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Irbesartan (IBS) is a tetrazole derivative and antihypertensive drug that has two interconvertible struc-
tures, 1H- and 2H-tautomers. The difference between them lies in the protonation of the tetrazole ring. In
the solid-state, both tautomers can be isolated as crystal forms A (1H-tautomer) and B (2H-tautomer).
Studies have reported that IBS is a polymorphic system and its forms A and B are related monotropically.
These reports indicate form B as the most stable and less soluble form. Therefore, the goal of this
contribution is to demonstrate through a complete solid-state characterization, thermodynamic study
and dissolution properties that the IBS forms are desmotropes that are not related monotropically.
However, the intention is also to call attention to the importance of conducting strict chemical and in
solid-state quality controls on the IBS raw materials. Hence, powder X-ray diffraction (PXRD) and Raman
spectroscopy (RS) at ambient and non-ambient conditions, differential scanning calorimetry (DSC), hot
stage microscopy (HSM), Fourier transform infrared (FT-IR) and scanning electron microscopy (SEM)
techniques were applied. Furthermore, intrinsic dissolution rate (IDR) and structural stability studies at
98% relative humidity (RH), 25 °C and 40 °C were conducted as well. The results show that in fact, form A
is approximately four-fold more soluble than form B. In addition, both IBS forms are stable at ambient
conditions. Nevertheless, structural and/or chemical instability was observed in form B at 40 °C and 98%
RH. IBS has been confirmed as a desmotropic system rather than a polymorphic one. Consequently, forms
A and B are not related monotropically.
© 2019 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

[4—6]. Although some authors extend this definition to geometric
isomers, enantiomers and tautomers [1,6,7], the formation of tau-

Molecular compounds that present tautomerism can be char-
acterized as polymorphs or desmotropes in the solid-state [1—3].
Polymorphic forms are different crystalline phases obtained from
the identical molecular compound in terms of atom connectivity
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tomers implies the breaking and forming of bonds [8]. In this sense,
when the different tautomers crystallize independently, this phe-
nomenon is known as desmotropy, and the crystals formed are
named desmotropes [1—3]. In some compounds, polymorphic and
desmotropic forms [9] and two tautomers in the same crystal lat-
tice [10] have been observed. It is well known that the polymorphs
exhibit different pharmaceutical properties such as solubility and
stability, which are associated with bioavailability, manufacturing
and storage issues [3,11—13]. Differences are also exhibited in the
case of desmotropes since they present not only different
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crystalline structures but also different chemical entities [1,14].
There is general agreement, therefore, about the importance of the
study of these phenomena [5,6,15]. Hence, to establish thermody-
namic stability among crystal forms is a critical concern. Indeed, the
study of these phenomena constitutes an essential part of phar-
maceutical research and development [12,16].

Irbesartan (IBS), 2-butyl-3-[[4-[2-(2~{H}-tetrazol-5-yl)phenyl]
phenyl]methyl]-1,3-diazaspiro[4.4]non-1-en-4-one [17] (Fig. 1) is
an antihypertensive drug. It acts by inhibiting the renin-
angiotensin system by selectively blocking the AT1 subtype of re-
ceptors [18]. IBS is a type of N-substituted heterocycle derivative
that exhibits tautomerism [19]. In solution, 1H and 2H-tautomers
exhibit similar energy and the equilibrium towards one to the other
species is quite sensitive to the chemical environment [20]. In the
annular tautomerism of azoles, the differences in energy among
species should be quite low to have a reasonable probability to
isolate two desmotropes [8]. In terms of energy, it is important to
emphasize that the activation barrier between two species in so-
lution cannot be used to differentiate between isomers, tautomers
and polymorphs [8]. An evaluation in solution will give discrep-
ancies for those related to conformational and configurational
terms. Therefore, the evaluation needs to be done in the solid state
[2,8,21].

Several IBS crystal forms reported up to date are summarized in
Table 1, being of particular interest the desmotropic system
occurring when tautomers 1H and 2H crystallize into forms A and
B, respectively [22]. The difference between them involves an
intramolecular proton transfer in the tetrazole ring, which, unas-
sisted, results in a highly energetically demanding process
[20,23—25]. Indeed, a solid-state proton transfer is not expected
and has not been reported experimentally [20]. The literature de-
scribes IBS forms A and B as polymorphs related monotropically
[26,27] with form B as the most thermodynamically stable, and
form A as presenting significantly higher aqueous solubility than
form B [11]. Indeed, pharmaceutical dosage forms of IBS are
formulated using the form A [20]. However, considering the
following aspects: i) there were previous recalls of IBS/hydrochlo-
rothiazide composed tablets (Avalide®) due to the presence of the
form B in the formulation that compromised the bioavailability of
the product [28], ii) the recent withdrawing of IBS tablets from the
market due to the presence of trace amounts of N-nitrosodiethyl-
amine [29], and iii) regardless of whether the solid forms are des-
motropes or polymorphs, they present differences in
physicochemical properties, including chemical and physical sta-
bilities [13]. Therefore, a concern about stricter quality control of
IBS raw materials has arisen and both chemicals’ solid-state ana-
lyses are required.

Therefore, a deep solid-state characterization, thermodynamic
study and investigation into the dissolution properties of IBS solid
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Fig. 1. Chemical structure of irbesartan and tautomerism in the tetrazole system
(adapted from Ref. [22]).

forms have been conducted. Given the relevance of this information
for the pharmaceutical industry, structural stability at different
ambient conditions was evaluated for both IBS solid forms.

2. Experimental
2.1. Chemicals

IBS raw material was kindly donated by CALOX of Costa Rica in
its micronized form A. Form B was obtained by recrystallization of
raw material in acetonitrile. IBS pharmaceutical secondary stan-
dard (traceable to USP and PhEur) Fluka brand was purchased from
Sigma-Aldrich (Laramie, WY, USA). Acetonitrile was of HPLC/UV
grade, and water was obtained by purification using a Millipore
system filtered through a Millipore membrane 0.22 pm Millipak ™
40. All solvents were of HPLC/UV grade.

2.2. Characterization techniques

2.2.1. Powder X-ray diffraction (PXRD)

PXRD patterns at ambient conditions were collected from a
PANalytical Empyrean diffractometer equipped with a Cu Ka. source
(A =1.5418°A) operated at 45 kV and 40 mA, step size 0.016°, step
time 20s, angular scanning speed 2°/min and 2 6 angular range
between 4° and 50° using a silicon strip detector (PIXcel 1D). PXRD
patterns at variable temperature were collected from a PANalytical
X’PERT Multipurpose diffractometer equipped with a Cu Ko source
(A= 1.5418°A) operated at 45 kV and 40 mA, step size 0.016°, step
time 20s, angular scanning speed 2°/min and 2 6 angular range
between 5° and 50° using a linear solid-state detector (Xcelerator).
The samples were heated using an Anton Paar HTK16 camera from
25 to 134 °C and cooled to 25 °C at 10 °C/min rates, except during
PXRD patterns acquisition (isotherms). The calculated PXRD
pattern was carried out with a line width different from the
experimental one.

2.2.2. Raman spectroscopy (RS) at ambient and variable
temperature

Raman spectra were collected in backscattering geometry using
a PeakSeeker 785 (RAM — PRO —785) Raman system with a diode
laser of 785 nm and 300 mW at the source. The collected Raman
radiation was dispersed with a grating and focused on a Peltier-
cooled charge-coupled device (CCD) detector allowing us to
obtain a spectral resolution of 6 cm™. The LASER was focused on
the sample by a 20 x objective lens of a microscope giving a spot of
approximately 2 um diameter. All spectra were recorded in the
spectral window of 200—1800 cm ™! with the same acquisition time
(30s). The powders were analysed on glass slides at room
temperature.

2.2.3. Fourier transform infrared (FT-IR)

FT-IR spectra of the sample were recorded on a Thermo Scien-
tific Nicolet 6700 FT-IR equipment fitted with a diamond Attenu-
ated Total Reflectance (ATR) accessory. The data were collected
from 4000 to 600 cm ™! using 32 scans at 4 cm~ .. The samples were
placed into the ATR cell without further preparation.

2.2.4. Differential scanning calorimetry (DSC)

DSC curves of the crystals produced were obtained in a DSC-
Q200 (TA Instrument, New Castle, DE, USA) equipped with a TA
Refrigerated Cooling System 90 using aluminium crucibles with
approximately 2 mg of the sample under a dynamic nitrogen at-
mosphere (50 mL/min) and a heating rate of 10°C/min in the
temperature range from 40 to 200 °C. The DSC cell was calibrated
with a standard reference of indium.
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Crystal forms of IBS already reported in the literature.
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Crystal form

Description

Form A
1

2
3
4

Crystal structure not reported in CSD

Trigonal (R3)according to Refs. [30,31]. No cell parameters have been reported.
Monoclinic (P24/c) according to Ref. [32]. No cell parameters have been reported
Hexagonal system according to Ref. [27]. No more details have been given
Trigonal (R3) according to Ref. [11]

Crystal data: a: 37.269 A o.: 90.0°

b: 37.269 A B: 90.0°
c: 9.793 A y: 120.0°

V: 11779.91 A3

Z:18

5 Monoclinic (P2) according to ICDD PDF-4 Organics 2018 [33].
Crystal data: a: 10.969 A o: 90.00°
b: 18.901 A B: 98.27°
c: 9.508 A y: 90.00

V: 1950.76 A3

Z:4.00

Form B CCSD ref code: NOZWII
Triclinic (PT) [18]
Crystal data: a: 11.969 A o: 90.75°
b: 12.181 A B: 105.24°
c: 9366 A y: 112.92°

V: 11229 A3

Z:2
Hydrochloride 1.69-hydrate

CCSD ref code: LIBZAY

Monoclinic (P21/a) [34]

Crystal data: a: 8.5557 A o.: 90.00°
b: 25.0130 A B: 104.415°

¢: 12.2675 A y: 90.00°

V: 2542.64 A3

Z:4
Bromide sesquihydrate

CCSD ref code: NIQVIT

Monoclinic (P21/c) [35]

Crystal data: a: 12.482 A «: 90.00°
b: 25.285 A B: 105.78°

c: 8.6938 A y: 90.00°

V: 2640.4 A3

Z:2
IBS: Hippuric acid cocrystal

Crystal structure not reported [36]

2.2.5. Hot-stage microscopy (HSM)

Thermal events were observed on an Olympus BX53 microscope
equipped with a THMS600PS Linkam heating/cooling plate and a
QICAM Fast 1394 camera. The samples were placed on a microscope
slide, covered with a coverslip, and heated at a rate of 5 °C/min.

2.2.6. Scanning electron microscopy (SEM)

Micrographs were obtained from a JEOL JSM-6390 LV scanning
electron microscope operated in the range of 5—30 kV. The samples
were mounted on a metal stub using double-sided adhesive tape
and coated under vacuum with gold in an argon atmosphere.

2.2.7. Intrinsic dissolution rate (IDR) test

The rotating disk method specified in USP30-NF25 1087
Intrinsic Dissolution was used. Approximately 100 mg of each IBS
solid form was compacted into a 0.5cm? surface using an ASTA
hydraulic press with a manometer to 400 kg. The effect of the
pressure in the solid state transition was monitored by PXRD.
Samples were analysed in a VARIAN VK 7000 dissolution test sys-
tem. The selected dissolution medium was 300 mL of sodium lauryl
sulphate (SLS) 0.25% (w/v) previously heated at 37 °C + 0.5 °C. An-
alyses were carried out at a rotation speed of 75 rpm. Then, 5 mL of
the samples were withdrawn at 5, 15, 30, 60, 90, 120, 180 and
240 min. To maintain a constant total volume, a 5 mL aliquot of
preheated fresh medium was replaced into the vessels after each
sample was removed. The sample aliquots were filtered and then
analysed using a Varian Cary 50 Bio spectrophotometer at 240 nm.

The sink conditions were maintained during the whole dissolution
experiment.

2.3. Structural stability under solid-state stress conditions

IBS crystal forms A and B were placed individually on glass slides
with a single depression concavity. The samples were stored at
25°C and 40 °C, both at 98% relative humidity (RH), for 4 months.
The 98% RH was achieved with a K,SO4 saturated solution. Samples
were analysed by PXRD at 0, 3, 15, 30, 60, 90 and 120 days.

3. Results and discussion
3.1. Characterization of IBS desmotropes

3.1.1. PXRD analyses

In the Cambridge Structural Database (CSD), only the crystal-
lographic data NOZWII for IBS form B is available. Although there
are several reports of IBS form A indicated as trigonal [11,30,31] and
monoclinic [32,33] with quite different cell parameters (Table 1
[18,27,34—36]), its crystal structure has not been deposited in the
CSD. Therefore, the experimental powder pattern of the raw ma-
terial that agrees with the literature [18] was used to identify form
A, whereas the calculated powder pattern from NOZWII was
employed in the identification of form B. These patterns are pre-
sented in Fig. 2, showing several superimposed reflections. How-
ever, each solid form presents characteristic reflections that allow
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Fig. 2. PXRD pattern of IBS desmotropic forms: (A) experimental form A and (B)
experimental and calculated form B (NOZWII crystallographic data).

the differentiation of both crystal forms. The selected reflections
used in this contribution were 4.70, 13.24, 20.01, and 23.10 to
identify form A, while 7.91, 11.80, 15.91, 18.55 and 19.87 were
chosen to identify form B.

3.1.2. Fourier transform infrared (FT-IR) and Raman spectroscopy
(RS)

Considering that IBS desmotropes are chemically different by
the protonation of the tetrazole ring, different patterns in their
vibrational modes are expected. However, the bands associated
with imidazole and tetrazole groups are difficult to interpret and
assign [37]. Nonetheless, the comparative FT-IR spectra of IBS forms
A and B showed differences in three zones of the spectra. The first
approximately 3000cm™ corresponded to C-H stretching; two
bands shifted from 1730 and 1615 to 1725 and 1620 cm ~! from form
A to solid form B, as can be observed at the bottom of Fig. 3A. This
zone is related to C=0 stretching and N-H bending, respectively.
The third zone is located from 1200 to 600 cm’, including the
absence of the band at 778 cm™! in form B, which is associated with
the NH out-of-plane bending mode of the CNH moiety only present
in form A [37]. Another characteristic band that can be used to
distinguish between forms A and B appears at 1006 cm™! and is
present only in form B and is related to NNN bending. Through the
Raman spectra in Fig. 3B, it is possible to observe the differences in
some regions when comparing both IBS solid forms, mainly be-
tween 250 and 500 cm™! and 950—1150 cm™. The detailed figures at
the bottom of Fig. 3B clearly show the mentioned differences.
Approximately 325—375cm™' the Raman spectra show three new
bands for crystal form B as well as two new bands approximately
400cm’L. A strong band observed only in form B at 995cm™' is
related to NNN bending. An intense band at 1245 cm™' in form B
spectra is due to NNH bending. These results are in agreement with
those reported in the literature [37,38]. Moreover, it can be noticed
that the peak intensity in the Raman spectra of form B is clearly
higher for the full spectral range examined.

3.1.3. SEM
Micrographs in Fig. 4 show the crystal habit of IBS solid forms

with different morphologies; while form A crystallizes in a thin
needle-like shape, form B presents a large prism shape. These
morphologies are in agreement with those reported in the litera-
ture for this desmotropic antihypertensive drug [22,30].

3.1.4. DSC, HSM, variable temperature PXRD and RS

DSC curves in Fig. 5 show an independent endothermic event for
each IBS desmotropic form at 182.35°C in form A and at 185.66 °C
in form B’s DSC curve. There is no evidence of any other exothermic
or endothermic event in any of the solid forms’ DSC curves that
suggests a solid-solid phase transition or recrystallization during
heating. The melting temperature of IBS form A is reported in the
DRUGBANK website [39] as 180 and 181 °C. These values agree with
the DSC data presented in Fig. 5. However, there are no other data
reported for form A and no data are available for crystal form B. The
HSM images are in concordance with the DSC curves: the DSC
curves do not show a different phenomenon other than melting
during the evaluation of each IBS solid form.

Variable temperature PXRD and HSM also confirmed there is no
solid-state transition induced by temperature in the IBS crystal
forms. Fig. 6 presents the PXRD patterns of both IBS solid forms
with no new reflections arising during the heating program until a
melting event at 190 °C. The same was observed in Fig. 7 for RS
measures. There are no changes in the RS spectra during the tem-
perature increases.

3.1.5. IDR determination

The solubilities of form A [40] and form B [19] have been re-
ported in different organic solvents and ethanol-water mixtures,
respectively. However, the IDR value has been considered to be
better and more useful than solubility to correlate the in vivo drug
dissolution dynamics [41]. According to Sehi¢ et al., [42] values
lower than 1mg/min/cm? indicate dissolution rate-limiting ab-
sorption. Under sink conditions, the IDR for two crystal forms of a
drug must be proportional to the respective solubilities [43]. Sol-
ubility and IDR are available for the amorphous form and form A
[26]; however, they are not available for form B or for comparisons
among the desmotropic forms. Fig. 8 shows a linear behaviour in
the intrinsic dissolution profile of both IBS forms A and B. The IDR of
form A was 0.017 + 0.004 mg/min/cm? and 0.004 + 0.001 mg/min/
cm? for form B, indicating that form A is approximately four-fold
more soluble than form B.

3.2. Relative thermodynamic stabilities between IBS desmotropes

To confirm that forms A and B are not monotropically related as
previously described in the literature [26,27], the thermodynamic
rules that should be considered in the evaluation of the relative
thermodynamic stability between polymorphs were applied in this
work. The rules used herein were summarized by Lee et al. [44] in a
guide for pharmaceutical crystal form screening and selection.
However, considerations to be aware of in the case of desmotropes
have not been included [44]. The rules comprise determination of
heat and entropy of fusion through DSC analyses. HSM, variable
temperature PXRD and RS analyses support the results obtained by
the DSC data. IDR tests give the data for the solubility rule and
structural stability under solid-state stress conditions to comple-
ment this study.

The DSC curves and HSM analysis are presented in Fig. 5,
showing no endothermic event associated with a phase transition.
In addition, variable temperature PXRD and variable temperature
RS confirm the absence of solid phase transitions induced by the
temperature increase (Figs. 6 and 7). To establish no significant
changes in the melting values of IBS desmotropes, DSC curves were
run in triplicate. From these DSC curves the average melting
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Fig. 3. IBS desmotropic forms A and B: (A) FT-IR spectra and (B) Raman spectra.

temperature of form A was 184.2+0.2°C with an associated
enthalpy of fusion of 89 +2]/g. In the case of crystal form B, a
melting temperature of 186.7 + 0.1 °C and a value of 115 + 3 J/g for
the enthalpy were obtained. Calculating the entropy of fusion using
the data obtained from the DSC curves, form A presents an entropy

of fusion of 0.48 J/g/K and form B of 0.62 J/g/K. In the solubility rule,
IDR profiles were determined, which according to Lee et al. [44]
should be performed at the transition temperature observed in the
DSC and/or HSM analyses. In this case, no transition was observed
between these two crystal forms. Hence, IDR was determined at
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Fig. 4. SEM micrographs of both IBS desmotropes: (A) form A and (B) form B.
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Fig. 6. Non-ambient temperature PXRD patterns of IBS solid forms: (A) form A and (B)
form B.

37.5°C in sodium lauryl sulphate 0.25%. IDR profiles are presented
in Fig. 8, in which form A has the highest intrinsic dissolution rate,
and, therefore, the highest solubility.

Therefore, the following results are obtained: 1) there is no
temperature transition observed for IBS crystal forms, confirmed by
DSC, HSM, variable temperature PXRD and RS. 2) Form A has the
lower melting point and the lower heat of fusion. 3) Form A exhibits
the lowest melting point and the lowest entropy of fusion. It is also
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Fig. 8. IDR profile of both IBS desmotropes.

important to highlight that both solid forms A and B exhibited a
solid state and structural stability at room temperature. Further-
more, the results from ongoing research in our group have
demonstrated the influence of solvent polarity on crystallization of
forms A and B. Therefore, form A was obtained from a less polar
solvent such as ethanol, and form B was crystallized from the highly
polar solvent water. Moreover, in a less polar solvent form B
transformed into form A and in a highly polar solvent form A
transformed into form B [45]. These results indicate that both IBS
desmotropic forms A and B are thermodynamically stable, and they
are not true polymorphs nor are they monotropically related.

In other ambient conditions, form B showed modifications after
one month of storage under 98% RH and 40°C. In Fig. 9 a dif-
fractogram can be observed, showing the reflections at 7.87° and
15.85¢° splitting into 2 reflections. From the third month, a new
reflection arising at 7.64° was observed. None of these reflections
were related to the powder pattern of form A. This suggests a solid-
state transition to an unknown crystalline structure or chemical
degradation.
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Fig. 9. PXRD patterns of IBS form B at different times of storage at 98% RH and 40°C.

4. Conclusions

IBS crystalline forms A and B were characterized by PXRD, DSC,
HSM, SEM, FT-IR, RS and IDR profiles. As expected from their
different chemical nature and structures, forms A and B exhibited
variations in their physicochemical properties. Form A presented a
higher solubility and intrinsic dissolution rate than form B, and
form B was unstable at high humidity and higher temperatures.
However, forms A and B were both stable at ambient conditions.
This solid-state characterization of IBS could be very useful for
current and/or new applications in the pharmaceutical industry.
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