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Abstract: Telmisartan is an anti-hypertensive drug that exhibits poor aqueous solubility. In this
work, salt formation was utilized to address this issue. Three hydrochloride salts of telmisartan
(TELHCI), a trihemihydrate hydrochloride salt (TELHCI-Hyd), and two anhydrate forms (TELHCI-A
and TELHCI-B) were obtained. The crystal structures of TELHCI-Hyd and TELHCI-A were deter-
mined using single-crystal structure analysis. TELHCI-Hyd is a channel hydrate that has structural
similarities with TELHCI-A. The structures of both crystals are mainly composed of chain structures
formed by centrosymmetric dimers connected via carboxylic-benzimidazole hydrogen bonding. De-
spite their structural similarities, the dehydration of TELHCI-Hyd led to the formation of TELHCI-B.
The solubility, intrinsic dissolution rate (IDR), powder flowability, and tabletability of TELHCI-Hyd
and TELHCI-B were characterized and compared with those of the telmisartan free base form (TEL).
The hydrochloride salts enhanced the solubility of telmisartan approximately 10 to 20 times and
maintained the spring parachute effect up to 24 h. The IDR was also improved due to the existence of
a hydrophilic channel that facilitates the dissolution of telmisartan cations. The resulting salts had a
larger particle size and a more favorable crystal morphology that led to a better powder flowability.
However, the tabletability was not improved by salt formation. The TEL exhibited a defined slip
plane and a higher specific surface area that may assist the tableting process.

Keywords: telmisartan; crystal structure analysis; salt formation; hydrate; solubility; intrinsic
dissolution; powder properties; flowability; tabletability; physicochemical properties

1. Introduction

Solubility is an important physicochemical factor that affects drug absorption and
the effectiveness of drug therapy. Drugs that have a low solubility in water often exhibit
low bioavailability and dissolution rates [1,2]. Telmisartan is an anti-hypertensive drug
of the angiotensin receptor blocker (ARB) group categorized as BCS (biopharmaceutical
classification system) class II, which means that this drug has a high permeability but low
solubility [3]. One of the main problems of telmisartan is its very low solubility in biological
solutions, causing slow dissolution and poor bioavailability [4].

Several studies have been conducted to improve the physicochemical properties of
both the solubility and dissolution rate of the telmisartan free base form (TEL). Prepara-
tion of an amorphous solid dispersion (ASD) of telmisartan with various polymers using
different techniques exhibited different structural and thermodynamic characteristics cor-
related with their physical stability and dissolution behavior. Dukeck et al. reported that
telmisartan—eudragit ASD showed improved dissolution with a good physical stability
due to its high interaction parameter [5]. Jamadar et al. used spray drying technology to
produce telmisartan amorphous polymeric microparticles with PVP K30 with or without
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the aid of an adsorbent [6]. The result showed that this technique significantly improved
the solubility and dissolution rate of the drug due to amorphization and increased the
specific surface area. A supercritical anti-solvent process was utilized by Park et al. to
prepare a telmisartan solid dispersion with HPMC/PVP, resulting in amorphous solids
with a reduced particle size. The solubility of the resulting ASD was increased with in-
creasing amounts of polymers, while the dissolution decreased due to the formation of
a gel layer in the polymer [7]. Isaac et al. improved the hydrophilicity and wettability
of telmisartan by co-milling it with PVA, resulting a comparable dissolution profile with
the reference product Micardis® [8]. In another report, amorphous telmisartan prepared
through melt-quenching and cryogenic griding was formulated as tablet with a better
flow and compression behavior during the tableting process compared to its crystalline
counterpart [9].

Improvements in the physicochemical properties of telmisartan are also achieved by
using a crystal engineering approach. Co-crystallization with oxalic acid increased the
solubility of telmisartan 11.7-fold compared to the free base form [2]. Co-crystals with
three different dissolution modes were obtained using various aromatic carboxylic acids in
which using 2-hydroxybenzoic acid as a co-former showed a high dissolution performance
trend in 0.1 M HCI due to a complexation with HCI solution [10]. Chadha et al. reported
novel co-crystals of telmisartan with saccharin and glutaric acid [11]. Both cocrystals
showed an improved solubility and bioavailability but underwent conversion into the
free drug. In another study, the authors reported the formation of co-crystals between
telmisartan and atenolol [12] with a two-fold increase in solubility in phosphate buffer
pH 7.4, but it dissociated into its components. Another drug—drug co-crystal of telmisartan
and febuxostat that has the potential to be utilized as a combination therapy has also
been reported [13]. The cocrystal was found to be stable under an accelerated stability
test, resulting in a decreased solubility and dissolution rate for each drug. Turek et al.
recently published a review highlighting the role of co-crystallization in improving the
physicochemical properties of ARBs including telmisartan [14].

In drug development, salt screening is considered to be a classical approach to improve
the physicochemical properties of ionizable APIs [15]. Telmisartan has two benzimidazole
groups and a carboxylic acid group, with pKa values of 4.57, 5.86 and 3.62, respectively [13].
Hence, salt formation with cationic or anionic counterions has the potential to be utilized
on this compound. WO/2007/147889 and US 6737432 described the preparation of telmis-
artan salt with sodium [16] and organic acids [17]. Recently, Hatanaka et al. reported
a co-amorphous drug-drug salt between telmisartan and amlodipine with an improved
solubility and permeability for oral absorption [18]. Research has also been conducted
to investigate the formation of telmisartan salt with the addition of hydrochloric acid
(HC1), which shows an increase in solubility [19]. However, no further research has been
conducted on the crystal structure of the salt formed, and no further characterization has
been carried out.

In this study, salt formation of telmisartan with HCI was carried out to improve its
physicochemical properties. A structural analysis of the resulting salt hydrochloride salt
was conducted, followed by an investigation of its effect on the solubility, dissolution rate
and powder properties.

2. Material and Methods
2.1. Materials

TEL was from obtained as a gift from Dexa Medica (Palembang, Indonesia). Hy-
drochloric acid solution, potassium dihydrogen phosphate, sodium hydroxide and organic
solvents were purchased from Merck Chemicals and Life Sciences (Jakarta, Indonesia) and
Nacalai Tesque Inc. (Kyoto, Japan).
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2.2. Preparation of Telmisartan Hydrochloride Salts (TELHCI)

The preparation method for telmisartan hydrochloride hydrate salt (TELHCl-Hyd) was
adapted from a previous report [19]. A suspension of telmisartan free base (TEL) was pre-
pared by adding 200 mg of TEL to 4 mL of ethanol. The suspension was mixed with 10 mL
of 0.4 M HCl solution, stirred and heated at 40 °C for 1 h, resulting in a clear solution. The so-
lution was filtered and left to evaporate at room temperature for two days, yielding TELHCI-
Hyd salt crystals. A single crystal of TELHCI-Hyd (0.258 mm x 0.117 mm x 0.094 mm)
was obtained using a similar method to prepare TELHCI-Hyd bulk crystals. However,
instead of ethanol, water was used as the solvent. Plate-shaped crystals suitable for SCXRD
were obtained in two weeks.

A plate-shaped single crystal (0.109 mm x 0.094 mm X 0.012 mm) of telmisartan
hydrochloride anhydrate Form A (TELHCI-A) was obtained by recrystallizing TELHCI-
Hyd in 1-propanol using the solvent evaporation method at room temperature. This
anhydrous form will be discussed only in the crystal structure section. The synthesis of this
form could not be repeated; hence, further characterization was not possible.

Telmisartan hydrochloride anhydrate Form B (TELHCI-B) was prepared by heating
the powder of TELHCI-Hyd on a heating plate at 115 °C for 2 h. The resulting powders
were kept in a desiccator until further characterization. We were not able to obtain a single
crystal of TELHCI-B that was suitable for a single-crystal structure analysis.

2.3. Single-Crystal X-ray Diffraction (SCXRD)

XRD data for TELHCI-Hyd and TELHCI-A were collected at 93(2) K using a Rigaku
R-AXIS RAPID II instrument (Rigaku, Tokyo, Japan) with rotating anode Cu-K« radiation
(A = 1.541865 A) in the w-scan mode. An empirical absorption correction was performed
using ABSCOR (Rigaku, Tokyo, Japan) [20] on the integrated and scaled diffraction data
in RAPID-AUTO (Rigaku, Tokyo, Japan) [21]. The initial structure was solved using
the dual space algorithm implemented in SHELXT (University of Gottingen, Gottingen,
Germany) [22]. Structural refinement was completed in SHELXL (University of Gottingen,
Gottingen, Germany) [23,24] using the full-matrix least square method. All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms of water molecules in TELHCI-
Hyd were located in the difference Fourier maps. The other hydrogen atoms were treated
in the riding model, and their displacement parameters were fixed to 1.2Ueq of the parent
atoms. In TELHCI-A, the displacement parameters were fixed to 1.5Ueq of the parent
oxygen atom or the parent carbon atoms in the methyl group. The diffraction intensity of
TELHCI-A was weak due to the very small size of the single crystal. Therefore, we could
not reduce the final R indices [I > 20 (I)] R1 = 0.1629.

Crystal structure visualization was conducted in Mercury 2023.3 [25] (CCDC, Cam-
bridge, UK). The intermolecular interaction energy of TEL was calculated in CrystalExplorer
v21.5 (University of Western Australia, Perth, Australia) [26] using CE-B3LYP model energy
with B3LYP/6-31G(d,p) monomer electron densities to construct the energy framework.
The scale factors for the electrostatic, polarization, dispersion and repulsion energies were
1.057, 0.740, 0.871 and 0.618, respectively.

2.4. Simultaneous Thermogravimetric and Differential Thermal Analysis (TG/DTA)

Simultaneous TG/DTA was performed using a STA7300 system (Hitachi, Tokyo,
Japan) for TELHCI-Hyd. Approximately 3-5 mg of the sample was placed in an open
aluminum pan and heated to 300 °C at 10 °C min™ under an N; purge of 60 mL min~'. The
empty pan was used as a reference. For the TEL samples, the measurement was conducted
using a 9320 system (Rigaku, Tokyo, Japan) using identical measurement settings. Veusz
3.6.2 [27] was used to visualize the thermal analysis data.

2.5. Powder X-ray Diffraction

PXRD data were collected using a Bruker D8 Advance powder diffractometer (Bruker,
Karlsruhe, Germany) equipped with a LYNXEYE XE detector using CuKo radiation
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(A = 1.54060 A) generated at 40 kV and 20 mA. The sample was placed on a standard
PMMA sample holder and scanned over 20 = 2-50° at 5° min~! with a step size of 0.020°.
The diffraction data were analyzed in Winplotr version March 2021 (University of Rennes,
Rennes, France) [28].

2.6. Solubility and Intrinsic Dissolution Study

A solubility study was employed using the shake flask method. Approximately 20 mg
of each sample was added into a 50 mL pH 7.5 phosphate buffer medium. The flask
was continuously shaken using an orbital shaker in a water bath, maintaining a constant
temperature of 37 &+ 0.5 °C. An aliquot of approximately 5 mL was taken at designated
sampling times (3, 6, 9, 24 and 48 h).

Dissolution experiments were conducted using the rotating disk method employing
a Hanson Research SR8-Plus dissolution tester. Approximately 200 mg of TEL and its
salts was compressed into 8 mm discs. The dissolution experiments were conducted in
900 mL of pH 7.5 phosphate buffer medium at 37 £ 0.5 °C. The rotating disk apparatus
was rotated at 75 rpm. At regular time intervals (15, 30, 45, 60, 75, 90, 115 and 120 min),
a 10 mL aliquot was withdrawn from the vessel and filtered through a 0.45 um cellulose
acetate filter. Subsequently, 10 mL of pre-warmed medium was added to the vessel. For
the dissolution and solubility study, each experiment was conducted in triplicate and the
results were averaged.

The calibration curve using an external standard method was used to determine the
concentration of telmisartan in the dissolution and solubility samples. The absorbance of
each sample was measured at 297 nm using a UV-vis spectrophotometer (Beckman Coulter
DU-720, Beckman Coulter, Inc, Brea, CA, USA).

2.7. Powder Characterization

The flowability, particle size distribution and morphology of the TEL, TELHCI-Hyd
and TELHCI-A crystals were characterized. The flowability was evaluated using the flow
through an orifice method [29]. Approximately 25 g of powder was carefully placed into
the disc cylinder. The diameter of the orifice was more than two times the diameter of
the orifice opening. In addition, the diameter of the opening was more than six times the
diameter of the particles. The powder flow rate was measured as the time it took for the
powder to pass through the orifice.

The particle size distribution was measured using a laser diffraction method employ-
ing a Mastersizer 3000 (Malvern Panalytical, Malvern, UK). The wet dispersion method
was employed. Before the measurement, pre-treatment was conducted to minimize the
aggregation of the powder. Approximately 10 mg of sample and 0.05 pL of polysorbate
80 was added into 10 mL of water. The suspension was degassed and sonicated for 1 min.
The sample suspension was placed into the Hydro MV wet disperser (Malvern Panalyt-
ical, Malvern, UK) unit and stirred at 1000 rpm. The measurement was conducted in
six sequences with an obscuration limit of 2-8%. The volume diameter (Dv) for each
sample was analyzed. All the measurement procedures were validated according to the
USP 44 <429> light diffraction measurement of particle size [30].

The shape and morphology of the powder were studied using a scanning electron
microscope (SEM) JSM-6510 LA (JEOL Ltd., Tokyo, Japan). Using a carbon double-sided
adhesive tape, the powder samples were mounted onto an aluminum stub and sputter-
coated with gold. The samples were scanned with an accelerating voltage of 15 kV.

2.8. Tabletability Study

The tabletability was evaluated based on the samples’ compaction behavior. Weighed
powders (300 £ 10 mg) of the samples were compressed for a minute under a manual
hydraulic press (Perkin Elmer, Waltham, MA, USA) into tablets with a diameter of 12 mm.
The compression force ranged from 4.9 to 29.4 kN. After compaction, all the tablets were
allowed to relax at room temperature for 24 h before subsequent experiments. The di-
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mensions of the tablets were measured using calipers (Mitutoyo, Kawasaki, Japan). The
breaking force of the tablets was measured using a tablet hardness tester (Biobase THT-3,
Jinan, China). The tensile strength was calculated to eliminate the effects of the variable
thickness and diameter on the measured breaking force using the following equation [31]:

2F

0p = ——
L™ 7Dt

where 07 is the tensile strength (MPa), F is the breaking force (N), D is the diameter of the
tablet (mm) and ¢ is the thickness of the tablet (mm).

3. Results and Discussion
3.1. Crystal Structure of Telmisartan HCI Salts
We obtained a crystalline powder after the solvents evaporated and crystallized. The

resulting powder showed a different PXRD pattern compared to the TEL diffractogram
(Figure 1).

.,J TELHCI-Hyd

Intensity (a.u.)

20 (°)
Figure 1. PXRD pattern of TEL and TELHCI-Hyd.

In addition, as shown in Figure 2, the resulting powder had a distinct particle shape
compared to the rod-shaped TEL raw material. Further characterization revealed that the
resulting powder was a hydrochloride salt hydrate of telmisartan (TELHCI-Hyd).

Sart)
ok
&

00pum =

o

SEI 45kV WD10Mm x5,000" 5im

(b)

Figure 2. SEM photograph of (a) TELHCI-Hyd and (b) TEL crystals at 100x magnification. (c) SEM
photograph of TEL crystals at 5000 x magnification.
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We successfully analyzed the crystal structure of TELHCI-Hyd. For a comparison of
the crystal structure, we refer to the published structure of TEL Form A [32]. The crystal
data and refinement details are summarized in Table 1.

Table 1. Crystallographic data and refinement details of TEL Form A, TELHCI-Hyd and TELHCI-A.

Parameter TEL Form At TELHCI-Hyd TELHCI-A
Moiety formula C33H30N402 C33H31 C1N402 '3.5(H20) C33H31 ClN402
Formula weight 514.63 614.2 551.07

Calc. density (g cm™3) 1.24 1.319 1.317
Crystal system Monoclinic Triclinic Monoclinic
Space group P2y /c P-1 P2y /c
a(A) 18.7798(3) 12.7169(3) 13.2201(3)
b (A) 18.1043(2) 16.1019(3) 16.2647(3)
c (A) 8.00578(7) 16.1871(3) 25.8530(6)
a () 920 95.0040(10) 90
B () 97.066(1) 110.1320(10) 91.4510(10)
7 (°) 90 91.7840(10) 90
Volume (A3%) 2701.31 3093.56(11) 5557.2(2)
z,7' 4,1 4,2 8,2
T (K) 295 93(2) 93(2)
Measured ref. - 35,576 64,180
Independent ref. - 11,114 [Riny) = 0.0779] 10,171 [R(iny) = 0.2060]
Refined parameter - 874 731
Goodness-of-fit on F2 - 1.048 0.989
Final R indices [I > 20(])] - Rq =0.0805 Ry =0.1629
CCDC deposit number 209,544 2,320,400 2,320,398

T Data originated from structure determination based on powder X-ray diffraction (SDPD) by Dinnebier et al. [32].

TELHCI-Hyd crystallizes in the triclinic P-1 space group comprising two telmisartan
cations, two chloride anions, and seven water molecules (Figure 3a). Both telmisartan
molecules are protonated on the N2 and N6 positions of the benzimidazole, respectively.
Hence, TELHCI-Hyd is a trihemihydrate (3.5H,O) hydrochloride salt of telmisartan. Mean-
while, both symmetry-independent telmisartan cations share similar conformations despite
their conformational flexibility, as shown in Figure 3b. The cations exist with a disorder in
the propyl group of the benzimidazole ring. The occupancy factors of the major disordered
parts of both independent telmisartan cations are refined as 0.66 and 0.57, respectively.

(b)

Figure 3. (a) Thermal ellipsoid drawing of TELHCI-Hyd at a 50% probability level. Only the atoms
involved in the hydrogen bonding described are labeled for clarity. (b) Overlay of the two asymmetric
cations of TELHCI-Hyd. Hydrogen atoms and minor disordered parts are omitted for clarity.

In this crystal, only one chloride ion is involved in direct charge-assisted N6-H6---CI2
hydrogen bonding with the telmisartan cation. Furthermore, each asymmetric telmisartan
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cation forms a centrosymmetric dimer-like structure connected by T-shaped 7---7t interac-
tion, with distances between the ring centroid of 5.087 and 5.185 A, respectively (Figure S1).
These dimers are connected through carboxylic-benzimidazole hydrogen bonding interac-
tions O3-H3B::-N4 and O2-H2A.--N8, forming a one-dimensional chain along the a-axis,
as depicted in Figure 4a.

Figure 4. (a) Hydrogen bonding motif in TELHCI-Hyd highlighting the interaction between each
molecule in the asymmetric unit. Only the atoms involved in the hydrogen bonding described are
labeled for clarity. (b) Extensive hydrogen bonding between water molecules along the b-axis in
TELHCI-Hyd.

Interestingly, all seven water molecules were located close to each other, forming a
cluster of hydrates with extensive intermolecular hydrogen bonding (Figure 4b). Five water
molecules, i.e., O5, 07, 08, O9 and 010, were involved as donors in two hydrogen bonds
and as an acceptor in one hydrogen bond. On the other hand, O6 and O11 took part in
four hydrogen bond interactions. Only one water molecule (O8) was involved in hydrogen
bonding with the telmisartan molecule. The hydrogen bond details are summarized in
Table 2.

Table 2. Hydrogen bond parameters in TELHCI-Hyd.

D-H---A D-H (A) H--A A) D---A (A) D-H---A (°)

N2-H2B---08 0.88 1.85 2.728(5) 172.4
N6-H6---CI2 0.88 2.22 3.087(3) 169.0
O2-H2A.--N8 2 0.95 1.71 2.646(4) 169.2
O3-H3B.--N4 0.96 1.68 2.6318(14) 170.5
O5-H5A.---CI2b 0.9570(11) 2.265(7) 3.218(3) 174(5)

05-H5B---06 1.017(7) 1.8435(10) 2.785(4) 152.4(13)
06-H6A.---Cl1 0.9571(10) 2.292(7) 3.238(3) 170(3)
O6-H6B---07 0.973(6) 1.7682(10) 2.738(4) 174(4)
O7-H7E---O5 ¢ 0.972(9) 1.958(8) 2.868(4) 155(2)
O7-H7D---Cl1 © 0.953(10) 2.241(15) 3.177(3) 167(4)
O8-HS8A---06 0.955(10) 1.88(2) 2.796(4) 161(5)
O8-H8B---09 0.957(10) 1.855(19) 2.782(5) 162(5)
09-H9A.--CI2b 0.968(10) 2.247(15) 3.203(3) 169(5)
09-H9B---010 0.955(10) 2.11(4) 2.827(5) 131(4)
010-H10A---O11 0.960(10) 1.93(3) 2.831(4) 156(5)
010-H10B---011 4 0.967(9) 1.955(9) 2.911(5) 169(4)
O11-H11A---CI2P 0.954(10) 2.226(16) 3.159(3) 166(4)
O11-H11B.--Cl1 0.954(10) 2.247(13) 3.192(3) 171(4)

Symmetry transformations: ® x + 1, y, z; by, yvz—1°—x —-y+2, -z d _y, -y+1, -z
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Consequently, hydrophilic channels consisting of water molecules and chloride ions
along the b-axis were formed (Figure 5). Using Hydrate Analyzer in Mercury, we found
that these channels occupied 15.5% of the unit cell volume.

(a (b)
Figure 5. Water molecule channels on TELHCI-Hyd viewed along (a) the a-axis and (b) the b-axis.

TELHCI-A exists in the monoclinic space group P2 /c. The asymmetric unit of this
crystal consists of two telmisartan cations and two chloride anions (Figure 6a). In general,
both cations have a similar conformation with those of TELHCI-Hyd. Only the propyl
group of the benzimidazole of one cation has a different conformation due to its dihedral
angle, as shown in Figure 6b. TELHCI-A also has identical intermolecular interactions
between each telmisartan cation, comprising a one-dimensional chain along the a-axis that
is formed by carboxylic-benzimidazole interactions (O2---N8 and O3-:-N4), as depicted in
Figure 6c. However, in this crystal, both chloride anions formed a charge-assisted hydrogen
bond with the protonated telmisartan via N6-H6---Cl1 and N2-H2B---CI2 interactions. The
hydrogen bond parameters of TELHCI-A are summarized in Table 3.

(b) (©

Figure 6. (a) Thermal ellipsoid drawing of TELHCI-A at a 50% probability level. Only the atoms
involved in the hydrogen bonding described are labeled for clarity. (b) Overlay structure of telmisar-
tan cations in TELHCI-A. Hydrogen atoms are omitted for clarity. (¢) Hydrogen bonding motif in
TELHCI-A highlighting the interactions between each molecule in the asymmetric unit forming a 1-D
chain structure. Only the atoms involved in the hydrogen bonding described are labeled.
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Table 3. Hydrogen bond parameters in TELHCI-A.
D-H--A D-H (A) H---A (A) D--A (A) D-H-A (°)
02-H2A---N8 ? 0.96 1.76 2.6912(17) 164.4
O3-H3B---N4 © 0.96 1.67 2.614(8) 167.8
N2-H2B---CI2 P 0.88 2.14 2.998(8) 163.5
Né6-Hé6---Cl1 0.88 2.12 2.995(7) 170.7

Symmetry transformations: ® x, —y +1/2, z + 1/2;b —x,y—1/2,—z+1/2;°x+1,-y+1/2,z—1/2.

3.2. Thermal Analysis and Dehydration Behavior of Telmisartan HCI Salts

Subsequently, a thermal analysis of TEL and TELHCI-Hyd was carried out. The
TG-DTA curve of TEL is shown in Figure 7a. A sharp endothermic peak at 268.7 °C
corresponds to the melting of the higher melting point polymorph of TEL Form A. The
stable TEL Form A was reported to undergo melting at 263-272 °C [5,8,9,33-35].

20 ! ! T 30
Efo 0 E}(o
0 e ]
-420
— ~-5
g g g
=
z z <
° > 3
(] [ Q
= =
-15
-80F [———. TGTEL 356° --— TG TELHCI-Hyd .
— ——  DTATELHCI-Hyd N =
DTATEL 268.7 °C 60.5°C t4 |3
_100 L L L L _20 _20 L 1 L L 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)
(a) (b)

Figure 7. Thermal behavior of TEL (a) and TELHCI-Hyd (b). Solid line indicates the differential
thermal analysis (DTA) curve. Dashed line corresponds to the thermogravimetric (TG) curve. The
temperature label in both figures is the temperature of the peak maximum.

We also confirmed via PXRD that the crystal form of the TEL raw material used in this
study was TEL Form A (Figure 8a). The TG-DTA data for the hydrate hydrochloride salt of
telmisartan are shown in Figure 7b. Upon heating, this phase showed an immediate weight
loss of ca. 9.6%, associated with two overlapping endothermic peaks at 35.6 and 60.5 °C.
This thermal event corresponds to the loss of 3.5 moles of water molecules (10.3%) per
mole of TELHC], in agreement with the TELHCI:H,O ratio in the crystal structure, i.e., 2:7.
Another broad endothermic peak at 252.6 °C with two steps of significant weight loss was
observed after further heating. This event represents melting followed by a decomposition
process [34,35].

The transformation or dehydration of TELHCI-Hyd occurred within a relatively low
temperature range. In other words, water molecules were easily removed from the crystal.
Dehydration at a low temperature is a typical behavior of channel hydrates [36,37]. As
described in the previous section, TELHCI-Hyd is a channel hydrate. In addition, only
one of the seven water molecules in the asymmetric unit was directly connected with

the telmisartan cation. Hence, these two structural features are responsible for the facile
dehydration of TELHCI-Hyd.
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Figure 8. Comparison between experimental and simulated powder pattern of (a) TEL and

(b) TELHCI-Hyd.

Following that, we analyzed the dehydration product of TELHCI-Hyd using PXRD.
After heating TELHCI-Hyd at 115 °C for 2 h, a crystalline phase was obtained. Interestingly,
this product has a different PXRD pattern compared to the calculated pattern of TELHCI-A
(Figure 9). We concluded that upon heating, the removal of water molecules from TELHCI-
Hyd led to the formation of a new anhydrous polymorph B or TELHCI-B. This behavior is
counterintuitive. As shown in Figure 10, the crystal packing of TELHCI-Hyd and TELHCI-A
is very similar. The packing index [38] of TELHCI-Hyd and TELHCI-Anh is not significantly
different, at 69.5 and 68.9%, respectively. In addition, the telmisartan conformation is nearly
identical in both crystals. However, despite their structural similarities, upon removal of

water through heating, TELHCI-Hyd did not transform into TELHCI-A.

Intensity (a.u.)

Calculated
TELHCI-A

|
WU 1 | M‘Wﬂwwm

10 20 30 40
20(°)

50

Figure 9. PXRD pattern of the TELHCI-B sample obtained by heating TELHCI-Hyd at 115 °C for
2 h (top) and simulated PXRD pattern of TELHCI-A from single-crystal data (bottom).
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(a) (b)

Figure 10. Comparison between crystal packing of (a) TELHCI-Hyd and (b) TELHCI-A viewed along
the b-axis. Hydrogen atoms are omitted for clarity.

In our previous report on the dehydration of metoclopramide HCl monohydrate [39],
a major structural rearrangement occurred because the water molecules were critical in
stabilizing the crystal structure. Thus, dehydration followed by melting and recrystalliza-
tion processes was necessary to transform the monohydrate into the anhydrous form. As
described above, the dehydration process of TELHCI-Hyd did not include a melting or
recrystallization process, as no sharp endothermic or exothermic peak was observed. There-
fore, in contrast with the isolated-site hydrate of metoclopramide HCI, the dehydration
process of TELHCI-Hyd to TELHCI-B allows for only a minor structural rearrangement.
We were not able to obtain a single crystal of TELHCI-B, but we hypothesize that the crystal
structure of TELHCI-B would be similar to TELHCI-A. In addition, there was no visible
difference between the shape and morphology of TELHCI-Hyd and TELHCI-B using SEM
(Figure 11).

Figure 11. SEM photograph of (a) TELHCI-Hyd and (b) TELHCI-B at 100 x magnification.

It should be noted that no additional peak or thermal event was observed after
the dehydration process except for the final melting/decomposition. We hypothesize
that TELHCI-A could be obtained only through recrystallization of TELHCI-Hyd from
the solvent. A more detailed study is planned to investigate the relationship between
TELHCI-A, TELHCI-B, and TELHCI-Hyd.

3.3. Solubility and Intrinsic Dissolution Study

Salt formation was aimed to improve the solubility of telmisartan. Thus, we evaluated
the solubility and intrinsic dissolution of the resulting salts. Each study was conducted
in pH 7.5 phosphate buffer in accordance with the dissolution of telmisartan tablets in
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USP 44 [40]. Before we started the evaluation, we confirmed that the bulk powder for the
characterization of TELHCI-Hyd was in the same phase as the single crystal (Figure 8b) us-
ing PXRD. The solubility and intrinsic dissolution curves of TEL and its salts are presented
in Figure 12.
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Figure 12. Solubility (a) and intrinsic dissolution (b) curves of TEL and TELHCI salts. Phosphate
buffer pH 7.5 was used as the medium.

During the solubility study, the TEL sample reached its equilibrium concentration
after 6 h. The equilibrium solubility of TEL was 3.83 = 0.05 mg/L. The “spring and
parachute” effect was observed in both salts. The concentration of TELHCI-Hyd and
TELHCI-B increased up to 6 h and then continued to decrease slowly to the equilibrium
concentration of TEL. The concentration or solubility of TELHCI-Hyd and TELHCI-B at 6 h
was 51.33 £ 4.07 and 72.48 £ 5.14 mg/L, respectively. The spring and parachute effect is
typically exhibited by the metastable form [41,42]. During the solubility study, conversion
to the more stable form occurred. To analyze this occurrence, the residual powders after
the solubility test were characterized using PXRD. The PXRD diffractogram is shown
in Figure 13. The characteristic peaks of TEL were observed in both the hydrate and
anhydrate salt samples. Furthermore, the TELHCI-B residual sample also showed TELHCI-
Hyd-characteristic peaks. While TELHCI-B underwent a complete transformation, forming
a TELHCI-Hyd and TEL mixture, the TELHCI-Hyd partially transformed into the free base
form. This result suggested that transformation from TELHCI-B to TELHCI-Hyd occurred
before the recrystallization of TEL. In this study, the bulk precipitation mechanism of the
free base occurred because the precipitation or recrystallization of TEL took place above
the critical concentration [43]. Similar behavior during the solubility test was observed in
telmisartan—phthalic acid co-crystals [4]. Ata pH > 6, a cocrystal and telmisartan mixture
was obtained after the solubility test.

The intrinsic dissolution rates (IDRs) of TELHCI-Hyd and TELHCI-B are 0.056 and
0.219 mg min~! em2, respectively. Over the course of the IDR study, TEL was practically
insoluble. The IDR results show a good correlation with the solubility study. According to
the classification by Yu et al. (2004) [44], TELHCI-B can be considered as a highly soluble
compound (IDR > 0.1 mg min~! cm™2). This anhydrous form dissolves four times faster
compared to TELHCI-Hyd. Hydrate forms are generally known to have lower solubilities
compared to their anhydrous counterparts due to their higher stability [45]. The higher
stability of TELHCl-Hyd was demonstrated during the solubility test. Compared to TEL,
TELHCI-Hyd shows a significant improvement in its IDR. It is expected that due to the
channel structure of TELHCI-Hyd, the water molecules readily escaped from the crystal.
Hence, this hydrophilic channel may facilitate the inclusion of the dissolution medium into
the crystal and dissolve the telmisartan cations.
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Figure 13. PXRD pattern of the residual samples after the solubility experiment.

3.4. Powder Characterization and Tabletability

Lepek et al. reported that tablet blends containing crystalline TEL and excipients had a
very poor flowability during a tableting process. Similarly, Ratih et al. also reported on the
poor flow characteristics of TEL [3]. We experienced a similar problem in this study and in
our previous work with TEL [46]. TEL exists as a very fine rod-like particle (Dvsg = 3.9 um),
which leads to its poor flowability. Hence, in this research, we characterized the powder
properties of TEL and its salts. The results of the powder characterization are presented in
Table 4.

Table 4. Particle size and powder flowability of TEL, TELHCI-Hyd and TELHCI-B powders.

Sample Average Particle Size ? Powder Flow P
p (Dvsg, um) (g s~ 1)
TEL 3.90 & 0.48% 1.13 £ 0.01
TELHCI-Hyd 31.97 £ 2.79% 11.40 £0.15
TELHCI-B 32.42 + 0.43% 8.38 £ 0.22

2 Value is expressed as mean & RSD; ® value is expressed as mean + SD.

Compared to the free base, the hydrochloride salts of telmisartan exhibited a signifi-
cantly better flowability. Apart from the larger particle size, salt formation also altered the
shape of the particles. The flowability is influenced by the shape of the particles. Particles
with a similar spherical size tend to have a better flowability [47,48]. Observed using SEM,
the TEL powders were found to be an agglomerate of fine rod-like particles, while both
salts were relatively more cuboid. We concluded that the changes in the size and shape of
the particles were responsible for the better flowability of TELHCI-Hyd and TELHCI-B.

Finally, we evaluated the powder compaction behavior of TEL and its salts. The
relationship between the compaction force and tensile strength is presented in Figure 14.
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Figure 14. Tabletability of TEL and TELHCI salts.

Tabletability is an important property related to the processability of API in solid
dosage form development. This characteristic represents the capacity of a material to
be transformed into a tablet of a specific strength under compaction pressure [49]. The
tensile strength of TEL remained higher than TELHCI-Hyd and TELHCI-B at all the applied
compression forces. This result indicates the better tabletability of TEL over its salts. At
compression forces higher than 20 kN, overcompression occurred. The observed decrease
in the tensile strength was attributed to an excessive elastic recovery [50].

The superior tabletability of TEL can be rationalized from its crystal structure. The ex-
istence of slip planes is reported to enhance the tabletability of APIs [51-57]. Slip planes cor-
respond to the crystallographically rigid planes exhibiting the weakest interactions between
planes [58]. We identified the possible slip plane by constructing the energy framework [26]
and visualizing the crystal structure using the CSD Particle module in Mercury [25]. TEL
exists as a layered structure connected by head-to-tail carboxylic-benzimidazole hydrogen
bonding along the c-axis. This structure has a defined slip plane parallel to the (1 0 0) plane,
as shown in Figure 15a. The slip planes are separated by relatively weaker hydrophobic
interactions. The existence of these defined planes facilitated shearing and allowed the
structure to easily slide, thereby promoting plastic deformation. On the other hand, de-
spite the existence of a layered structure in TELHCI-Hyd, this structure lacks a slip plane
due to the water channel separating the stacked layers. This water channel bridges the
adjacent layers through telmisartan-water hydrogen bonding (Figure 15b). This creates
an interlocking structure that hinders plastic deformation during the compression process.
In addition to the crystal packing, the larger particle size of the corresponding salts also
influenced their tabletability. Several studies have reported that smaller particles tend
to have better tabletability due to their larger specific surface area, facilitating bonding
between particles [59-61]. Compared to a previous study on the tabletability of TEL using
a similar method [3], in this work, TEL showed a marginally better tabletability. This may
be attributed to the slightly lower particle size distribution of the TEL used in this research
compared to the previous report (Dvsy = 4.2 pm).
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Figure 15. (a) Energy framework of the TEL crystal structure viewed along the b-axis. The intermolec-
ular energy cut-off was set to 5 k] /mol. The layer comprised of hydrogen bonding along the c-axis
is highlighted in green. The possible slip plane (1 0 0) is shown as a dashed blue line. (b) Crystal
packing of TELHCI-Hyd viewed along the a-axis.

4. Conclusions

Hydrochloride salts of telmisartan were successfully synthesized and characterized.
The resulting salts were a trihemihydrate (TELHCI-Hyd) and two anhydrate forms (TELHCI-
A and TELHCI-B). Despite its structural similarities, the channel hydrate TELHCI-Hyd
did not transform into TELHCI-A upon dehydration. In contrast, TELHCI-B was obtained
as the dehydration product of TELHCI-Hyd. Further investigation is necessary to under-
stand the thermodynamic relationship between the anhydrate forms. Salt formation was
able to increase the solubility of telmisartan by 10-20-fold and maintained the spring and
parachute effect up to 24 h. Recrystallization to the free base form occurred during the
solubility test due to the stability of TEL. The intrinsic dissolution rate of telmisartan is
improved by salt formation due to the existence of a hydrophilic channel, facilitating the
dissolution of telmisartan cations in TELHCI-Hyd. The hydrochloride salts exhibited a
better powder flowability due to the larger particle size distribution and the change in
its crystal shape, which were more favorable than the rod-like crystal of TEL. However,
TEL showed a better tabletability compared to its corresponding salts due to the existence
of a defined slip plane. A higher surface area that facilitated interparticulate bonding
also contributed to TEL's tabletability. This work emphasizes the role of salt formation in
improving the solubility, dissolution rate and powder properties of poorly soluble APIs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14020151/s1, Figure S1: Centrosymmetric dimer structure
in TELHCI-Hyd.
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