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Itraconazole (ITZ) is a thermotropic liquid crystal that exhibits isotropic, nematic, and smectic phases on
cooling towards the glass transition upon melting. Over the years, new aspects regarding the liquid-crystalline
ordering of this antifungal drug were systematically revealed. It has been shown recently that the temperature
range of individual mesophases in ITZ can be modified by adding a small amount of glycerol (GLY). Moreover,
above the critical concentration of 5% w/w, a smectic to nematic transition can be avoided. Here we go one
step further, and we used broadband dielectric spectroscopy to investigate the new phase behavior of the ITZ-
GLY mixture (5% w/w). To confirm the phase transformations of the ITZ-GLY mixture, differential scanning
calorimetry was also employed. The analysis of molecular dynamics of the ITZ-GLY mixture in the glassy
and isotropic phases revealed features similar to those observed for neat ITZ. Two relaxation processes were
identified in the smectic-A phase, with similar temperature dependence, most likely related to the fast rotations
around the long axis of a molecule. Additionally, the derivative analysis revealed another low-frequency process
hidden under DC conductivity ascribed to the slow rotations about a short axis. We will show that the differences
in the molecular organization in the smectic-A and isotropic phases leave a clear fingerprint on the temperature
behavior of relaxation times and other dielectric parameters, such as DC conductivity and dielectric strength, for

which a pretransition effect has been detected.
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I. INTRODUCTION

The remarkable properties of liquid crystals (LCs) are a
manifestation of their hybrid nature, combining the features
of solids and liquids. A fusion of seemingly contradictory
properties, i.e., fluid molecular mobility with long-range or-
dering typical for crystal, is responsible for the success and
enormous interest that liquid-crystalline materials and their
singular properties have aroused in the last century [1,2]. The
most recognizable industrial application of LCs is the produc-
tion of liquid-crystal displays in various electronic devices,
but the actual scientific and technological potential of LCs
goes well beyond that [3].

The internal order of a mesophase governs the physical
properties of LCs. In the thermotropic LCs, the temperature
(or equivalently pressure) is the primary thermodynamic vari-
able controlling the emergence of particular liquid-crystalline
phases with their inherent patterns of molecular arrangement
[3]. The most common are nematic and smectic phases. In
the former, the molecules tend to roughly arrange in the same
direction (along with the director), while in the latter, they
organize additionally into layers leading to a state with a
higher order [2]. There are several ways to adjust the se-
quence of mesophases to achieve new properties desired in
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specific applications [4-7]. One of them is to design binary
systems of LCs with nonmesogenic excipients, in which the
temperature of phase transitions and, thus, the properties of
the system are different from those observed for individual
components. For example, the small addition of methanol to a
4-cyano-4'-pentylbiphenyl (SCB) allows one to systematically
lower the temperature of isotropic to nematic transition (7;_y)
from 308 to 274 K [8]. T;_y may increase or decrease in
mixtures of SCB with various carboxylic acids depending on
whether the additive had a rigid or flexible structure [9]. When
a nonmesogenic excipient is added to the LCs displaying both
nematic and smectic phases, a T;_y shift is observed, and a
change in the nature of the transition between nematic and
smectic phases from second to first order [10,11]. These few
examples show that a small amount of a nonmesogenic addi-
tive can dramatically change the corresponding liquid-crystal
properties.

Among pharmaceuticals, one of the most studied liquid-
crystalline materials is itraconazole (ITZ), an antifungal drug
with strongly anisotropic rod-shaped molecules, displaying
both nematic and smectic phases. This thermotropic LC trans-
forms to a nematic phase at Ty_; = 363 K upon cooling from
the melt. On further cooling, it converts to a smectic phase at
Tsma—n = 347 K. This sequence of phase transitions can be
modified after appropriate thermal treatment. So the nematic
to smectic transition can be avoided at a cooling rate exceed-
ing 20 K/s [12]. The ability to alter the temperature of the
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phase transitions in the binary systems containing ITZ and low
(water [13], other antifungal drugs [14], octa-acetyl maltose
[15]) and high (polymers [15]) molecular weight excipients
was also reported. Recently, an exciting possibility of tuning
the phase behavior of ITZ in a binary system with a nonmeso-
genic additive, glycerol (GLY), was reported [16]. As the GLY
content increases, the temperature range corresponding to the
nematic phase decreases, up to a critical GLY concentration
of 5% wi/w, for which the nematic phase in the ITZ-GLY
mixture disappears completely. As a result, on cooling, a
direct first-order transition from isotropic to smectic-A phase
was observed. These results motivate us to go one step further
and discuss how the addition of GLY impacts the molecular
dynamics of the ITR-GLY mixture.

Thus, our paper aims to investigate the molecular dynam-
ics of the ITZ-GLY mixture with the 5% w/w addition of
GLY to provide an insight into the novel phase behavior
using broadband dielectric spectroscopy (BDS). The previous
high-resolution adiabatic scanning calorimetry study of the
ITZ-GLY mixture showed that the isotropic to smectic transi-
tion in a binary system has a stronger first-order character than
transitions observed in neat ITZ, with much higher transition
heat involved [16]. Therefore, it is interesting to recognize the
molecular dynamics of the ITZ-GLY mixture with 5% w/w
of GLY where the character of phase transitions is different.
We will show that the direct smectic-A to isotropic phase
transition manifests itself clearly in the dielectric response
of the system studied, allowing the exact determination of
the transition temperature from the dielectric parameters. To
confirm the direct smectic-A to isotropic phase transition we
used polarized microscopy. In addition, infrared spectroscopy
measurements were carried out which shed more light on
the nature of molecular interactions between mixture compo-
nents. For comparative purposes, dielectric data for ITZ-GLY
mixtures with lower GLY content (1 and 2% w/w) will be also
presented.

II. MATERIAL AND METHODS

A. Materials

ITZ with purity >98% and molecular mass M, =
705.64 g/mol was purchased from Tokyo Chemical Industry
Co., Ltd. This pharmaceutical is described chemically as 2-
butan-2-yl-4-[4-[4-[4-[[(2R,4S)-2-(2,4-dichlorophenyl)-2-(1,
2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-ylJmethoxy]phenyl]
piperazin-1-yl]phenyl]-1,2,4-triazol-3-one. GLY, i.e., propane
-1,2,3-triol, with purity >99.5% and molecular mass
M, =92.09g/mol was purchased from Sigma-Aldrich.
The chemical structures of both materials are presented as
insets in Fig. 1(a).

B. Preparation of ITZ-GLY mixture

To prepare a binary mixture of ITZ and GLY with a 1, 2,
and 5% addition (w/w) of GLY, we reproduced the method-
ology proposed by Amponsah-Efah et al. [16]. The ITR was
dissolved in dichloromethane at 7 = 323 K with sonication.
The GLY was dissolved in methanol, after which both so-
lutions were mixed. The solvents were rapidly evaporated
at T = 323 K under reduced pressure in a rotary evaporator
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FIG. 1. (a) The comparison of DSC heating scans for neat ITZ
and ITZ-GLY 5% w/w. (b) Phase diagram of ITZ-GLY mixture
constructed from DSC data digitalized from [16] (depicted as black
symbols). Our results for the ITZ-GLY sample with 5% w/w addition
of GLY are shown as red symbols.

(Buchi Rotavapor R-100 with Vacuum Pump V-100 and Heat-
ing Bath B-100). Then the evaporation system was lightly
ground using mortar and pestle.

C. Differential scanning calorimetry

The thermal properties of neat ITR, GLY, and ITR-GLY
mixtures were investigated using the Mettler-Toledo differ-
ential scanning calorimetry (DSC) 1 STARe system. The
measuring device was calibrated for temperature and enthalpy
using zinc and indium standards. The measuring device was
equipped with a ceramic HSS8 sensor with 120 thermocou-
ples and a liquid nitrogen cooling station. The glass transition
temperature (7,) was determined as the midpoint of the glass
transition step, while the liquid-crystal phase transition tem-
perature was determined as the onset of the endothermic
process. The samples were measured in an aluminum crucible
(40 pl). Pure substances were measured at a heating rate
of 10 K/min in the temperature ranges from 283 to 453 K
for ITR and 153 to 393 K for GLY. The ITR-GLY mixtures

034702-2



BROADBAND-DIELECTRIC-SPECTROSCOPY STUDY OF ...

PHYSICAL REVIEW E 104, 034702 (2021)

were heated up with a rate of 2 or 10 K/min in the range of
153-453 K.

D. Polarized light microscopy

The optical texture observation was carried out using
polarized optical microscopy (POM) and viewed through
an Olympus BX50 polarizing microscope equipped with
crossed polarizers. The microscope provided a heating stage
(Linkam) and CCD camera to capture images and videos. The
planar-aligned cells of thickness 9 um were used for texture
observation. Samples of ITZ and ITZ-GLY mixture with 5%
of GLY were filled into planar LC cells at the temperature
3 K above the clearing point with rubbed surfaces to induce
director orientation parallel to the cell surface. POM images
were recorded for observation of the texture evolution of the
samples with temperature on cooling from isotropic phase
down to glass transition.

E. Fourier transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy measure-
ments of ITZ and ITZ-GLY mixture with 5% of GLY were
carried out using an Agilent Cary 640 FTIR spectrometer
equipped with a GladiATR diamond accessory (Pike Tech-
nologies) in the 4000-400-cm~! range. Each spectrum was
an average of 32 scans recorded at a resolution of 2 cm™'.

F. Broadband dielectric spectroscopy

Dielectric measurements in a wide temperature range
(from 153 to 413 K) with step intervals of 10 K for the
region 153-325 and 2 K for temperatures above 327 K were
performed using a Novocontrol GMBH Alpha analyzer with
frequencies ranging from f = 107! to 2 x 10%Hz. During
measurements, the temperature was precisely controlled by a
Quatro temperature controller using a nitrogen gas cryostat.
The temperature was stabilized with an accuracy of 0.1 K.
The sample was placed between stainless steel electrodes of
the capacitor (15-mm diameter) with a fixed distance between
electrodes (0.1 mm) provided by fused silica spacer fibers.
Before measurement the evaporated ITZ-GLY mixture was
vitrified by melting at T = 453 K followed by a rapid super-
cooling on a copper plate.

III. RESULTS AND DISCUSSION

To prepare the ITZ-GLY binary mixtures with 5% w/w
addition of GLY, we followed the solvent evaporation pro-
cedure described by Amponsah-Efah er al. [16]. The phase
behavior of the sample was then tested using the DSC method.
Thermograms recorded for a sample with 5% w/w addition of
GLY vitrified in situ in the DSC apparatus are presented in
Fig. 1(a) together with the data for neat ITZ. The reheating
scans for the ITZ-GLY mixture with 5% of GLY revealed one
additional endothermic process apart from the glass transition
event. This fact is interesting considering that in the case of
neat ITZ two LC phase transitions (i.e., Ty—; and Tsma—n) ap-
pear. As shown in Fig. 1(a) heating (2 K/min) above the glass
transition temperature, 7, transforms the smectic-A phase of
the ITZ-GLY sample directly to the isotropic liquid, omitting

FIG. 2. (a) Isotropic-to-smectic-A transition observed under
POM for ITZ-GLY mixture 5% w/w at T = 350 K. (b) Smectic-A
phase with a characteristic fan-shaped (focal-conic) texture viewed
by POM for ITZ-GLY mixture 5% w/w at T = 348 K and neat ITZ
(c)at T = 340K.

the nematic phase. The glass and smectic-A to isotropic tran-
sitions for mixture with 5% of GLY were observed at 7,”5¢
328 K and Tgpma_;P5¢ = 349K, respectively. These transition
temperatures and the observed enthalpy changes are in perfect
agreement with the previous data [16] [see Fig. 1(b)].

To confirm the presence of the smectic-A phase and an
occurrence of a direct smectic-A to isotropic phase transition
in the ITZ-GLY mixture with 5% of GLY we used polarized
optical microscopy. POM images acquired for neat ITZ and
mixture with 5% of GLY are shown in Fig. 2. The confocal
texture of the smectic-A, which evolved into a mosaiclike
texture, was observed near the clearing point where droplets
began to form. This shows that chirality is transferred to the
liquid crystal after the addition of GLY. The GLY molecules
may be connected to the mesogenic core via hydrogen bonds
resulting in the formation of a chiral smectic phase. The tex-
ture exhibited an intense blue-green color, but with the focal
coniclike features of the smectic-A phase, remaining intact
down to the glassy phase.

Although the substantial impact of GLY on the charac-
ter of phase transition in the ITZ drug was reported before,
the question of how the presence of GLY affects the liquid-
crystalline order of ITZ remains unresolved. To shed more
light on this issue we carried out FTIR measurements in a
wide range of temperatures, i.e., from 293 to 358 K. FTIR
spectra of ITZ, GLY, and ITZ-GLY mixture with 5% of GLY
at T = 293 and 358 K are shown in Fig. 3. A spectrum of
GLY shows a broad band at 3271 cm~!, which corresponds
to the stretching vibration of hydrogen-bonded OH groups.
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FIG. 3. Infrared spectra of GLY (red), ITZ (black), and ITZ-GLY
mixture with 5% of GLY (blue) being measured at (upper) 293 K and
(bottom) 358 K. Data are presented in two spectral regions: (left)
3750-2400 cm™ and (right) 1800-400 cm™!

On the other hand, a very weak peak at 3382 cm™" attributed
to the C = O overtone is observed in the spectrum of ITZ,
which means that no association process (by strong hydrogen
bond interactions) occurs between ITZ molecules. The FTIR
spectrum of the ITZ-GLY mixture 5% w/w closely resembles
that of the ITZ sample. Both spectra differ only at two spec-
tral regions, i.e., (1) 3700-3200 cm™! and (2) 580-470 cm™'.
For the mixture, a broad band of low intensity appearing in
region 1 is detected. What is more, the maximum of this
band is shifted towards higher frequencies relative to that in
GLY, which can be directly correlated with the formation of
weak H-bonding interactions between both components. In
turn, the spectral behavior of the peaks in region 2, originat-
ing from the C-Cl stretching vibrations [17], during heating
differs for ITZ and its mixture with GLY (see Fig. 4). For
ITZ, with an increasing temperature, a change in the intensity
ratio of the doublet components is observed, especially in
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FIG. 4. Temperature-dependent FTIR spectra of (a) ITZ and
(b) ITZ-GLY mixture with 5% of GLY in the frequency range of
600-430 cm™". The spectra were shown on a common scale, offset
for clarity.

the temperature range of 338-358 K, i.e.,
the peak at =530 cm™! decreases, whereas that at 500 cm™
increases. This indicates the difference in intermolecular in-
teractions (C—Cl---O contacts) between molecules in these
temperatures. This fact corresponds well with the crystallo-
graphic data for the ITZ, which confirmed the existence of a
weak halogen bond (C—Cl---O) between drug molecules [18].
On the other hand, there were no significant changes in the
intensity ratio of the doublet components for the examined
mixture as the temperature increases. This means that the
addition of GLY inhibits the reorganization of ITZ molecules
upon heating by changing the way the molecules interact via
halogen bonds. In such conditions the nematic order cannot
be stabilized at temperatures above the smectic-A phase and
the system transforms directly to the isotropic phase.

To get insight into molecular dynamics of the ITZ-GLY
mixture with 5% w/w addition of GLY, we measured the
dielectric spectra for a melt-quenched sample in a broad
temperature range covering glassy, smectic-A, and isotropic
phases of a sample. The frequency behavior of the real, &',
and imaginary, &, parts of a complex dielectric permittivity
e* = ¢’ — ig” at different temperatures is shown in Fig. 5.

Since the effective intermolecular potential of LCs con-
sists of distance-dependent and orientation-dependent parts,
the dynamics displayed by LCs in the isotropic and liquid-
crystalline phases can vary significantly [19,20]. When
looking at the spectra in Figs. 5(a) and 5(b), two temperature
regions at 7 > T, can be distinguished where the observed
pattern of dielectric response is different. Above T = 349K,
i.e., at the temperature corresponding to the calorimetric
smectic-A to isotropic phase transition (Tsma—r"5€ = 349K),
an abrupt change in the magnitude of the main peak can be
seen. Additionally, from ¢”(f) data, a change in the tempera-
ture sensitivity of the primary relaxation below and above T =
349K can be deduced. The inspection of ¢'(f) data reveals
a step change of parameters as well. In the low-frequency
part of the &'(f) spectrum some fluctuations of the static
permittivity were detected [see Fig. 5(d)]. These might be due
to the substantial variations in the molecular alignment during
the ongoing LC transition and the appearance of various forms
of local order leading to the fluctuations of a dipole moment.
For neat ITZ such effects were not reported [21]. Also for
ITZ mixtures with lower GLY content (1 and 2% w/w), such
effects were not detected (see Supplemental Material [22]).
But in these cases, the changes in the arrangement of the
molecules accompanying the observed transition were less
spectacular because they were mediated by the nematic phase.
The change from the smectic-A to nematic alignment and the
transition from the nematic to isotropic phase in neat ITZ and
ITZ-GLY mixtures with 1 and 2% of GLY did not impact the
dielectric response as much as it was observed for mixture
with 5% of GLY, where the substantial changes in positional
and orientational order occur simultaneously. To recognize
these intriguing effects more deeply a fitting analysis was
carried out. The dielectric loss spectra were analyzed in terms
of the Havriliak-Negami equation [23]:

the intensity of
1
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FIG. 5. Dielectric loss (a) and dispersion (b) spectra for the ITR-GLY mixture (5% GLY w/w) in the temperature ranges from 173 to 323
K (with AT = 10K) and from 325 to 413 K (AT = 2K). The bottom panel shows the variation of the real (d) and imaginary (c) parts of
dielectric permittivity with a frequency in the selected temperatures near the smectic-A to isotropic phase transition.

where w = 2x f is an angular frequency, €., is the dielectric
constant in the high-frequency limit, gy is a static permittiv-
ity of a vacuum, Ae is the relaxation strength, and vy is
a characteristic HN-relaxation time. Exponents o and § are
shape parameters. The term opc/gpiw takes into account the
DC-conductivity (opc) contribution that affects the dielectric
response of ITZ-GLY at lower frequencies [see Fig. 5(a)]. The
dielectric loss spectra for the ITZ-GLY mixture with 5% of
GLY w/w at T > T, have been well described by combining
two fitting functions with the DC-conductivity term. Attempts
to analyze the loss data with a single function did not give
satisfactory effects. Figure 6 shows the results of analysis for
spectra registered at 7 = 345K (smectic phase) and 353 K
(isotropic phase) with marked areas of poor fit compliance. At
T < 351K, the excellent agreement was ensured by including
an additional Debye-shaped (¢ = 1, 8 = 1) relaxation pro-
cess on the low-frequency shoulder of the prominent peak.
Above 351 K, the primary process was well parametrized
by a single function, but an excess contribution was Vvisi-
ble in the DC-conductivity region. In this case, the slower
Debye-shaped relaxation mode could be resolved after DC-
conductivity subtraction (see inset in the right bottom panel
of Fig. 6). In both cases, the low-frequency contribution will
be described as «’, while the faster process will be assigned
as «. Their molecular origin will be clarified in subsequent
sections.

The relaxation dynamics of molecules with anisotropic
geometry, such as ITZ, differ from that observed for isotropic
systems the physical properties of which do not depend on the
direction of measurement. From the point of view of dielectric
measurements, an essential consequence of the elongation

of rod-shaped or disc-shaped particles is anisotropy of their
electrical properties, which underlies the complex dielectric
response [24]. The complex dielectric permittivity is then a
tensorial quantity with two principal components being mea-
sured parallel, g, or perpendicular, ¢, to the unique internal
molecular axis called a director [25,26]. In the molecular

2
smectic-A phase (a) isotropic phase
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FIG. 6. Comparison of different fitting strategies to dielectric
loss spectra for ITZ-GLY sample (5% GLY w/w) at T = 345K
(smectic phase) and T = 353 K (isotropic phase). The upper panels
show the analysis results with a single HN function, and the bottom
panels with a combination of the D and HN functions. In both cases,
the fitting function included the DC-conductivity term. Symbols
denote experimental data, solid lines denote resultant fit, and dashed
lines denote individual components of the fit.
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theories of LCs, the permittivity values are related to the corre-
lation functions of the longitudinal and transverse components
of the molecular dipole vector [25]. These theories were pio-
neered by Maier and Saupe [27-30], who gave expressions
for the dielectric permittivity parallel and perpendicular to
the director for an aligned uniaxial LC taking into account
the molecular dipole moment and the orientational order pa-
rameter, S. This theory was further developed by Nordio
et al. [31] and continued by others [32,33]. Readers inter-
ested in the theoretical background of dielectric relaxation of
LCs are referred to [25,26,34] where more details are given.
The main conclusion of these theoretical approaches is that
the measured dielectric function parallel and perpendicular to
the director includes different weighted sums of the four re-
laxation processes being characterized by different relaxation
times and intensities governed by the macroscopic orienta-
tion of the sample. Depending on the character of molecular
motions, the different contributions of dipole moment compo-
nents variously affect the permittivity values, giving rise to the
different dynamical responses to an external electric field [24].

The molecular dynamics of pure ITZ have been well
recognized in recent years [6,21,35,36]. Two relaxation pro-
cesses were observed on the dielectric loss spectra of 1TZ
in the liquid-crystalline phases and isotropic phases. The
low-frequency mode, with minor amplitude, usually assigned
as the § mode, is attributed to the rotation about the short
molecular axis (also described as flip-flop motions). The
second process, dominating the dielectric response of ITZ
in all phases, is ascribed to the faster rotation about the
long axis. The relaxation times and glass transition tem-
perature determined from the analysis of BDS data for the
faster process are in good agreement with the correspond-
ing calorimetric parameters established using the stochastic
temperature-modulated DSC method [21]. Therefore, it is de-
scribed as « relaxation, analogous to the structural relaxation
in conventional glass-forming liquids. A significant dispro-
portion in the intensity of both modes (the amplitude of the
6 mode is only a small fraction of the amplitude of c-process)
becomes clear when the components of the dipole moment
vector are taken into consideration. According to DFT cal-
culations reported by Tarnacka et al. the component of the
dipole moment, u, directed parallel to the long molecular
axis of a molecule is much higher than the other components
(u along the semimajor axis x is 1.15 D, while the components
parallel to the semiaxial y and z axes are = 0.42 and 0.41
D) [21]. Consequently, the rotation about the long axis of the
ITZ molecule contributes more to the dielectric response. The
fact that the § relaxation, intrinsically related to the anisotropic
nature of ITZ, persists in the isotropic phase deserves a
brief comment. In most materials displaying liquid-crystalline
phases when the system enters the disordered isotropic liquid
state the slow and fast modes fuse into a single broad relax-
ation process [37,26]. The unusual behavior of ITZ, observed
in bulk [21] and confined samples [36], is thus regarded as
experimental evidence for the existence of ordered domains
that have outlasted despite the transition to the isotropic phase.

The temperature dependence of the relaxation times for
slow and fast processes in the ITZ-GLY mixture is shown in
Fig. 7. The values of relaxation times (y, To', Tg, T,) Were
determined from the fitting parameters of the HN equation
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FIG. 7. Temperature dependence of the relaxation times deter-
mined for relaxation processes in glassy, smectic-A (SmA), and
isotropic phases of ITZ-GL mixture with 5% of GLY. The solid and
dashed lines show the fit of the VFT and Arrhenius fit functions,
respectively. The temperature regions corresponding to the particular
phases are distinguished according to DSC measurements.

using the following relationship [26]:

B . o —1/a ) 7'[0[,3 1/a
()] ()]

The changes in the character of the temperature depen-
dence of 7, and 7, in the smectic-A and isotropic phase
transition can be seen. The faster rotations were less affected
by changes in molecular alignment than the o’ process. In the
case of o relaxation, a change in the steepness of 7,(7) can
be noted in the smectic-A and isotropic phases. In contrast,
for the o’ process, an apparent discontinuity in the t,(7T) de-
pendency was observed. Interestingly, the molecular motions
related to the slow o’ mode appear to be accelerated in the
ordered smectic-A phase, as indicated by their sudden slowing
down as the system enters the disordered isotropic phase.

To interpret the origin of the relaxation processes in the
ITZ-GLY mixture with 5% of GLY we compared our data
with those for the neat ITZ. Figure 8 compares the loss spec-
tra for the ITZ-GLY mixture and ITZ under isochronic (i.e.,
different temperatures but constant relaxation time 7,) condi-
tions. The spectral shape was found to be almost identical.
Thus, the same molecular origin of relaxation processes is
highly possible. Accordingly, the o’ and « modes on the di-
electric loss spectra of the ITZ-GLY mixture with 5% of GLY
could be ascribed to the ITZ molecule’s rotational motion
about the short and long axes, respectively.

Simultaneously, when such an assignment is done, from the
data depicted in Fig. 7(a), one can deduce that the molecular
arrangement in ordered smectic-A layers would facilitate the
o’ process and speed up the rotations around the short axes
of the ITZ molecule. The abrupt slowing down of dynamics
associated with «’, indicated by the steplike increasing of
the t,, when entering the isotropic phase, is surprising. It is
intuitively expected that the motions of molecules organized
in smectic-A layers and impeded by high potential barriers
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1——1TZ-GLY T=353K
—— ITZ T=357K
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102 10® 10* 10° 10°
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FIG. 8. The comparison of dielectric loss spectra for ITZ and

ITZ-GLY mixture with 5% of GLY at the isochronic condition (for

the same 7,,). The spectra were normalized to the maximum of the «
peak. The DC conductivity has been subtracted.

will be slower than in the isotropic phase, not faster, as we
observed here. In addition to the above, the comparison of
dielectric loss spectra for ITZ and the ITZ-GLY mixture with
5% of GLY at temperatures corresponding to the smectic-A
phase also shows substantial differences (see Fig. 9). A possi-
ble explanation for this peculiar behavior is that the o’ mode
observed in the smectic-A phase should not be considered
as a continuation of the low-frequency mode observed in
the isotropic phase. Due to the greater DC conductivity in
the ITZ-GLY sample [compared to neat ITZ, see Fig. 9(a)],
the observation of additional low-frequency relaxation (being
equivalent of the § mode in ITZ) in the temperature regime
corresponding to the smectic-A phase might be hindered. Then

104
g
.3
©
0.8 4%
before o,
0.1 substraction
3
£ 0.6
.3
w
0.4
0.2 a'-process
d-process rN
T=343K
0.0 t T T g T T 1
10" 10° 10° 10? 10° 10* 10°
f[Hz]

FIG. 9. The comparison of dielectric loss spectra measured for
ITZ and ITZ-GLY mixture at 7 = 343K corresponding to the
smectic-A phase. The spectra were normalized to the maximum of
the o peak. The DC conductivity has been subtracted. The position
of low-frequency modes for ITZ and ITZ-GLY is indicated as § and
o', respectively. The inset shows (a) the comparison of dielectric loss
spectra before DC-conductivity subtraction and (b) calculated loss
spectra for temperatures close to smectic-A to isotropic transition;
instead measuring ¢ (f) the &/, (f) data are presented where con-

der
ductivity contribution is eliminated.

fitting the &” (f) data is not conclusive. Thus, we analyzed
the data calculated from ¢’ (f) spectra using the derivative
method yielding &}, (f) ~ — (7 /2) x [9¢'(f)/oInf] [38].
These results, presented in Fig. 9(b), show that at temperatures
T > 343K the process slower than ¢’ can be hidden under the
DC conductivity. Due to the low resolution, its parametriza-
tion was difficult. Still, we estimated the relaxation times
[from the maximum of the low-frequency peak in &'} .(f)
data], depicted as green stars in Fig. 7(a). The inspection of
data presented in Fig. 7(a) reveals that the relaxation times
estimated from the derivative data (Tgow_der) S€€M to be a
continuation of the 7,/ (T) dependence determined from spec-
tra registered in the isotropic phase. This means that the
mechanism of the o’ process observed in the smectic-A phase
cannot be related to the short axes rotations, which appear
to be much slower. The data presented in Fig. 7 portrayed
a very similar course of 7,(7) and 7,/ (7T) in the smectic-A
phase. This suggests that the actual energy barrier hinder-
ing both processes in the LC phase is almost similar. Thus,
their molecular mechanism most probably will be the same.
Moreover, in the isotropic phase, these modes overlap into a
single relaxation process. In liquid-crystalline materials, the
faster rotations around the long axis can be sensitive to various
molecular aspects of the structure, such as a difference in
flexibility [24]. Thus, the two processes observed on & (f)
spectra for the ITZ-GLY mixture in the smectic-A phase and
assigned as o’ and « in Fig. 7 may reflect rotations of different
molecular fragments around the long axis variously affected
by the smectic-A order.

The data presented in Fig. 7 show that the liquid-crystalline
order substantially influences the character of temperature
dependencies of relaxation times in the ITZ-GLY mixture
with 5% of GLY. In the smectic-A phase, the temperature
dependence of the relaxation times associated with both «
and o' processes has a much steeper course compared to
the isotropic phase and almost linear character. Nevertheless,
a good parametrization with the Vogel-Fulcher-Tammann
(VFT) function [39—-41] was possible. The fit parameters 7,
D, and Tj obtained by fitting the data in Fig. 4(a) to the equa-
tion 7, (T') = T0exp[DTy/(T—Tp)] are summarized in Table L.
The similar fitting parameters for o and «’ processes in the
smectic-A phase suggest that both types of motions might
be coupled. It is also evidenced by the similar temperature
in which both processes become frozen when approaching
a glassy phase. According to the condition that defines the
glass transition, i.e., (T = T;) = 100s, this will happen at
T = 327.3 K for the « process and 7' = 329.2 K for the o’
process. In ITZ the fast « process attributed to the rotational
fluctuations of the molecule around its long axis was associ-
ated with the glass transition detected by DSC measurements
[12,21]. We expected the same for mixtures. However, the
slight differences between the temperatures at which the «
and o’ dynamics are frozen do not allow us to state this
unequivocally.

When the material fluidity is lost below 7, and the
timescale of cooperative rearrangements is much longer than
the experimental time scale, the relaxation response of the
ITZ-GLY sample is dominated by secondary modes. As in the
case of neat ITZ, two secondary relaxations were visible on
the loss spectra of the ITZ-GLY mixture, marked as 8 and
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TABLE I. The summary of VFT and Arrhenius fitting parameters for ITZ-GLY mixture with 5% of GLY.

Smectic-A phase Isotropic phase (T > 351 K) Glassy smectic-A phase

Process log 7o D Ty (K) log 7o D Ty (K) log 7o E,(kJ/mol)
a —14.0* 4.7 290.2 —13.0 6.3 267.2
o —14.0* 5.3 287.5 —10.5 4.6 285.8
B —19.8 101.5 £+ 4.9
14 —14.7 38.0 &+ 1.1

*Fixed parameter.

y processes. Their relaxation times follow an Arrhenius-type
temperature dependence, shown in Fig. 7(b). The activation
energy barrier values, E,, were obtained by fitting the equation
T = T0eXp(E,/RT) to the experimental data in Fig. 7(b),
where T, is the preexponential factor, and R is the gas con-
stant, given in Table I. The values of E, = 101.5 + 4.9 and
38.1 £ 1.1kJ/mol for B and y modes, respectively, are simi-
lar to those reported for pure ITZ, i.e., 93.8 &= 1.5 (B process)
and 36.2 + 1.9 (y process) [15]. This means that the 5% w/w
addition of GLY, although it significantly impacts the char-
acter of liquid-crystalline phase transitions in the ITZ-GLY
mixture, does not change remarkably the system’s behavior in
the glassy state.

From the data presented so far, it is clear that the analy-
sis of dielectric data for the ITZ-GLY mixture with 5% of
GLY allows determining the temperature of the smectic-A
to isotropic transition with high accuracy. The variation in
the degree of molecular order leaves a clear fingerprint on
the temperature behavior of the relaxation times for both the
faster and the slower processes. The intersection of the VFT
fit functions for the « process in the smectic-A and isotropic
phases and the step change in the relaxation times related to
the rotational motions around a short axis (described by 7,
in the isotropic phase and Tger—siow in the smectic-A phase)
correspond perfectly to the phase transition temperature de-
termined in calorimetric studies Tgma_;°5¢ = 349 K. On the
other hand, for pure ITZ and mixtures with a lower GLY con-
tent (1 and 2% w/w), such changes were less pronounced (see
Fig. 10). As shown in Fig. 10(a) for ITZ-GLY mixture with
1% of GLY to find the evidence of LC transitions observed in
DSC measurements the data linearization via the derivative of
the experimental logz, values with respect to temperature was
necessary.

For the mixture with 5% of GLY, the temperature at
which the smectic order disappears and the system enters
the isotropic state can be determined from the analysis of
the temperature dependency of other dielectric parameters.
Figure 11 shows the changes in DC conductivity (opc), di-
electric strength (A¢) of « relaxation, and shape parameters
of the HN function for « relaxation (the slower process was
assumed to be Debye shaped) during reheating of ITZ-GLY
mixtures with different GLY content. For a sample with 5%
of GLY, the values of opc and Ae turned out to be very sensi-
tive to changes in the molecular organization. Consequently,
the analysis of temperature evolution of opc and Ae allows
determining the temperature of smectic-A to isotropic phase
transition with good accuracy. For samples with lower GLY
content, only Ae was found to be sensitive to LC transitions.
The evident changes in the character of Ae(7) occurred near

the calorimetric Tsma_n2SC and Ty_,;PSC. In DSC measure-
ments (with heating rate 10 K/min) for a sample with 1%
of GLY the smectic-A to nematic transition was observed
at Tsma_nP5¢ = 348 K while the nematic to isotropic phase
transition was observed at Ty_;°5C¢ = 356 K. For a mixture
with 2% of GLY, these LC transitions were observed at
Tsma—nP5¢ = 349K and Ty_;P5C = 354K, respectively.

The data in Fig. 11(b) for a mixture with 5% of GLY show
a sudden increase in the dielectric strength upon transition
to the isotropic phase. The observed growth of Ae mani-
fests an increase of effective dipole moment due to dipole
randomization. This means that in the smectic-A phase, the
dipole moments of individual layers are oppositely directed,
forming a structure with a partially canceled dipole moment.
When this ordered molecular array collapses while entering
the disordered liquid state, antiparallel correlations between
molecules are weakened, and the resultant dipole moment
of a system increases. Apart from the discontinuity in the
Ag(T), the atypical temperature behavior of Ag is portrayed
by data in Fig. 11(b). Above 351 K instead of a decrease of
Ae ~ p?/kT on heating, its gradual increase was recorded
in the range of 8 K above the transition temperature. Such a

neat ITZ

ITZ-GLY 1% (wiw)
O 1,

—VFT1

——VFT2

[-(dlogs(z,)/dT)]*(-0.5)

&
=— -2 vV 5
L ----VFT3
&
= -3 ITZ-GLY 2% (wiw)
o)) o 1,
O 44 ——VFT1
VFT2
>
54
vV 15
-6 ITZ-GLY 5% (wiw)
o 1,
7 ----VFT1
44444444 VFT2
” o 1
-8 T T T T ----VFT3

linear fit

25 26 27 28 29 30
1000/T [K]

FIG. 10. Relaxation map for ITZ and ITZ-GLY mixtures with
different GLY content at temperatures corresponding to smectic-A,
nematic, and isotropic phases. (a) Results of the linearized derivative-
based analysis of the temperature dependence of structural relaxation
time for mixture with 1% of GLY. Arrows denote temperatures at
which endothermic LC transitions were observed in DSC measure-
ments.
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FIG. 11. The temperature evolution of (a) DC conductivity, opc,
(b) dielectric strength, Ae, characterizing « relaxation, and (c) shape
parameters of the HN function for « relaxation observed for ITZ-
GLY mixtures with different GLY content.

transition-related anomaly in the temperature dependence of
static permittivity, observed for some LCs [42—46], can be ra-
tionalized by the presence of ordered domains in the isotropic
phase that strongly impact the system dynamics [47,48]. The
Landau—de Gennes theory describing the dynamics of a sys-
tem approaching nematic to isotropic phase transition from
above assumes that the local nematiclike order responsible for
these unusual effects exists in the material on a distance scale
defined by correlation length ¢ [47,49]. Consequently, such
unique dynamical effects may be observed even ~50 K above
a transition temperature [50].

IV. CONCLUSIONS

The paper aimed to investigate the molecular dynamics
of the ITZ-GLY mixture with a 5% w/w addition of GLY
using BDS spectroscopy. According to the previous report
[16], such a concentration of GLY significantly modified the
ITZ drug’s liquid-crystalline properties. In the investigated
mixture, the nematic phase was eliminated, and on heating,
after leaving the smectic-A phase, the system directly enters
the disordered isotropic state. Our dielectric study of the
melt-quenched ITZ-GLY mixture revealed several relaxation
processes in the glassy, smectic-A, and isotropic phases and

showed exciting facts about the impact of GLY on the system
dynamics. It turned out that the addition of GLY affects to
a lesser extent the dynamics of the system in the isotropic
and glassy phases leading to a similar relaxation response as
in the case of neat ITZ. The spectacular effects associated
with the addition of GLY were revealed in (i) the sequence
of the phase transitions (excluding the nematic phase), (ii)
the pattern of relaxation processes in the smectic-A phase,
and (iii) the relaxation behavior at the liquid-crystalline and
isotropic liquid state boundary. In the investigated system, we
studied the direct transition from the ordered smectic-A phase
to the randomly organized isotropic phase, which had a clear
and measurable effect on the dielectric response. This phe-
nomenon deserves to be studied further, mostly as it cannot
be observed in neat ITZ, where the transition between LC and
conventional liquid states is more gradual as it passes through
the nematic phase. It is essential from the pharmaceutical
point of view because the ability to control the degree of
liquid-crystalline order is directly related to the amorphous
drugs’ stability and solubility issues. It is also exciting from
the perspective of fundamental studies of critical phenomena
in soft matter. Our analysis of the ¢”(f) spectra revealed the
presence of two relaxation processes in the smectic-A phase
with similar temperature dependencies of relaxation times,
suggesting a similar molecular mechanism (most probably
rotational motions around the long axis). Although initially
suspected, the slower process does not seem to correspond
to the § process observed for neat ITZ. A more detailed
derivative analysis indicated that the DC-conductivity con-
tribution could obscure this slow mode counterpart in the
smectic-A phase. At higher temperatures corresponding to
the liquid state, its presence on the dielectric loss spectra
of the ITZ-GLY mixture is detectable and indisputable. We
show that the smectic-A to isotropic phase transition in the
investigated mixture is manifested in the dielectric loss and
dispersion spectra. The differences in the molecular dynamics
below and above the transition temperature are so pronounced
that the transition temperature can be easily recognized from
dielectric data with good accuracy with DSC results. We show
that the disappearance of the liquid-crystalline order leaves a
clear fingerprint on the temperature behavior of various spec-
tral parameters (relaxation times, Ag, and opc). It presents
vast potential for further studies on phase transitions in the
ITZ-GLY system at conditions where the application of the
DSC technique is limited, e.g., under high pressure.
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