. It was
verified that the behavior of the salt was essentially the same in both
media, whereas it was noticed that the dissolution rate of pure TCZ was
very slow in pure water (<6% after 24 h), exhibiting a notorious in-
crease at pH 4.5, where it reached a level of 84% after 180 min. Con-
trastingly, however, 92% of the mass of the salt went into solution in
the same medium, after only 1.5 min. The pH of the dissolution media
remained essentially constant during the experiments. In the case of
water, the initial pH of 6.96 dropped to 6.95 after dissolving TCZ for
1440 min and to 6.44 after completing the dissolution of
TCZHCl•½H2O.

Fig. 9. Dissolution of powders containing TCZHCl•½H2O (squares) and TCZ
(circles) in 0.266 M acetate buffer pH 4.5 (filled) and in distilled water (empty).

Taken together, these improved properties of TCZHCl•½H2O con-
firm its potential, which can derive into useful applications in the phar-
maceutical field, such as new, more efficient formulations.

4. Conclusions

Tioconazole is a widely used antifungal agent and a scarcely soluble
compound, with poor in-vitro dissolution characteristics; solid form ma-
nipulation has been only occasionally explored in the context of this ac-
tive pharmaceutical ingredient. Salt formation is a convenient and at-
tractive classical alternative to enhance drug dissolution and improve
its pharmacological performance.

The hydrochloride hemihydrate salt of tioconazole (TCZHCl•½H2O)
was obtained and thoroughly characterized by vibrational (NIR, ATR/
FT-IR) and NMR (1H, 13C and 15N in DMSO‑d6 solution and 13C and 15N
in the solid state) spectroscopies, as well as by PXRD and thermal meth-
ods (DSC, TGA).

Crystallization from aqueous hydrochloric acid produced crystals
suitable for SC-XRD measurements, enabling solution and refinement of
its crystal structure. The latter revealed that in the solid state tiocona-
zole is protonated at the distal nitrogen atom of the imidazole ring, as
verified by 1H and 13C NMR analysis. Additionally, comparison between
the 13C NMR data of TCZ and the salt suggested that the imidazole ring,
which also undergoes conformational changes, participates in the delo-
calization of the positive charge resulting from protonation. Regarding
the IDR results, TCZHCl•½H2O presented a dissolution rate three or-
ders of magnitude higher than TCZ, evidencing the potential of the new
hemihydrate. Analogous differences were observed during the dissolu-
tion of powders.

Summing up, this comprehensive study of TCZHCl•½H2O provided
valuable information about this solid, which may be useful at the time
of designing new formulations based on this drug.
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