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itraconazole — an active pharmaceutics ingredient with rod-like structure and whose Differential

Scanning Calorimetry (DSC) scans reveal liquid crystalline-like phase transitions. It is found that (i) the
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structural relaxation process remains bulk like, within the limits of experimental accuracy, in its mean

relaxation rate, while (ii) its shape is governed by two competing events: interfacial interactions, and
crystalline ordering. Additionally, (iii) the dynamics of the &-relaxation — assigned to the flip-flop
rotation of the molecule about its short axis — deviates from bulk behaviour as the glass transition is
approached for the confined material. These observations are rationalized within the framework of
molecular dynamics as currently understood.
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1 Introduction

To a large extent, the bulk (static and dynamic) properties of low-
molecular weight and polymeric materials are well known. In many
actual applications (e.g. photoresists, batteries, sensors for smart
drug delivery, etc.) however, the glass formers are confined; they are
used in diminished dimensions for purposes of increasing
performance and convenience. Consequently, they have — due to an
increased surface area to volume ratio — a large fraction of molecules
or segments near an interface. How specific aspects of this
confinement influence overall properties of the system is a
prevailing subject of current soft matter research. To this end, a
number of experimental techniques (e.g. Ellipsometry,™? X-ray
reflectivity,? thermal expansion spectroscopy,* positron annihilation
lifetime spectroscopy,® AC-chip Calorimetry,® Broadband Dielectric
Spectroscopy®®>’'%) have been employed to study key parameters
(such as molecular weight,>° tacticity,"* measurement ambient,***3
nature of substrate surface,>*** concentration of mother solutions®
and even the type of experiment*>€) that may influence dynamics in
confinement. While there are contradicting results from various
research labs, it is becoming clear that techniques which probe the
system in (quasi-equilibrium) liquid state have concurring results,
while major variations arise when the system is investigated deep in
the (non-equilibrium) glassy state.*5*
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Thermotropic liquid crystals (LC) are a class of matter with
properties intermediate between those of the crystalline and isotropic
liquid state. Liquids have maximal mobility and minimal (positional
and translational) order while the reverse is true for crystals. In LCs,
aspects of both states co-exist, and mesomorphic phases develop
with a competing interplay between order and mobility. The most
significant liquid crystalline structures are the smectic and nematic
mesophases, the latter being the mesophase with the least order. In
the nematic regime, molecules have all translational degrees of
freedom and hence no long range positional order. Their long axes
are favorably aligned with respect to a common unit vector n, the so-
called nematic director. The degree of orientation® of the molecules
is described by an order parameter S, given by S = (3cos6 — 1)/2,
where 6 is the angle between the director n and the direction of the
long axis of the molecule; the brackets denote statistical averaging. It
is easy to see that for a fully aligned LC phase, S = 1. The aspect of
mobility presents the opportunity to modify the orientations of the
molecules by use of external electric (or magnetic) fields.
Consequently, broadband dielectric spectroscopy is a versatile tool
to study LCs. Liquid crystalline properties arise due to the
anisotropy in the shape of the molecules; most of them have a rod-
like unit in their structure, although bent-shaped and disc-like units
in molecules are also known to give rise to liquid crystalline
properties®®.  Since LCs are anisotropic systems, their dielectric
properties are anisotropic as well, and the complex dielectric
function &*(w) — where w is the angular frequency — is given by a
tensor. This tensor, in the case of uniaxial nematic phases, has two
components g and e} parallel and normal, respectively, to the
nematic director. For a detailed discussion of the theory of dielectric
relaxations in LCs the reader is referred to other publications. 223
Briefly described, the starting point is the fact that the molecular
dipole moment vector of a mesogenic unit has two components, one
oriented longitudinal and the other transverse to its long axis. The
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dielectric response arises from correlation functions of the
polarization fluctuations parallel and normal to the nematic director.
In this semi-microscopic framework, the measured dielectric
function parallel g;(w) and normal e](w) to the director has
different weighted sums of four underlying relaxation modes
depending on the macroscopic orientation of the sample. The
relaxation mode with the lowest frequency is due to rotational
fluctuations of the molecule around its short axis, and it determines
&j(w). This process is called the §-relaxation®* . The remaining
three relaxations — different tumbling fluctuations of the molecules
about their long axis — have nearly the same relaxation rate and may
form one broad relaxation process, which is related to €} (w). This
tumbling mode is located at higher frequencies than the & process.
While there has been controversy concerning which of these two
processes is responsible for glassy dynamics in glass-forming LCs,
recent experiments 22 have helped identify the tumbling mode as
being the underlying process. A comparison between BDS data in
the present work and temperature modulated DSC data published
elsewhere®® (see activation plots) confirms this finding for
itraconazole. Therefore the latter process can simply be referred to as
the a-process, akin to the structural relaxation process in
conventional glass formers.

Itraconazole, the triazole derivative studied in this work, is an active
pharmaceutical ingredient (API) with rod-like structure and is known
to have antifungal activity.** Two relaxation processes®® have been
identified in the bulk material, i.e. the structural (a-) relaxation
process, and a &-process (at lower frequencies in the supercooled
liquid) whose origin is explained in the foregoing introduction.
Additionally, although a first glance at the molecule (Fig. 1a) does
not reveal its liquid crystalline-like nature (absence of tail ends),
DSC scans find two endothermic peaks that are recognizable as
being connected to the formation of nematic and Smectic A
phases. 2% |n the current report — using Broadband Dielectric
Spectroscopy (BDS) — we follow the dynamics of itraconazole
systematically confined in supported layers, down to a thickness of
6 nm.
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Figure 1. The chemical structure of the itraconazole molecule (a). A DSC
thermogram obtained upon heating of bulk itraconazole - two
endothermic transitions associated with liquid crystalline ordering are
observed, in addition to the glass transition.

2 Experimental

2.1 Material

2| J. Name., 2012, 00, 1-3

The sample material — Itraconazole (IUPAC Name: (2R,4S)-rel-1-
(butan-2-yl)-4-{4-[4-(4-{[(2R,4S)-2-(2,4-dichlorophenyl)-2-(1H-
1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-
ylJmethoxy}phenyl)piperazin-1-yl]phenyl}-4,5-dihydro-1H-1,2,4-
triazol-5-one), molecular  formula:  CzsH3sCpNgO4, My=
705.64 g/mol) was supplied by Sigma Aldrich with purity greater
than 99%, and used without further purification. The starting
material was completely crystalline with a melting point of 439 K,
which agrees with that reported in the literature (438-451 K)®. Its
chemical structure is displayed in Figure 1a.

2.2 Methods

2.2.1 Spin-coating

Thin films of itraconazole were prepared by spin-coating from an
acetone (Sigma-Aldrich, purity > 99.9%) solution at a rate of 3000
rpm. Different thicknesses were obtained by varying the
concentration of the mother solution: concentrations of 25, 15, 8, 5
and 1 mg/ml delivered films with thicknesses 123, 83, 46, 22 and
6 nm, respectively. It must be noted here that film thickness was
determined, within an uncertainty of + 2 nm, by analyzing (Atomic
Force Microscopy) AFM-generated height profiles of scratches
made on the films using a sharp stainless steel blade. All solutions
were filtered through polytetrafluoroethylene (PTFE) membranes
(Merck Millipore) having pores of diameter 200 nm. The films —
supported on highly conductive silicon wafers (root-mean-square
roughness 0.23 nm measured on a 1 pm? scan area, specific
resistivity <3 mQcm) with a 30-nm thermally oxidized layer — were
then annealed at 380 K for 24 h in an oil-free high vacuum (10
mbar) before dielectric measurements.

2.2.2 Broadband Dielectric Spectroscopy (BDS)
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Figure 2. (a) A scheme of the cross-section of the sample capacitor
assembled for dielectric measurements employing ultra-flat highly
conductive silicon wafers as electrodes, and insulating silica nano-pillars as
spacers; (b) optical microscope image of an array of silica nano-pillars
embedded on a conductive silicon wafer; (c) tapping mode AFM height
image of a spacer (height 110 nm, lateral dimension 5 um); and (d) the
corresponding profile of the height image.

Nanostructured electrodes®*® (see Fig.2) were used to assemble the
capacitors for dielectric measurements. Isobaric measurements of the
dielectric permittivity £*(w) = &'(w) — ie"' (w) at ambient pressure
were performed wusing a high-resolution Alpha Analyzer
(Novocontrol) over a frequency range from 1 to 3-10° Hz. The
measured function is denoted in all presentations as &, since it is
the total response of the whole active capacitor. It has already been
demonstrated that &;,,,, still retains the shape and mean relaxation
rate of the material under investigation®, although the absolute
dielectric strength (of the sample) cannot be determined, at least up

to now, for this specific sample geometry. Temperature control was

This journal is © The Royal Society of Chemistry 2012
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executed by a Quattro System (Novocontrol) using a jet of dry
nitrogen, thereby ensuring relative and absolute errors better than 0.1
and 2 K, respectively. The dielectric measurements were performed
in the temperature range 330 - 386 K after first quenching the
samples to the glassy state.

2.2.3 Differential Scanning Calorimetry (DSC)

Thermodynamic properties of crystalline itraconazole were
investigated by DSC. Calorimetric measurements were performed
using a Mettler-Toledo DSC apparatus equipped with liquid nitrogen
cooling accessory and a HSS8 ceramic sensor (heat flux sensor with
120 thermocouples). Temperature and enthalpy calibrations were
investigated using indium and zinc standards while heat capacity C,
calibration was performed using a sapphire disc. The crystalline
sample was placed in aluminum crucible and heated inside the DSC
apparatus and then immediately cooled below the glass transition
temperature. Crucibles with such prepared samples were sealed at
the top with one puncture, and a scanning rate of 10 K/min applied
over the temperature range 298 to 390 K.

2.2.4 Periodic model calculations

Calculations were performed using the QUANTUM-ESPRESSO
(Quantum open-Source Package for Research in Electronic
Structure, Simulation, and Optimization - QE) distribution.®” The
Kohn-Sham  equations®®  were  solved using ultrasoft
pseudopotentials.®®**° Kinetic energy cutoffs were 55 Ry for
wavefunctions and 880 Ry for charge density and potential.
Exchange and correlation effects were treated using the local density
approximation (LDA) in the form suggested by Perdew and
Zunger.** Integrations over the Brillouin zone have been performed
using the gamma point. The Plane-Wave Self-Consistent Field
(PWscf) package was used for optimization of these systems.
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Figure 3. The root mean square (rms) roughness of the thin film surfaces
(determined for a scan area of 1 nm?) as a function of film thickness, for
the as-prepared samples (open squares) and the measured samples (filled
squares) (a). Raw dielectric spectra: the imaginary part of the measured
permittivity, £;,,4;, plotted against frequency for a 6-nm-thin itraconazole
layer (b). Panels (c), (d), (e) and (f) show the dielectric spectra (at 375 K
[bulk] and 374 K [thin films] after subtraction of the conductivity
contribution and the high-frequency wing; the dashed and dash-dotted
lines, respectively, are HN-functions describing the a- and &-relaxation
processes.
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3 Results and Discussion

The root mean square (rms) roughness of the film surfaces was
determined at room temperature by AFM for both the as-prepared
and post-measured samples (i.e. after annealing and dielectric
measurements). It is observed (see Fig. 3a) that (i) there’s a tendency
for the roughness to increase with layer thickness, but the absolute
values remain below 0.7 nm (which is ~10% of the thickness of the
thinnest layer prepared) as determined from height images of size
1 nm? and (ii) a minimal change in surface roughness (< 8%) is
recorded for the post-measured samples when compared to the same
sample in the as-prepared state. These findings prove stable film
surfaces and exclude effects of dewetting or roughness-induced
adulterations of the molecular dynamics.

To analyze the isothermal spectra of the dielectric loss, two
Havriliak-Negami (HN) functions*? were used:

Agj } (1)

" _ Odc 2

e (w) = 0w +Im 2j:1 {800 + [1+(im‘rj)aj]ﬁj

where the first term accounts for the conductivity contribution, &, is
the permittivity of the unrelaxed medium, « and 8 are the shape
parameters representing the symmetric and asymmetric broadening
of the given relaxation peaks, Ae the dielectric strength, t the
relaxation time, while w = 2zf is the angular frequency of the
applied field.
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Figure 4. Dielectric loss, &', (after subtraction of the conductivity
contribution and the high-frequency wing) measured above the glass
transition temperature for the bulk material [panel a] and films of various
thickness as indicated in panels (b) to (f).

The measured dielectric response of the thin films in our set up
includes some specious conductivity and resistance of the silicon
electrodes which cause an increase in the dielectric loss in the low
and high frequency flanks, respectively. Figure 3b is representative
data for a 6-nm thin layer, and shows the molecular processes
together with the extra contributions on the low and high frequency
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sides. These spectra show the structural (a-) relaxation process (due
to precessing motions of the molecules), which underlies the
dynamic glass transition, and a shoulder between the a-process, and
the conductivity contribution. This is a §-relaxation process — whose
genesis is the flip-flop fluctuation of the itraconazole molecule about
its short axis — clearly resolved after subtraction of the dc
conductivity (see Fig. 3c-f). In Figure 4, all the dielectric loss
spectra (after subtraction of both the conductivity contribution and

the high-frequency wing) for bulk itraconazole (panel a) and films
of various thickness, i.e., 123, 83, 46, 21 and 6 nm (panels b to f) are
presented. As evident from Figures 3 and 4, the two relaxation
processes present in the bulk material are also exhibited by the thin
layers.
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Figure 5. Dielectric spectra normalized with respect to the maximum of
dielectric loss (&;,,,) of the a-process at temperatures where the (a)
isotropic, (b) nematic and (c) smectic A mesophases are expected. The
insets in (a) and (b) compare data for bulk sample and thin films

(thicknesses as indicated) at 374 and 354 K, respectively.

Figure 5 shows normalized dielectric loss spectra obtained for all
examined samples at 374, 354 and 342 K, that is, temperatures at
which, respectively, isotropic, nematic and Smectic A mesophases
are expected. In Figure 6, the evolution of the mean relaxation rate
(for the two molecular processes) with temperature, as well as the
film-thickness dependence of the dielectrically-determined glass
transition temperature, T, are presented. It is clearly observed that:
(i) at a given temperature (in the nematic and isotropic phases), the
structural relaxation peak is broadened (on the lower frequency side)

4| J. Name., 2012, 00, 1-3

for the thin layers when comparison is made with bulk data (insets-
Fig. 5a,b); (ii) there is a tendency (in the Smectic A phase) for the a-
peak to narrow down with reducing layer thickness (Fig. 5¢); (iii) the
mean relaxation rate of the a-process (and hence the dynamic glass
transition) remains bulk-like, within the limits of experimental
uncertainty, independent of the layer thickness (Fig. 6); (iv) the &-
relaxation exhibits a pronounced slowing down, for the confined
molecules, as the LC is cooled towards glass formation (Fig. 6a);
and (v) while it is typical of LCs to have just one relaxation process
above the clearing temperature®®, itraconazole has two (Fig. 6a).
Each of these observations is rationalized in the following
discussion.

Concerning the broadening (at high temperatures) of the structural
relaxation process with decreasing thickness, theoretical
computations were performed to quantify the interaction between
itraconazole and the silica substrate. It is shown (Fig. 7) that
hydrogen bonds — with an average length of about 2.05 A — are
formed between oxygen and OH units belonging to, respectively, the
carbonyl moiety in itraconazole and silica surface layer. These are
relatively strong interactions especially when we keep in mind that,
for instance, the average length of the hydrogen bond in water is
~1.96 A.* It has been proven that such attractive interactions lead to
immobilization*® of some of the molecules, hence introducing slower
modes (which show up as a broadened peak on the long-time side).*®
Given the immobilization of some molecules in contact with the
substrate, it follows that upon heating through the transition, only a
fraction of the liquid-crystal material participates in the disordering.
This aspect can aptly be studied by DSC on thin samples, and
analyzing the intensity of the transition peaks, but due to technical
reasons, this has not yet been realized.

While (attractive) interfacial interactions cause a broadening of the
a-peak, crystalline ordering in the sample promotes its narrowing.
These therefore are competing processes, and whichever one
dominates is temperature-determined. At low temperatures, i.e., in
the smectic A phase, the peak tends to narrow down with reducing
layer thickness. To understand this, it must be noted that smectic
layering begins at the interface,” and progresses through the film
expanse in the direction perpendicular to the wall; the extent to
which smectic ordering permeates the sample volume is therefore
inversely proportional to the film thickness. Hence, the thinner the
film, the more the order parameter aligns in the direction of the
applied electric field.

Table 1. VFT parameters of the a-relaxation process for the studied
samples, and the respective T, values obtained as discussed in the text.

Sample Log+t Dy To T,+1K
Bulk -9.8+0.1 635.8 £27.3 305.2+0.7 3325
123nm -104%0.2 777.9%49.2 3005+18 3324
83nm -11.1+02 972.0+48.4 2946+13 3327
46 nm -102+0.1 729.6 +£23.9 301.1+0.7 3321
21lnm -105%+0.1 801+%17 298.3+£0.5 331.9
6nm -10%1 684.6 £296.1 299.8+10.5 331.5

For the structural relaxation, the temperature-dependence of the
mean relaxation times plotted in Figure 6a were fitted by the Vogel-
Fulcher-Tammann (VFT) equation®®*° which reads

T(T) = 7o, exp{(DrTo)/ (T — Tp)}, 2

This journal is © The Royal Society of Chemistry 2012
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where the parameters 7, Dy and T, are the characteristic relaxation
time, the (quantitative measure of) fragility, and the so-called VVogel
temperature, respectively. All fitting parameters are collected in
Table 1. It is clear that the temperature evolution of the mean
structural relaxation times in all investigated samples is the same,
within the margins of uncertainty. From the VFT fits (not
displayed), the glass transition temperature, T, for each sample was
evaluated by defining T, as the temperature at which structural
relaxation time is equal to 100 s. The results are presented in Figure
6b where it is manifest that the glass transition temperature of all the
studied film samples remains within a margin of + 2 K of the bulk
value. These findings point to the fact that the extent of confinement
reached in these experiments is not restrictive enough to change the
dynamic glass transition of itraconazole. The question here is: what
is the length scale that underlies the (dynamic) glass transition?
Kremer et al.5! have experimentally demonstrated that six molecules
(for ethylene glycol) are already sufficient to perform bulk-like
dynamics (in terms of the mean relaxation rate), and that such
dynamics persist to a length scale as small as 1.5 nm for propylene
glycol. This is consistent with experimental®™5, theoretical®® as
well as computational® investigations of larger molecules where the
length of the basic fluctuating unit has been estimated to be just
about a nanometer.
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Figure 6. (a) The temperature-dependence of the mean relaxation times
for the a- and &-processes for different layer thicknesses. The star symbols
represent temperature-modulated DSC data (reproduced from Ref.** with
permission from the PCCP Owner Societies) obtained for the bulk sample;
(b) the dielectrically-determined glass transition temperature for the
layers. The dashed line in (b) represents the calorimetric bulk T; with its

experimental error of £ 0.5 K included (shaded region) for completeness.
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The flip-flop fluctuation of the molecule about its short axis (8-
relaxation) is, naturally, a slow process because of its coupling to
the centres of mass.®” Given this fact, it follows that geometrically
induced restrictions should further slowdown the movement,
especially at low temperatures. Since the data in Figure 6 does not
reveal a thickness-dependence of the slowing down, we infer that the
main cause of this phenomenon is the spin casting process itself. A
number of studies have shown that the spin-coating procedure
introduces conformational changes®®® which have a direct
consequence on the ensuing molecular dynamics.®®°-52
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Figure 7. A visualization of interaction between deposited itraconazole
and silica as obtained via theoretical computations. The two relaxation
processes present in this molecule are also illustrated, together with
(calculated) values of the components of the net dipole moment in 3D
space.

Finally, we turn our attention to the presence of two relaxation
processes above the clearing temperature. Typically, only one
relaxation process is expected in the isotropic mesophase because
the liquid state dominates. The two processes registered in (bulk and
confined) itraconazole, however, suggest that the molecules can still
undergo distinguishable motions about their short and long axes, as
would be the case in the more-ordered phases. Theoretical
predictions®, and some X-ray diffraction (XRD) experiments have
hinted at the existence of nematic clusters®®" which may not
disappear® even at high temperatures in some LCs. Consequently,
local, randomly oriented nematic-ordered structures (clusters) —
without long-range ordering — can be found in the isotropic liquid
phase. Our dielectric results therefore provide proof of the existence
of a locally ordered phase in the temperature regime where
isotropism would be expected to prevail.

4 Conclusions

In this paper, the molecular dynamics of confined itraconazole were
investigated and compared to the bulk material. It is shown that the
mean structural relaxation times — and hence the dynamic glass
transition — remain bulk-like in the accessible temperature range
even for the thinnest studied sample of 6 nm. The distribution of
these relaxation times is affected by two competing events: the
interfacial interactions and crystalline ordering in the sample. It is
also demonstrated that confinement of itraconazole in thin layers
slows down the molecules’ flip-flop motion (about their short axes)
as the glass transition is approached from the upper side. These
results provide further understanding of liquid crystal behaviour in
confinement, and bear direct consequences to their applicability in
nanotechnology.
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While glassy dynamics remain largely uninfluenced in confinement, the 5-relaxation process
slows down close to the glass transition.



