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Itraconazole, an antifungal drug, is a thermotropic liquid crystal that exhibits nematic (N) and smectic A (SmA)
phases, when cooled from the melt. By means of high-resolution adiabatic scanning calorimetry (ASC), we have
obtained the temperature dependence of the heat capacity as well as the enthalpy (including latent heats) of the
nematic to smectic A (N-SmA) and the isotropic to nematic (I-N) phase transitions. The N-SmA transition is
weakly first-order, with substantial pretransitional heat capacity increases. The critical exponent «, obtained
from power law fits to the heat capacity data, is 0.50 + 0.05, suggesting that the N-SmA transition must be
very close to a tricritical point. Indeed, with this character, the small molecule dopant glycerol (in binary mixtures
with ITZ), causes interesting changes to the mesomorphic phase sequence and to the order of the phase transi-
tions. With increasing glycerol content, the temperature width of the nematic phase systematically reduces,
until a critical concentration, at which the nematic phase disappears, leading to a direct isotropic-smectic A (I-
SmA) transition. The I-SmA transitions of the ITZ-glycerol mixtures show stronger first-order character with sub-
stantial latent heats and wide two-phase regions, when compared to the (N-SmA and I-N) transitions of neat
itraconazole. The ability of glycerol to drive the ITZ transitions to stronger first-order character indicates a possi-
ble coupling of the additive concentration to the smectic order parameter, which leads to the development of

highly ordered, stable smectic structures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Liquid crystals (LCs), have properties intermediate between crystal-
line solids and isotropic liquids. The rich variety of intermediate phases
makes LCs excellent model systems for testing general concepts of
phase transitions and critical phenomena. In particular, the first-order
(discontinuous) or second-order (continuous) character of the transi-
tions, and the universality class of critical exponents have been, and
are being, the object of investigations.

Two of the most common mesophases are the nematic (N) and the
smectic-A (SmA) phases [1]. In the nematic phase, rod-like molecules
align parallel to each other, with their long axes all pointing approxi-
mately in the same direction. In the smectic phase, the molecules main-
tain the orientational order and are further organized into layers.

The nematic to smectic A (N-SmA) transition is one of the most ex-
tensively studied. Since the order in the SmA phase can be described in
terms of a two-component complex order parameter, the N-SmA tran-
sition can be expected to be in the 3D-XY universality class [2,3]. Exper-
iments have however shown non-universal critical behavior in some
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systems. According to the molecular field theory of McMillan and
Kobayashi [4,5], as well as de Gennes [2,3], the N-SmA transition could
be either first- or second-order in nature, depending on the nematic
range (i.e. the temperature width of the nematic phase). A narrow ne-
matic range indicates a strong coupling between the N and SmA order
parameters, resulting in a first-order N-SmA transition. Conversely, a
wide nematic range (weak coupling) gives a continuous transition.
Halperin, Lubensky and Ma, via their HLM theory, however suggested
that the coupling between the director fluctuations and the smectic
order parameter makes the N-SmA transition always weakly first-
order [6]. The isotropic-nematic (I-N) transition, usually described in
terms of the Landau-de Gennes mean-field theory, or based on the
Maier-Saupe theory, should be weakly first order [2,3].

Due to the wide range of complex phases that can be encountered
within LC systems, as well as the different theoretical predictions
about the nature of the mesomorphic transitions, experimental deter-
mination of the order of phase transitions, provides a pathway to under-
stand the behavior of these systems. To establish the order of a phase
transition, the true latent heat (or absence of latent heat) must be mea-
sured. With differential scanning calorimetry (DSC), the most popular
calorimetric technique, it is possible to locate the different LC phases
with sufficiently wide temperature ranges, and to qualitatively
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characterize the magnitude of the thermal features associated with the
transitions. DSC is however not ideally suited for confirming the order of
phase transitions. This is because the latent heat and the pretransitional
increase in the specific heat near a phase transition are lumped together
into one thermal event (peak) [7]. Distinguishing between true latent
heats and pretransitional (fluctuation induced) enthalpy variations is
almost impossible, thereby making it difficult to distinguish between
first- and second-order transitions [7].

Adiabatic Scanning Calorimetry (ASC), by maintaining thermal equi-
librium, continuously measures the enthalpy (H) and the heat capacity
(Cp) as a function of temperature. Continuous determination of H(T),
serves as a unique approach for confirming the order of phase transi-
tions. An enthalpy ‘jump’, indicative of latent heat (AHy), is a character-
istic feature of a first-order (discontinuous) transition. Second-order
(continuous) transitions show no discontinuities in the enthalpy
(AH; = 0) [7,8]. However, the heat capacity, which is the temperature
derivative of the enthalpy [C, = (dH/dT)p], exhibits a discontinuous
jump (mean-field behavior), or a divergence (critical fluctuation behav-
ior). Information on the pre-transitional heat capacity is also needed to
analyze relevant thermal aspects of critical fluctuations [7]. With ASC,
the critical behavior of different LC classes, have been studied.

Compounds (having or lacking liquid crystalline order) are added to
LCs, forming binary mixtures, as a means of either (i) extending the
working ranges of the mesophase transitions or (ii) exploring unusual
phase sequences. It has been observed that non-mesogenic solutes
broaden the I-N transition temperature leading to the subsequent for-
mation of two-phase regions [9]. As an example, the I-N transition tem-
perature of 5CB (a compound of the alkylcyanobiphenyl homologous
series) increases, when doped with molecularly rigid carboxylic acids,
but decreases when the carboxylic acid dopants have flexible aliphatic
chains [10]. The transition temperatures shift without any effects on
the magnitude of the total enthalpy change of the I-N transition [10].
In the case of N-SmA transitions, non-mesogenic solutes can cause a
change in the order of the transition (from second- to first-order), by
coupling to the order paramters [11]. Conversely, nanoparticles dis-
persed in liquid crystals can induce a decoupling mechanism of the
order parameters, leading to a change in the critical behavior of the
bulk material [12]. The unusual phase sequences that result from LC
mixtures, find practical use in LC devices for display and telecommuni-
cation applications [13-15].

Itraconazole (ITZ), a pharmaceutical compound indicated for treat-
ment of fungal infections, is a known thermotropic LC [16]. ITZ exhibits
nematic and smectic phases, when cooled from the isotropic melt, with
a nematic range of ~16 °C. Itraconazole is a rather unusual glassy LC,
being one of the few compounds for which the smectic order can be
eliminated by cooling from the isotropic phase with an appropriate
rate [17]. Also, effects of addition of polymers on the smectic order of
ITZ have been reported, for three different classes of polymers [18].
The polymer either disrupts the smectic order, resulting in a uniform
isotropic mixture, or remains separated from the smectic domains
[ 18]. The critical behavior of the mesophase transitions in ITZ, however,
has not been studied. There is also a general interest, to know how other
pharmaceutical additives affect the mesophase transitions in ITZ.

The goal of this work is therefore, to investigate the effect of glycerol,
a small-molecule plasticizer [19], on the phase transitions of
itraconazole. In the pharmaceutical sciences, glycerol is of interest,
because it is sometimes incorporated into amorphous formulations, to
aid processing [20]. Meanwhile, in the liquid crystal literature, glycerol
is a typical protic solvent, used to supply mobility to amphiphilic mole-
cules, in lyotropic LC systems [21,22]. Furthermore, when thermotropic
mesogens were functionalized with glycerol (propane-2,3-diol attach-
ments to the mesogen's aromatic core), novel thermotropic mesophases
were obtained [23]. Thus, glycerol has the potential to induce unusual
effects in the mesomorphic sequence of ITZ. We have investigated the
thermal behavior in itraconazole, with the glycerol concentration rang-
ing from 1 to 40% w/w. DSC studies were conducted with the goal of
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generating the phase diagram. We have also performed a detailed anal-
ysis of the critical behavior of the N-SmA transition of ITZ and investi-
gated the effect of glycerol on the order of the mesophase transitions,
using adiabatic scanning calorimetry.

2. Experimental methods
2.1. Materials

Itraconazole (Bepharm Limited, Shanghai, China; purity ~98%) and
glycerol (Sigma Aldrich, USA, purity 299.5%) were used as received. All
other reagents and chemicals were of analytical grade and purchased
from Sigma Aldrich.

2.2. Sample preparation

Amorphous itraconazole (glass without smectic order) was pre-
pared by melting the crystalline drug at 180 °C and rapidly cooling
by dipping the melt in liquid nitrogen. To prepare ITZ-glycerol mix-
tures, crystalline ITZ was dissolved in dichloromethane at 50 °C
with sonication, glycerol was dissolved in methanol and the two
solutions were mixed. The solvent was rapidly evaporated at 50 °C
under reduced pressure, in a rotary evaporator (IKA-HB10 digital
system, Werke GmbH and Co. Germany) at 250 rpm, and lightly
ground using a mortar and pestle, to obtain a free-flowing powder.
The powder samples were further dried at room temperature
under vacuum for 24 h, to remove any residual solvent, and kept in
desiccators containing anhydrous calcium sulfate at —20 °C, until
further use.

2.3. Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (Q2000, TA Instruments, New
Castle, DE) equipped with a refrigerated cooling accessory unit was
used. The instrument was calibrated (temperature, heat capacity and
enthalpy) with tin, indium, and sapphire. An accurately weighed sample
was hermetically sealed in an aluminum pan (T-zero®, TA Instruments)
and subjected to a modulated temperature program, under dry nitrogen
gas purge (50 mL/min). The temperature modulation used was +
0.212 °Cevery 40 s, with an underlying heating rate of 2 *C/min.

The sample was heated from room temperature (~20 °C) to 180 °C,
held for ~1 min to ensure complete melting, cooled back to room tem-
perature and reheated to the melting temperature. Both the heating
and cooling rates were 2 °C/min.

DSC data analysis was performed with Universal Analysis® software
(TA Instruments). In the text, glass transition temperatures (Ty) are re-
ported as the midpoint of the baseline shift (step-change) in the revers-
ing heat flow signals. Phase transition temperatures are evaluated from
the peak positions of the endothermic or exothermic reversing heat
flow signals. Enthalpy change values are the peak areas of the reversing
heat flow endo or exotherms.

2.4. Adiabatic Scanning Calorimetry (ASC)

High-resolution enthalpy and heat capacity data were obtained with
a novel Peltier-element-based implementation of the adiabatic scan-
ning calorimetry concept ( pASC). The modes of operation are described
in detail elsewhere [24,25]. An accurately weighed sample (~50 mg)
was placed in a 120 plL stainless steel medium-pressure DSC crucible
(Mettler-Toledo GmbH, Switzerland). The sample was heated from
room temperature to ~190 °C, held for ~1 min to ensure complete melt-
ing, and rapidly cooled back to room temperature. The resulting glass
was again reheated rapidly to ~60 °C, after which a very slow average
scan rate (on the order of 50 mK/min; details in the text) was imposed
while the ASC data were collected in the 60-100 °C region. This se-
quence was necessary (i) to ensure the samples did not crystallize
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during the run, and (ii) to ensure a standardized thermal history for the
samples.

3. Brief theory of adiabatic scanning calorimetry

Adiabatic scanning calorimetry measures with high resolution,
the heat capacity and enthalpy near critical points in soft matter
systems (e.g. liquid mixtures and liquid crystals) [1,26]. A constant,
known heating or cooling power is applied to the sample cell
(differently from imposing a constant rate, as done in DSC-type cal-
orimeters) with an adiabatic shield that follows the temperature
evolution of the sample cell. During a run, the sample temperature
T(t) is recorded as a function of time ¢, and the heat capacity C,(T)
as a function of temperature is calculated via the ratio of the

known constant power P and the changing temperature rate T = dT/
de:

G = 1)

This leads to a continuous heat capacity curve. The heat capacity
of the addenda C,44(T), obtained in a separate calibration experi-
ment, is subtracted from C,(T) in order to obtain the heat capacity
of the bare sample. The result is divided by the sample mass to arrive
at the specific heat capacity of the sample. The same T(t) data and the
known constant power P directly result in the continuous enthalpy
curve H(T), since

H(T)—H(Tg) = ' pat P(t—ty) 2)

Jto

where H(Tp) is the enthalpy of the system at the starting time ¢, of the
experiment. The constant power results in the simple solution of the in-
tegral. The enthalpy of the sample is obtained after subtraction of the
enthalpy of the addenda obtained from the calibration experiment. Fur-
ther division by the sample mass results in the specific enthalpy.

In an ASC run, the power P is kept constant in Eq. (1) and the

resulting changing rate T is measured. This is exactly the opposite
of what is done in DSC; in DSC, a predetermined constant rate (usu-
ally large for resolution reasons) is applied, and the changing power P
(t) is measured (differentially). Also, in ASC, at a transition, the rate
reduces almost effectively to zero, which ensures thermal and
thermodynamic equilibrium. In DSC however, it becomes more and
more challenging to deliver (at the right temperature) the strongly
increasing power needed to maintain the imposed temperature
rate. This results in rounding off and overshooting phenomena.

An essential requirement of high-resolution ASC operating in a
(slow) heating mode is the equality (mK or better) of the tempera-
tures of the adiabatic shield and of the sample holder in very weak
thermal contact with this adiabatic shield. The temperature of the
adiabatic shield is maintained at the temperature of the sample
holder by means of a proportional-integrating feedback loop that
controls electrical heating of the shield. In cooling mode, a constant
(preset) temperature difference between sample and shield must
be maintained within the same stability limits. To achieve this,
highly sensitive thermistors (placed on the sample holder and
shield), requiring careful and extensive calibrations, have been
used in the past. However, differences in the temperature coeffi-
cients of the thermistors, made measurements over large tempera-
ture ranges very complicated. In the recent Peltier-element-based
implementation, pASC, these problems are completely eliminated
[24,25]. This is achieved by inserting a highly sensitive semi-
conductor-material-based Peltier element, to detect (and next nul-
lify) the temperature difference between sample and shield.
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4. Results and discussion
4.1. General information on itraconazole

Itraconazole (ITZ) is a crystalline powder, that melts at 168 °C
[16,18]. When cooled from the melt, the isotropic (I) liquid transforms,
first to a nematic (N) phase, and then to a smectic A (SmA) phase, before
vitrifying. The LC transitions are reversible upon reheating. The isotropic
melt is light yellow and transparent. However, a visible colour-change
(white, opaque) occurs at the I-N transition temperature, which is
retained upon vitrification. Phase assignments based on differential
scanning calorimetry and X-ray diffractometry, have been reported in
the literature [16,18,27,28].

4.2, Effect of glycerol on the mesophase transitions

Glycerol was incorporated into itraconazole, via the solvent evapora-
tion technique, commonly used to make amorphous solid dispersions.
Homogeneous itraconazole-glycerol mixtures were prepared up to a
glycerol content of 40% w/w, beyond which the material became sticky
and visibly phase-separated. The binary mixtures with glycerol content
<30% w/w were free-flowing powders.

To systematically characterize the phase transitions, under a “stan-
dardized” thermal history, each solvent-evaporated formulation was
first melted in situ, in the DSC pan, cooled to room temperature at
~2 °C/min, and reheated at the same rate. Representative reheating
scans of select compositions are shown in Fig. 1, with the corresponding
transition temperatures and enthalpies listed in Table 1. A phase dia-
gram constructed based on the DSC results, is presented in Fig. 2.

The mesophase transition temperatures for neat itraconazole, are
pointed out in the topmost scan of Fig. 1a. The glass (T,), nematic-to-
smectic A (T sma), and isotropic-to-nematic (T; ) transitions, occur
at ~59, 74 and 90 °C respectively. These transition temperature values
and enthalpy changes (Table 1, 0% glycerol) are in agreement with the
literature values [16,27,28].

As the glycerol content increases from 0 to 2% w/w, the temperature
of the nematic-to-smectic A transition (Ty sma ~74 °C, for neat
itraconazole) does not change appreciably, indicating that the smectic
state is not destabilized by the additive. The isotropic-to-nematic transi-
tion temperature (T; y =90 °C, in neat itraconazole) however, system-
atically shifts to lower values. At glycerol concentrations >5% w/w, the
nematic phase completely disappears, indicating a direct isotropic =
smectic A (I-SmA) transition. The [-SmA transition is also
temperature-invariant, with increasing glycerol concentration (Fig. 1b;
Table 1, 5-40% glycerol).

The enthalpy changes of the mesophase transitions are also affected
by the additive. As the glycerol content increases from 0% to 2% w/w, the
enthalpy change of the nematic-to-smectic transition (AHy spa) In-
creases, while that of the nematic-to-isotropic transition (AH; ) de-
creases (Table 1). The I-SmA transition endotherms (observed in
compositions with 25% w/w glycerol), are however noticeably pro-
nounced. Of note, the AH; sma at any composition, is much higher,
than the sum of AH; y and AHy 54 (0bserved at glycerol concentra-
tions <2% w/w).

Generally, condensation from the isotropic to the nematic phase (I-
N) requires calamitic molecules to reorient with their molecular axes
approximately parallel to the nematic director. This typically manifests
as a larger change in enthalpy, than transition from the nematic to the
smectic A phase (N-SmA), which only requires longitudinal displace-
ment of the molecules to form layers (in fact only weak density modu-
lations along the director) [7,8]. Direct transition from the isotropic to
the smectic A phase (I-SmA), on the other hand, typically goes along
with a pronounced enthalpy change [7,29]. This is because, in order to
complete the [-SmA transition, a significant increase in orientational as
well as translational order must occur almost simultaneously.
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Fig. 1. DSC heating curves of itraconazole-glycerol binary mixtures of different compositions. The glycerol content (w/w) is given above each curve. (a) 0 to 5% glycerol, and (b) 10 to 40%
glycerol. Each sample was heated from room temperature (~20 °C) to 180 °C, held for 1 min, and cooled back to room temperature. The sample was then reheated to 180 °C. Both the
heating and cooling rates were 2 °C/min. Only the final heating curves over the temperature range of interest, are shown.

Often, when a mesogenic material possesses intermediate
phases, the individual enthalpy changes of the low-ordered phases
sum up to the total enthalpy change for the higher ordered phase
[29]. Thus, the enthalpy change of the I-N and N-SmA phases are
expected to sum up to the total enthalpy change of the I-SmA transi-
tion. However, as shown in Table 1, the AH; ;4 values are substan-
tially higher. This unusual finding indicates that the ITZ molecules
become exceptionally well-ordered, with 5-10% glycerol being the
most favorable composition.

4.3. Effect of glycerol on the glass transition temperature

The glass transition temperature (T,) decreases only slightly, as the
glycerol content increases (Figs. 1 and 2; Table 1). Glycerol, due to its
low T, (~—83 °C), is usually a potent plasticizer of amorphous pharma-
ceuticals. To assess the extent of plasticization, the experimentally de-
termined Ts values, are compared with the values predicted by the
Gordon-Taylor (GT) additivity rule for binary mixtures [30-33]

(Eq. (3)).

T _ Towy + K(Tgpaw,)
L wy + Kw,

(3)

Table 1

The subscripts 1 and 2 represent the components itraconazole and
glycerol respectively, and w is the weight fraction of each component.
K is a constant, calculated with the Simha-Boyer rule [31].

K= P Tg] (4)
PaTg

where p, and p, are the densities of itraconazole (1.4 g/cm?) and glyc-
erol (1.26 g/cm®) respectively.

The GT relation assumes perfect volume additivity at T, and no inter-
actions between the two components [33]. As shown in Fig. 3, a consis-
tent positive deviation from the trend predicted by the GT equation, is
observed for mixtures, indicating a reduction in the net free volume
and hence, a more efficient packing of the itraconazole molecules [34].

4.4. The order of the transitions

In the context of this investigation, three types of phase transitions
are relevant: the isotropic-nematic (I-N), the nematic-smectic A (N-
SmA) and the isotropic-smectic A (I-SmA). For purely geometrical rea-
sons (regarding molecular orientation), the I-N transition must be
first-order (with the possible exception at a single critical point induced
by an external parameter) [3]. On the same grounds (because

Transition temperatures (T, °C) and associated enthalpies (AH, ]/g) determined from the reversible heat flow signals of modulated DSC reheating scans (at 2 °C/min). Each value is an av-
erage of three replicate runs with standard deviations in parentheses. The McMillan ratios (T sma/T) n) are included for the samples with 0 to 2% glycerol content.

Glycerol content (w/w) Isotropic — nematic Nematic-smectic A Isotropic - smectic A Smectic A — glass L%ﬁff‘"
T,°C AH, /g T,°C AH, /g T,°C AH, J/g Ty °C
0% 89.8 (0.1) 1.6 (0.2) 737 (03) 0.6(0.1) - - 59.3 (0.6) 0.955
1% 83.7 (0.0) 1.2(0.1) 744 (0.1) 1.9(0.2) - - 59.3 (0.5) 0.973
2% 80.0 (1.7) 0.9(0.3) 732(0.1) 3.7(0.2) - - 55.6 (0.8) 0.980
5% - - - - 75.3 (0.4) 11.7 (1.3) 55.5 (0.5) -
7% - - - - 75.9 (0.0) 9.8 (0.5) 55.2 (2.9) -
10% - - - - 75.5 (0.5) 10.1 (1.1) 52.4(0.9) -
20% - - - - 73.1(0.7) 8.0 (0.8) 51.2(0.2) -
30% - - - - 73.1 (0.6) 7.8 (0.3) 51.5(0.2) -
40% - - - - 73.9(0.2) 5.7 (0.2) 50.0 (0.7) -
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Fig. 2. Phase diagram generated from the DSC results (Fig. 1;Table 1). Solid lines are drawn
to assist in assessing the trends. N = nematic phase.

orientational order is also present in the SmA phase), the I-SmA transi-
tion should be first-order.

There are no obvious reasons, however, for the N-SmA transition
to be first- or second-order. Extensive calorimetric investigations of
the N-SmA transition have been carried out [7]. It has been found
that the temperature range of the nematic phase (i.e. the tempera-
ture width between the I-N and N-SmA transitions) plays an impor-
tant role. Compounds with narrow nematic ranges are more likely to
exhibit first-order N-SmA transitions, while second-order transi-
tions are encountered for compounds with wide nematic ranges
[2-5]. This behavior is often qualitatively characterized by the Mc-
Millan phenomenological parameter, r = Ts;ua - n/Tn- 1 (ratio of abso-
lute temperatures) [5]. According to McMillan's model the N-SmA
transition is first-order for r > 0.87, but second-order for values
below 0.87. Experimentally, first-order transitions have only been
observed for McMillan ratios close to 1, typically above 0.95 [7,35].
From the variation in McMillan parameter and differences in total
transition enthalpies (AH in Table 1), there is some indication for dif-
ferences in the order of the transition for the itraconazole samples
having different glycerol contents. Therefore, in the following sec-
tions, we analyze Adiabatic Scanning Calorimetry (ASC) data to es-
tablish the nature of the N-SmA transition of the itraconazole
samples with different glycerol contents.

60 l!--\...__h___ Glass Transition ‘
g 40+ N ~ ]
- ~
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S 20 . ]
o ~ ]
2 04 Gord_on_-Taonr - |
E Prediction ~
- =

20+ ~
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Fig. 3. Experimental glass transition temperatures (Tg) of itraconazole-glycerol binary
mixtures, compared with the values predicted using the Gordon-Taylor equation.
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4.5. ASC results for neat itraconazole

Fig. 4a shows an overview of the temperature dependence of the
specific heat capacity C, and the specific enthalpy H from well below
the smectic A (SmA) to well into the isotropic (I) phase. For the sake
of clear contrast, a large, linearly temperature-dependent enthalpy
background has been subtracted from the measured enthalpy values.
Indeed, for a constant heat capacity, the enthalpy increase is linearly
dependent on temperature. Subtracting such (often irrelevant) con-
tribution allows a more detailed study of fine phase transition ef-
fects. Furthermore, a careful inspection of the enthalpy and heat
capacity, as well as higher order derivatives, allows the temperature
width of the (impurity induced) two-phase region to be located, and
the true latent heats to be separated from (often substantial)
pretransitional effects. This treatment was applied to all the samples,
and the transition temperatures and latent heats are summarized in
Table 2. The transition temperatures and total enthalpy changes
(AH) measured by adiabatic scanning calorimetry, for all the samples
(Table 2) are in agreement with the corresponding values obtained
via DSC (Table 1).

We first describe the N-SmA transition for neat itraconazole. In
Fig. 4b, the temperature scale of the H(T) data is expanded (within
2 °C temperature range), to show the detailed behavior very close to
the N-SmA transition. A linear change in enthalpy with an almost
constant effective heat capacity (constant slope) can be identified
between the two dashed vertical lines, over a temperature interval of
0.15 £ 0.03 °C. This allows a small but finite latent heat of 0.095 +
0.010]/g, to be identified, indicating that the N-SmA transition is weakly
first-order.

Similar analyses of the H(T) data were performed around the
isotropic-to-nematic (I-N) transition. A larger latent heat of 0.27 +
0.02 ]/g can be separated from the total enthalpy change (see Table 2),
confirming a stronger first-order nature, for the I-N transition.

It is clear (from the profiles in Fig. 4), that for both transitions (N-
SmA and I-N), there are large pretransitional contributions to the total
enthalpy changes. These aspects will be discussed in a separate section.

4.6. ASC results for the ITZ-glycerol mixtures

Fig. 5a (similar to Fig. 4) gives an overview of the temperature de-
pendence of the specific heat capacity C, and the specific enthalpy H
from well below the smectic A (SmA) to well in the isotropic phase,
for the ITZ + 2% glycerol mixture. Compared to neat ITZ, the [-N transi-
tion occurs at a lower temperature (80.4 °C), while the N-SmA transi-
tion temperature (72.7 °C) remains almost unaffected, resulting in a
much narrower nematic range (i.e. T,y — Ty sma = 7.7 °C). Both tran-
sitions are clearly first-order, with substantial (true) latent heats (see
Table 2; 2% glycerol). Additionally, some pretransitional specific heat ca-
pacity increases and minor supercooling are observed.

When the glycerol content is increased to 5% w/w, however, only
one strongly first-order transition, with substantial total enthalpy in-
crease and a large true latent heat over a wide two-phase region, is ob-
served (see Fig. 5b and Table 2). The I-SmA transition also shows some
pretransitional heat capacity increase in the SmA phase.

4.7. Critical exponent analysis of the N-SmA transition

Second-order (continuous) phase transitions are characterized by
large fluctuations, which, for a properly defined order-parameter, di-
verge in size to infinity. This size divergence can be described by a
power law, with a characteristic critical exponent depending on the uni-
versality class of the phase transition [36]. The limiting behavior of the
specific heat capacity at a second-order transition, can also be described
by means of a power law of the form:
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Fig.4. (a) ASC of neat itraconazole, covering the N-SmA and the I-N transitions. The upper panel displays the specific heat capacity and the bottom panel the specific enthalpy as a function
of temperature. Dashed lines are the mesophase transition temperatures. A linear temperature-dependent background, 2.3(T — T,,g), with T,.ran arbitrary reference temperature, has been
subtracted from the direct enthalpy results. (b) A blow-up of the small square in the bottom panel a. The vertical dashed lines indicate a two-phase region (between T=73.43 "Cand T=

7358 °C).

Cp=AT|"“+B (5) difference (C - C;,), above or below T, the (unimportant) background
term drops out, resulting in:

with 7 = (T - T.)/T.. The parameter A is the critical amplitude, « is the cC — (07 W— g
critical exponent, T, is the critical temperature (T and T in kelvin) and It 7| ®)
B is the background term. The different coefficients in Eq. (5) must be
derived from (non-linear) least-squares ﬁFting of experimental data. Taking the logarithm on both sides of Eq. (8) gives:
However, the fact that ASC scans result directly in an enthalpy H(T)
curve (see Eq. (2)) allows substantial simplification. One can define oA
the following quantity: log(C—Cp) = log(m) —a log|7| 9)
c_ H—H, 6)

T T-T, As a result, one obtains a straight line with a negative slope immedi-

which corresponds to the slope of the chord connecting H(T) at T, with
H, at T.. It can easily be shown, that C has a power law behavior of the
form [1,7]:

C:—A T "% +B
1—«

(7)

Both G, and C have the same critical exponent, and either Egs. (5) or
(7) can be used in fitting data to arrive at important values for the crit-
ical exponent « and amplitude A. However, by considering the

Table 2

ately giving the critical exponent cv.

In Fig. 6, data for the two quantities C and C, are given for the N-SmA
transition of neat itraconazole. The corresponding logarithmic plot [see
Eq. (9)]is given in Fig. 7. From the detailed analysis of the enthalpy and
heat capacity curves, and their higher derivatives, we arrived at a two-
phase region of 150 + 30 mK and a small latent heat of 0.095 +
0.010 J/g. Since the power law description breaks down in the two-
phase region, only data outside that region are used in Figs. 6 and 7.
From the limiting slope of the data (for log|T| < —2.5) in Fig. 7, a
value for ccof 0.50 4= 0.05 can be estimated above and below the transi-
tion. The deviations from the straight line observed for log | 7| > —2.5,

Adiabatic scanning calorimetry results for itraconazole with different glycerol contents. The transition temperature (T, °C), total enthalpy change over the transition (AH, J/g), and true
latent heat (AHy, ]/g) are measured during a heating run with constant power, resulting in slow average scanning rate, on the order of 50 mK/min for full measuring ranges. For a complete
definition of all the terms, see reference [1,24,25].

Clycerol content (w/w)  Isotropic — nematic Nematic-smectic A Isotropic — smectic A TN—Sma
Tin
T(°0) AH (J/g) AH, (J/g) T(°C) AH (J/g) AH, (J/g) T(°0) AH (J/g) AH, (J/g)
0% 8931 + 003 1.61 +£005 0274+ 0.02 7351 4+£003 076+ 005 0095+ 0.010 - - 0.956
2% 8041 + 0.02 087 +£005 013 4£003 7271 +005 32402 0.61 4+ 0.03 - - 0.978
5% - - - - 756 + 0.1 118+ 05 48 +02
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Fig. 5. ASC results for ITZ-glycerol mixtures from the smectic A to the isotropic phase. The upper panel shows the specific heat capacity and the bottom panel the specific enthalpy as a
function of temperature. For the sake of clarity, a linear temperature-dependent background has been subtracted from the direct enthalpy results. (a) ITZ + 2% w/w glycerol;
background 2.7(T — Ty). (b) ITZ + 5% w/w glycerol; background 2.2(T — T,y). Trr is an arbitrary reference temperature.

can be ascribed to higher order correction terms, relevant away from
the transition, which have been neglected in Egs. (5) and (7).

Although the N-SmA transition in neat itraconazole is weakly first-
order, the small value of the latent heat and the consistency of the ob-
tained value of critical exponent cx with the tricritical value c = 0.5, in-
dicates the N-SmA transition is close to a tricritical point.

For the mixture of itraconazole with 2% of glycerol, although a N-
SmA transition (with a much smaller nematic range) is observed, a sub-
stantial true latent heat (0.61 4- 0.03 J/g), in addition to pretransitional
contributions, is also present for this transition. Moreover, the transition
is broadened over several tenths of a degree, not allowing a similar crit-
ical exponent analysis as for neat itraconazole. Nevertheless, the sub-
stantial latent heat, the narrower nematic range and a McMillan
parameter closer to 1 (Table 2; 2% glycerol), are fully consistent with
the overall picture of the nature of the nematic-to-smectic A transitions.

For the isotropic-to-nematic (I-N) transitions observed for neat
itraconazole and itraconazole +2% glycerol, as well as for the
isotropic-to-smectic A (I-SmA) transition for itraconazole +5% glycerol,
sizeable true latent heats (with wide two-phase regions) and
pretransitional contributions are observed (see Table 2). Unfortunately,
the widths of the two-phase regions do not allow a reliable analysis of
the pretransitional contributions.

4.8. Implications of the critical behavior

The critical exponent analysis and the extracted magnitudes of the
latent heats, confirm the general picture concerning the three transi-
tions investigated. The N-SmA transition in ITZ, being close to a
tricritical point, is easily driven from a weakly first-order transition, to
a (strongly) first-order transition, most likely due to a coupling of the
concentration of glycerol to the nematic and smectic order parameters.
The invariance of the resulting I-SmA transition temperature to increas-
ing glycerol concentration, the exceptionally large total enthalpy

change, and the large latent heats of the [-SmA transition, all point to
ITZ-glycerol mixtures having highly ordered, rigid smectic layers. Struc-
tural, molecular orientation, and molecular interaction studies from
scattering and spectroscopy experiments, will be needed to provide ad-
ditional insight into the smectic ordering process of the binary mixtures,
and to arrive at the most likely packing arrangement. This will be the
subject of a different manuscript.

4.9. Significance
Glassy liquid crystals are versatile materials, with wide range of ap-

plications from displays, to organic electronics. This study demonstrates
that glycerol (and by extension, other similar small-molecule

4.0 T

36

» Cp (J/gK)
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O 28}
24,
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Fig. 6. Adiabatic scanning calorimetry results above and below the N-SmA transition of
neat itraconazole. The lower (blue) curves are the specific heat capacity C, values, a
blow up of the square in the top panel of Fig. 4a. The upper (orange) curves are results
for the quantity C defined in Eq. (6).
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Fig. 7. Adiabatic scanning calorimetry results for the N-SmA transition of neat itraconazole.
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plasticizers, such as water or ethylene glycol) can be incorporated at
very low concentrations to modulate the thermotropic phase sequence
and to increase the stability of the smectic-A layers. In the model com-
pound studied, this wide range of tunability is linked to the fact that
the N-SmA transition is close to a tricritical point. A coupling of the con-
centration of glycerol to the smectic order parameter, drives the N-SmA
transition from a weak to a strong first-order character. Beyond a critical
additive concentration, the nematic phase can be eliminated. This rela-
tively simple approach of incorporating a small molecule plasticizer via
solvent evaporation, into a glassy thermotropic LC, presents an opportu-
nity to systematically modulate phase behavior in smectic phases.
Since the smectic phase possesses a lower free energy level than the
amorphous phase, pharmaceutical thermotropic LCs with stabilized
smectic phases may be more resistant to crystallization, while offering
adequate dissolution enhancement, when compared to the correspond-
ing crystalline drug. The stabilized smectic phase therefore presents an
alternate formulation approach for improving the bioavailability of
pharmaceutical compounds with poor aqueous solubility.

5. Conclusions

We have investigated the effects of glycerol, a small molecule
dopant, on the phase behavior of the thermotropic liquid crystal,
itraconazole. A phase diagram was constructed from DSC heating
curves, by varying the concentration of glycerol from 1 to 40% w/w.
When cooled from the melt, the isotropic liquid of neat itraconazole
transitions to the nematic (N) state, and then to the smectic A (SmA)
state, before vitrifying.

With increasing glycerol content, the I-N transition shifts to lower
temperatures without substantial modification of the N-SmaA transition
temperature. At glycerol contents >5% w/w, however, the nematic
phase disappears, indicating a direct I-SmA transition. The [-SmA transi-
tion enthalpy is significantly larger than the individual I-N and N-SmA
transition enthalpies.

We also performed heat capacity and enthalpy measurements
around the phase transitions, with high resolution adiabatic scanning
calorimetry. The N-SmA transition in neat itraconazole shows the char-
acteristics of a weakly first-order transition, with a small latent heat of
0.095 + 0.010]J/g. From a detailed analysis of the critical pretransitional
behavior, an effective heat capacity critical exponent of 0.50 4- 0.05 is
obtained, in agreement with predictions of the Landau-de Gennes
mean-field theory for tricritical behavior.

As expected, the I-N transition in ITZ is found to be first-order with a
larger latent heat. The transitions observed in the ITZ-glycerol binary
mixtures, however, show stronger first-order character (when

Journal of Molecular Liquids 320 (2020) 114222

compared to those in neat ITZ), with sizeable true latent heats, and
pre-transitional contributions.
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