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ABSTRACT: The usage of amorphous solids in practical
applications, such as in medication, is commonly limited by the
poor long-term stability of this state, because unwanted
crystalline transitions occur. In this study, three different
polymeric coatings are investigated for their ability to stabilize
amorphous films of the model drug clotrimazole and to protect
against thermally induced transitions. For this, drop cast films
of clotrimazole are encapsulated by initiated chemical vapor
deposition (iCVD), using perfluorodecyl acrylate (PFDA),
hydroxyethyl methacrylate (HEMA), and methacrylic acid
(MAA). The iCVD technique operates under solvent-free
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conditions at low temperatures, thus leaving the solid state of the encapsulated layer unaffected. Optical microscopy and X-ray
diffraction data reveal that at ambient conditions of about 22 °C, any of these iCVD layers extends the lifetime of the amorphous
state significantly. At higher temperatures (S0 or 70 °C), the p-PFDA coating is unable to provide protection, while the p-HEMA
and p-MAA strongly reduce the crystallization rate. Furthermore, p-HEMA and p-MAA selectively facilitate a preferential
alignment of clotrimazole and, interestingly, even suppress crystallization upon a temporary, rapid temperature increase (3 °C/
min, up to 150 °C). The results of this study demonstrate how a polymeric coating, synthesized directly on top of an amorphous
phase, can act as a stabilizing agent against crystalline transitions, which makes this approach interesting for a variety of

applications.
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Bl INTRODUCTION

Poor solubility and low bioavailability are major concerns in the
formulation of several drug systems, limiting or even
prohibiting their usage in practical application. Several
approaches are known to overcome this limitation, among
which particle size reduction is likely the most commonly
used.' Besides this, the usage of the amorphous solid state is
particularly appealing to the pharmaceutical formulation of
poorly soluble drugs, because this state promises easier
dissolution compared with the crystalline form(s).””* In the
amorphous state, enhanced surface accessibility exists and
lattice energies are absent, thus resulting in excess free energy.5
This means that the energetic barriers that molecules have to
overcome in order to participate in the solubilization process
are relatively low compared with those of molecules within the
highly structured arrangements of a crystal. Experimental and
theoretical studies have demonstrated this difference for some
systems, including indomethacin®’ and ritonavir.® However, a
significant drawback of the amorphous state is the lack of long
time stability, which often results in undesired or unpredictable
crystalline transition(s) over time. This makes drug formula-
tions with amorphous active pharmaceutical ingredients
challenging.” The most common approach to prevent
devitrification is the usage of solid dispersions, where the
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amorphous active pharmaceutical component (API) is
dispersed within a carrier material.”'® While the definition
comprises several different types of solid dispersions, it is
mostly used to describe binary systems consisting of
amorphous APIs within a polymeric carrier. Such systems aim
to increase the glass transition temperature of the drug system
because above this point enhanced molecular mobility, and thus
crystallization, is facilitated.'' Additionally, molecular inter-
actions (e.g.,, hydrogen bonding)'” or local entrapment within
the matrix material can further stabilize the amorphous state.'?

However, stabilization of the amorphous state through
interface interactions is not limited to full encapsulation. Just
the presence of a solid substrate may readily allow for enhanced
stability. In the case of thin paracetamol films supported on
silica surfaces, this provides stabilization up to an hour."* For
racemic ibuprofen on glass surfaces, crystallization requires
more than 2 weeks, while cellulose surfaces lead to crystallite
formation already within a day.'> As new formulation strategies
are under development, personalized medicine might benefit
from such amorphous states because the shelf life might not be
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the limiting parameter for successful application. Surfaces are
not only capable of stabilizing amorphous states but have also
the potential to facilitate crystallization into specific poly-
morphs or with distinct crystallographic orientations (texture).
For instance, poly(3-hexylthiophene) (P3HT) assembles on a
potassium 4-bromobenzoate substrate in an “edge-on”
orientation.'® Single crystal surfaces induce a directed growth,
which results, for instance, in para-sexiphenyl needles aligning
along certain direction on gold or copper crystals."”"* Similarly,
the crystallographic orientation of caffeine needles on mica
surfaces reflects the pseudo-3-fold symmetry of a complex mica
sheet.'””” Defined crystal growth is of high importance because
polymorphic structures as well as morphologies have a
tremendous impact on the physicochemical properties of a
material. For drugs or pharmaceutically relevant molecules,
properties such as dissolution behavior, bioavailability, and shelf
life stability are of main concern. Polymorph adjustments can,
for instance, induce strong changes in the drug release profile as
observed in the case of chloramphenicol palmitate, in which
polymorph B yields a 6 times higher maximum human plasma
concentration than polymorph A.”' The crystallization time is
another key parameter for successful application because longer
production times result in more costly products. Faster
crystallization rates may be facilitated by providing additional
nucleation sites, such as by seeding, or by the presence of a
surface in general.”” Even a combination of epitaxial growth and
enhanced crystallization rates was just recently demonstrated to
be effective for a carbamazepine/iminostilbene mixture.*

Clotrimazole is commonly used in the treatment of fungal
infections,”* but potential application in malaria treatment™ is
also under research. In this study, clotrimazole is chosen as the
model substance because amorphous films are easily accessible
from simple solution processes such as spin coating or drop
casting.”® Such a system might readily be employed in different
dosage forms, such as in patches for parenteral or sublingual
application. Additionally, the usage of solution processes in the
film preparation allows also for coprocessing clotrimazole with
polymeric materials like polystyrene. This results in a solid state
solution, exhibiting a strongly retarded drug release.”” In
general, amorphous clotrimazole films persist for several days
on storage under ambient conditions. Enhanced crystallization
rates result, for instance, from heat treatment or solvent vapor
annealing, which lead to a variation in the crystallite
morphology but leave the polymorphic form unaffected;
extended spherultic type growth, dendritic growth, or extended
bar shape crystallites were observed.”® In terms of practical
application, such morphology alterations often result in
different dissolution behavior.

Coatings of solid state drug formulations are commonly
prepared by solution processes such as spray coating.”® Such an
approach works well for systems that do not change properties
as they come into contact with solvents. However, because
many drug formulations are designed to perform in aqueous
environments (e.g., tablets), the application of solvents is
usually limited. A solvent-free method that also allows the
coating of such dosage forms is chemical vapor deposition
(CVD). With this technique, polymers of defined chemical
composition can be synthesized directly at, for instance, tablet
surfaces. In principle, this method is applicable to any surface so
that even liquid matter can be coated.” A recently developed
variation of this process is initisted CVD (iCVD).* In this,
primary radicals are created by thermal fragmentation of an
initiator molecule (e.g, a peroxide with a labile O—O bond) at

a heated filament.”" The introduction of an initiator molecule
lowers the energy required for radical generation so that
polymerization can be performed even at low filament (usually
in the range 150—300 °C) and substrate temperatures (usually
below 60 °C). In turn, this promotes selective chemistry
because the radicals react exclusively with the vinyl bonds of a
monomer, creating an initiator—monomer radical, which itself
is capable of reacting with another monomer unit. The process
is propagated along chain growth until a radical site is
terminated by either another initiator molecule or another
active chain.’”*

In recent years, this process enabled coatings with tailored
properties, including thermal®* or pH-responsiveness,”” encap-
sulation,”® and swellability,”” among many more.

In this work, three different polymer compositions were
deposited by iCVD on top of amorphous clotrimazole films to
study how the stability of the drug solid state is affected:
poly(2-hydroxyethyl methacrylate) [p-HEMA], poly-
(methacrylic acid) [p-MAA], and poly(perfluorodecyl acrylate)
[p-PFDA]. Both p-HEMA and p-MAA are of interest in drug
formulation because they bring distinct functionalities with
them, possibly allowing for drug release only in a certain
environment (e.g, acidic in the stomach). While p-MAA
exhibits pH-responsiveness, p-HEMA forms a hydrogel. This
means that the mesh size will increase in an aqueous
environment, which should lead to enhanced drug dissolution
behavior in turn. p-PFDA was chosen as a contrast to the other
polymers. It exhibits crystallinity itself and is highly hydro-
phobic, which should, in turn, make it a perfect encapsulation,
preventing any water uptake (hydrate formation can be a
problem for many drugs). For practical application, also the
biocompatibility of such materials has to be considered. While
biocompatibility has been demonstrated for both p-HEMA®**
and p-MAA™ in several cases, there is no data for the
biocompatibility of p-PFDA in literature (to our knowledge).
Anyway, thorough testing will be necessary for all the
compounds before such a polymer system can be used in
actual medication. These polymeric encapsulation layers
confine the drug film, which is then unable to crystallize at
the solid—air interface. As a consequence, the coating layer
introduces another solid—solid boundary. By employing
investigation techniques such as optical microscopy, X-ray
diffraction, or ex situ and in situ thermal treatment, the impact
of these coatings on the amorphous films is studied along with
how the film stability and the eventual crystallization is affected.

B MATERIALS AND METHODS

Pharmaceutical grade clotrimazole (IUPAC name 1-[(2-
chlorophenyl) (diphenyl)methyl]-1H-imidazole) was purchased from
Gatt-Koller GmbH (Austria) and used without further purification.
For sample preparation, a clotrimazole—tetrahydrofuran solution
(Aldrich, Germany) of 60 mg/g (0.1S mol/L) was prepared. As
substrates, conventional glass slides (Carl Roth GmbH+Co.KG,
Germany) of 2.5 X 2.5 cm? size were sonicated in an acetone bath
for 15 min, subsequently rinsed with 2-propanol and finally dried
under a nitrogen stream. For sample preparation, 100 uL of the
solution was drop cast onto the substrates, leveled precisely
horizontally. Additionally, the samples were covered by a Petri dish,
allowing for a slower and more controlled solvent evaporation, which
resulted in reproducible, high quality films.

Polymer coatings of 2-hydroxyethyl methacrylate (HEMA, 97%,
Aldrich, Germany), 1H,1H,2H2H-perfluorodecyl acrylate (PFDA,
97%, Aldrich, Germany), and methacrylic acid (MAA, 99%, Aldrich,
Germany) (Figure 1) were deposited in a custom-built iCVD chamber,
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Figure 1. Structural formulas of clotrimazole and the monomers used
in the iCVD process, together with the corresponding names.

using tert-butyl peroxide (TBPO, 98%, Aldrich, Germany) as initiator.
The individual polymers are denoted as p-HEMA, p-MAA, and p-
PFDA from here on. (A more detailed description is provided in the
Supporting Information.) Additionally, ethylene glycol dimethacrylate
(EGDMA, 98%, Aldrich, Germany) was employed as cross-linking
agent for p-MAA and p-HEMA. For all samples, the same coating
thickness of 200 nm was deposited.

The crystalline sample properties were investigated with a
PANalytical Empyrean X-ray diffractometer, equipped with a copper
sealed tube (wavelength 4 = 0.154 nm), a G8bbel mirror, various slits,
and a PIXcel®® solid state detector. The angular scans (6/20) are
represented in the scattering vector (g,) notation, whereby q, = 47
sin(@)/A. Such a representation allows for a direct comparison of
measurements taken at other wavelengths. The index z denotes that
only net-planes parallel to the substrate surface are evaluated in these
particular measurements (“specular scans”). The diffuse scattering
from the amorphous glass substrate is subtracted prior plotting.

To study the effect of temperature on the crystallization behavior,
samples were subject to ex situ and in situ heating. Ex situ isothermal
annealing was performed in standard ovens at 50 and 70 °C,
respectively, under ambient atmosphere. In situ temperature-depend-
ent X-ray diffraction measurements were performed using a DHS900
heating stage (Anton-Paar, Austria). Individual samples were heated to
170 °C, using a heating rate of 3 °C/min.

Optical images were taken on an AxioVert polarization microscope
(Zeiss, Germany) with a high resolution camera. For some samples,
the topographic information was recorded by a FlexAFM (Nanosurf,
Switzerland) equipped with an EasyScan 2 controller. All measure-
ments were taken in noncontact mode using Tap300 cantilevers
(BudgetSensors, Bulgaria). The data were processed and depicted
using the software package Gwyddion.*'

B RESULTS

Pristine Clotrimazole Films. Clotrimazole solutions were
drop cast onto glass substrates, forming homogeneous liquid
layers. Upon solvent evaporation, a solid film of several
micrometers height is established in about 5 min. Such films are
initially completely transparent (thus, optical data are omitted),
indicating that the amorphous state is present. The X-ray
diffraction exhibits, indeed, no Bragg peaks but two broad
humps around g, & 8 and 15 nm™" (see Figure 2), indicative for
low order within this film.

On ambient storage, the diffraction pattern changes
significantly within 48 h. Multiple peaks have emerged, with
the most prominent being located between g, = 6 and 7 nm™".
This means that the clotrimazole film has (at least partially)
crystallized. A comparison with theoretical powder spectra data
shows agreement with the triclinic form of clotrimazole, with
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Figure 2. X-ray diffraction scans of an as-prepared clotrimazole film
and films stored at different temperatures. The red bars indicate
positions and the intensities of an ideal powder.

lattice parameters a = 8.76 A, b = 10.55 A, ¢ = 1061 A, a =
114.1°, B = 96.96° and y = 97.54°.*" Because the peak
intensities do not follow those of an ideal powder, a slight
texture (i.e., favorable contact planes parallel to the surface) is
present. Additional peaks are noted at g, = 8.25, 10.04, 14.30,
15.40, and 18.34 nm™!, which are unexplained by the triclinic
form. Because there are still two amorphous humps in the
pattern, full crystallization was not achieved within the 48 h
storage at ambient conditions.

The coexistence of both crystalline and amorphous
clotrimazole is also apparent in the optical micrograph (see
Figure 3a). Several densely packed spherulites correspond to

Figure 3. Optical micrographs of pristine clotrimazole films 48 h after
preparation, stored at ambient temperature (2), S0 °C (b), or 70 °C
(c). Arrows indicate crystalline regions as well as amorphous fractions
of clotrimazole.

crystals. Within these spherulites, the color varies, likely the
result of deviating thicknesses or differences in the crystal
contact planes. Remaining portions of the “as-prepared” film
are found. While this confirms amorphous fraction, the amount
was small. Eventually, another 12—24 h storage would transfer
such a partially crystalline film into a solely crystalline one.
Full crystallization results within 48 h when a film is stored at
a higher temperature (S0 °C). The micrograph exhibits
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Figure 4. Various clotrimazole—iCVD samples stored for 48 h at different temperatures. The inset of the p-PFDA sample displays an AFM height

image of the surface.

exclusively crystalline regions with two distinct morphologies
(see Figure 3b): first bold, colorful structures branching from
common centers and second, pale looking structures with
random distribution. Transparent (amorphous) film portions
are absent, meaning that likely all material was crystalline. In
the limit of the experiment, this agrees with the X-ray scan, in
which amorphous humps are absent (see Figure 2). The Bragg
peak positions remained the same, although a variation in the
relative intensities is noted. Peaks characteristic for the triclinic
polymorph exhibit here a powder-like intensity distribution,
that is, a common contact plane with the substrate is missing.
But also the peaks of the unknown phase are more intense,
suggesting that more crystals exist in this phase.

Sample treatment at 70 °C for 48 h resulted mainly in pale
spherulitic structures (see Figure 3c). The absence of colorful
features in the optical micrograph suggests similar thicknesses
for these structures. Like the previous samples, the diffraction
pattern displays peaks typical for the triclinic form, while peaks
of the unknown phase have disappeared. Amorphous humps
are also absent in this pattern; thus (in the limit of the
experiment) full crystallization results for samples stored at 70
°C within 48 h.

iCVD Coatings on Amorphous Films. Amorphous
clotrimazole films supported on glass substrates were coated
with p-HEMA, p-MAA, or p-PEDA layers. After the iCVD
deposition, the encapsulated clotrimazole remained in the
amorphous state for all the samples. These samples were stored
either at ambient, 50 °C, or 70 °C, for 48 h each. Then optical
micrographs (Figure 4) and X-ray diffraction patterns (Figure
S) were collected. For a p-HEMA coating, two dominant
features are noted. First, a strong surface wrinkling is evident.
Visual inspection during the iCVD process shows that films
turn opaque already within short deposition times, that is, at
thin coating layer thicknesses. This means that surface
wrinkling develops at early deposition stages, whereby the
increase in roughness (wrinkles) causes the opaque appearance.
The second interesting aspect is that for 48 h storage, the
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Figure 5. X-ray diffraction scans of clotrimazole encapsulated with
different polymers after storage at different conditions. Images share a
common abscissa for sake of comparability.

majority of the clotrimazole film remained amorphous, which
appears greyish in the image. Only some crystals were present
(bright areas in the image). Please note that this image does not
reflect the statistic nature of the entire sample, that is, the
crystalline fraction is overrepresented in this image compared
with the entire sample. This agrees with the corresponding
diffraction scan, which displays two amorphous humps but not
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Bragg peaks. Because X-ray scans generally contain integral
information on a sample (and thus are a good statistical
estimate), the total number of clotrimazole crystals in the
sample is likely very small.

Using storage temperatures of 50 or 70 °C, the crystalline
fractions enlarged (Figure 4, top row). These crystals show
more defined shapes (note that the apparent “fuzzy” surface of
the crystalline regions is in fact the wrinkled polymeric top
layer). The crystalline regions appear similar in shape for both
samples but the number of crystals is lower when stored at 50
°C. This agrees with the X-ray results (Figure 5), which show
diffraction from triclinic clotrimazole as well as scattering from
amorphous fractions. Two dominant peaks are noted for both
samples, located at g, = 6.5 nm™! and 13 nm™}, meaning that
these samples are textured. A closer inspection shows that each
peak is in fact a convolution of two separate peaks (see
Supporting Information), which correspond to distinct
crystallographic planes, that is, the crystals contact the
substrate/polymer coating preferentially along the 001 and
010 planes. On account of the low crystallinity, other peaks are
absent in the 50 °C.

Samples with a p-MAA coating show a similar qualitative
behavior, although differing quantitatively. The different
morphologies of the samples after storage at different
temperatures for 48 h appear in the optical images (Figure 4,
middle row). The p-MAA coating exhibits surface wrinkling
(with shorter periodicity in the wrinkles compared with the p-
HEMA layer), as most evident for the sample stored at
ambient. The underlying clotrimazole film remained largely in
an amorphous state (greyish area), with only some crystals
being present (brighter areas in the micrograph). Accordingly,
the X-ray scan (Figure S) shows solely diffraction from
amorphous clotrimazole, meaning that the amount of crystals
is small.

Upon 50 °C storage, a larger fraction of clotrimazole
crystallized, with the shape of the individual crystals being plate-
like. The strong double peak in the X-ray diffraction pattern at
g. = 6.5 nm™" (and higher order reflections), corresponding to
the 001 and 010 orientation, means that two preferred contact
planes exist between clotrimazole and the p-MAA coating
Optical and diffraction data show that only a small fraction
remained amorphous. For storage temperatures of 70 °C, the
situation remains similar, only the number and size of crystals
being larger.

The clotrimazole crystallization changes drastically when
encapsulated by p-PFDA. After deposition, the samples retain
their transparent appearance (see Figure 4, bottom left). An
AFM image (inset in Figure 4, bottom left) shows a sample
surface after being stored for 48 h at ambient, which clearly
hosts wrinkles. However, compared with the other samples, the
wrinkles are of much smaller lengths and heights. This sample
also lacks crystalline clotrimazole, demonstrating the capability
of p-PFDA coating of preventing (or at least retarding)
clotrimazole crystallization under ambient conditions. The X-
ray diffraction pattern in Figure 5 features two peaks and two
broad humps. The sharp peaks located at g, = 3.86 and 5.79
nm™" are higher order reflections of the lamellar packing with
the fluorine groups of the p-PFDA (d-spacing ~ 3.25 nm)
exhibiting parallel stacking onto the sample.”” The two broad
humps are solely attributed to amorphous clotrimazole.

Upon storage at higher temperatures (50 or 70 °C), the
amorphous clotrimazole transfers into the crystal state. The
optical data shows the formation of extended plate-like

21181

crystallites similar to the p-MAA sample. The X-ray pattern,
however, reveals the absence of a defined clotrimazole contact
plane when coated with p-PFDA. The diffraction pattern
resembles more that of an ideal powder, in which any order in
respect to the substrate surface is completely absent.

In Situ Heating of Amorphous Films. To follow the
structural evolution on temperature change, clotrimazole layers
with and without polymeric encapsulation were investigated
using in situ X-ray diffraction experiments. The evolution of the
diffraction patterns as a function of temperature is summarized
in Figure 6 for the various samples. For a bare clotrimazole
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Figure 6. In situ X-ray diffraction scans of amorphous clotrimazole
films, encapsulated by iCVD layers, at different temperatures. T, and
T, denote the onset of clotrimazole crystallization and melting,
respectively. Ty, ,.prpa) denotes melting of the p-PFDA lamella.

layer, that is, without coating, the diffraction data contains
initially information from the amorphous film. A moderate
elevation of the temperature had no impact. Reaching 108 °C,
crystallization was initiated and the 001/010 double peak
started to evolve at g, = 6.57 nm™'. The peak intensity
increased steadily up to 148 °C, meaning that the amount of
crystals is likewise increasing. Though hardly visible, also other
peaks emerged, for example, at g, = 7.0 nm~}, meaning also
crystals with other contact planes start to grow, similar to the
behavior observed in isothermal heat treatments. Exceeding 150
°C, the intensities decreased on account of clotrimazole
melting. It is noteworthy that the amorphous state prevails
on rapid cooling (>S50 °C/min), so that crystallization
experiments can eventually be repeated.

Samples hosting polymer coatings of p-HEMA or p-MAA
showed different temperature responses. Over the course of the
experiments, sharp peaks, as present for the pristine
clotrimazole, were absent and only the broad amorphous
humps persisted. The polymeric coating thus fully suppresses
clotrimazole crystallization for short temperature increases up
to the melting point of crystalline clotrimazole, that is, 150 °C.

The initial pattern of the clotrimazole—p-PFDA sample
contains two sharp peaks at g, = 3.86 and 5.79 nm’,
characteristic of the p-PFDA lamella order, as well as the
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amorphous clotrimazole hump. This pattern prevails unaftected
until 80 °C, at which the two peaks disappeared. At this
temperature p-PFDA melts. On a further temperature increase
to 92 °C, the 001 double peak of clotrimazole at g, = 6.57 nm™"
emerges. This crystallization onset temperature is significant
lower compared with the unprotected sample. On further
heating, more material crystallized as evident by the higher peak
intensity. Besides the strong 001 peak, there are also other
peaks present, meaning that also crystallization in arbitrary
directions took place and thus, a powder-like behavior resulted,
with no (or only a slight) texture. At a temperature of 150 °C,
the crystalline clotrimazole melts, which agrees with the
uncoated sample.

Bl DISCUSSION

Clotrimazole consists of four rings joined together and is of
rather asymmetric and bulky shape (Figure 1), which generally
results in slower crystallization dynamics. Thin clotrimazole
films require more than 48 h to transit from an amorphous into
a crystalline state, at least when stored in ambient conditions
and hosted on glass. In comparison, amorphous phenytoin thin
films require only some minutes until the first crystals start
forming.”* Nevertheless, the clotrimazole crystallization rate
increases as elevated storage temperatures are employed; high
temperatures facilitate in general diffusion of molecules both on
interfaces and in the bulk. Already at 50 °C, which is about 1/3
of the melting temperature, significantly more crystals develop.
The better diffusion capabilities allow molecules to adapt faster
to adjacent molecules, thus fostering nuclei formation or
adsorption at crystalline sites. The optical microscopy shows
spherulitic structures with growth from arbitrary directions
(confirmed by X-ray experiments), that is, neither the organic—
glass nor the solid—air interface can dictate selective growth
from specific contact planes. The presence of spherulite centers
mean common crystal initiation sites are present. These sites,
however, are unable to grow into larger crystals. This is also
likely caused by limited diffusion in the solid state, and thus
diffusion limited growth mode of branching spherulitic arms is
expected.

The amorphous clotrimazole state is robust and persists
throughout the iCVD deposition. In addition, clotrimazole does
not sublimate under moderate vacuum conditions and the
substrate temperature of 30 °C used. Similarly, other drugs like
indomethacin or phenytoin can be encapsulated by this route,
while other active pharmaceutical ingredients like caffeine,
paracetamol, or ibuprofen are prone to sublimation. In general,
the iCVD process performs well in a wide range of different
temperatures and pressures, which might enable using these
encapsulations also for such volatile materials.

The encapsulation of the amorphous drug exhibits surface
wrinkling in the polymeric layer. The p-HEMA layer resulted in
pronounced wrinkles of several micrometers extension. p-MAA
produces less pronounced wrinkles, while wrinkles in p-PFDA
coating are much smaller, which (compared with the other
cases) seems negligible. Often, wrinkling is a result of two
materials having different physicochemical properties. Espe-
cially differences in elastic moduli (E) of a “substrate” (here the
clotrimazole layer) and the coating explain wrinkling. Depend-
ing on the theory for calculation, the wrinkling amplitude (A)
might follow A =~ E'3* From this, it is estimated that p-
HEMA is the softest material while p-PFDA is the stiffest, with
the E of p-MAA being between these two. This assumption is
also in agreement with literature data on such films, reporting

an elastic modulus of 183 MPa for p-HEMA and one of 8.2
GPa for p-PFDA.***” A test shows that such wrinkling is absent
in coatings of crystalline clotrimazole layers (an example is
shown in the Supporting Information). After heating such
samples to the melting point of clotrimazole (150 °C), wrinkles
formed again. Surprisingly, cooling or a subsequent crystal-
lization did not change the morphology of surface wrinkles.
This means that surface “relaxation” deformed the surface, but
crystallization does not cause additional strain so that wrinkling
remained unchanged. As will be shown elsewhere, the size of
the wrinkling structures also correlates with the thickness of the
clotrimazole layer between the substrate and the iCVD layers.
For sake of faster dissolution, wrinkled surfaces might be
favorable because the accessible surface areas are larger
compared with a flat surface. Especially the usage of p-
HEMA with its capability to swell in an aqueous environment
might allow for very controlled release.

The deposition of coating layers on top of an amorphous
clotrimazole film results in an alteration of the clotrimazole
crystallization. While uncoated samples crystallize within 48 h,
coated samples stored at ambient conditions remain
amorphous significantly longer. p-PFDA coatings did not
show any indication of clotrimazole crystallization and only a
very small number of crystals formed under p-HEMA and p-
MAA coatings. The reason for this behavior cannot
unambiguously be identified. However, the exchange of the
solid—air interface by another solid—solid interface (i.e.,
clotrimazole—iCVD coating) strongly hinders the molecular
movement at this interface. This means that the probability of
nuclei formation and thus also of crystal growth drastically
reduces. The drug molecules remain longer in their respective
spatial positions, and the amorphous state prevails.

At temperatures higher than ambient, the iCVD layers
cannot fully suppress crystallization. Interestingly, the p-PFDA
layer shows protection at ambient temperatures, but it is unable
to prevent crystallization at 50 or 70 °C. Also a rapid heat
increase causes the amorphous clotrimazole to crystallize.
Because p-PFDA surfaces are strongly hydrophobic and
oleophobic," most substances prevent contact, meaning
surface diffusion eases because solid—solid interface interaction
strengths are small. Furthermore, the formation of various
crystallographic orientations means that crystallization in
arbitrary directions takes place, which agrees with the
assumption of poor interactions. It can be concluded that p-
PFDA coatings result in clotrimazole films behaving similar to
an uncoated sample, with similar crystallization times and
undirected growth.

In contrast, p-HEMA and p-MAA layers are more effective in
suppressing crystallization, which, independent of the storage
temperatures, provides large amounts of amorphous clotrima-
zole even after 48h storage. Noteworthy, they prevent
clotrimazole crystallization even through brief heat treatments
up to the melting point of crystalline clotrimazole. This is of
high practical interest, since, for instance, sterilizing processes
often need heat treatments, which puts amorphous drug
formulations at risk of crystallization. The pH-responsiveness of
p-MAA or the hydrogel properties of p-HEMA would possibly
allow for an encapsulation design with an environment-sensitive
or retarded release, respectively. Also the usage of these
polymers as matrix material for drug loading is possible. For
practical application, thin film administration routes (such as
buccally or sublingually) seem to be the natural choice, given
the sample design used in this study. But also whole tablets can
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be encapsulated by the iCVD technique, making this technique
broadly applicable. Whether the polymer should be part of the
final drug formulation has to be decided on a case to case basis,
requiring additional testing of biocompatibility, permeability,
and chemical and physical stability of the polymer. Eventually,
slower heating ramps, that is, less than 3 °C/min, would allow
induction of crystallization also in these samples in one heat
run.

p-HEMA or p-MAA layers result in a more defined
crystallization compared with the other samples. Clotrimazole
crystals align preferentially along two specific crystallographic
planes with the polymer/substrate interface, as illustrated in
Figure 7. In the 001 orientation, the contact at the solid—solid

clotrimazole
unit cell

preferred
contact planes

(001)

(010)

Figure 7. Molecular packing in the clotrimazole unit cell (top) and the
two preferred molecular contact planes between clotrimazole crystals
and the p-HEMA and p-MAA encapsulation layers (bottom); the
structures are illustrated with the software package VMD.*

interface is mostly facilitated by the apolar C—H groups, with
the polarizable chloric unit embedded within the bulk.
Nevertheless, also some polar interactions with the —OH
groups of the polymers might be present in this configuration,
because the nitrogen in the imidazole ring (ie., the hydrogen
bond acceptor side) is in close proximity to the interface. The
polar interaction becomes more dominant in the 010 assembly,
since there the hydrogen bond acceptor sides (and the chloric
unit) are directly exposed at the interface. The presence of the
two preferred crystallographic orientations in clotrimazole
means that the molecules near the polymer—drug interface
need to adapt their conformation (rotation and translation) in
order to adsorb or physisorb at this interface. Because this is
time-consuming, nucleation or condensation at lattice sites is
less likely to occur, extending therefore the lifespan of the
amorphous phase. This agrees with the observation that
elevated temperatures accelerate crystal growth within such
films.

Bl CONCLUSION

The solid state transition from amorphous to crystalline
clotrimazole films can be strongly altered by modifying the
drug—air interface through a polymer encapsulation. The use of
a solvent-free process (ie, iCVD) in the deposition of the
polymer layer circumvents any risk of solvent-induced solid
state transitions in the drug or dissolution. Three different
iCVD encapsulating layers were investigated: p-PFDA, p-MAA,
and p-HEMA. Each of these layers stabilized the drug in its

amorphous state. At higher temperatures, the protection failed
in the case of p-PFDA, while both the p-HEMA and the p-
MAA encapsulations reduced the crystallization rate signifi-
cantly. Furthermore, the chemical composition of the polymer
layers also enables selective growth so that clotrimazole
crystallites contact the polymer layers along the (001) and
(010) planes, on account of both apolar interaction forces and
hydrogen bonding. Suppressing crystallization upon a rapid
temperature increase makes this encapsulation interesting for
application relevant processes such as sterilization, where high
temperatures are only briefly required. While this study is
limited to only three different polymers, the general
applicability of such an iCVD encapsulating layer to drug
molecules motivates this approach for other polymeric
compositions, which might then enable further tuning of the
crystallization behavior.
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