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r and molecular mobility in the
glassy state of three anti-hypertensive
pharmaceutical ingredients

Joaquim J. Moura Ramos*a and Hermı́nio P. Diogo*b

The slow molecular mobility in the amorphous solid state of three active pharmaceutical drugs (valsartan,

telmisartan and irbesartan) has been studied using differential scanning calorimetry (DSC) and the dielectric

technique of thermally stimulated depolarization currents (TSDC). The thermal behavior of the three

substances (melting, glass forming ability, glass stability) and the features of their amorphous solid state

(glass transition, activation energy for the structural relaxation) were studied by DSC. The TSDC study of

the mobility in the glassy state yielded the main kinetic features of the a- and of the secondary

relaxations. According to the obtained results the three studied glass forming drugs behave as strong

liquids and telmisartan is the one with the greatest dynamic fragility.
1. Introduction

Most marketed active pharmaceutical ingredients (APIs) are
sold in the solid state, and they are formed by large and
complex molecules that are poorly water-soluble in their
crystalline state. Therefore, increasing the bioavailability of
medicines has become a major challenge for the pharma-
ceutical industry, and amorphization appears as a good way to
improve the solubility and dissolution rate of the drugs.1–4

Indeed, the glassy state exhibits a disordered molecular
arrangement that gives rise to appreciably lower packing
energy compared to the crystalline form; however, it is not
a state of equilibrium whereby it has instability which may, in
certain cases, negate the advantages of its greater solubility:
the glass ages, especially at temperatures not much lower
than Tg, and can recrystallize during processing or storage.
The widespread belief in a correlation between molecular
mobility and the instability of the amorphous state has led to
numerous studies aiming to ground this idea. They showed
that cooperative mobility is associated with chemical and
physical instability,5 and correlations were observed between
the relaxation time of the a-relaxation and the crystallization
onset time in amorphous drugs.6 Furthermore, it has been
found that secondary mobility, the slow one (Johari–Gold-
stein)7 but also the fast one,8,9 can contribute to the instability
of the amorphous solid state. The study of molecular mobility
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in more amorphous APIs helps to better understand the
relationship between mobility and instability and to nd the
best processing and storage conditions to ensure greater
stability. However, the vitreous state may not be the best
formulation to market a drug, either because of instability
problems, or because the increasingly high molecular
complexity of the new drugs makes them less and less soluble
in water even in the amorphous state, or because there are
other ways of achieving greater bioavailability, or nally
because drugs with a glass transition temperature below room
temperature are not good candidates to be delivered in the
pure amorphous solid form.

Therefore, different strategies to improve the solubility of
poorly water-soluble compounds have been developed. One of
them is to deliver the drug in the form of an amorphous solid
dispersion (ASD).10,11 Although most APIs are not marketed in
the form of pure amorphous solid, the study of molecular
mobility in the pure amorphous remains important because the
relative crystallization tendency of drugs from amorphous solid
dispersions seems to depend on the relative crystallization
tendency of the pure substance.12 Moreover, the comparison of
data on the mobility of the substance in the ASD with data on
the mobility in the pure amorphous form will help to optimize
the ASD design.

The present work is part of a research project developed in
our laboratory on the study of the slow molecular mobility glass
forming substances with pharmaceutical interest.13–16 This time
the substances studied are valsartan, telmisartan and irbe-
sartan, which are active non-peptide angiotensin II receptor
antagonists used clinically for the treatment of cardiovascular
diseases such as hypertension, cardiac insufficiency and cardiac
arrhythmia.17–19
RSC Adv., 2017, 7, 10831–10840 | 10831
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With differential scanning calorimetry (DSC) we will char-
acterize the thermal behavior of the three studied substances:
glass transition, melting, crystallization, glass forming ability,
glass stability and tendency for crystallization on cooling from
the equilibrium melt. We will also use DSC to characterize the
structural relaxation of the three drugs. With TSDC we will
analyze the slow molecular mobility in the amorphous solid
form of the same substances.
2. Experimental
2.1. Materials

Valsartan, empirical formula C24H29N5O3 (chemical structure
on Fig. 1), CAS number 137862-53-4, molecular weight Mw ¼
435.52 g mol�1, was purchased from TCI, lot number VU4ZL
(purity > 98.0%), and was used without further purication.
The DSC heat ow curve of the as received sample shows two
signals occurring around 60 �C and 100 �C. The rst is clearly
an endothermic overshoot overlapped with a change of heat
capacity, which is the signature of an aged glass; the second
has the appearance of an endothermic melting peak but its
location is far from the reported melting temperature and the
area is too small to match the enthalpy of fusion of the whole
sample (see Table 1). Furthermore, the heat ow line between
the two events reported at 60 and 100 �C is far to be at, with
a series of small overlapping signals, which may reveal an
amorphous state with high level of structural arrangement
(polyamorphism). In fact the results obtained from
DSC, temperature modulated DSC and solid state NMR
measurements showed that the fresh powder sample of val-
sartan is amorphous, which was conrmed by X-ray powder
diffractometry.20–22 Furthermore, the analysis of different
valsartan samples from different suppliers (from Poland,
India and China) showed that the as received samples were
Fig. 1 The chemical structures of (a) valsartan, (b) telmisartan and (c)
irbesartan.

10832 | RSC Adv., 2017, 7, 10831–10840
essentially identical.22 Valsartan crystals could only be
prepared by controlling crystallization solvents and proce-
dures,23 and the melting point and the melting enthalpy were
found to be Tfus ¼ 140 �C and DHfus ¼ 43.6 kJ mol�1 (see
Table 1).

Telmisartan, empirical formula C33H30N4O2 (chemical
structure on Fig. 1), CAS number: 144701-48-4, molecular
weight: 514.62 g mol�1, was purchased from TCI, lot number
57HKO (purity > 98.0%), and was used as received. The melting
temperature of the as received crystalline powder, taken as the
endothermic peak's maximum, was found to be Tfus ¼ 271.0 �C
and the melting enthalpy was determined as DHfus ¼ 54.2 kJ
mol�1, in reasonable agreement with the published values (see
Table 1).

Irbesartan, empirical formula: C25H28N6O (chemical struc-
ture on Fig. 1), CAS number: 138402-11-6, molecular weight:
428.53 g mol�1, was purchased from TCI, lot number ZEMUM
(purity > 98%), and was used without further purication. The
melting temperature of the as received crystalline powder was
found to be Tfus ¼ 183.0 �C (maximum of the DSC melting peak
at 10 �Cmin�1) and the melting enthalpy DHfus¼ 38.0 kJ mol�1,
which corresponds to a particular crystalline polymorph, the so-
called form A. The 45.9 kJ mol�1 value reported in the literature
(see Table 1) seems to be too high. Indeed, different determi-
nations carried out on samples from two different manufac-
turers (TCI and Sigma-Aldrich) led to 38 kJ mol�1, for this result
has our full condence. As discussed below, it is likely that the
higher enthalpy of fusion reported before corresponds to
a different polymorph.

2.1.1. Preparation of form B of irbesartan. The method of
preparation was based on that described in the literature.35 0.8 g
of the as received irbesartan (form A) was suspended into 10 mL
of an aqueous solution of HCl 0.1 M (pH < 2) and stirred during
48 hours at room temperature. Thereaer, the suspension was
cooled to ca. 0 �C, using an ice bath, and ltered through
a porous glass plate. The resulting solid was rst dried under
nitrogen gas ux, and then inside a vacuum oven at T ¼ 100 �C
during 6 hours. The DSC thermogram showed that the melting
temperature of this polymorph is Tfus ¼ 186 �C (maximum of
the DSC melting peak at 10 �C min�1) and that the melting
enthalpy isDHfus¼ 45.8 kJ mol�1, substantially higher than that
of polymorph A.

Fig. 2 shows the experimental powder X-ray diffraction
patterns of the as received sample (top line, red color in the
online edition, polymorph A) and of the synthetized sample
(middle line, blue color in the online edition, polymorph B)
together with the same pattern generated from the published X-
ray crystal structure of the polymorph B of irbesartan35 (bottom
line, black in the online edition).

Comparing the bottom and middle lines show that the
generated pattern of polymorph B ts very well that obtained
experimentally; comparison of the top and middle lines high-
lights the different nature of the two crystalline forms of irbe-
sartan. The authors who published the value DHfus ¼ 45.9 kJ
mol�1 (see Table 1) do not provide details on the synthesis of
the irbesartan sample they received as a gi, so it is very likely to
be polymorph B.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Melting temperature (peak maximum), Tfus, and enthalpy, DHfus, of valsartan, telmisartan and irbesartan determined in the present work,
compared with values reported in the literature

Valsartan Telmisartan Irbesartan (polymorph A)

Tfus/�C 140 23 271a; 263;24 264;25 268;26,27 269;28 272 29 183a; 184;30 185 31,32

DHfus/kJ mol�1 43.6 23 54.2a; 52.7 26 38.0a; 39.0;31 45.9 33,34

a Present work.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

10
:2

1:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.2. Techniques

2.2.1. Differential scanning calorimetry (DSC). The calori-
metric measurements were performed with a 2920 MDSC
system from TA Instruments Inc. The samples of �5–10 mg
were introduced in aluminium pans. The measuring cell was
continuously purged with high purity helium gas at 30 mL
min�1. An empty aluminium pan, identical to that used for the
sample, was used as the reference. Details of the calibration
procedures are given elsewhere.36

2.2.2. Thermally stimulated depolarization currents
(TSDC). Thermally stimulated depolarization current experi-
ments were carried out with a TSC/RMA spectrometer (Ther-
Mold, Stamford, CT, USA) covering the range from �170 �C to
+400 �C. For TSDCmeasurements the sample (thickness of�0.5
mm) was placed between the disc-shaped electrodes (7 mm
diameter) of a parallel plane capacitor and immersed in an
atmosphere of high purity helium (1.1 bar).

TSDC has a low equivalent frequency (�2 � 10�3 Hz) so that
it has a high resolution power and is sensitive to slow molecular
motions (from �1 to 500 seconds). Furthermore, the partial
polarization (PP) experimental procedure (see below) allows
probing narrow regions of the TSDC spectrum, i.e. narrowly
distributed motional modes. The fact that the relaxation time of
the motional processes is temperature dependent, and becomes
longer as temperature decreases, allows to make it exceedingly
long (freezing process) compared with the timescale of the
experiment. As will be seen next this is the very core of the TSDC
technique, which relies on the possibility of producing stable
Fig. 2 X-ray diffraction patterns of the crystalline forms of irbesartan. To
as received sample, polymorph A. Middle line (blued in the online edition):
B. Bottom line: powder X-ray diffraction pattern generated from the pub

This journal is © The Royal Society of Chemistry 2017
electrets at low temperatures by cooling down to those
temperatures in the presence of a polarizing electric eld;
a clear and concise explanation of the experimental procedures
provided by the technique of thermally stimulated currents is
available37 and may be useful for the reader unfamiliar with this
technique.

A brief explanation of the experimental protocol used in
TSDC will however give the reader an easier understanding of
the results presented and discussed in this paper. Two impor-
tant parameters in a TSDC experiment are the polarization
temperature, TP, at which the polarizing electric eld is turned
on, and the temperature T0

P < TP at which the eld is turned off
(see Fig. 3). The difference TP � T0

P is the width of the polari-
zation window of the experiment.

If it is wide, the retained polarization (and of course the
current peak that is the result of a TSDC experiment) will
correspond to a complex set of energy distributed motional
modes. Oppositely, the PP experiment where the polarizing eld
is applied in a narrow temperature interval, allows probing
more narrowly distributed relaxation modes. In the conceptual
limit of a very narrow polarization window, the experimental
depolarization current peak is supposed to correspond to
a single mode of relaxation.38 In the present work and inmost of
our previous ones we use polarization windows two degrees
wide (DT ¼ Tp � T0

p ¼ 2 �C). The physical foundations of the
TSDC experimental technique are presented in several publi-
cations;39–41 more recent review articles indicate a variety of
research applications.42–46 The treatment of the raw
p line (red in the online edition): powder X-ray diffraction pattern of the
powder X-ray diffraction pattern of the synthetized sample, polymorph
lished X-ray crystal structure of the polymorph B.

RSC Adv., 2017, 7, 10831–10840 | 10833
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Fig. 3 Schematic diagram of the experimental procedure for a TSDC
experiment. DT ¼ TP � T0

P is the width of the polarizing window,
typically between 0 and 5 degrees in a narrow window partial polari-
zation (PP) experiment. The electric field is on in steps 1 and 2 (thicker
lines, red in the online version) and the depolarization current is
recorded during the constant rate heating process (step 6).
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experimental results in order to determine the relaxation time
and the kinetic parameters is explained succinctly in ref. 37.

Preparation of the amorphous solid samples for TSDC experi-
ments. As stated above, valsartan is provided by the manufac-
turer in the form of an amorphous powder. For TSDC
measurements a high compactness of the sample (high dipole
density) is important to ensure a good signal to noise ratio.
Therefore, the valsartan amorphous powder was placed on one
of the metal electrodes, and the whole was heated to 130 �C (low
viscosity metastable liquid), maintained at that temperature for
3 hours, and cooled down to room temperature inside an oven.
The sample was thereby transformed into a transparent and
colorless amorphous solid, and the sample/electrode set was
then placed in the TSDC apparatus in contact with the second
electrode and under helium atmosphere.

The samples of telmisartan and irbesartan in the amorphous
solid state were prepared as follows. A given amount of the as
received crystalline sample is placed on one of the electrodes,
the whole placed in a vacuum oven, submitted to reduced
pressure and heated to�(Tfus + 10). Aer ten minutes isotherm,
the temperature of the oven has been lowered to room
temperature, put back at normal pressure, transferred to the
TSDC sample chamber in contact with the second electrode,
and placed under helium atmosphere. Note that, since the
natural cooling of the oven under vacuum is necessarily very
slow, this procedure wherein the amorphous sample is
prepared outside the TSDC chamber is only achievable if the
Table 2 The features of the glass transition of valsartan, telmisartan and

Valsartan

Tgcal/�C
b 67a; 69;20 78c,48

TgTSDC ¼ TM/�C 65a

TgDRS —
DCp/J K

�1 g�1 0.42 � 0.02a,e; 0.43;20,21 0.49 48

a Determined in the present work. b Extrapolated onset temperature at 10
the step signal. e Mean over 122 determinations. f Mean over 17 determin

10834 | RSC Adv., 2017, 7, 10831–10840
test substance exhibits a high glass forming ability (high
resistance to crystallization on cooling from the melt), which is
the case for telmisartan and irbesartan.

2.2.3. Powder X-ray diffractometry. Powder X-ray diffrac-
tion (PXRD) patterns of samples were recorded at 297 � 1 K, on
a D8 Advance Bruker X-ray diffractometer (Karlsruhe, Germany)
operating in the q–2q mode. The radiation originated by the
source (40 kV and 40 mA) goes through a Ni-ltered Cu-Ka (l ¼
1.5406 Å) and a LinxEye detector. Diffraction data were collected
in the 2q range from 7� to 35�, in 0.02� steps, and with an overall
scan time of approximately 15 min. The samples were mounted
on a glass sample holder. The program MERCURY 3.026 (ref.
47) was used to simulate diffraction patterns from published
single crystal X-ray diffraction data.
3. Results and discussion
3.1. Particular aspects of the thermal behavior of the studied
substances

3.1.1. Valsartan. Subjecting the amorphous powder val-
sartan supplied by the manufacturer to a DSC heating ramp
from�80 �C up to 150 �C, the complex heat ow line between 60
and 100 �C described before in Section 2.1 is observed, and no
melting traces are observed in the vicinity of Tfus ¼ 140 �C. On
the second heating run the heat ow line is simplied, it
becomes at in the temperature interval between 60 and 100 �C,
with only one event observed: a glass transition at 69 �C with
DCp ¼ 0.42 � 0.01 J K�1 g�1 (see Table 2). Comparing the glass
transition signals obtained in the rst two runs shows that it
moves from approximately 60 �C to 69 �C and that the endo-
thermic structural relaxation overshoot superimposed on the
heat ow step decreases sharply in intensity. This indicates that
the as received sample was heavily aged and plasticized due to
moisture. In all subsequent heating/cooling cycles carried out
with the valsartan sample only the step signal of the glass
transition is observed, with no trace of crystallization during
both cooling and heating (for heating/cooling rates from 1 to
20 �C min�1). The fact that valsartan does not crystallize on
cooling from the melt indicates that it has a very high glass
forming ability. It has also high glass stability since it does not
show any tendency to crystallize on heating from the glass or
from the metastable liquid state. As stated above, valsartan
crystals could only be prepared by recrystallization from
solvents under a careful control of the crystallization solvents
and procedures.23
irbesartan

Telmisartan Irbesartan

125a; 125;27 135d,29 69a; 69d;31 72 32–34

118a 65a; 72 31

127 25 —
0.34 � 0.02a,f; 0.39;29 0.44 29,49 0.41 � 0.02a,g; 0.43 31

�C min�1, except otherwise stated. c Obtained by MTDSC. d Midpoint of
ations. g Mean over 59 determinations.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Conventional DSC thermograms of irbesartan starting from
below the melting temperature of polymorph A and taken at different
heating rates: (a) 10 �C min�1 (green in the online edition); (b) 2.5 �C
min�1 (blue in the online edition); (c) 1 �C min�1 (red in the online
edition); (d) 0.2 �C min�1 (black in the online edition).

Fig. 5 Step by step DSC experiment on the melting temperature
region of irbesartan. The step line (red in the online edition) represents
the experimental protocol, constituted by isotherms of 10 minutes
separated by temperature jumps of 0.3 �C. The other curve is the
experimental result (heat flow as a function of time and of
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3.1.2. Telmisartan. Two polymorphic forms of telmisartan
have been detected,28 with melting temperatures 183 �C and
269 �C. The melting temperature of our as received sample
(Table 1) shows that it corresponds to the most stable one
(higher Tfus), the so-called form A. On the other hand, the glass
transition was determined as Tg ¼ 125 �C with DCp ¼ 0.34 �
0.02 J K�1 g�1 in reasonable agreement with the values reported
in the literature (Table 2). Telmisartan revealed no tendency to
crystallize upon cooling from the melt. We have found,
however, according to other authors,29 the existence of a rela-
tively slow cold crystallization with onset at about Tcc ¼ 200 �C
and maximum speed at�220 �C (at a heating rate 10 �Cmin�1).
The fact that 25 �C� Tg� Tcc ensures that glassy telmisartan is
very stable under the normal ambient conditions.

3.1.3. Irbesartan. An US Patent50 disclosed that irbesartan
can exist in two polymorphic crystalline forms, named A and B.
As noted before, the melting thermodynamic properties ob-
tained for the as received sample and shown in Table 1 corre-
spond to form A. The crystalline form B is reported to have TfusB
¼ 189 �C andDHfusB¼ 49.7 kJ mol�1,31 values that compare with
those of the sample synthetized in our laboratory and referred
before: TfusB ¼ 186 �C and DHfusB ¼ 45.8 kJ mol�1.

A pair of polymorphs necessarily belongs to one of two
categories, called monotropic or enantiotropic.51,52 Irbesartan is
supposed to have a monotropic pair of polymorphs.31 In
a monotropic system no endothermic solid–solid transition is
observed from the lower melting temperature form to the
higher melting one. In fact, the DSC thermogram of irbesartan
does not show any evidence of this transition below the melting
temperature of both polymorphs. This behavior manifests itself
in other ways, also observed in irbesartan, namely that the
polymorph with higher melting temperature also has higher
enthalpy and entropy of fusion. Comparing these thermody-
namic properties for the polymorphs A and B suggests that
polymorph B is thermodynamically more stable (higher melting
temperature and enthalpy), while polymorph A (sample
received from the manufacturer) is metastable. This means that
the reaction mechanism of the chemical synthesis of irbesartan
favors the formation of the metastable form A, and that, under
the storage conditions (room temperature, normal pressure),
there are no efficient paths to transform A into the most stable
B. We found however that the transformation of A into B is
possible through a mechanism that implies the melting of A
followed by the cold crystallization of B. This is shown in Fig. 4
where four conventional DSC thermograms taken at different
heating rates are presented.

In the heat ow line (a), at 10 �C min�1, only the melting
peak of A is visible, whereas in lines (c) and (d), at 1 and 0.2 �C
min�1 respectively, the melting peaks of polymorphs A and B
are clearly seen. Line (b) at 2.5 �Cmin�1, on the other hand, only
shows the melting of a small amount of B. Note that the posi-
tion of the peaks is moved to higher temperatures with
increasing heating rate, as it should be. The conclusion drawn
from the results shown in Fig. 4 is that polymorph B forms in
appreciable amounts only at very slow ramps, which suggests
that the cold crystallization of irbesartan has slow kinetics.
This journal is © The Royal Society of Chemistry 2017
Under these conditions, it is natural for the exothermic effect of
the cold crystallization to be compensated for by the endo-
thermic effect of the simultaneous melting of A, leading to the
concealment of the cold crystallization signal in the DSC
thermogram.

A more detailed view of what is happening during a very slow
heating of the polymorph A is provided by the result of a DSC
experiment carried out in the step-by-step mode (see Fig. 5).
temperature).

RSC Adv., 2017, 7, 10831–10840 | 10835
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Fig. 6 “Arrhenius plots” of the logarithm of the heating rate, q+, as a function of 1000/Tov (full symbols) and of 1000/Ton (empty symbols). The
triangles refer to telmisartan (green in the online edition), the diamonds to valsartan (red in the online edition), and the circles to irbesartan. The
experiments were designed in such a way that the ratio between the heating rate, q+, and the previous cooling rate, q�, was unity: q�/q+ ¼ 1.
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We nd from this gure that the melting of A begins at
175.7 �C (step a), shows maximum rate at 178.4 �C (step b) and
nishes at about 179.3 �C (step c). The melting of B, crystallized
from the melt of A during the melting process of this poly-
morph, occurs between step c and step e (181.4 �C) and shows
maximum rate at 180.5 �C (step d). The melting processes of the
two polymorphs appear as well separated, and no signal clearly
attributable to the cold crystallization of B is observed. These
results suggest that, in addition to being chemically feasible
(process described above), the A / B transformation can also
be carried out by thermal treatments.

Irbesartan showed, as valsartan, very high glass forming
ability and glass stability. The glass transition of irbesartan was
determined as Tg ¼ 69 �C with DCp ¼ 0.41 � 0.02 J K�1 g�1 in
reasonable agreement with the values reported in the literature
(Table 2).
3.2. DSC characterization of the dynamics of the glass
transition

Analyzing the inuence of the heating rate on the temperature
location of the DSC glass transition signature allows the char-
acterization of the kinetics of the glass transition relaxation.
The basic equation to do this is:53

dðln qÞ
dð1=TxÞ ¼ �Ea

�
Tg

�
R

(1)

where R is the gas constant, Tx is temperature that denes the
position of the DSC glass transition signal, and Ea(Tg) the acti-
vation energy of the structural relaxation. The DSC signal of the
glass transition on heating displays different specic points54
10836 | RSC Adv., 2017, 7, 10831–10840
that can be used to dene its temperature location, Tx. We will
consider two of them whose temperatures can be dened more
precisely. The rst, more conventional, is the extrapolated onset
temperature (temperature at the intersection of the extrapolated
baseline and the tangent taken at the point of maximum slope),
Ton.54 The second, recently considered by Svodoba,55,56 is the
temperature of the minimum of the heat ow overshoot (in the
“exo up” conguration) in the glass transition signal, Tov. To
determine Ea(Tg) using eqn (1) we need to obtain Ton and Tov for
different heating rates, q+, and this is done in cooling/heating
cycles such that each heating scan is immediately preceded by
a cooling scan at the same rate (q�/q+ is unity).53,57 The results
are plotted on Fig. 6. The heating rate dependences of Tov and
Ton are shown respectively as full and open symbols; the points
relative to telmisartan are shown as triangles (green in the
online edition, determination coefficients r2 ¼ 0.994 and r2 ¼
0.977 respectively), those relative to irbesartan are diamonds
(red in the online edition, determination coefficients r2 ¼ 0.997
and r2 ¼ 0.972 respectively), and those of valsartan are circles
(determination coefficients r2 ¼ 0.996 and r2 ¼ 0.984).

The values of the activation energy of the structural relaxa-
tion calculated using eqn (1) for Tx ¼ Tov and for Tx ¼ Ton are
shown in Table 3, and the dynamic fragilities, dened as58,59

m ¼ Ea

�
Tg

�
ðln 10Þ � RTg

; (2)

were calculated from those values.
From the comparison of the values present in Table 3 we can

see the tendency, already observed,15,16 for Ton to lead to values
of mDSC higher than those obtained from Tov. We can also
This journal is © The Royal Society of Chemistry 2017
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Table 3 Thermodynamic and dynamic fragilities of valsartan, telmi-
sartan and irbesartan

Valsartan Telmisartan Irbesartan

Ea(Tg)DSC/kJ mol�1 328a,b; 409a,c 533a,b; 667a,c 381a,b; 533a,c

mDSC 50a,b; 63a,c 70a,b; 88a,c 58a,b; 82a,c

mTSDC 47a 62a 48a

mDRS — 87 25 —

a Determined in the present work. b Estimated from the heating rate
dependence of the overshoot peak temperature location, Tov.
c Estimated from the heating rate dependence of the extrapolated
onset temperature, Ton.
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observe that the three drugs studied are relatively strong
liquids, and that telmisartan is among them the one with
a markedly superior fragility.
Fig. 7 (a) Partial polarization (PP) peaks of the glass transition relaxa-
tion of telmisartan, obtained with polarization temperatures, Tp, from
111 �C to 124 �C. In all the experiments the width of the polarization
window was DT ¼ 2 �C, the polarizing electric field strength was E ¼
250 V mm�1, and the heating rate was q ¼ 4 �C min�1. (b) Peak with
maximum intensity in (a), Tp ¼ 118 �C, located at TM ¼ 117.7 �C
(temperature of the dotted line). The dashed line is the corresponding
log10 s(T) versus 1/T line. The current intensity scale is on the right, the
relaxation time scale is on the left.
3.3. The molecular mobility studied by TSDC

In order to study the molecular mobility by TSDC, it is rst
necessary to detect and localize the different relaxations in the
temperature axis, which is done by scanning the temperature
domain (from the lower limit of the apparatus, oen ��150 �C,
up to some degrees above Tg) using wide polarization window
experiments. Series of partial polarization (PP) experiments are
then carried out, which lead to the analysis of the distribution of
relaxation times of the different mobilities detected in the
material under study.

3.3.1. The glass transition relaxation. Fig. 7 shows a series
of PP current peaks in the temperature region of the glass to
metastable liquid transformation, obtained for telmisartan. The
peak in this series with a higher intensity is the subject of
particular attention because it is the one where a higher extent
of polarization was allowed to be “frozen-in”, and it corresponds
to a situation in which the electric eld was allowed to polarize
nearly all the higher activation energy motional modes associ-
ated with the glass transition relaxation. The temperature of
maximum intensity, or temperature location of this singular
peak, which is shown in Fig. 7(b), will be represented by TM, to
distinguish from the temperature location of the other peaks
generically represented by Tm. TM represents the lower limit (the
onset) of the transition range between the non-equilibrium
glass and the phase into which it transforms by heating, and
hence is considered is considered as the glass transition
temperature provided by the TSDC technique at the heating rate
of the experiment (TM ¼ Tg).

For the peak in Fig. 7(b) we have TM ¼ TgTSDC¼ 117.7 �C. The
temperature dependent relaxation time, s(T), associated to
a given PP peak (i.e. to a given narrowly distributed motional
mode) is obtained by a standard treatment briey explained in
Section 2 of ref. 37. Fig. 7(b) shows the log10 s(T) versus 1/T line
associated to the PP peak located at TM; it does not deviate
much from linearity but this does not always happen, especially
in the case of very fragile liquids in which it has a certain
curvature. The adjustment of this line to a suitable equation
(Arrhenius, Vogel–Fulcher–Tammann, Williams–Landel–Ferry,
.) allows to obtain the kinetic parameters that characterize the
This journal is © The Royal Society of Chemistry 2017
motional mode. The activation energy at the maximum
temperature, Tm, of the corresponding PP peak, Ea(Tm), is
commonly used to kinetically characterize each partial polari-
zation mode:

EaðTmÞ ¼ ln 10� R� vlog10 sðTÞ
v
1

T

0
B@

1
CA

T¼Tm

(3)

For the PP motional mode considered in Fig. 7(b) we have
Ea(TM) ¼ Ea(Tg) ¼ 462 kJ mol�1, so the dynamic fragility of tel-
misartan calculated from eqn (2) is m ¼ 62. Using a similar
procedure we obtain mTSDC ¼ 47 and mTSDC ¼ 48 for valsartan
and irbesartan (see Table 3). Despite the relatively pronounced
dispersion of the m values presented in Table 3, telmisartan is,
among the three vitriable liquids studied, the one with the
highest fragility index.
RSC Adv., 2017, 7, 10831–10840 | 10837
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Fig. 9 Partial polarization (PP) peaks of the secondary relaxation of
valsartan, obtained with polarization temperatures, Tp, from �31 �C to
+13 �C. The width of the polarization window was DT ¼ 2 �C, the
polarizing electric field strength was E ¼ 450 V mm�1, and the heating
rate was q ¼ 4 �C min�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

10
:2

1:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fig. 8 is a relaxation map that displays the activation energy,
Ea(Tm), of the PP motional modes as a function of their
temperature location, Tm, for the different relaxations detected
in the amorphous solid state of the studied drugs. The dotted
line is the so-called zero activation entropy line that depicts the
behavior of the local and non-cooperative relaxations (see
Section 3 of ref. 37). In this gure the points in the vicinity of the
zero entropy line correspond to the local movements of the
secondary relaxations, whereas those that move away from it
correspond to the cooperative movements of the glass transi-
tion. For a given substance, the amplitude of the deviation to
the zero entropy line is proportional to its fragility index, while
the temperature of the points with the greatest distance from
that line is a reasonable estimate of the glass transition
temperature.

3.3.2. The secondary relaxations. The points in Fig. 8 that
correspond to the local secondary mobility are located, as stated
above, in the vicinity of the zero entropy line. Fig. 8 thus
suggests the existence of an extensive secondary relaxation in
valsartan (circles in the temperature range from �30 to +60 �C).
The secondary relaxation of valsartan, of which some PP modes
are shown in Fig. 9, has energies distributed between 65 and 90
kJ mol�1. In irbesartan, on the other hand, only an incipient
secondary mobility with extremely low intensity was detected in
a very narrow temperature range (at �8 �C, see Fig. 8), which is
in line with a study of irbesartan by TSDC previously published
in the literature.31

Although no secondary mobility has been detected by TSDC
in telmisartan, a study by dielectric relaxation spectroscopy
(DRS)25 reveals its existence, and shows that it obeys the
Arrhenius equation, sb ¼ sN exp(Eb/RT), with log10 sN ¼ �15.67
and Eb ¼ 81.8 kJ mol�1. Based on these results, and by simple
manipulation of the Arrhenius equation, it can be seen that the
Fig. 8 TSDC relaxation map of valsartan, telmisartan and irbesartan:
activation energy, Ea(Tm), of the PP components of the mobility as
a function of the temperature location, Tm, of the corresponding
current peak. The circles correspond to valsartan, the triangles (red in
the online edition) to irbesartan, and the diamonds (blue in the online
edition) to telmisartan. The dotted line is the zero entropy line.

10838 | RSC Adv., 2017, 7, 10831–10840
relaxation time sb should have values between 10 and 500
seconds (time range in the time window of the TSDC technique)
in the temperature interval between �15 and �40 �C. The fact
that TSDC proves incapable of detecting any mobility in telmi-
sartan in this temperature range probably arises from the low
strength of the rotating dipoles and/or from the weak amplitude
of the possible reorientational motions.

In this context, the technique of dielectric spectroscopy
appears as a more sensitive tool to detect subtle reorientational
movements.

4. Conclusions

The thermal behavior of valsartan, telmisartan and irbesartan,
particularly their crystallization tendency on heating from the
amorphous solid as well as on cooling from the equilibrium
liquid, was investigated by differential scanning calorimetry. It
was found that valsartan and irbesartan have very high glass
forming ability and glass stability. Telmisartan revealed no
tendency to crystallize upon cooling from the melt but it shows
a relatively slow cold crystallization with onset at 200 �C, so that
it has high glass forming ability and moderate glass stability.

Irbesartan has two monotropic polymorphic forms with
close melting temperatures and with signicantly different
enthalpies of fusion. It is known that polymorph A (commer-
cially available, metastable) can be transformed into B chemi-
cally; we have further shown that the A/ B transformation can
occur through cold crystallization of B from the melt of A, in
a very slow heating process.

The slow molecular mobilities in amorphous valsartan, tel-
misartan and irbesartan were studied by differential scanning
calorimetry and thermally stimulated depolarization currents,
allowing the determination of the thermodynamic and kinetic
parameters of the different relaxations.
This journal is © The Royal Society of Chemistry 2017
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The analysis of the heating rate effect on the temperature
location of the DSC glass transition step allowed the determi-
nation of the activation energy of the structural relaxation and
of the steepness or fragility index of the studied amorphous
drugs.

The distributions of relaxation times of the different
mobilities detected in the studied amorphous solid substances
were characterized by TSDC for the secondary and main relax-
ations. Fast secondary motions were detected in valsartan but
not in telmisartan and irbesartan. The analysis of the a-relaxa-
tion provided the values of the dynamic fragility, mTSDC; the
three substances behave as moderately strong glass-formers,
telmisartan being the one with the highest dynamic fragility.
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