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Abstract

In this thesis, vapor-phase synthetized polymer thin films are ex-
plored in the context of ion-exchange membranes and drug delivery
systems. Both applications can greatly benefit from the usage of this
versatile class of materials as polymers provide resistance to various
chemicals, are typically cheap in production and light in weight while
also offering significant mechanical strength. However, common
solution processing routes can easily become a limiting factor when
delicate substances (such as pharmaceuticals) are involved or when
polymers with various functionalities are required. A solvent-free
alternative is the polymerization by initiated Chemical Vapor De-
position (iCVD). In iCVD, all the reactants are delivered from the
vapor-phase so that even the most delicate substrates can be coated
conformally. Also, copolymers with tailored properties can easily
be obtained as the use of a common solvent is not required. This
makes iCVD particularly interesting for the synthesis of ion-exchange
membranes and for the encapsulation of pharmaceuticals. At first,
preparation of polymer electrolyte membranes by iCVD has been
studied. For this, copolymers of 1H,1H,2H,2H,-perfluorodecyl acry-
late and methacrylic acid have been synthesized and key material
properties, such as chemical and physical stability, morphology and
structure, were then evaluated. While showing promising properties
at first, thermal stability issues were soon discovered to be a limiting
factor for fuel cell application. To avoid these shortcomings, also the
preparation of sulfonated copolymers was attempted by iCVD, which
required a post-deposition modification. While studies are still at
a very early stage, the resulting material seems very promising in
terms of ionic conductivity. In regard to pharmaceutical applications,
iCVD polymers were explored for drug encapsulation. For instance,
thin hydrogel encapsulation was able to suppress drug crystallization
even at elevated temperatures while a hydrophobic coating enhanced
crystallization instead. In another study, the mesh size of an iCVD
hydrogel coating was varied by adjusting the cross-linker content,
which, in turn, translated into a tunable release behavior of thin indo-
methacin films. The studies presented within this thesis show some
of the distinct advantages of iCVD and will hopefully foster further
interest in this intriguing technique and its potential applications.
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Kurzfassung

Diese Arbeit behandelt die Herstellung von Polymerdünnfilmen mit-
tels Gasphasenabscheidung für den Einsatz als Ionenaustauschmem-
brane und in pharmazeutischen Anwendungen. Beide Anwendun-
gen können stark von der Verwendung dieser vielseitigen Materi-
alien profitieren, da Polymere Beständigkeit gegen verschiedenste
Chemikalien bieten, typischerweise billig in der Herstellung sind und
bei geringem Gewicht ausgeprägte mechanische Festigkeit aufweisen.
Herkömmliche Flüssigphasen-Synthese kann jedoch leicht zu einem
limitierenden Faktor werden, insbesondere wenn empfindliche Sub-
stanzen (wie Pharmazeutika) beteiligt sind oder wenn Polymere mit
verschiedenen Funktionalitäten benötigt werden. Eine lösungsmittel-
freie Alternative ist die Polymerisation mittels initiated Chemical Vapor
Deposition (iCVD). In iCVD werden alle Reaktanten in der Gasphase
prozessiert, so dass auch die empfindlichsten Oberflächen konform
beschichtet werden können. Auch Copolymere mit maßgeschnei-
derten Eigenschaften können leicht erzielt werden, da die Verwen-
dung eines gemeinsamen Lösungsmittels nicht erforderlich ist. Dies
macht iCVD besonders interessant für die Synthese von Ionenaus-
tauschermembranen und für die Beschichtung von Pharmazeutika.
Zunächst wurde die Herstellung von Polymerelektrolytmembranen
mittels iCVD untersucht. Dazu wurden Copolymere aus 1H, 1H,
2H, 2H,-Perfluordecylacrylat und Methacrylsäure synthetisiert und
wichtige Materialeigenschaften, wie chemische und physische Stabil-
ität, Morphologie und Struktur, untersucht. Während diese Materi-
alien anfangs vielversprechende Eigenschaften aufzeigten, wurden
dann jedoch thermische Stabilitätsprobleme als begrenzende Faktoren
festgemacht, welche einen Einsatz in Brennstoffzellen praktisch un-
möglich machen. Um diese Nachteile zu vermeiden, wurde auch die
Herstellung von sulfonierten Copolymeren mittels iCVD versucht,
was eine weitere Modifizierung nach der Synthese nötig machte.
Während Studien noch in einem sehr frühen Stadium sind, scheint
das resultierende Material hinsichtlich der Ionenleitfähigkeit sehr
vielversprechend zu sein. Im Hinblick auf pharmazeutische Anwen-
dungen wurden iCVD-Polymere als Beschichtung von Arzneimitteln
evaluiert. Zum Beispiel war eine dünne Hydrogel-Beschichtung in
der Lage, die Wirkstoffkristallisation sogar bei erhöhten Temper-
aturen zu unterdrücken, während eine hydrophobe Beschichtung
stattdessen die Kristallisation verstärkte. In einer weiteren Studie
wurde die Maschenweite von iCVD-Hydrogel-Beschichtungen verän-
dert, indem der Vernetzergehalt im Polymer variiert wurde, was
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wiederum zu einem abstimmbaren Freisetzungsverhalten von dün-
nen Indomethacinfilmen führte. Die in dieser Arbeit vorgestellten
Studien zeigen einige der besonderen Vorteile von iCVD und werden
hoffentlich weiteres Interesse an dieser faszinierenden Technik und
ihren möglichen Anwendungen wecken.
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1
Introduction

With a global annual production capacity of 322 million tons, 1 plastics
are not only a major economic factor but also a crucial material in
various applications. While in everyday usage the term polymer is
still strongly associated with (and synonymously used to) the term
plastic, synthetic polymers have long surpassed their sole function as
a packaging material. 2 Today, polymers are employed in a plethora
of different applications, both industrial and consumer-related; they
are being used in pipes, insulation, clothing, protective equipment
(e. g., helmets) and heart valve replacements, among many other
applications. 3–5 Moreover, natural polymers such as silk and cellu-
lose (the main component of wood/paper) have been employed for
many centuries. 6

Tailored polymer compositions allow for a huge variety of mate-
rial properties, ranging from flexible to rigid, from insulating to con-
ductive, from amorphous to (liquid-)crystalline and also specific stim-
uli-responsiveness can be included (e. g., temperature-, pH- or light-
responsiveness). 7–9

Due to the versatile nature of polymeric materials, their application
is not just limited to large-scale industrial usage. The rise of affordable
small-scale 3D printers allows small businesses and private persons
alike to make use of polymeric materials on an unprecedented scale;
individual reproduction of spare parts, artistic usage and even com-
plex prototype development have all become accessible this way.

However, not all polymers are that easily processable and, depend-
ing on the employed monomer(s), synthesis can be a challenging task.
This is especially true for the synthesis of copolymers comprising op-
posing functionalities (e. g., hydrophilic/hydrophobic) or when con-
formal coatings on delicate substrates are desired.

In this context, initiated Chemical Vapor Deposition (iCVD) can
be a powerful and versatile tool to synthesize polymers directly
on even the most delicate substrates, such as pharmaceuticals or
paper. 10,11 This technique relies on polymerization from the gas
phase, thus avoiding common issues encountered in solution syn-
thesis. A plethora of different chemistries is available for iCVD and
copolymers can easily be obtained without the need of a common
solvent. These unique features make iCVD particularly appealing for
the two research topics covered within this thesis: (a) the synthesis of
polymer electrolytes and (b) the preparation of thin polymer films for
pharmaceutical applications.
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2 INTRODUCTION

The thesis itself is structured into three parts, with Part I providing a
brief introduction to polymers in general, to their synthesis and to the
main experimental characterization methods used. This is followed by
parts dedicated to the findings of this thesis.

Part II focuses on the versatility of iCVD, which is exploited for the
synthesis of proton conductive polymers. Earlier work had already
demonstrated the ability of the iCVD technique to successfully syn-
thesize copolymer membranes of methacrylic acid (MAA) and a per-
fluorinated compound (1H,1H,2H,2H-Perfluorodecyl acrylate, PFDA),
showing promising ionic conductivity at ambient temperature. 12,13

As fuel cells usually operate at elevated temperatures of ∼ 80 ◦C or
above, it is crucial to study the thermal properties of such materials.
For this, polymers of varying compositions were synthesized by iCVD
and subjected to thermal analysis by in situ ellipsometry. This way,
thermal expansion as well as thermal transitions could be monitored
and be related to the polymer composition. A more detailed study was
also carried out on polymers containing just PFDA, as this highly hy-
drophobic material is of particular interest for steam condensers. 14,15

The effect of cross-linking on the thermal stability of PFDA polymers
was explored while monitoring the changes in the surface energy by
means of water contact angle measurements. To conclude the topic of
vapor deposited proton conductors, a sulfonated polymer was suc-
cessfully synthesized by iCVD. Preliminary data of this material show
promising proton conductivity values, encouraging further research
into this material.

Part III focuses then on the ability of iCVD to synthesize polymers
directly on delicate substrates. This major strength of the iCVD tech-
nique is explored in the framework of polymer coatings for pharma-
ceutical substances. Initially, the focus was on providing protective
coatings for thin, amorphous drug formulations. For this, different
polymer compositions were tested on the model drug system clotri-
mazole. By X-ray diffraction experiments, the crystallization of the
drug was monitored while being subjected to heat treatment. During
the preparation of iCVD polymers on the thin drug films, wrinkle for-
mation was observed in the coatings. In a separate study, this effect
has been explored in more detail. Finally, the release behavior of the
drug indomethacin was investigated in a thin film reservoir system as
a function of the polymer mesh size of the iCVD hydrogel coating.
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Part I

F U N D A M E N TA L S A N D M E T H O D S

This part provides some background information on poly-
mers in general, on their synthesis and on the main exper-
imental characterization methods used within this work.





2
Polymers

The term polymer (Greek, “poly·mer”, literally meaning many parts)
denotes a class of materials which is characterized by the repetition of
single, covalently linked units. 1 The International Union of Pure and
Applied Chemistry (IUPAC) defines the following two terms in this
context:

IUPAC definitions

Polymer. Substance composed of macromolecules.

Macromolecule. A molecule of high relative molecular mass, the
structure of which essentially comprises the multiple repetition
of units derived, actually or conceptually, from molecules of low
relative molecular mass.

Source: [2]

In the most simple case, a polymer consists of multiple repetitions
of a single structural unit type. The number of repeating units n is
thereby large enough so that material properties are (more or less) in-
dependent of the chain length. This is in contrast to oligomers, which
usually feature a much smaller number of repeating units. A single
unit is then called monomer, which is also the original building block
in polymer synthesis. 2 This is also reflected in the nomenclature of
polymers: in many cases, just the preposition “poly” is added to the
monomer name when referring to the polymerized form.†

While the chemistry of a polymer is inferred from its constituting
monomer units, another important characteristic is its molecular mass
(i. e. the number of repeating units). This quantity is typically stated
as the number-average molar mass Mn of a polymer, which calculates
as

Mn =
∑n

i=1 nimi

∑n
i=1 ni

. (2.1)

Here, ni denotes the number of molecules with mass mi. Accord-
ingly, the mass-average molar mass Mw is then defined by‡

Mw =
∑n

i=1 nim2
i

∑n
i=1 nimi

. (2.2)

† For example, a polymer derived from styrene is called poly(styrene).
‡ The index w stands for weight, a term widely used for historic reasons but should

generally be avoided when referring to mass.

7
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Given the definitions in Equations (2.1) and (2.2), it is clear that an
increased molecular mass will contribute more strongly to the mass-
average molar mass than to the number-average one. If a polymer is
monodisperse, meaning that different chains have all the same number
of repeating units, Mw equals Mn. However, polymers will usually be
polydisperse systems, meaning that molecular masses will not have a
defined value but rather follow a broad distribution. This is reflected
in the fraction Mw/Mn, which measures the degree of polydispersity. 3

For synthetic polymers, usually two main polymer classes are dis-
tinguished: If the polymer repeating unit is made of just a single mo-
nomer type, it is referred to as homopolymer. On the other hand, if two
or more different monomer types are present, the resulting polymer
is labeled a copolymer. 4 In Figure 2.1, a schematic representation of
the four main copolymer types is provided. Depending on how the
two different monomer types are arranged within the polymer chain,
one distinguishes random, alternating, block and graft copolymers. In
general, the reactivity of the involved monomers and the synthesis
procedure will determine which of the different copolymer types is
formed. In Section 3.4, synthesis of such copolymer structures will be
discussed in more detail.

Figure 2.1: Graphical representation of the four main copolymer types
differentiated in literature.

Due to the wide range of chemistries and processing techniques that
are available for polymer synthesis, a large variety of properties and
functions can be covered by this class of materials. This is why poly-
mers are utilized in a plethora of different applications, ranging from
simple packaging materials to highly sophisticated thermal insulation
solutions for spacecrafts. 5 In the following sections, two specific ap-
plications of polymeric materials are discussed as they are related to
the research carried out within the framework of this thesis. The first
topic is focused on polymer electrolyte membranes, which are integral
components in fuel cell systems. The second topic summarizes some
examples of polymers employed in pharmaceutical applications.
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2.1 Polymer electrolyte membranes

Polymer electrolyte membranes (PEMs) are materials that facilitate
selectively ionic (mostly protonic) charge transport, which makes
them particularly interesting for fuel cell applications. 6–8 However,
PEMs are also employed in other systems, such as biofuel cells, 9 solid
supercapacitors, 10 dye-sensitized solar cells 11 or in pharmaceutical
applications. 12 Apart from exhibiting high ionic conductivities, these
materials are often required to withstand elevated temperatures as
well as harsh chemical environments, especially when employed in
fuel cells. 8,13 For this, membranes are often composed of fluorinated
compounds providing the necessary stability. The ionic conductivity
derives from the acid groups present in the polymer structure. When
hydrated, protons dissociate from the acid groups and are transferred
to the surrounding media, generating mobile charge carriers. 14

In Figure 2.2, a schematic representation of a polymer electrolyte
fuel cell is provided. The PEM is positioned between two electrodes
through which working gases, for example hydrogen and oxygen, are
flown. In an ideal scenario, no gas cross-over occurs and the gases can
only react with each other when the fuel (e. g., hydrogen) is catalyt-
ically oxidized at the anode (Equation (2.3)). The positively charged
ions are then transported through the PEM, which does not allow for
electron passage. Instead, electrons have to move through the electri-
cal wires, establishing an electric current.

Cross-linker

Conductive group

e- transport

p+ transport

Polymer electrolyte membrane

electrodes

Fuel cell

H2 O2

Figure 2.2: Schematic drawing of the membrane-electrode assembly in
a PEM fuel cell. The polymer membrane usually consists of
groups providing structural stability (e. g., cross-linker, flu-
orinated groups) and groups facilitating ionic charge trans-
fer when hydrated (usually acids such as sulfonic acid).
Figure reproduced with permission from ref. [15]. Copy-
right ©2017 Paul Christian
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At the cathode, oxygen is first catalytically reduced (Equation (2.4))
and reacts then with hydrogen ions, thus forming water.

Anode reaction: H2 → 2H+ + 2e− (2.3)

Cathode reaction: O2 + 4e− → 2O2− (2.4)

Overall reaction: O2 + 2H2 → 4H2O , ∆G = −237 kJ/mol (2.5)

The overall reaction of hydrogen fuel with oxygen results in a reduc-
tion of the Gibbs free energy (Equation (2.5)), which denotes the the-
oretical limit for the energy gain of this reaction. 16 It should also be
noted that other fuels can be used in PEM systems. For instance, poly-
mer electrolyte fuel cells operating with methanol fuel are particularly
appealing as the liquid state is much easier to handle/store. 7

The majority of commercial polymer electrolyte membranes are
based on fluoropolymers due to their superior chemical and struc-
tural stability, with sulfonic acid groups providing the protonic
conductivity. 17 In Scheme 2.1, the general structural formula of such
perfluorosulfonic acid polymers is depicted. Attached to a perfluori-
nated backbone, fluorinated side-chains are located. As a head group,
these side-chains feature a sulfonic acid group (SO3H). This is also the
basic structure of Nafion®, one of the most widely employed polymer
electrolyte membranes. 18,19

CF2 CF2 CF2 CF

O CF2 CF

CF3

O CF2 SO−3 H+

( )
x

( )
y( )

m

( )
n

Scheme 2.1: General structural formula of common perfluorinated
polymer electrolyte membranes. For Nafion®, n = 2.

The concentration of ion conducting groups is one of the most im-
portant parameters in ion exchange membranes, largely influencing
the water uptake and the ionic conductivity. The concentration is usu-
ally expressed in terms of equivalent weight (EW) for the dry mem-
brane, which corresponds to the polymer molar mass per number of
moles of (singly charged) ions (EW units are [g/equiv]). 14 The im-
portance of the equivalent weight as a characteristic parameter for ion
exchange membranes is also reflected in the naming of commercial
products. For instance, the term “Nafion®” is followed by a three or
more digits number, with the first two digits denoting the EW divided
by ten. The remaining digit(s) indicate(s) the membrane thickness in
inch, divided by thousand. For example, Nafion® 117 indicates a ma-
terial with an EW of 1100 g and a thickness of approximately 7 mil (al-
though the specified thickness is 7.2 mil, corresponding to 183 µm). 20

For fuel cell application, polymer electrolyte membranes with thick-
nesses between 50 to 200 µm are typically employed. 21



2.1 P O LY M E R E L E C T R O LY T E M E M B R A N E S 11

A highly hydrated state is also required as the solvation process of a
single sulfonic acid group involves about four water molecules. 22 For
a well-hydrated electrolyte, around 20 water molecules are present
per SO3

− group. 23 While most PEMs incorporate strong acid groups
(mostly sulfonic acid) into the polymer matrix, also polymer elec-
trolytes based on carboxylic 6 or on phosphonic 24 functionalities have
been demonstrated.

Apart from fluorinated PEMs, also hydrocarbon-based poly-
mer electrolyte membranes have seen increased interest in recent
years. 14,25 These materials are often based on the sulfonation of
polymers with an aromatic backbone, which provides the necessary
thermal and chemical stability. For instance, poly(styrene sulfonic
acid) or sulfonated polyether ether ketone (s-PEEK) have successfully
been demonstrated, with s-PEEK showing conductivities of about
100 mS/cm above 100 ◦C. 26,27

2.1.1 Proton transport mechanisms

In a polymer electrolyte membrane, proton transport can occur by
three different mechanisms: a) hopping (Grotthuss) mechanism, b) ve-
hicular mechanism or c) direct transport.

Hopping mechanism. In this mechanism, an excess proton is transported
in water by hopping from one water molecule to the next. 28 In Fig-
ure 2.3, the transfer of a proton along two other water molecules by
tunneling via hydrogen bonding is depicted. This mechanism is also
referred to as Grotthuss mechanism, named after Theodor von Grot-
thuss, who first proposed this type of charge transfer in 1806. 29

Figure 2.3: Representation of proton transport by the hopping mech-
anism (Grotthuss). The proton moves from its initial po-
sition on the hydronium molecule to neighboring water
molecules via the hydrogen bonds.

For the solvation of the hydronium ion (H3O+) in water, the two
most well-known structures are the Zundel and the Eigen cation (H5O2

+

and H9O4
+ complexes, respectively). While the Zundel state describes
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the delocalization of the proton between two water molecules, the
Eigen cation corresponds to a hydronium ion which is strongly sol-
vated by three surrounding water molecules. From ab initio molecu-
lar dynamics simulations, it has been inferred that proton conduction
proceeds by a transition between Eigen (dominant form) and Zundel
states (as an intermediate), so that the solvation structure rather than
the ions themselves are moving. 30,31

Vehicular mechanism. In contrast to the hopping mechanism, this type
of transport describes the diffusive transport of the proton-solvent
molecule complex (e. g., the hydronium ion). As strong hydrogen
bonding is absent, this mechanism is typically characterized by lower
proton mobility. Typically, both water and protons diffuse at similar
rate. 28

Direct transport. Another possible charge transport mechanism is the
cooperative rearrangement of groups. Mobile polymer chains can
pass a positively charged ion on to a neighboring chain, for example
by side-chain movements. This requires the polymer to be in an un-
ordered state, meaning that this mechanism will only be encountered
at temperatures above the glass transition point. 32

As the number of available charge carriers is depending on the sol-
vation state of the acid groups, increased humidity (i. e. water content
in the membrane) as well as increased temperature usually will lead
to an increase in conductivity. While the hopping mechanism typically
dominates at lower temperatures and highly solvated states, charge
transport is mostly facilitated by the vehicular mechanism at elevated
temperatures and/or low hydration states. 28,33,34

2.2 Polymers in pharmaceutical applications

In pharmaceutical technology, polymers are primarily employed in
three different ways: either as implantable networks, as carrier sys-
tems or as polymer-drug conjugates. 35 While also naturally-derived
polymers see some application in pharmaceutical formulation (e. g.,
chitosan 36,37 or cellulose 38,39), the use of synthetic polymers is often
preferable due to them being more predictable in their properties and
because they carry less risk of immunogenicity. 40

Polymers can be used as protective coatings, forming reservoir sys-
tems in which the active pharmaceutical ingredient (API) is enclosed
within an outer polymer layer. 41,42 Or they can act as scaffolds in
which the drug is loaded and preserved in a dispersed state. The addi-
tion of the polymer can help in various ways, for example by preserv-
ing the solid state of the drug, by enhancing the solubility (and thus
bioavailability) or by providing controlled release. 43,44 Hydrogels are
a special case of matrix-type systems as they also store the API within
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their structure. 45,46 However, the release mechanism is based on the
swelling of the hydrogel in an aqueous environment and will depend
on the polymer mesh size. 47

With polymer systems, also active targeting can be achieved. By
use of stimuli-responsive polymers (e. g., temperature- or pH-respon-
sive polymers), the release behavior can be adjusted so that API lib-
eration occurs only within certain environments. For instance, pH-
responsiveness can be utilized to target specific parts of the gastroin-
testinal tract, as pH-values increase progressively from the stomach
on. 48

Conventionally, polymer-based drug delivery systems are prepared
in solution, for which a variety of different methods are available. 49

Often, this requires multiple processing steps and can be quite labori-
ous. In addition, solution processing might interfere with certain prop-
erties of the drug, such as the desired solid state.

For this reason, vapor-phase synthesis of polymeric drug coatings
are particularly interesting as they do not require any solvents. While
conventional Chemical Vapor Deposition methods are not well suited
due to their high operating temperatures, the gentle conditions used
in initiated Chemical Vapor Deposition pose little limitation and poly-
meric API coatings have already successfully been demonstrated. 50,51

The addition of a polymer to the formulation will also affect the
release behavior. In API-polymer systems, drug release proceeds ei-
ther by degradation/erosion/disintegration of the polymer host ma-
trix or by diffusion of the drug. 52,53 In the following section, some
background on the mathematical modeling of diffusive drug release
is provided.

2.2.1 Drug release from polymer systems

Here, a brief overview on some of the mathematical models com-
monly used to describe drug release behavior from polymeric systems
is presented. For a more detailed introduction and a comprehensive
overview of the topic, several well-written reviews can be found in
literature. 54–57

Often, drug release proceeds by mere mass-diffusion from polymer
systems. In these cases, the release behavior is usually described by
Fick’s laws of diffusion. Fick’s second law of diffusion describes the
spatial change in concentration over time due to diffusion as

∂c
∂t

= D∇2c , (2.6)

with c being the concentration per volume. The diffusion coefficient
is denoted by D and can be approximated with the Stokes-Einstein
equation 58 by

D =
kBT

6πηrH
(2.7)
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with kB being the Boltzmann constant, T being the temperature, η be-
ing the dynamic viscosity and rH being the hydrodynamic radius of
the drug.

Depending on the geometry of the system, this will result in dif-
ferent expressions for the release behavior. For instance, in case of
thin matrix films, the cumulative absolute amount of drug released
at time t, denoted by Mt, is given by 55

Mt

M∞
= 1− 8

π2

∞

∑
n=0

1
(2n + 1)2 exp

{
−D(2n + 1)2π2t

L2

}
. (2.8)

The drug amount of full release is M∞, and L is the thickness of the
film. For a partial release, Equation (2.8) can be approximated by

Mt

M∞
= 4

√
Dt

πL2 for
Mt

M∞
< 0.6 (2.9)

Among the various models, the semi-empirical equations of Pep-
pas 59 and Higuchi 60 are probably the most commonly applied ones.

Peppas equation. This equation can typically be applied as an approx-
imation to Fickian diffusion for times where drug release is not yet
exceeding 60 % of the full release. The cumulative absolute amount of
drug released at time t, Mt, is given by

Mt

M∞
= ktn , (2.10)

with M∞ being the total drug amount (full release). The constant k is
related to the geometry of the system and the drug diffusivity, while n
denotes the release exponent. From a fit to the experimental data, the
type of diffusion can readily be determined by the parameter n. For
a slab geometry, n = 0.5 indicates Fickian transport while n = 1 im-
plies a Case II transport. For values in between, anomalous transport
occurs. 54

Higuchi equation. For a non-swelling, non-eroding polymer system,
drug release behavior can be modeled by

Mt

A
=
√

D(2c0 − cs)cst . (2.11)

Here, A is the exposed surface area, D is the drug diffusivity in the
polymer, while c0 and cs denote the initial drug concentration and the
drug solubility in the polymer, respectively.

When analyzing experimental release data, particular care has to be
taken that all the prerequisites for a certain model are fulfilled. Differ-
ent geometries of the same drug system (e. g., slab, spherical, cylindri-
cal) will require different mathematical treatment and can greatly bias
the results when neglected.
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3
Polymer synthesis

In this chapter, an introduction to polymer synthesis by free-radical
polymerization is provided. While (from a commercial viewpoint) this
mechanism is arguably the most important one, also step-wise poly-
merization will be briefly discussed as another important mechanism.
The last section focuses then on the transition from solution-based
radical polymerization to one from the vapor-phase. The correspond-
ing technique is called initiated Chemical Vapor Deposition, which is
the main (polymer) synthesis method employed in this thesis. More
exhaustive reviews of the topics presented here and a more general
introduction to polymerization can be found in literature. 1–4

3.1 Step-wise polymerization

Step-wise polymerization is a concept describing the polymerization
of monomers by a reaction of their functional groups. The most im-
portant polymer types synthesized by step-wise polymerization are
polyesters, polyamides and silicones, among others. 5 Their structural
formulas are depicted in Scheme 3.2.

O C

O

R C

O

O R

polyester

( )
N

H

C

O

R

polyamide

( )
Si

R

R

O

silicone

( )

Scheme 3.2: Basic structural formulas of polymers commonly synthe-
sized by step-wise polymerization.

In Figure 3.1, a simple graphical representation of such a step-wise
polymerization reaction is provided. Monomers are readily reacting
with each other in a statistical manner, initially forming dimers, then
trimers and so on. As reaction time elapses, longer oligomers are
formed, eventually resulting in long polymer chains (thus the name
step-wise polymerization). In turn, this also means that high molecu-
lar weight polymers will only be obtained towards the end of the
reaction. 1

In order for the polymerization to proceed, the involved monomers
need to be bi- or multifunctional.† Further, step-growth polymeriza-

† This refers to number of functional groups per molecule.
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tion reactions can be classified by the type of monomer(s) employed.
If only one monomer type is utilized, it has to contain at least two
different types of functional groups (e. g., monomers of type A–R–B,
with A and B being functional groups). Alternatively, one can also em-
ploy two different monomers, each one exhibiting only a single type
of functional group (e. g., A–R–A and B–R–B). An example is the syn-
thesis of polyamide by step-growth polymerization, which can either
be facilitated by reacting diamines with diacids

H2N R NH2

diamine

+ HO2C R′ CO2H

diacid

H2N R NHCO R′ CO2H + H2O

(3.1)

or by the use of amino acids

2 H2N R CO2H H2N R CONH R CO2H + H2O

(3.2)
In general, such reactions can be expressed by the following two

equations: 1

n A A + n B B A AB B
( )

n (3.3)

n A B A B
( )

n (3.4)

While these equations describe the polymerization in a rather gen-
eral fashion, in practice often an external catalyst is used in addi-
tion to enhance the polymerization reaction. An example is the syn-
thesis of poly(p-phenylene oxide) from 2,6-dimethylphenol by oxida-
tive coupling, which proceeds only in the presence of a CuCl-pyridine
catalyst. 6,7

3.2 Kinetics

For the uncatalyzed step-wise polymerization reaction of two com-
pounds, the reaction rate will be of second-order (third-order overall)
and can be expressed as

− d[A]
dτ

= k[A2][B] , (3.5)

with τ denoting time and k being the rate constant. 8 [A] and [B] are
the concentration of reactants with functionality A and B, respectively.
For cases where concentrations [A] and [B] are approximately equal,†

one can express Equation (3.5) as

− d[A]
[A]3

= kdτ . (3.6)

† This is true when polymers with high molecular weight should be obtained.
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Figure 3.1: Schematic representation of a step-wise polymerization re-
action, showing different stages in time. Open circles rep-
resent single monomer units, colored circles connected by
strokes represent chemically linked species. Please note
that the regular monomer arrangement is only chosen for
visual clarity.

An integration of this equation for times τ = 0 to τ = t yields

2kt =
1

[At]2
− 1

[A0]2
. (3.7)

Usually, Equation (3.7) is expressed in terms of p(t), which is the
fraction of functional groups reacted at time t. 5 With At = A0(1− p),
Equation (3.7) becomes

2A2
0kt =

1
(1− p)2 − 1 . (3.8)

Accordingly, the degree of polymerization DP is then described by‡

DP =
A0

At
=

1
1− p

. (3.9)

From statistical considerations, 5 one obtains the following expres-
sions for number- (MN) and weight-average molecular weight (MW)
of a molecule containing m units:

MN =
m

1− p
(3.10)

MW =
m(1 + p)

1− p
(3.11)

‡ This is the so-called Carothers equation, found by Wallace Hume Carothers, the
inventor of nylon. 9
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Only when the fraction conversion p is close to unity, application-
relevant (i. e. high) molecular weights are obtained. For the polydis-
persity index ÐM, one obtains

ÐM ≡
MW

MN
= 1 + p . (3.12)

This means that for p = 1, Ð is limited to 2. If an external catalyst is
present (i. e. polymerization reaction is of first order for the functional
groups present), Equation (3.5) has to be modified:

− d[A]
dτ

= k[A][B] (3.13)

Accordingly, a different expression is obtained for the rate equation:

DP = [A0]kt + 1 (3.14)

3.3 Radical chain polymerization

Chain polymerization is a technique in which unsaturated monomers†

are gradually attached to active sites of growing polymer chains, thus
facilitating growth. 1 The technique is widely employed in the syn-
thesis of common polymers such as polyethylene (PE), polypropylene
(PP) and polyvinyl chloride (PVC). Polymers synthesized this way ac-
count for about 80 % of everyday polymers. 2

A key difference between step-wise and chain polymerization is the
presence of an initiator in the latter. The initiator I is used to produce
(re-)active species I∗

I→ I∗ , (3.15)

which can either be radicals or ionic species (cationic/anionic). These
active species can then react with suitable monomer(s) M, initiating
the chain polymerization:

I∗ + M→ IM∗ . (3.16)

This also transfers the reactive center to the monomer, denoted by
IM∗. The radical propagates then by successive monomer attachment,
facilitating chain growth (until appropriately terminated):

IM∗ + n ·M→ IMnM∗ . (3.17)

For polymerization to occur, monomers must be at least bifunctional
(i. e. the monomer can be linked to two or more molecules for a given
reaction mechanism). This functionality can be obtained by either
opening of a double bond (1), of a ring (2) or by co-reactive functional
groups (3). 3 In the following, only reactions based on mechanism (1)
will be considered.
† Those are compounds with carbon-carbon double or triple bonds.
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It should be noted that reactions (3.15) to (3.17) will usually occur si-
multaneously during polymerization in bulk as initiation/termination
steps are separated neither spatially nor in time. Instead, radicals are
perpetually, albeit randomly, generated and will activate/terminate in
a statistical manner, leading to a rather broad distribution in the poly-
merization degree. If a narrower distribution is desired, an adapted
technique such as living radical polymerization can be employed. 10–12

While several variants of this technique exist, their working principle
relies on the suppression of termination reactions of a growing chain.
A more detailed description can be found in literature. 13–15

However, from the considerations above, three different stages can
be identified in the growth of a single chain: initiation, propagation
and termination. In the following sections, these individual reaction
steps are discussed in the framework of radical chain polymerization,
i. e. when the reactive species are radicals R•.

3.3.1 Radical initiation

Radicals are neutral chemical species (except for the case of radical
ions) which possess an unpaired electron. 16 This results in a partially
filled orbital, making them highly reactive. They can facilitate the
polymerization of almost any vinyl group via opening of the carbon–
carbon π-bond because resonance stabilization of the propagating
reactive centers is rarely affected by the substituting groups. 1

The initiation of a radical chain polymerization reaction consists of
two steps. First, radicals are generated by dissociation of a so-called
initiator molecule I, which exhibits a labile bond (often a peroxide
bond, i. e. O–O) in its structure. For a certain temperature/pressure,
the dissociation reaction

I
kd−→ 2 R• (3.18)

will occur at a characteristic rate constant kd. Depending on how
the dissociation energy is provided to the molecule, three initiation
mechanisms are usually differentiated: thermal-, photo- and redox
initiations. 2

Initiator dissociation follows in general a first-order Arrhenius-be-
havior described by

kd = A · e−Ea/RT , (3.19)

with kd denoting the rate constant, A being a pre-exponential con-
stant (frequency factor), Ea being the activation energy (for dissociation
of the labile initiator bond) and R and T being the universal gas con-
stant and reaction temperature, respectively. 1 The factor A accounts
empirically for the number of transition attempts per time unit (thus
the name frequency factor) and is often reported as log10 A in literature.
While it should be noted that this factor is also a function of tempera-
ture (A ∝ Tn, with 0.5 < n < 1), 17 its effect on the rate constant is usu-
ally negligible as often only the order of magnitude is experimentally
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accessible for A. Another important parameter is the initiator half-life,
which is related to the rate constant kd by

τ1/2 = ln(2)/kd . (3.20)

When a radical attacks the vinyl bond of either a mono- (X = H) or
a 1,1-disubstituted alkene, this results in the formation of one of two
possible structures: 1,2

R•

radical

+ H2C C

X

Y

alkene

R C

X

Y

C

H

H

form I

R C

H

H

C

Y

X

form II

(3.21)

The existence of the two different structures will influence how sub-
sequent monomer units can be attached to the growing polymer chain
(discussed further in Section 3.3.2). However, it should be noted that
form II is far more stable than form I as the radical is stabilized by
resonance effects of the substituent(s) at this position. 1

In general, the initiation reaction can be represented by

R• + M
ki−→ M•1 , (3.22)

with M denoting a single monomer (the index denotes the number of
units) and ki being the corresponding rate constant.

From Equation (3.18), the rate of radical generation can be expressed
as

d[R•]/dt = 2 · kd[I] . (3.23)

The square brackets of [I] denote the total initiator concentration in
the system. The rate of initiation rini is then obtained by accounting for
the initiator efficiency f , which leads to 1

rini = 2 · f · kd[I] . (3.24)

The factor f accounts for the fact that not for every generated radical
a polymerization reaction will be initiated and thus, f ≤ 1.

3.3.2 Propagation

Chain growth proceeds by successive monomer addition to the new
radical center formed by the initiation reaction (Equation (3.22)):

M•1 + M→ M•2 . (3.25)



3.3 R A D I C A L C H A I N P O LY M E R I Z AT I O N 27

In general, the propagation reaction step can be expressed as

M•i + M
kp−→ M•i+1 , (3.26)

with kp being the rate constant of propagation. As two types of radical
centers can be formed in the initiation reaction (cf. Equation (3.21)),
two propagation modes are possible. If successive monomer addition
and initiation reaction proceed alike, this leads to the formation of a
head-to-tail arrangement: 2

CH2 C

X

Y

CH2 C

X

Y

CH2 C

X

Y

CH2 C

X

Y

head-to-tail arrangement

(3.27)

Alternatively, if monomer addition proceeds by alternating between
the two modes of Equation (3.21), this results in a head-to-head arrange-
ment: 2

CH2 C

X

Y

C

X

Y

CH2 CH2 C

X

Y

C

X

Y

CH2

head-to-head arrangement

(3.28)

However, usually the head-to-tail arrangement predominates greatly
as the head-to-head fraction does not exceed a few percent for most
vinyl monomers. The reason for this large difference is steric hin-
drance by the often bulky substituents, limiting the approach of a
radical, as well as the resonance stabilization provided to the radical
by most substituents. 1,18 An exception to this behavior are monomers
with small substituents or ones which do not provide much resonance
stabilization, e. g. fluorine. For instance, head-to-head fractions of ∼5 %
are found in poly(vinylidene fluoride). 19

3.3.3 Termination

The final step in radical polymerization is the termination step, in
which an actively growing chain loses its ability to grow further.
In principle, this is facilitated by recombination of the active chain
with either another radical or with another growing chain. 3 The
corresponding reaction equations are thus

R• + M•m → Mm (3.29)

M•m + M•n → Mm+n . (3.30)

For some monomers, also termination by disproportion is possible. In
this mechanism, a hydrogen atom is transferred from one active chain
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to the other, terminating both chains and creating a new vinyl bond
in the hydrogen-donating one. 18 Exemplary, this is depicted here for
poly(methyl methacrylate):

CH2 C

CH3

C O

OCH3

+ C

CH3

C O

OCH3

CH2 CH2 C

CH3

H

C O

OCH3

+ C

CH2

C O

OCH3

CH2

(3.31)
Often, a combination of the different termination processes will oc-

cur so that the termination rate constant kt will be the sum of all the
involved termination modes:

M•m + M•n
kt−→ terminated (3.32)

3.3.4 Step and chain polymerization in comparison

The differences in the reaction mechanisms of step and chain growth
polymerization do not only require different processing conditions
and/or monomers, they are also reflected in the properties of the re-
sulting polymers. In Table 3.1, some key differences between chain
and step-wise polymerization are listed.

Table 3.1: Characteristic properties of chain polymerization and step
polymerization in comparison. Table is based on ref. [2].

Chain polymerization Step polymerization

Mol. mass High initially low, changes
over time

Reactivity only active species and
monomer can react

any two monomers can
react

Species monomers, oligomers,
polymers and growing
chains coexist for t > t0

t0: monomers
> t0: growing chain
tfinal: high Mw polymer

Reaction duration short long

Temperature low high
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3.4 Copolymerization

Copolymerization is an important tool to alter various properties of
a polymer by incorporating other monomers into its structure. For
instance, cross-linkers† can provide additional (mechanical) stability,
incorporation of hydrophilic groups can improve aqueous solubility
and the addition of functional groups will allow for further modifica-
tions such as by addition reactions. 20–22

In the framework of radical chain polymerization, copolymeriza-
tion differs from the mechanisms described in Section 3.3 in the way
chain growth by radical propagation proceeds. When two types of
monomers (MA and MB) are present during polymerization, the ad-
dition step of Equation (3.26) has to be replaced by four possible reac-
tions:

P•A + MA
kAA−−→ P•A rateAA = kAA[P

•
A][MA] (3.33)

P•A + MB
kAB−−→ P•B rateAB = kAB [P

•
A][MB] (3.34)

P•B + MB
kBB−−→ P•B rateBB = kBB [P•B][MB] (3.35)

P•B + MA
kBA−−→ P•A rateBA = kBA [P•B][MA] (3.36)

Here, Pi stands for a growing polymer chain of any length with
an end-group of species i and kXY denotes the reaction constant for
the transition from end-group species X to species Y. The expressions
placed in square brackets refer to the total concentration of the respec-
tive compounds. 3

From the rate equations 3.33 to 3.36, a simple expression, relating
the monomer fraction in the polymer Fi to the monomer fraction
present in the reaction feed fi, can be derived:

FA =
rA f 2

A + fA fB

rA f 2
A + 2 fA fB + rB f 2

B
(3.37)

Here, ri denotes the reactivity ratio of monomer i (rA = kAA/kAB

and rB = kBB/kBA, respectively) and FB = 1− FA. For a full derivation,
please refer to ref. [3].

The reactivity ratios ri of monomers involved in the copolymeriza-
tion will also determine the structure of the resulting copolymer. For
instance, if reactivity ratios are much smaller than one, attachment of
the same species to a growing chain is greatly suppressed and a per-
fectly alternating copolymer results. In Table 3.2, an overview of the
different cases is provided. A graphical representation of the different
copolymer structures is provided in Figure 2.1.

† A cross-linker is a monomer with two reactive groups, meaning it can attach
onto two different polymer chains during polymerization, effectively “linking”
them together.
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Table 3.2: Resulting copolymer structures for various reactivity ra-
tio combinations of monomers A and B. Table is based on
ref. [3].

rA rB rA · rB Copolymer structure

rA = 1/rB rB = 1/rA 1 (ideal) random

� 1 � 1 → 0 alternating

> 1 > 1 > 1 block copolymer

� 1 < 1 < 1 ∼ homopolymer of A

< 1 � 1 < 1 ∼ homopolymer of B

� 1 � 1 � 1 mixture of homopolymers A & B

3.5 initiated Chemical Vapor Deposition

In principle, polymer synthesis by initiated Chemical Vapor Deposi-
tion (iCVD) is following the steps of conventional radical polymeriza-
tion in solution (as described in Section 3.3), with the exception that
all the reagents are delivered from the vapor phase. 4,23,24 A typical
iCVD setup is depicted schematically in Figure 3.2. Monomers enter
the vacuum chamber through a heated mixing line, with flow con-
trollers (or needle valves) adjusting the individual flow rates. To ease
evaporation, monomer jars are also heated (typically to temperatures
between 40 and 90 ◦C). The initiator enters the chamber through a sep-
arate line, kept at ambient temperature, to avoid premature (thermal)
decomposition of the labile compound. In the chamber, a resistively
heated filament is located suspended above the substrate stage. The
stage is usually water cooled/heated so that temperatures between 10
and 60 ◦C can be set. The system is evacuated by a roughening pump.

Figure 3.2: Schematic drawing of an iCVD system.



3.5 I N I T I AT E D C H E M I C A L VA P O R D E P O S I T I O N 31

During deposition, a constant pressure is set in the chamber by use
of a positional valve. Typically, pressures in the range between 5 to
130 Pa are used.

In Figure 3.3a, the reaction steps of iCVD polymerization are
schematically depicted. Radicals are formed by thermal decomposi-
tion of an initiator (usually a peroxide) at a heated filament. These
radicals can then attack vinyl bonds of monomers adsorbed at a sub-
strate surface and, by subsequent monomer attachment, chain growth
proceeds until terminated. The reaction equations for this mechanism
are summarized in Figure 3.3b. As all the polymerization reactions
occur at the substrate interface, this allows for the deposition of con-
formal coatings even on porous substrates or on surface structures
with high aspect ratios. 25,26

substrate

heated Filament
200-300ºC

Sample stage (10-60°C)

I2

M
I* I*

M
M M M M M

polymerization

Surface reactions

Initiation I* + M → M1
*

Propagation Mn + M → Mn+1
*

Termination
Mn + Mm → Mn+m

*

Mn + I* → Mn

a) b)

*

Figure 3.3: Schematic cross-sectional drawing of an iCVD chamber.
Figure reproduced with permission from ref. [27]. Copy-
right ©2017 Paul Christian

While there are several experimental parameters which influence an
iCVD deposition (e. g., filament and substrate temperatures, monomer
flow rates or working pressure), they can ultimately be related to two
governing parameters: the radical type and the surface fractions of the
reactants. In the following, some theoretical and experimental consid-
erations on these parameters are provided.

In iCVD, polymerization proceeds in analogy to the Eley-Rideal
mechanism 28 so that the monomer surface concentration is determin-
ing the sticking probability of the initiator radicals. 29 This means that
only the surface concentration of radicals ([I•]) and monomer ([M])
have to be considered in the polymerization reaction. This behavior is
also reflected in the deposition rate rdep, which is given by

rdep ∼ kdep[I
•][M] . (3.38)

Here, kdep denotes the rate constant of the deposition. In general, the
rate constant will follow an Arrhenius law (cf. Equation (3.19)) as a
function of (substrate) temperature Tsub.
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3.5.1 Initiator

The initiator most commonly employed in iCVD is Di-tert-butyl per-
oxide (TBPO). 4 By activation (e. g. thermally), the peroxide bond can
selectively be broken, leading to the formation of radicals. 30 Two prin-
cipal radical formation paths exist for TBPO, schematically depicted in
Scheme 3.3. Given that sufficient energy is provided, TBPO will first
decompose yielding tert-butoxyl radicals. The averaged activation en-
ergy for TBPO decomposition in gas-phase is (158.9± 3.0) kJmol−1,
with the averaged frequency factor A being 10 ˆ (15.6± 0.4) s−1. 31,32

From the activation energy and the frequency factor, TBPO half-lives†

can be determined as a function of temperature according to Equa-
tion (3.20), with the results being visualized in Figure 3.4. At 150 ◦C,
the TBPO half-life is approximately (120± 8)min, meaning that only
a few radicals are formed at any given moment. If the temperature
is increased to 200 ◦C instead, the half-life is drastically reduced to
about (1.0± 0.2)min. In an iCVD process, this is generally the (fila-
ment) temperature at which polymerization reactions start to proceed
at reasonable deposition rates (∼ 1 nm/min).

OO

H3C

H3C

H3C

CH3

CH3

CH3

 Δ or hν  
O

H3C

H3C

H3C

2

tert-butoxy radicalsDi-tert-butyl peroxide

 [TBPO]

O

H3C

H3C

H3C

H3C + O

 
β-scission

methyl radicals

Scheme 3.3: Structural formula of TBPO and reaction pathways for
radical formation by activation (e. g. thermally) and β-
scission. 33

The tert-butoxyl radicals can further undergo a β-scission reaction
of the C–C bond, which results in the formation of methyl radicals.
The occurrence of two different radical species has some relevance in
iCVD processes; while methyl radicals dominate at filament tempera-
tures above 270 ◦C, tert-butoxyl radicals are primarily formed at lower
temperatures. 34 This difference is thought to cause different growth
behaviors in liquid-crystalline fluoro-polymers as the filament tem-
perature is varied in the iCVD process. 35

Another interesting aspect is the fact that tert-butoxyl radicals
are good hydrogen abstractors and will rarely initiate chain growth
directly when employed in solution. Instead, they will abstract hy-
drogen atoms from solvent molecules, which in turn initiate the
† The time required to reduce a quantity to half of its starting value.
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polymerization. 36 While solvents are not present in iCVD, hydrogen
abstraction can still lead to a branching of the growing polymer
chains. 33

The range of activation energies reported for the β-scission of the C–
C bond in tert-butoxyl radicals is 50.5 − 64 kJmol−1, with A varying
between 10 ˆ 12.9 and 10 ˆ (14.0 ± 0.3) s−1. 37–39 At first it may seem
surprising that despite their low activation energy, methyl radicals
via β-scission are only observed at relatively high filament temper-
atures in iCVD. 34 However, the reported values represent the high
pressure limiting constants (valid approximately at standard atmo-
sphere and above). Interestingly, the β-scission of tert-butoxyl radicals
shows a pressure dependence; at lower pressures, the frequency fac-
tor is a function of the pressure and a fall-off in the decay parameter k
results. 38,40 As iCVD processes are usually performed well below the
high pressure limit (piCVD < 140 Pa), this might explain the apparent
discrepancy between theory and experiment.

iCVD
working range

Figure 3.4: Half-life of TBPO as a function of temperature as deter-
mined from Equation (3.20). The dashed lines represent the
error margins. The temperature-region typically employed
in iCVD processes is highlighted in blue.

Besides TBPO, other initiators that have been used in iCVD are Di-
tert-amyl peroxide (TAPO) 23, hexafluoropropylene oxide (HFPO), 41

perfluorooctane sulfonyl fluoride (PFOSF) 42 and perfluorobutane sul-
fonyl fluoride (PFBSF). 43 The latter three are employed in the iCVD
synthesis of polytetrafluoroethylene (PTFE) films. While HFPO can
act both as initiator and monomer, iCVD polymerization is greatly
enhanced when either PFOSF or PFBSF is utilized as a dedicated
initiator. 4
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3.5.2 Monomer vapor pressure and surface fraction

As iCVD polymerization is a surface reaction in which all the reactants
are supplied from the vapor phase, control over monomer adsorption
rates is key to the process. However, the monomer fraction available
for polymerization is not inherently known in iCVD as reactants are
continuously supplied to the system. This is in contrast to solution-
based techniques for which monomer fraction(s) are usually exactly
known (e. g., by individual weight of the reactants prior to mixing).

In iCVD, the monomer surface concentration is depending on ad-
sorption from the vapor phase. Such adsorption can often be treated
in the framework of the Brunauer-Emmett-Teller (BET) theory, 44 which
extends Langmuir theory 45 to multilayer adsorption. The adsorbed
volume Vad is then given by

Vad =
c ·Vm · (pm/pm,sat)

(1− pm/pm,sat) [1− (1− c) (Pm/pm,sat)]
, (3.39)

with Vm denoting the volume of an adsorbed monolayer and with
pm and pm,sat being monomer partial and saturation pressure,
respectively. 44 The BET constant c is related to the difference in
adsorption heat between the first layer Emono and subsequent layers
EL by

c = exp
(

Emono − EL

R · T

)
. (3.40)

In the Henry’s law limit (pm � pm,sat), the zeroth order Taylor expan-
sion of Equation (3.39) yields a linear adsorption isotherm

Vad

∣∣∣
pm�pm,sat

∼ c ·Vm ·
pm

pm,sat
, (3.41)

meaning that the pm/pm,sat ratio is an approximate measure of the
monomer concentration adsorbed on a surface (i. e. the monomer con-
centration available for polymerization). 23 Thus, the monomer sur-
face concentration [M] can be approximated by

[M]
∣∣∣

pm�pm,sat
∼ pm

pm,sat
. (3.42)

The validity of this approximation is supported by experimental find-
ings of Lau et al. 23,46 and is usually applicable for pm/pm,sat < 0.3,
which is well within standard iCVD operating conditions. Both depo-
sition rate and molecular mass show an increase with an increasing
surface monomer concentration. 46

For given experimental conditions, the monomer partial pressure
is then given by the monomer to total flow ratio Qm/Qtotal times the
chamber pressure pchamber:

pm =
Qm

Qtotal
· pchamber (3.43)
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The saturation pressure, on the other hand, is a function of tempera-
ture and is best determined experimentally for each operating temper-
ature (i. e. substrate temperature in iCVD). However, collecting data at
various temperatures for every monomer might not always be feasible
or possible. In such cases it is often sufficient to extrapolate the vapor
pressure by use of either the Clausius-Clapeyron relation or the An-
toine equation. 47,48 The former approach is widely used in the iCVD
community as it requires only the knowledge of the vapor pressure
p1 at temperature T1 (e. g., the boiling point, where the vapor pressure
equals ambient pressure) and the latent heat of vaporization ∆Hvap of
a monomer. From this, any other pair (p2, T2) along the binodal curve
can be determined by

ln
p1

p2
= −

∆Hvap

R
·
(

1
T1
− 1

T2

)
. (3.44)

However, the ∆Hvap will not be constant over a wide temperature
range so that large deviations might result from this extrapolation.

The Antoine equation, on the other hand, is better suited to (semi-)
empirically describe the vapor pressure as a function of temperature.
Given that Antoine parameters A, B, C are known for a certain com-
pound, the vapor pressure at temperature T can be calculated by

log10 p = A− B
C + T

. (3.45)

The Antoine parameters are usually only valid within a certain pres-
sure regime and different sets might be necessary to describe the
full range between critical and triple point. It should also be noted
that particular attention has to be paid to the units of the constants/
physical quantities. Due to the distinct nature of the Antoine param-
eters (for example, A has units ten to the power of pressure), one
has to specify which units are used for pressure and temperature.
Typically, pressure is stated either in millimeter of mercury or in bar
while temperature is mostly given in Kelvin.

The surface fraction of monomer species i is then given by

fi =
[Mi]

∑i[Mi]
. (3.46)
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4
Polymer analysis

The following chapter provides a brief introduction to the experi-
mental techniques mainly employed within this thesis. While the
presented methods have a broad applicability in general, measure-
ment principles and data analysis are specifically discussed in the
context of thin polymeric films. The chapter starts with a discussion of
chemical analysis by Fourier-transform infrared spectroscopy (FTIR).
This is followed by sections on spectroscopic ellipsometry, which
allows the characterization of thickness/optical properties. Also, the
study of dynamic behaviors (such as swelling and thermal transitions)
with this technique is discussed. The chapter is completed by a brief
discussion of electrochemical impedance spectroscopy, a powerful
tool for coating performance analysis and for the characterization of
electrical properties.

4.1 Chemical analysis by FTIR

Fourier-transform infrared spectroscopy (FTIR) is a powerful tech-
nique utilized in the investigation of the infrared absorption/
transmission properties of a material. Usually, the mid-infrared
region (∼ 4000− 400 cm−1) is explored in such an experiment, where
fundamental vibrations can be attributed to the corresponding rota-
tional/vibrational structure of the material.

4.1.1 Copolymer analysis

The composition of copolymers is often the defining property when
material characteristics are experimentally assessed and obtaining
compositional data is thus crucial for the analysis of such films.
Standard techniques for such analysis include FTIR, various mass
spectrometry techniques, X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray spectroscopy (EDX). 1–5 Among these
techniques, FTIR is a reliable, relatively inexpensive (both time- and
cost-wise) technique. 6

In FTIR analysis, the most common approach relies on the identi-
fication of characteristic vibrations in the experimental spectra which
can be assigned uniquely to a single monomer species. By compar-
ing peak heights and/or areas, the composition can be determined.
While this method works reasonably well for some systems, it has

39
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several limitations. Signal strength depends not only on the relative
amount of a component and single peak analysis (especially when
performed manually) is strongly dependent on the baseline correction
applied. For iCVD films, it has been demonstrated that FTIR spectra
of copolymers can often be approximated sufficiently-well as a linear
combination of the homo-polymer spectra, weighted by their respec-
tive fractions. 7 This allows for a larger part of the spectrum to be in-
cluded in the compositional analysis, reducing ambiguity.

The description relies on the Bouguer-Lambert-Beer law, which de-
scribes the decrease in radiant power as a function of thickness in
transmission. 6 For a system of N + 1 layers (substrate with N layers
atop), the radiant power of the outgoing light I(ν) is described by

I(ν) = I0(ν)10
−

N+1
∑

i=1
Ai(ν)di

, (4.1)

with I0(ν) being the radiant power of the incoming light and Ai(ν)

and di being the absorbance per unit length and the thickness of layer
i, respectively. When the FTIR spectrum of the substrate (usually a sili-
con wafer) can be measured independently, signal from the (polymer)
films remain:

I(ν)
Isub

= 10
N
∑

i=1
Ai(ν)di

. (4.2)

Rearranging Equation (4.2), one obtains the absorbance spectrum
A(ν) of the polymer system:

A(ν) = − log10
I(ν)
Isub

=
N

∑
i=1

Ai(ν)di (4.3)

While this equation describes the absorbance spectrum of N sepa-
rated layers, Equation (4.3) also holds for a system in which layers are
(physically) intermixed (under the assumption of constant volume).
In turn, this means that the volume fraction Fi of component i in a
mixture can be determined by

Fi =
di

d
with

N

∑
i=1

Fi = 1 and d =
N

∑
i=1

di . (4.4)

This equation can not only be used for mixtures but also in cases
where independent absorbance spectra can be assumed for the differ-
ent monomers constituting the copolymer film. While this will usually
be not the case for the full FTIR spectrum, the data evaluation can be
restricted to a range where this assumption is fulfilled. In Figure 4.1,
the model is graphically represented in the case of a copolymer film,
which is treated as a combination of two homopolymer films, with
their respective thicknesses accounting for their volume fractions. For
a more detailed description of this approach, please refer to ref. [7].

In Figure 4.2, analysis of a p(EGDMA-HEMA) copolymer by this
method is provided as an example. As can be seen from the fit, the
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copolymer model

dfilm

monomer A
monomer B

dB

dA

layers consisting 
of the respective 
homopolymers

𝐹𝐴 =
𝑑𝐴
𝑑𝑓𝑖𝑙𝑚

𝐹𝐵 = 1 − 𝐹𝐴

Figure 4.1: Graphical representation of the model assumed in the com-
positional analysis of copolymer FTIR data.

method is able to reproduce the experimental spectrum reasonably
well in the range 2000− 1200 cm−1 by a linear combination of the ho-
mopolymer spectra. From this, the HEMA and EGDMA fractions are
determined to be 85 % and 15 %, respectively. It should be noted that
this method also comes with several limitations and good agreement
between fit and experimental data will not always be obtained. Also,
it should be emphasized that this method will not necessarily result
in an absolute quantification. However, it strongly reduces ambiguity
usually introduced by manual evaluation and increases reproducibil-
ity.

Figure 4.2: Copolymer analysis by direct calibration: experimental
FTIR data of a ∼200 nm p(EGDMA-HEMA) film are
treated as a linear combination of the respective homopoly-
mer spectra. The fit parameters are the copolymer fractions
(i. e. the weights assigned to the homopolymer spectra),
from which a HEMA content of 85 % is determined.
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4.1.2 Fineman-Ross analysis

Determining the compositions of copolymers is advisable in general
but is particularly important when analyzing the reactivity ratios of
the involved copolymers. Such analysis will also reveal the nature
of the copolymer structure, as detailed in Section 3.4. This way one
can also distinguish between the formation of a polymer mixture (i. e.
monomers polymerize to homopolymers independently) and the syn-
thesis of a true copolymer.

In principle, one can use the copolymer equation presented in Equa-
tion (3.37) to determine the reactivity ratios rA and rB from experimen-
tal data. A common strategy is the linearization of this equation, as
presented by Fineman and Ross. 8

Fineman-Ross equation

fA(2FA − 1)
(1− fA)FA︸ ︷︷ ︸

y

=
f 2
A(1− FA)

(1− fA)2FA︸ ︷︷ ︸
x

rA − rB (4.5)

While the Fineman-Ross equation is an (algebraic) correct treatment
of the copolymer equation, its evaluation bv ordinary least-squares
fitting is statistically not correct. The values of both dependent and
independent variables (i. e. y and x in Equation (4.5), respectively) ex-
hibit uncertainties, which violates the requirements for least-squares
fitting. 9 Also, different values are obtained for the reactivity ratios rx

depending on which monomer is declared as compound A.
A statistically correct method called error in variables method (EVN)

has been presented by Tidwell and Mortimer 10. A software imple-
mentation has been presented by O’Driscoll and Reilly. 11,12 Also, pa-
rameter estimation by a Monte Carlo approach has been reported. 13

Despite these problems, the Fineman-Ross method is still widely ap-
plied in copolymer analysis, but care has to be taken when utilizing/
referring to reactivity ratios from literature.

4.2 Spectroscopic ellipsometry

Spectroscopic ellipsometry is an optical technique in which changes
in polarization are measured as a function of wavelength when lin-
early polarized light is reflected from a surface. 14 By modeling the ex-
perimental data, information on thickness, roughness and the optical
properties of thin films can be gained.

In Figure 4.3, a schematic representation of an ellipsometric mea-
surement is provided. Incoming, linearly polarized light is reflected
from a surface at an angle Φ0. The incoming wave is propagating with
an electric field vector ~Ei, which experiences a phase- and amplitude
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Substrate

Film

Ei

p-plane

s-plane

LINEARLY POLARIZED

ELLIPTICALLY POLARIZED

Δ

φ0

Er

Ψ

Figure 4.3: Schematic representation of an ellipsometric measurement.
Incoming, linearly-polarized light is reflected from a sam-
ple under incident angle Φ0. This results in a phase shift
∆ and a change in the amplitude ratio Ψ for the reflected
light, both being registered at a detector (not depicted).

change when interacting with the surface. The reflected light propa-
gates with an electric field vector ~Er, experiencing a phase difference
∆ between the reflected s- and p-polarized light:

∆ = δr,p − δr,s (4.6)

The Fresnel coefficients r for s- and p-polarized light are given by the
ratio between the electric field vector of reflected and incident light: 14

rp =
Er,p

Ei,p
=

nt cos(θi)− ni cos(θt)

nt cos(θi) + ni cos(θt)
(4.7)

rs =
Er,s

Ei,s
=

ni cos(θi)− nt cos(θt)

ni cos(θi) + nt cos(θt)
(4.8)

The index i denotes the medium of the incident wave, with index
t denoting the second medium. The refractive index is denoted by n
and the angle of incidence by θ. From this, the amplitude ratio Ψ is
determined by

tan Ψ =

∣∣∣∣ rp

rs

∣∣∣∣ . (4.9)

The complex reflectance ratio ρ is then given by the so-called Fun-
damental Equation of Ellipsometry: 14

ρ =
rp

rs
= tan Ψ exp(i∆) (4.10)

In spectroscopic ellipsometry, the quantities ∆ and Ψ are measured
as a function of wavelength, from which then the optical properties of
the sample can be determined. In variable angle spectroscopic ellipsom-
etry (VASE), data are collected also at various angles Φ0 (typically, at
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Φ0 = 65, 70 and 75°). In Figure 4.4, exemplary VASE data of a transpar-
ent organic film, supported on a silicon substrate, are provided. The
fringe in Ψ stems from optical interference, with position and number
of fringes being related to the film thickness. From a fit to the data, the
(initially) unknown properties of the organic layer are determined (see
inset). In the following section, the models most commonly employed
in the analysis of ellipsometric data will be briefly presented.

Figure 4.4: Exemplary experimental data from an spectroscopic ellip-
sometry measurement of an organic film on a silicon sub-
strate. The phase and amplitude differences ∆ and the Ψ
are plotted as function of wavelength for three incidence
angles (60, 65 and 75°). The data is fitted (dashed lines)
with the optical model shown in the inset, yielding thick-
ness d and refractive index nD.

4.2.1 Data modeling

In order to obtain (quantitative) information from an ellipsometric
measurement, a proper optical model has to be constructed. To fit
Equation (4.10), the optical properties of the materials involved have
to be either known or modeled instead. For this, either the complex
refractive index ñ or the relative permittivity ε is used:

ñ = n− ik (4.11)

ε = ε1 − iε2 with ε = ñ2 (4.12)

Here, k is the extinction coefficient and ε1 and ε2 are real and com-
plex part of the permittivity. If all the optical parameters are known
for a certain sample, just the layer thicknesses remain unknown and
thus can easily be obtained from a fit to the experimental data. A help-
ful collection of optical constants for various materials can be found
online at the refractive index database. 15
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However, often also the optical constants will be part of the model
because tabulated values do not exist at all or because the optical prop-
erties of thin films are different from those of the bulk (which are typi-
cally known). In such instances, the (empirical) Cauchy’s equation (cf.
Equation (4.13)) is a very useful model, describing the refractive index
n of a transparent material as a function of wavelength λ by coeffi-
cients A, B and C. 14

Cauchy’s equation with Urbach absorption term

n(λ) = A +
B
λ2 +

C
λ4 (4.13)

k(λ) = k0 · exp
(

hc
λEU

−
Eg

EU

)
(4.14)

If some absorption is present, this model can be extended by an
Urbach absorption term according to Equation (4.14). Here, EU is the
Urbach energy, k0 is the absorption amplitude and Eg is the band
gap. 16,17 It should be noted that Equations (4.13) and (4.14) are not
Kramers-Kronig consistent and physically correct results cannot be
expected. 14 Nevertheless, above’s equations can serve as an adequate
model in cases where absorption effects are present but not dominant.

When dealing with fully transparent films,† better results are of-
ten obtained when employing the Sellmeier instead of the Cauchy
model. 14

Sellmeier equation

n(λ) =
(

ε(∞) +
A1λ2

λ2 − B1
+

A2λ2

λ2 − B2

)1/2

(4.15)

However, in all these models perfect conditions are assumed, i. e.
sharp interfaces, no roughness or no interpenetration between layers.
However, imperfections are often encountered in practice and have
to be accounted for in the data analysis. For all the cases mentioned
so-far, effective media approximations can be used. These are mod-
els which describe the optical properties of materials in which two
(different) phases are present. For example, a mixture between ambi-
ent (air) and thin film can be utilized to account for the presence of a
surface roughness. The two most-commonly used models to describe
the relative permittivity ε of an effective media are Maxwell Garnett
(MG) 18

Maxwell Garnett

ε− εa

ε + 2εa
= (1− fa)

εb − εa

εb + 2εa
(4.16)

† i. e., absorption is negligible in the wavelength range of interest
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and the Effective Media Approximation (EMA): 19

Effective Media Approximation

fa
εa − ε

εa + 2ε
+ (1− fa)

εb − ε

εb + 2ε
= 0 (4.17)

Here, εa and εb are the relative permittivity of phases A and B, re-
spectively. The factor fa denotes the probability to find εa in a spher-
ical space within the media. In Figure 4.5, the different assumptions
between the two models are depicted. In the MG model, the total frac-
tion fa of phase A is surrounded entirely by phase B, which means that
the permittivity of the effective media changes depending on which
material is defined as sub-phase A. In the EMA model, on the other
hand, the probability to find phases A and B within a spherical vol-
ume is described. Therefore, it can easily be extended to the general
case of n intermixed phases: 14,19

n

∑
i=1

fi
εi − ε

εi + 2ε
= 0 (4.18)

Figure 4.5: Graphical representation of the two effective medium the-
ories commonly employed: Maxwell Garnett (left) and ef-
fective media approximation EMA (right). Figure is based on
ref. [14].

4.2.2 In situ measurements

A major advantage of ellipsometry over other techniques (such as X-
ray reflectivity) is how fast data can be acquired. A standard measure-
ment at fixed incidence angle requires a few seconds at most, thus al-
lowing also the study of dynamic behaviors such as in situ growth, 20,21

glass transitions 22,23 or swelling. 24,25 It should be noted that swelling
studies can also be performed with media different than water. More-
over, samples can not only be characterized when fully immersed but
also when exposed to vapors (e. g., humidity).
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4.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful tool
for the characterization of electrochemical properties of materials
employed in applications such as batteries, fuel cells or for corrosion
protection. 26–28

In EIS, a periodic electrical signal is applied to the measurement
system and its response is recorded at different frequencies. Depend-
ing on whether the applied signal has a constant voltage or a constant
current amplitude, the measurement is labeled either potentiostatic or
galvanostatic. 29–31 While data from both modes are often equivalent,
the former is recommended for high-impedance systems and the lat-
ter for battery testing. 32 Usually, a sinusoidal signal is applied to the
system so that voltage U and current I will be of form

U(t) = U0 cos(ωt) (4.19)

I(t) = I0 cos(ωt + θ) , (4.20)

with ω being the angular frequency and θ being the phase shift be-
tween the voltage and current response. U0 and I0 denote the voltage
and the current amplitude, respectively. The impedance of the system
Z is then defined as the ratio between voltage and current signal and
will in general be a function of (angular) frequency:

Z(t) =
U(t)
I(t)

= Z0
cos(ωt)

cos(ωt + θ)
with Z0 =

U0

I0
(4.21)

Expressing Equation (4.21) in the frequency domain (ω) via a
Laplace transform, one obtains

Z(ω) = Z0 exp(jθ) = Z0(cos(θ) + j sin(θ)) . (4.22)

Here, j denotes the imaginary unit. From Equation (4.22) it is also
evident that the impedance can be separated into a real Zr and a com-
plex Zj component

Z(ω) = Zr + jZj , (4.23)

which, in turn, leads to two common types of graphical representation
for impedance data: the Nyquist and the Bode plot. The former is a
representation of −Zj as a function of Zr, while the latter represents
both quantities as a function of frequency. 31

The interpretation of impedance spectroscopy data relies then on
modeling the experimental response by an equivalent circuit. For this,
several electrical components can be used. In Table 4.1, an overview
of components frequently used in EIS analysis is provided.

While capacitive effects are dominating the impedance behavior at
high frequencies, resistive effects account for the low frequency re-
sponse. In addition, double layer formation and diffusion processes
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Table 4.1: Electrical elements and their corresponding impedance ex-
pression as well as the electronic symbols. 29–31 The constant
phase element is abbreviated as “CPE”.

R / Ω ... resistance

C / F ... capacitance

L / H ... inductance

Q0 / sn ·Ω−1 ... admittance (1/|z|) at ω = 1 rad s−1

n ... CPE exponent

AW / Ω · s−1/2 ... Warburg coefficient

Element Electronic symbol Impedance

Resistor Z = R (4.24)

Capacitor Z = j · 1
ω · C (4.25)

Inductor Z = j ·ω · L (4.26)

CPE Z = 1
Q0 ·ωn e−

π
2 nj (4.27)

Warburg impedance Z = AW√
ω

+ AW
j ·
√

ω
(4.28)

are often encountered in EIS measurements. To model such behav-
ior, empirical elements are often used. For instance, double layers can
often be described by the constant phase element (CPE), which repre-
sents an imperfect capacitor. Likewise, diffusion processes can often
be modeled by a Warburg element. 30

Usually, equivalent circuits will contain multiple elements to ac-
count for several interfaces/processes that are present in a measure-
ment system. When two electrical components are connected in series,
the total impedance is

Ztotal = Z1 + Z2 , (4.29)

while a parallel connection yields

Ztotal =
Z1 · Z2

Z1 + Z2
. (4.30)

In Figure 4.6, impedance responses commonly encountered in EIS
are depicted in Nyquist representation along the corresponding equiv-
alent circuits. However, caution has to be taken when constructing an
equivalent circuit; just because a good match between model and ex-
perimental data is achieved, this does not validate the model as an
adequate description of the experimental system at hand.
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Figure 4.6: Selected data types commonly encountered in the analysis
of electrochemical impedance spectroscopy data. Equiva-
lent circuits are provided on the left, with the correspond-
ing impedance data depicted on the right side in Nyquist
representation. Data are plotted on equally scaled axes for
a correct representation.
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Part II

P R O T O N C O N D U C T I V E P O LY M E R S

This section explores the properties of proton conductive
polymers synthesized by iCVD. Different chemistries are
evaluated for improved proton conductivities and the
thermal behavior of the polymers is studied in situ. The re-
sults are reproduced from their respective peer-reviewed
publications and have been reformatted to fit the format
of this thesis.
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5.1 Preface

This work was conducted at Graz University of Technology. The au-
thor of this thesis performed sample preparation, characterization as
well as data evaluation and also wrote the manuscript. Anna Maria
Coclite supervised the project and provided support in the manuscript
preparation. The following text and its illustrations are identical to the
published work 1 and are reproduced with permission.
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5.2 Abstract

In this study, the thermal, chemical and structural stability of
1H,1H,2H, 2H-perfluorodecyl acrylate polymers (p-PFDA) synthe-
sized by initiated chemical vapor deposition (iCVD) were investi-
gated. PFDA polymers are known for their interesting crystalline ag-
gregation into a lamellar structure that induces super-hydrophobicity
and oleophobicity. Nevertheless, when considering applications
which involve chemical, mechanical and thermal stresses, it is im-
portant to know the limits under which the crystalline aggregation
and the resulting polymer properties are stable. For this, chemical,
morphological and structural properties upon multiple heating/-
cooling cycles were investigated both for linear PFDA polymers and
for differently strong cross-linked alterations thereof. Heat treatment
leaves the chemical composition of the linear PFDA polymers largely
unchanged, while a more ordered crystalline structure with smoother
morphology is observed. At the same time, the hydrophobicity and
the integrity of the polymer deteriorate upon heating. The integrity
and hydrophobicity of cross-linked p-PFDA films was preserved
likely because of the lack of internal strain due to the coexistence
of both crystalline and amorphous phases. The possibility to finely
tune the degree of crosslinking can therefore expand the application
portfolio in which PFDA polymers can be utilized.

5.3 Introduction

Fluoropolymers, such as polytetrafluoroethylene, are interesting for
a variety of different applications due to their low surface energy.
The resultant hydrophobic and oleophobic surfaces are used as bio-
compatible surfaces 1, antifouling coatings 2, and as low dielectric con-
stant materials 3 for microelectronics. Perfluoroacrylates are particu-
larly appealing for such applications, as they combine the hydropho-
bic properties of the fluorinated pendant groups with easy process-
ability due to an unsaturated acrylate group, allowing for mild pro-
cessing conditions. One of the greatest limitations to the long-term sta-
bility of perfluoroacrylate-based technologies are mechanical, thermal
and chemical stresses on the materials 4–7.

Some super-hydrophobic and oleophobic surfaces based on perflu-
oroacrylates were previously prepared by initiated chemical vapor
deposition (iCVD) 8. The iCVD technique allows polymerization of
the fluorinated monomers, while the chemical structure of the pre-
cursor(s) remains intact. Therefore, ultrathin (<100 nm) perfluoropoly-
mers can be easily deposited with high control over the chemistry 9

and crystalline structure 10 of the resulting coatings. Different from
other thin film polymer deposition techniques, iCVD takes place in
a completely dry environment, eliminating the tedious need of dis-
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solving the fluoropolymers. In addition, it also allows the chemical
structure of the monomers to be retained at high deposition rates, es-
pecially when compared with pulsed plasma deposition techniques 11.
The mechanism of polymerization by iCVD mirrors that of radical
polymerization in solution 12. An initiator molecule is thermally de-
composed into radicals by a filament heated to 250-300 ◦C. The radi-
cals of the initiator selectively react with the vinyl bonds of monomer
species absorbed on the substrate, initiating the polymerization. For
this, the substrate is typically held below 60 ◦C. Chain growth then
proceeds on the substrate surface until terminated by another initia-
tor radical or another initiator-monomer fragment.

The mechanical and chemical robustness of iCVD perfluoropoly-
mers at elevated temperature has not yet been investigated. The aim
of this study is to identify the limits of the thermal and mechanical
stability of the 1H,1H,2H,2H-perfluorodecyl acrylate polymer (p-
PFDA), and in order to enhance its durability, the copolymerization
with ethylene glycol dimethacrylate (EGDMA) as a cross-linker is
evaluated (the monomers are depicted in Figure 1). EGDMA is a
diester with no free hydrophilic groups, which offers low viscosity,
flexibility and high cross-link density in various polymer applications.
Differently cross-linked p-PFDA films deposited by iCVD were pre-
viously studied, albeit with a somewhat different scope 13. In contrast
to the other cross-linkers that have been studied in combination with
perfluropolymers (e.g., divinylbenzene (DVB)), EGDMA has a higher
conversion rate, which results in a very low percentage of unreacted
vinyl bonds after the deposition. It has been demonstrated that only
after annealing, the perfluorinated films were strongly cross-linked by
DVB resulting in films that showed low hysteresis between advancing
and receding contact angle 14. The advantage of cross-linking with
EGDMA is the elimination of the annealing step, resulting in a cross-
linked film already in the as-deposited form. The thermal stability
of the thin films was evaluated by ellipsometry, Fourier transform
infrared spectroscopy and X-ray diffraction. In situ ellipsometric
studies allow the monitoring of the evolution of the thickness and
optical constants of the materials during the heating ramp. This is
particularly suitable for evidencing thermal transitions in thin films
with thickness ranging from a few micrometers to monolayers 15,16.

5.4 Experimental

The monomer precursor 1H,1H,2H,2H-perfluorodecyl acrylate
(PFDA, purity 97 %), the cross-linking agent ethylene glycol dimetha-
crylate (EGDMA, purity 98 %) and the initiator tert-butyl peroxide
(TBPO, purity 98 %) were purchased from Sigma-Aldrich (Germany)
and used without further purification. p-PFDA films with different
degrees of cross-linking were prepared by initiated chemical vapor
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Figure 5.1: Molecular structure of the monomers PFDA and EGDMA.

deposition (iCVD). The average thickness of the as-deposited polymer
films was (350± 50) nm. Detailed information on the actual process-
ing conditions are provided in Supporting Information 5.9, while a
full description of the setup can be found in a previous publication 17.
As substrates, silicon wafers with a native oxide layer (thickness
1.7 nm) were used after being cut into 2× 2 cm pieces.

Fourier transform infrared spectroscopy (FTIR) was performed on a
Bruker IFS 66v/s spectrometer in transmission mode, with all the data
being converted to absorption spectra by the OPUS software. The data
are automatically baseline corrected by a custom routine written in R,
utilizing the algorithms provided in the baseline package 18.

Specular X-ray diffraction (XRD) patterns were recorded on a
PANalytical Empyrean diffractometer. The system is equipped with
a copper sealed tube (λ = 0.154nm), a Göbbel mirror, various slits
and a PIXcel3D solid state detector. All data were recorded using the
same setup and are represented in the scattering vector (qz) notation,
whereby qz = 4π · sin(Θ)/λ. The index z indicates that only net
planes parallel to the substrate surface were probed in the experiment
(specular scan). In situ, temperature- dependent XRD studies were
performed with a DHS900 heating stage attachment (Anton-Paar,
Austria), using a heating rate of 2 ◦C/min. The integration time was
set to one minute, meaning that a temperature resolution of 2 ◦C
could be achieved. Atomic force micrographs were taken in noncon-
tact mode on a Nanosurf easyScan 2, equipped with a PPP-NCLR-10
cantilever (NanoWorld AG, Switzerland). The data are corrected for
artifacts with the freely available software package Gwyddion 19.

The water contact angle (WCA) of the polymer films was deter-
mined by the static sessile drop method on a CAM200 contact angle
analyzer (KSV Instruments, Finland). Each sample was probed on five
different spots, using a droplet volume of 4 µL.

In situ temperature-dependent spectroscopic ellipsometry mea-
surements were performed on a Woollam M-2000 ellipsometer (J.A.
Woollam Co., USA), equipped with a THMS600 temperature stage
(Linkam, UK) under nitrogen atmosphere. The samples were in-
vestigated in the temperature range between 10 and 150 ◦C at a
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heating/cooling rate of 5 ◦C/min, with a hold time of 5 min between
steps. Prior to the measurement, the samples were equilibrated by
three subsequent heating and cooling cycles. The optical data were
recorded every second at an incidence angle of 75° in the wavelength
range of 370 to 1000 nm. The ellipsometric data were modeled using
the CompleteEASE® software by a three-layer system consisting of
the silicon substrate, the interfacial oxide layer and the transparent
top layer. The wavelength- and temperature-dependent refractive
indices of silicon and oxide were taken from literature 20, whereas
Cauchy’s equation was utilized in modeling the polymer film. A
nonlinear least squares fit of the experimental data with this model
yields the optical constants and thickness of the polymer layers.

5.5 Results and Discussion

Chemical composition

The retention of chemical functionality and the degree of cross-link-
ing for the different samples were evaluated by FTIR spectroscopy.
In Figure 5.2, the spectra of the as-prepared samples are depicted
(solid lines), where the data are normalized with the polymer layer
thickness (i.e., with the sampled volume). Starting with the spectrum
of p-PFDA, several characteristic absorption peaks are noted. In the
fingerprint region (1500-500 cm−1), the skeletal vibrations of the CHx

and CFx groups are visible, most prominently featuring the symmetric
and antisymmetric stretch of the CF2 groups at 1251 and 1206 cm−1,
respectively. In addition, a strong absorption peak is observed at
1740 cm−1, stemming from the C=O stretching of the ester groups.
Upon cross-linking, this peak increases in intensity as EGDMA has
twice the number of C=O groups relative to PFDA. In the fingerprint
region, the signal of the CFx groups decreases with increased cross-
linking, eventually resulting in two distinct peaks of C–O stretching at
1257 and 1158 cm−1 for p-EGDMA. Additional peaks in the regions of
1480–1450 cm1 and 3000–2800 cm−1 in the spectra of the cross-linked
polymers are attributed to deformation and stretching vibrations of
the CHx groups, respectively. Interestingly, a small peak at 1638 cm−1

is noted to appear exclusively for p-EGDMA, which is characteristic
for C=C stretching 21. This implies that the polymerization of the
cross-linker is not completely facilitated as some unreacted vinyl
bonds remained in the polymer. Nevertheless, this peak is absent
for all other spectra, thus the fraction of unreacted monomer species
(in the limit of the experiment) is likely small. This means that the
postdeposition annealing steps are superfluous, which is a clear
advantage over other cross-linkers such as divinylbenzene; for the
latter, iCVD copolymerization with PFDA resulted only in minor
conversion rates, necessitating a time-consuming thermal conversion
after deposition 14.
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Figure 5.2: FTIR spectra of p-PFDA films with different EGDMA
crosslinker ratios in the as-prepared state (dashed line) and
after heat-treatment (solid line). The signal intensity is nor-
malized by the film thickness. Data are shifted on the y-axis
for clarity.

To evaluate the degree of cross-linking, each spectrum is treated as
a linear combination of the spectra of the p-EGDMA and PFDA ho-
mopolymers, each weighted with a factor accounting for its fraction.
By a linear fit of these factors, the composition is then obtained (see
labels of the spectra in Figure 5.2).

After repeated heating of such samples to 150 ◦C under nitrogen at-
mosphere, the chemical composition of the polymers remained un-
changed (dashed lines in Figure 5.2). This means that both p-PFDA
and cross-linked alterations thereof are chemically stable in the in-
vestigated temperature range, within the detection limits of the FTIR
spectroscopy measurement.

Surface morphology and wettability

The impact of the cross-linker on the surface morphology of p-
PFDA films was investigated by atomic force microscopy (AFM) for
the as-prepared and heat-treated samples (see Figure 5.3). For pristine
p-PFDA films, the surface consists of randomly distributed spherical
aggregations, forming a hillocklike structure. This is also reflected
by the root mean square roughness (σ) of the surface, which was
23.7 nm. The mean radius of the spherical structures is about 200 nm,
as determined from the autocorrelation length of the micrograph.
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Figure 5.3: AFM height micrographs of as-prepared (a) and heat-
treated (b) p-PFDA films with different degrees of EGDMA
cross-linking. The data are represented on individual color
scales for clarity.

Upon addition of EGDMA, the surface morphology is drastically
changed. The hillock-like structure of pure p-PFDA is reduced to a
few aggregated clusters, interrupting the otherwise smooth polymer
film. Except for these grains, the layer’s root mean square roughness
is below 2 nm, indicating a rather smooth coating of the silicon wafer
(roughness below 1 nm). This morphology persists as the EGDMA
content increases, suggesting that the transition from spherical ag-
gregations to a smooth coating occurs already at small additions
of crosslinker. For the p-EGDMA film, no surface aggregations are
observed and a smooth coating results (roughness below 1 nm).
The absence of spherical structures in p-EGDMA and the close re-
semblance to the morphology of p-PFDA films suggest that these
aggregations are in fact just due to the PFDA units, as shown also
in previous works 12,14. An interesting detail is observed in the AFM
scan of a sample containing 31 % EGDMA (third image from left in
Figure 5.3a). Small notches are noted for all the grains, extending
twenty to thirty nanometers into the film (a more detailed view is
shown in the inset). Possibly, these structures are the result of the
degassing of unpolymerized monomer units, which are “buried”
within the film during deposition. However, this behavior does not
occur for the other samples (or is at least not observable in the re-
spective AFM scans) and is uncharacteristic for iCVD polymers in
general. Therefore, it is assumed that such structures are specific for
this very sample and not characteristic for this particular EGDMA
concentration.

After repeated heating of these polymer films to 150 ◦C, changes in
surface morphology were recorded by AFM (Figure 5.3b). For the p-
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PFDA films, a completely different surface morphology results. The
spherical aggregates in the as-prepared polymer are completely ab-
sent and a relatively smooth surface results instead. The morphology
is still reminiscent of the hillock-like structures but on a much smaller
scale; the roughness decreases to below 2 nm, comparable to that of
cross-linked surfaces. However, multiple cracks have formed in the
polymer film, extending several micrometers in the lateral direction
(an example is shown in Figure 5.3, see Supporting Information 5.9,
Figure S5.9 for larger scales). The line profiles of these cracks reveal
a penetration depth of approximately 20 nm, which means that they
are limited to the interfacial area (the film thickness is approximately
350 nm). For cross-linked films, the temperature treatment results in
no observable changes, indicating good stability towards temperature
variation in the investigated range.

Changes in the surface morphology and chemistry also affect the
wettability, as evidenced by a decreasing water contact angle (WCA)
upon EGDMA addition to the polymer (Figure 5.4a). While the PFDA
homopolymer forms a highly hydrophobic surface with a WCA of
(138± 2)°, a linear decrease results as the fraction of EGDMA cross-
linker is gradually increased. The intercept with the y-axis was one of
the fit parameters and the fit result, 139°, falls within the error range
of the physical measurement of the water contact angle of the PFDA
homopolymer. For the EGDMA homopolymer, a WCA of (69± 1)°
was ultimately observed. The change in wettability stems from the
(relative) increase of carbonyl groups upon addition of EGDMA,
which turns the polymer more hydrophilic. Similar to the morpholog-
ical changes discussed above, heat treatment predominantly affects
the water contact angle of the PFDA homopolymer. A decrease of
the WCA to (121± 1)° results, while the cross-linked polymers show
little to no change, independent of the degree of cross-linking. PFDA
homopolymer, while only minor changes are noted for cross-linked
alterations. Despite the formation of cracks, a pronounced decrease in
the σRMS value was observed for the PFDA homopolymer, resulting
in a much smoother film. This suggests that the initial WCA of the
p-PFDA films stems in fact from a combination of hydrophobicity
by the perfluorinated groups and the high surface roughness present
in the as-prepared films. On the other hand, the effect of elevated
temperature shows no or only a negligible effect on the morphology
and chemical composition of cross-linked polymers (in the investi-
gated range). This means that after deposition, these compositions
are already closer to equilibrium so that less internal strain occurs.
In turn, this makes these films less prone to rupture formation or
surface rearrangement upon exposure to elevated temperatures. The
data also show that in thermally annealed films, a water contact angle
of approximately 120° can be maintained up to EGDMA fractions of
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Figure 5.4: Water contact angle (WCA) (a) and root mean square sur-
face roughness (σRMS) (b) of p-PFDA films with different
degrees of EGDMA cross-linking, as determined by the
static sessile drop method and from AFM, respectively. The
σRMS values were calculated from the 50× 50 µm2 AFM
micrograph areas presented in Supporting Information 5.9,
Figure S5.9. For the as-prepared films, a linear relation-
ship between the contact angle and the cross-linker ratio
is found (dashed line). Error bars have been omitted for
clarity as the standard deviation of the WCA was less than
two degrees.

40 %, indicating a surface composition dominated by the fluorinated
groups of the PDFA portion.

Structural characterization

The distinct features of pure p-PFDA films and cross-linked alter-
ations thereof are not only limited to the interface but are rather the
result of differences in the bulk of the thin films. This is evident from
the specular X-ray diffraction data of the as-prepared films, as de-
picted in Figure 5.5a. Pristine p-PFDA exhibits a low intensity peak
at qz = 3.88 nm−1, meaning that this film is (at least partially) crys-
talline. This peak is characteristic for the hexagonal packing of the
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fluorinated pendant chains into a bilayer structure of distance d =

(3.18± 0.02) nm (corresponding to a scattering vector qz = 1.98 nm−1)
[4]. Thus, the Bragg peak in Figure 5.5a is identified as the 002 reflec-
tion of this lamellar packing (data depicting the 001 reflection is pro-
vided in Supporting Information 5.9, Figure S5.10). Additionally, the
data show a preferred orientation of the lamella that is parallel to the
substrate surface, as other reflections are absent in the spectra (mea-
sured up to qz = 20 nm−1).

Figure 5.5: (a) Specular X-ray diffraction patterns of a p-PFDA film
and a cross-linked alteration thereof with 23 % EGDMA
content in the as-prepared state and after heating to 150 ◦C.
For clarity, data are shifted along the y-axis (intensity). (b)
Temperature-dependent in situ X-ray diffraction measure-
ments of crystalline p-PFDA at a rate of 2 ◦C/min, with Tm

and Tc denoting the onset of melting and of crystallization
at 76 and 69 ◦C, respectively.

A very different behavior results as the PFDA polymer is crosslinked
by the addition of EGDMA to the iCVD process. The crystalline fea-
tures of the PFDA homopolymer are absent in the cross-linked
alterations, independent of the tested EGDMA fraction (thus, only the
sample with the lowest EGDMA content is shown). The cross-linked
polymers lack a defined repeating unit due to the random nature of
the chain interconnects, which constitute a steric hindrance for chain
rearrangement, thus limiting the formation of any long-range order.
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The structural difference between the PFDA homopolymer and its
cross-linked alterations most likely accounts for their distinct thermal
response in terms of morphology (see the AFM data in Figure 5.3),
while the chemistry remains unaffected by the heat treatment (see the
FTIR data in Figure 5.2). After heating to 150 ◦C and cooling back
to ambient, the cross-linked polymers do not show any change in
the XRD pattern, while the 002 Bragg reflection of the PFDA homo-
polymer displays a strong increase in intensity. In addition, a further
(higher order) reflection of the lamellar structure emerges at qz =

5.86 nm−1, corresponding to the 003 plane. This behavior suggests that
thermal treatment greatly improves crystallinity and/or mosaicity of
the PFDA homopolymer, but does not lead to the formation of crys-
talline domains in the cross-linked films. Likely, with a lower cross-
linker fraction, some degree of crystallinity might be preserved.

To gain further insight into the thermally induced structural
changes of p-PFDA films, in situ X-ray diffraction experiments were
performed. In Figure 5.5b, the specular diffraction pattern of the
PFDA homopolymer is depicted in a pseudo-color representation
as a function of temperature. The data features most prominently
the positions of the 002 and 003 Bragg reflections, which display a
shift towards lower q-values (and thus larger lattice distances) upon
temperature increase, corresponding to thermal expansion of the
unit cell. At (76± 2) ◦C, a sudden decrease in the diffracted intensity
is then observed, denoting the melting point of the lamella. As the
temperature is further increased to 100 ◦C, no change is observed in
the diffraction pattern, that is, the polymer remains in the amorphous
state. Upon cooling, recrystallization occurs at (69± 2) ◦C. Once they
have emerged, these Bragg peaks display little variation in intensity
as a function of temperature, suggesting that the polymer side-chains
assume the final lamella arrangement within the resolution of the
experiment (2 ◦C/min). On the other hand, a more pronounced shift
of the Bragg peak positions towards higher q-values is noted upon
cooling.

To quantify the thermal expansion/contraction of the p-PFDA unit
cell, the coefficients of linear thermal expansion (CTEs) both for heat-
ing (αheating) and cooling (αcooling) are determined from the data. In
general, the CTE is defined as

α =
1
L0

dL
dT

, (5.1)

with dL/dT denoting the rate of change in thickness with tempera-
ture, normalized by an initial thickness L0 (for this work, L0 refers to
the length at 25 ◦C). From a linear fit to the data in Figure 5.5b, the
linear CTEs are determined to be αheating = (2.18± 0.05) ·10−4K−1

and αcooling = (3.2± 0.1) ·10−4K−1. The difference between the CTEs
of the heating and the cooling run indicates that the sample has not
yet reached an equilibrium state, which is expected for an as-prepared
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sample. Upon recrystallization under cooling, the Bragg peaks are
slightly shifted towards higher q-values (see Figure 5.5a,b); the bilayer
distance is reduced with respect to the as-prepared state and minor
relaxation has occurred in the p-PFDA unit cell. While this difference
diminishes in subsequent runs, an increasing peak intensity is still
observed after the third run (data not shown).

While X-ray diffraction techniques are perfectly suited to follow
structural processes in crystalline materials, their application to amor-
phous materials is less favorable. To also provide some insight into
the amorphous, cross-linked p-(PFDA-co- EGDMA) films, in situ spec-
troscopic ellipsometry was utilized. In Figure 5.6, the evolution of
the film thickness (normalized to the thickness at 25 ◦C) is depicted
as a function of temperature, as determined from ellipsometry data.
After several equilibration cycles (as described in the Experimental
section), a reversible behavior is recorded. Figure 5.6a shows a typi-
cal measurement for a PFDA homopolymer for a heating and a cool-
ing run. The data features most notably a first-order phase transi-
tion, with the onsets at 73 and 71 ◦C, determined by linear fits to the
data. These points correspond to melting, and respectively, crystalliza-
tion of the lamella. These thermal transition points are in reasonable
agreement with those determined from the X-ray diffraction experi-
ment (76± 2 and (69± 2) ◦C). The difference is attributed to general
sensitivity and temperature resolution differences between these two
techniques. While in the X-ray diffraction experiment a resolution of
only 2 ◦C is achieved, the ellipsometric measurement features a ten-
times better temperature resolution. In addition, ellipsometry allows
even very minor changes in film thickness to be monitored without
the need of long integration times.

Above and below the transition point, the data features the ther-
mal expansion of the p-PFDA film. The observed changes do not de-
pend on whether the experiment is performed while heating or cool-
ing, hinting at a reversible behavior. This also means that no thickness
loss occurs during the experiment. As this behavior was noted for all
the samples (within this temperature regime), only cooling runs are
considered from here on.

When EGDMA is added to the polymer, a different behavior was
revealed (Figure 5.6b). A strong thermal transition, as observed for
the PDFA homopolymer, is absent. This is expected as X-ray diffrac-
tion scans did not show any crystalline fraction (Figure 5.5a). Instead,
the data evidence a gradual decrease in the thermal expansion as the
EGDMA content increases. In addition, the thermal expansion fea-
tures a slight curvature, indicating a thermal transition.

To investigate this in more detail, changes in film thickness and in
refractive index are depicted together in Figure 5.7 as a function of
temperature. For a EGDMA fraction of 23 % (Figure 5.7a), a thermal
transition at T = (61± 5) ◦C is evidenced by the intersection of
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Figure 5.6: In situ spectroscopic ellipsometry data depicting film thick-
ness evolution as a function of temperature for a PFDA
homopolymer (a) and for samples containing different de-
grees of EGDMA cross-linking (b). The heating/cooling
rates were 5 ◦C/min and data are normalized to the thick-
ness at 25 ◦C. The data in (b) has been reduced for clarity
and only cooling runs are shown. Please note that the dis-
continuity in (a) is an artifact and has been marked by an
asterisk.

two linear fits to the data. With an increasing EGDMA content, this
thermal transition shifts to higher temperatures but also becomes less
pronounced (Figure 5.7b,c). Finally, for the EGDMA homopolymer,
no transition is observable. While the thermal expansion decreases
with increasing EGDMA content, the opposite behavior is noted in
the refractive index. Interestingly, this shift in the refractive index
(at ambient temperature) shows a linear behavior with the EGDMA
fraction and could thus be used to determine the copolymer ratio.
The obtained ratios are in good agreement with those determined
from FTIR measurements (within a few percent). It is worth noting
that another feasible way to evidence such transitions is to determine
the thermal expansion coefficient at each temperature by numerical
differentiation 22. This procedure results in comparable transitions
points (data not shown) but is very sensitive to noise in the fit/mea-
surement. Thus, measurements should then be performed under
stationary (isothermal) conditions for each temperature.

The origin of the thermal transitions could not be unambiguously
identified. While crystalline fractions and first-order phase transitions
were (in the limit of the experiments) not evident in the present data,
the position of the thermal transitions suggests a relation to the crys-
talline packing present in the PFDA homopolymer. Likely, the ther-
mal transition originates from a collective movement of the perfluori-
nated PFDA sidechains upon temperature increase. Compared to the
liquid–crystalline state, the energy barrier for such chain movement is
lowered as lattice energy is absent. This is in agreement with the sam-
ple containing 23 % EGDMA, which exhibited the lowest transition
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Figure 5.7: Normalized film thickness and the refractive index nD (at
λ = 589.3 nm) as a function of the temperature for p-
(PFDA-co-EGDMA) films with (a) 23 % EGDMA, (b) 31 %
EGDMA, and (c) 53 % EGDMA content. From the inter-
section of the linear functions fitted to the data, the ther-
mal transitions are evidenced. The corresponding transi-
tion temperatures are annotated in the graph. The shaded
area represents the error bar.

point at T = (61± 5) ◦C. With stronger cross-linking, the mobility of
the fluoroalkyl groups is lowered, thus yielding a shift to higher tem-
peratures while also yielding weaker transitions in general.
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There are also several reports in literature which mention a glass
transition in the EGDMA homopolymer, located between 130–
140 ◦C 23,24. However, such a transition is not evident in the present
data. While thin films typically do show a different behavior com-
pared to bulk materials, a film thickness greater than 100 nm (such
as the ones used in this study) is often found in agreement with the
bulk 25,26.

Figure 5.8: Coefficient of linear thermal expansion, α, as a function
of EGDMA cross-linker fraction for various p-(PFDA-
co-EGDMA) films in two temperature regions. The data
points are interconnected by dashed lines as a guide to the
eye.

In addition, CTEs are determined for regions in which changes in
film thickness depend linearly on temperature. Figure 5.8 displays
the change in thermal expansion coefficients as a function of EGDMA
content in the regions below and above the thermal transitions points
(10–45 ◦C and 110–150 ◦C), respectively). Below the melting point, the
PFDA homopolymer exhibits the highest thermal expansion coeffi-
cient of the systems As EGDMA cross-linker is added to the polymer,
the CTEs decrease and the difference between CTEs above and be-
low the thermal transition also decreases until it is fully absent for the
p-EGDMA homopolymer. This behavior reflects the fact that thermal
transitions become weaker with increasing EGDMA content and are
fully absent for the p-EGDMA homopolymer (in the investigated tem-
perature range). As the WCA (i.e., the surface energy) displayed little
dependence on the EGDMA content (below 40 % fraction), this allows
for the deposition of highly hydrophobic p-(PFDA-co-EGDMA) sur-
faces with control over the thermal expansion (and mechanical prop-
erties) being established by the cross-linker degree.
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5.6 Conclusion

The morphological and structural properties of linear and crosslinked
p-PFDA films deposited by iCVD were investigated with the aim of
identifying the limit of thermal stress that these films can sustain be-
fore losing integrity. PFDA polymers have indeed shown very inter-
esting properties in terms of repellence of oil and water, due to the
formation of a crystalline lamellar structure between the PFDA chains.
While this makes the p-PFDA highly suitable for a large variety of ap-
plications, it is interesting to know how these properties change with
temperature oscillations that can occur during the everyday use of
technologies based on this polymer.

The present study shows that the mechanical stability can be greatly
improved by the addition of a cross-linker. When the linear p-PFDA
was exposed to the heating cycles, the chemistry remained unchanged
while the crystallinity of the films was largely improved and the mor-
phological character of the surface became smoother. Nevertheless,
the thermal stress caused some ruptures in the films and reduced the
hydrophobic properties. EGDMA, added as a cross-linker, was shown
to preserve the chemical stability and hydrophobicity of p-PFDA coat-
ings while making the film more cohesive. The loss of the structural in-
tegrity in the PFDA homopolymer was attributed to the different ther-
mal expansion coefficients of the crystalline and amorphous film por-
tions, which caused tension in these films upon heating/cooling. The
cross-linked films were fully amorphous, also upon heating, but had
more stable hydrophobic properties and showed an increased crack
resistance.

In addition, this study demonstrated that EGDMA is a feasible
cross-linker for the synthesis of thermally stable hydrophobic poly-
mers. While the ester groups can become a limiting factor at even
higher temperatures, EGDMA offers unique advantages for applica-
tions below 150 ◦C. It outperforms previously employed reagents like
DVB, allowing for faster deposition rates in the iCVD process and
making postdeposition curing unnecessary, as high conversion rates
are readily achieved.

The chosen deposition technique, iCVD, allows fine-tuning of the
cross-linking ratio, different from other vapor-based deposition tech-
niques (e.g., plasma-enhanced CVD). Therefore, depending on the ap-
plication and on the desired polymer properties, one can choose to
work in conditions that drive crystallinity and hydrophobicity or ther-
mally stable surface properties instead.
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5.9 Supporting Information

iCVD DEPOSITION CONDITIONS

The following parameters were used in the synthesis of 1H,1H,2H,
2H-perfluorodecyl acrylate (PFDA) and ethylene glycol dimetha-
crylate (EGDMA) copolymers by initiated Chemical Vapor Deposi-
tion (iCVD): The working pressure was set to 800 mTorr, the filament
was heated to 250 ◦C and the substrate was held at 30 ◦C. For all the
samples, an initiator flow rate of 0.6 sccm of tert-butyl peroxide was
used. The PFDA and EGDMA flow rates are stated in Table S5.1. The
total flow rate was controlled to 4.8 sccm by adjusting the Nitrogen
patch flow accordingly.

Table S5.1: Flow rates of the PFDA monomer (FPFDA) and the
crosslinker EGDMA (FEGDMA) employed in the iCVD poly-
merization.

FPFDA [sccm] FEGDMA [sccm]

p-PFDA 0.15± 0.01 –

23 % EGDMA 0.17± 0.01 0.02± 0.02

31 % EGDMA 0.20± 0.01 0.05± 0.02

51 % EGDMA 0.16± 0.01 0.20± 0.02

p-EGDMA – 0.10± 0.02

ATOMIC FORCE MICROSCOPY

Figure S5.9: AFM micrographs of as-prepared (a) and heat-treated (b)
p-PFDA films with different degrees of EGDMA cross-
linking, depicting larger scales. The data are represented
on individual color scales for clarity.
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X-RAY REFLECTIVITY MEASUREMENTS

Figure S5.10: X-ray reflectivity data of an as-prepared p-PFDA film,
exhibiting first and second order diffraction peaks cor-
responding to the bilayer packing of the perfluorinated
groups. The inset shows a scheme of the p-PFDA lamel-
lar structure, with the CH2CH2(CF2)7CF3 groups being
represented by cylindrical rods.
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6.2 Abstract

The thermal properties of ion-conductive materials are crucial for
their use in temperature-sensitive applications such as polymer elec-
trolyte fuel cells. In this study, 1H,1H,2H,2H,-perfluorodecyl acrylate
and methacrylic acid (MAA) copolymers are synthesized by initiated
Chemical Vapor Deposition. This method is a solvent-free thin film
deposition technique, which allows for the preparation of polymers
in distinct stoichiometric compositions. The chemical stability of the
copolymers was investigated upon elevated temperatures along with
other thermal properties. For this, experimental techniques such as
infrared spectroscopy and ellipsometry were used. The data show
that samples are chemically stable up to 150 ◦C, a point above which
anhydride formation occurs, resulting in the loss of the conductive
groups. A second order thermal transition was found at (95± 5) ◦C
for polymers containing 20 % MAA, which shifts towards higher
temperatures as the MAA content increases. In addition, the water
stability was tested. While the membranes show considerable wa-
ter uptake (over 35 % at 60 % MAA content), mechanical stability
is lacking, resulting in rupture formation and partial dissolution. A
possible route to overcome this issue is found in crosslinking, with the
addition of 15 % ethylene glycol dimethacrylate providing sufficient
stability to the polymer.

6.3 Introduction

Membrane materials for application in polymer electrolyte mem-
brane fuel cells (PEMFCs) compete not only for the highest proton
conductivities, but have likewise to withstand elevated temperatures
and a harsh chemical environment 1. While some materials such
as sulfonated poly(benzimidazole) or poly(arylene ether)s are able
to match or even surpass the conductivity of Dupont’s Nafion®

– the prototypical, commercially available perfluoro-sulfonated
ionomer – other requirements, such as hydrolytic stability, remain
questionable 2,3. In the search for easy-to-synthesize and cost-effective
alternatives to Nafion, a plethora of different sulfonated compounds
have been investigated 4–6. But also other acid functionalities such
as phosphonic 7 and carboxylic acid 8 have been explored for this
purpose. Recently, promising conductivity values were reported
for thin films of 1H,1H,2H,2H-Perfluorodecyl acrylate (PFDA) and
methacrylic acid (MAA) copolymers, synthesized by initiated Chem-
ical Vapor Deposition (iCVD) 9,10. The iCVD process is a solvent-free
technique, operating under mild vacuum conditions and at low sub-
strate temperatures, allowing for conformal polymer deposition even
on delicate substrates such as paper 11, pharmaceuticals 12 or reverse
osmosis membranes 13. The process relies on the thermal decompo-
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sition of an initiator (usually a peroxide) at a hot filament (typical
temperatures between 200 and 300 ◦C), thus forming radicals. Mono-
mer precursors, containing vinyl bonds, are delivered as vapors to the
sample compartment, adsorbing at the temperature-controlled sub-
strate surface (usually operated between 10 and 60 ◦C). Radicals from
the vapor phase can then react with the vinyl bonds of the adsorbed
monomer, turning the initiator-monomer complex into a radical. By
further monomer attachment, polymerization is facilitated until chain
growth is terminated by another radicalized chain or initiator radi-
cal. The selective nature of monomer/initiator interactions in iCVD
allows full retention of chemical functionalities as opposed to other
deposition techniques like plasma-enhanced Chemical Vapor Deposi-
tion, where the carboxylic acid moiety is only partially preserved 14.
In addition, the solvent-free synthesis of copolymers with opposing
characteristics (e. g. hydrophilic/-phobic ones) by iCVD is advanta-
geous when compared to standard solution polymerization, where
a common solvent and/or multiple processing steps are required 15.
A more detailed description of the iCVD process and of the related
fundamental reactions can be found in literature 16,17.

In this study, the thermal properties of iCVD p(PFDA-co-MAA)
films are investigated, both under N2 atmosphere and when fully im-
mersed into water.While the characterization of thermal properties by
standard techniques is usually limited to the bulk, spectroscopic ellip-
sometry readily allows the investigation of materials with thicknesses
ranging from a few micrometers down to monolayers. For instance,
Beaucage et al. studied the glass transition and thermal expansion
coefficient of a 300 nm thin polystyrene film by ellipsometry 18. An-
other advantage of this technique is that it can be applied to other
media than air so that also the swelling behavior of the polymer
films can be studied in-situ. Fourier infrared spectroscopy (FT-IR)
complements the thermal characterization, allowing insight into the
chemical composition and stability of such membranes.

6.4 Experimental details

Radical co-polymerization of 1H,1H,2H,2H-Perfluorodecyl acrylate
(PFDA, purity 97 %) and methacrylic acid (MAA, purity 99 %) was
performed via initiated Chemical Vapor Deposition (iCVD) in a cus-
tom build reactor, using tert-butyl peroxide (TBPO, purity 98 %) as
initiator. For some samples, ethylene glycol dimethacrylate (EGDMA,
purity 98 %) was added to the process as a crosslinking agent. As
substrates, silicon wafers with a native oxide layer (SIEGERTWAFER,
Germany) were used. All the depositions were performed at a work-
ing pressure of 107 Pa, with initiator and PFDA flow rates being 0.6
and 0.3 sccm, respectively. The MAA flow rates were 2, 4 and 7 sccm
for the individual samples. The total flowrate was held at 8 sccm
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by adjusting the nitrogen patch flowrate accordingly. For the cross-
linked samples, the PFDA flow was set to 0.2 sccm while various
MAA/EGDMA flow ratios were tested. The filament was heated to
240 ◦C while the substrate temperature was held at 30 ◦C. The average
layer thickness of the as-deposited polymer films was (220± 40) nm.
A detailed description of the experimental setup can be found in a
recent publication 12. For comparison, Nafion® 117 thin films (from
solution, conc. 5 %) were prepared on 2 cm2 × 2 cm2 silicon substrates
by spin coating 100 µL solution at a speed of 3000 rounds per minute,
resulting in a layer thickness of approximately 220 nm. All materi-
als (unless stated otherwise) were purchased from Sigma-Aldrich,
Germany, and used without further treatment.

Transmission mode Fourier transform infrared spectroscopy (FT-IR)
was performed on a Bruker IFS 66v/s spectrometer. All the data were
converted to absorption spectra in the OPUS software and an auto-
mated baseline correction was performed by a custom software writ-
ten in R, utilizing the algorithms provided in the baseline package 19.
Copolymer composition was determined by fitting the experimental
data with a linear combination of the respective homopolymer spec-
tra. The fitting parameters are the weighting factors of the homopoly-
mer spectra, which account for their respective fraction in the copoly-
mer.

Spectroscopic ellipsometry measurements were performed with an
M-2000 ellipsometer (J.A.Woollam Co., USA) in reflection at an inci-
dent angle of 75°, recording optical data in the wavelength range of
370 to 1000 nm. The system was equipped with THMS600 tempera-
ture stage (Linkam, UK), allowing for in-situ temperature-dependent
studies. Temperature studies were carried out under inert atmosphere,
for which a constant Nitrogen flow was applied to the sample cham-
ber. Prior to the measurements, samples were equilibrated by repeat-
edly cycling them in the (temperature) region of interest (for at least
three times), with a hold time of 5 min in-between the cooling and
heating cycle. While an irreversible thickness loss occurs during the
first cycle(s), three repetitions were found sufficient to equilibrate the
samples, i. e. further heating cycles were reversible (in the limit of the
experiment). The experimental data were modeled with the Comple-
teEASE® software, using a three-layer system consisting of the sili-
con substrate, the interfacial oxide layer and the transparent (polymer)
top layer. For the former two, temperature-dependent optical model-
swere taken from literature 20, whereas wavelength- and temperature-
dependent refractive indices of the polymers were modeled by the
Sellmeier equation. From a non-linear least squares fit of the experi-
mental data, this model yields the optical constants and thicknesses of
the polymer layers. For the swelling studies, a liquid cell attachment
(J.A. Woollam Co., USA) was used. The data analysis follows the pro-
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cedure described above, except for the use of water as the ambient
medium in the model.

6.5 Results and discussion

To probe the influence of polymer composition on the thermal char-
acteristics, p(PFDA-co-MAA) films, containing different fractions of
MAA, were prepared by iCVD. The deposition rate was approxi-
mately 20 nm/min and did not change significantly as the MAA
content was varied. After deposition, the film thicknesses and the
chemical compositions were determined by ellipsometry and FT-IR
spectroscopy, respectively. Subsequently, temperature-dependent
measurements and swelling studies were carried out in-situ by ellip-
sometry and finally the chemical composition was reexamined.

6.5.1 Chemical stability by FT-IR

The retention of chemical moieties in the iCVD process and the
chemical stability after temperature treatment were assessed by FT-IR
spectroscopy. In Figure 6.1, FT-IR spectra of films in the as-prepared
(dashed line) and in the post heat treatment state (solid line) are
shown. Such spectra exhibit mainly two regions of interest. In the
so-called fingerprint region, located between 800 and 1300 cm−1, the
skeletal vibrations of the CHx and CFx groups are contained. Several
different vibrations are overlapping in this region, making a clear dis-
tinction between the individual contributions of PFDA, respectively
MAA, difficult. However, as the MAA fraction increases, a decrease
in the pronounced peak at 1200 cm−1 is noted. This peak is identified
as the symmetric stretching of the CF2 groups 21, meaning that the
decrease in intensity is an indicator for the (relative) reduction of
PFDA in the polymer. In the second region of interest, spanning from
1600 to 1800 cm−1, the strong stretching signals of the carbonyl groups
overlap, resulting in a double peak, with maxima located at 1742 and
1706 cm−1. The former corresponds to a saturated acylic ester, a group
which is just present in the PFDA monomer. On the other hand, the
second carbonyl peak exhibits a shift to lower wavenumbers, char-
acteristic for a highly polar chemical environment. Thus, the latter is
attributed to the –COOH group of the methacrylic acid. From the re-
spective ratio of these peaks, the polymer composition is determined
(within ±10 %).

After repeatedly heating to 150 ◦C, the spectra show little change.
Only minor deviations are noted in the data,which are due to small
variations in the baseline of the original spectra, affecting mostly the
curve shape at the peak tails. This, in turn, means that the chemi-
cal composition remains unaffected by temperatures below 150 ◦C (in
the limit of the experiment). However, a further temperature increase
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Figure 6.1: FT-IR spectra of p(PFDA-co-MAA) films in the as-prepared
state and after being heated to 150 ◦C under N2 atmo-
sphere. The peaks of the ester groups (–COOR) and of
the carboxylic acid groups (–COOH) are characteristic for
PFDA and MAA, respectively. At the bottom, the spectra
of a film containing 60 % MAA are shown before and after
heating to 200 ◦C. All data are normalized by the respective
sample thicknesses.

strongly alters the spectra (see Figure 6.1, bottom graph). Most no-
tably, two new peaks emerge (located at 1805 and 1020 cm−1) while
the signal of the 1700 cm−1 vibration is found greatly diminished. As
the latter stems from the C=O vibration in the carboxylic acid, this
suggests a chemical alteration of the MAA moiety. A possible expla-
nation is cyclic anhydride formation,which comes at the loss of the
–OH functionality and has previously been reported for pMAA after
heating to 250 ◦C under air (see Scheme 6.1 for the reaction model) 22.
Indeed, the additional peaks can be identified as asymmetric vibration
of C=O and C–O–C, respectively, characteristic for an organic acid an-
hydride.
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Scheme 6.1: Reaction scheme for the anhydride formation in polymers
containing methacrylic acid moieties.

While first signs of anhydride formation are also present in sam-
ples heated to 180 ◦C, only a small MAA fraction is yet affected (data
not shown). However, further anhydride conversion is expected upon
prolonged storage at this temperature. It should be noted that in the
presence of oxygen, anhydride formation can readily occur also at
lower temperatures.

6.5.2 Temperature-dependent ellipsometry

As samples are subjected to different temperatures, changes in the di-
electric function/sample thicknesses are monitored by ellipsometry,
evidencing thermal transitions as well as thermal expansion/contrac-
tion. In a first step, the thermal response of the benchmark Nafion®

was measured in a temperature region between 25 and 150 ◦C (see
Figure 6.2a). The data features most prominently a thermal transition
at 101 ◦C, as determined from the point of intersection of two linear
regression fits to the experimental data. This point is generally at-
tributed to the glass transition of the Nafion® polymer matrix 23,24.

The transition point is found slightly below the values reported in
literature. This difference is attributed to fact that supported thin films
rather than freestanding, bulk materials were used in this study. The
reason for this was to allow better comparability between the thermal
properties of Nafion® and that of supported, thin films deposited by
iCVD.

There is only minor thermal expansion noted below the point of
order-disorder rearrangement, as the Nafion® film thickness increases
merely by 1 % from room temperature to 80 ◦C, the standard operating
point of PEMFCs. This behavior is deemed favorable in terms of gas
permittivity and membrane integrity, but also for the protonic trans-
port.

In Figure 6.2b, film thicknesses of iCVD polymer films containing
different fractions of MAA are shown as a function of temperature
upon cooling from 150 ◦C to room temperature. The film thickness is
found in a linear relation with temperature in the region below 75 ◦C,
corresponding to thermal expansion, respectively contraction. As the
MAA content is increased in the polymer, the slope of the thermal
expansion is reduced. Above 75 ◦C, the temperature response devi-
ates from a linear relation, hinting at a thermal transition.However, a
pronounced thermal transition, as noted for Nafion, is absent in these
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Figure 6.2: In-situ ellipsometric measurements of film thicknesses as
function of temperature for a spin cast Nafion® film (a) and
p(PFDA-co-MAA) polymers of varying MAA content (b).
Data are reduced for clarity and are normalized to ambi-
ent thickness (26 ◦C). The cooling rates were 5 ◦C/min (a),
respectively 40 ◦C/min (b).

data. To investigate this transition further, changes in both the film
thickness as well as the refractive index n (λ = 589.3 nm) were evalu-
ated as function of the reciprocal temperature (see Figure 6.3). From
this representation a thermally induced transition, though weak, is
evidenced for polymers containing 20 and 40 % MAA. With the in-
creasing MAA content, the transition point shifts from 95 to 106 ◦C,
which suggests an even higher transition for the sample containing
60 % MAA. However, as the transitions are weak in general and too
few data points can be collected at higher temperatures (the anhydride
formation practically limits the experiment to 150 ◦C), this cannot be
verified for the 60 % MAA sample. The gradual rather than sudden
change in the data indicates that this transition is of second-order,
possibly a glass transition. A thermal study of the pMAA homopoly-
mer reported a glass transition temperature Tg of 138 ◦C for a 106 nm
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film,which would explain the shift of the transition to higher temper-
atures with increasing MAA content 25. Different heating rates did not
affect the observed behavior (5, 40 and 60 ◦C/min, data not shown).
Interestingly, if films are heated above 150 ◦C (and thus, anhydride
formation takes place), a much more pronounced transition, located
at 124 ◦C, was observed (see Figure 6.3c). Possibly, the reduction of
polar –OH groups during anhydride formation lowers also the steric
hindrance for collective movement, thus yielding a stronger thermal
response upon reaching the transition temperature 26.

While data in Figure 6.2 were obtained upon cooling, it should be
noted that the very same behavior persists upon heating. After the ini-
tial equilibration (as described in the experimental section), the sam-
ple thickness at room temperature is not anymore affected by the ther-
mal history (for temperatures not exceeding 150 ◦C), indicating a fully
reversible thermal response.

The reversible film expansion/contraction also allows for the de-
termination of the thermal expansion coefficient, both in the regions
before and after the thermal transition. The linear thermal expansion
coefficient α relates the changes in thickness L to the change in tem-
perature T and some initial thickness L0 according to

α =
1
L0

dL
dT

. (6.1)

It should be noted that the ellipsometric measurement is only
sensitive to changes in one dimension (i. e. in the film thickness).
This means that only in the case of an isotropic material, this linear
expansion coefficient is also directly related to the volumetric one. In
Figure 6.4, the change of the thermal expansion coefficients with MAA
fraction is depicted. The data show that for temperatures below 70 ◦C,
small additions of MAA have little impact on the thermal expansion
coefficient. However, after a critical MAA fraction is present initially,
any further addition of the acid group to the PFDA homopolymer im-
pacts directly the thermal response. On the other hand, it is also noted
that the difference between the thermal expansion coefficients above
and below the thermal transition region diminishes. This also reflects
the fact that the thermal transitions become weaker at higher MAA
contents, as noted already from the data in Figure 6.2. The observed
behavior likely originates from the liquid-crystalline properties of
the pPFDA homopolymer, which has been added to the graph for
comparison. The perfluorinated pendant chains exhibit hexagonal
closed-packing into bilayers, with the lamella orienting parallel to
the substrate surface. The melting point of the lamella is at 75 ◦C 27,
which also explains the strong variation between the expansion co-
efficient below and above this transition. This preferential packing
leads to a strong anisotropic response as the polymer chains gain
additional mobility upon a temperature increase, thus yielding the
highest thermal expansion coefficient of the polymers studied. How-
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Figure 6.3: Film thickness (#) and refractive index (5) data versus re-
ciprocal temperature for p(PFDA-co-MAA) polymers with
(a) 20 %, (b) 40 % and (c) 60 % MAA content. The sam-
ples where heated to 150 ◦C (a, b) and 200 ◦C (c), respec-
tively. Vertical, dashed lines represent the transition points
as determined from the intersections of the linear regres-
sions. The error is represented by the shaded area. Data are
reduced for clarity and are normalized to ambient thick-
ness (26 ◦C). The cooling rate was 5 ◦C/min for (a, b) and
20 ◦C/min for (c).

ever, as shown previously 10, the addition of MAA decrease crystallite
size while also introducing more disordered regions, lowering the
anisotropic character. In turn, this greatly lowers the thermal expan-
sion coefficient. While all the copolymers studied in this work did not
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show any crystallinity (in the limit of an X-ray diffraction experiment,
data not shown), it is expected that lower MAA fractions still exhibit
some degree of long range order. As the MAA content rises further,
the polymer becomes fully amorphous, thus showing less and less
dependence in its thermal response on a further MAA increase. This
suggests that the observed thermal transitions are in fact related to
relaxation processes of the pendent fluorinated sidechains, which
might still exhibit some local ordering.

Figure 6.4: Variation of the linear thermal expansion coefficient as a
function of MAA fraction present in the polymer. The coef-
ficients were determined by linear regression of the tem-
perature-dependent thickness data, for temperatures be-
low 70 ◦C and above 100 ◦C. The error bars reflect just the
uncertainty of the fit.

6.5.3 Water stability

The swelling behavior of the polymer films inwater (held at 25 ◦C) is
exemplarily shown in Figure 6.5 for samples containing 40 and 60 %
MAA, respectively. Initially, the swelling proceeds rather fast in these
films; within the first 10 min after the water addition, the thickness has
already reached approximately 50 % of the total swelling for the 40 %
MAA sample, respectively 70 % in the case of 60 % MAA. However,
further swelling proceeds at a much slower speed so that an equi-
librium state was still not reached for the 60 % MAA sample as the
experiment was terminated after >1 h.

For many samples, the swelling data showed some initial thick-
ness loss, indicating stability issues. This becomes even more preva-
lent when the water is heated to 50 ◦C. In the inset of Figure 6.5, an
optical micrograph of a film with 60 % MAA is shown after this treat-
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Figure 6.5: Swelling of p(PFDA-co-MAA) films after being immersed
into 25 ◦C water at t = 0 min, as determined from the opti-
cal model fitted to the ellipsometric data. Data are reduced
for clarity and normalized to the initial sample thickness.
The inset shows an optical micrograph of a polymer film
with 60 % MAA after heating the water to 50 ◦C. As a guide
to the eye, sigmoid functions are fitted to the data (solid
lines).

ment. After drying, the polymer film shows large ruptures and mul-
tiple smaller, encircled regions, where partial dissolution occurred.
While the ruptures are mainly due to mechanical stress coming from
the sealing ring of the liquid cell, the partial dissolution also indicates
that likely the polydispersity is rather high,with the oligomeric por-
tions then getting more easily dissolved.

In order to withstand these conditions, the potential application of a
crosslinking agent was briefly investigated. The addition of EGDMA
to the PFDA/MAA copolymer does not change the thermal properties
in the investigated temperature range while also showing the same
chemical stability (data not shown). While several crosslinker ratios
were tested, a volume fraction of 15 % was found sufficient to provide
the necessary mechanical stability to avoid rupture formation and also
to minimize dissolution (data not shown). For the overall water up-
take, the addition of the EGDMA crosslinker is even beneficial, as
shown in Figure 6.6. The increased amount of carbonyl groups at the
reduction of the hydrophobic perfluorinated groups makes the over-
all polymer more hydrophilic, helping with the water uptake. Only at
rather high MAA fractions (>50 %), the crosslinker starts to have an
adverse effect.



6.6 C O N C L U S I O N 87

Figure 6.6: Bar plot representing the maximum swelling of p(PFDA-
co-MAA) films in 25 ◦C water as determined from ellip-
sometric data. The MAA fractions are 20, 40 and 60 %. In
addition, the swelling behaviors of cross-linked p(PFDA-
EGDMA-MAA) polymers with similar MAA fractions (25,
40, 60 ◦C) are shown. The structural formula of the cross-
linker EGDMA is provided in the inset. For clarity, data of
the latter are represented by smaller bars and the respective
EGDMA fraction is annotated.

6.6 Conclusion

In this study, the thermal properties of p(PFDA-co-MAA) films were
investigated in respect to the polymer composition. Synthesis by
initiated Chemical Vapor Deposition allowed for the preparation
of smooth polymer films with defined stoichiometric compositions.
From spectroscopic ellipsometry data, thermal expansion and tran-
sitions of the polymers could be studied. At low contents of MAA,
the copolymers exhibit the highest thermal expansion. Likely, this
behavior stems from a remaining anisotropic character of the PFDA
fraction, whose homopolymer is liquid-crystalline. A further increase
of MAA in the polymer makes it more isotropic and in turn, also the
thermal expansion is greatly reduced. The reduction of the thermal
expansion coefficient with increasing MAA content is found to follow
a linear relationship, after an initial amount of MAA is present. In
addition, thermal transitions were noted in the polymers, located at
(95± 5) ◦C for 20 % MAA and at (106± 5) ◦C for 40 % MAA, respec-
tively. Possibly, these transitions are related to a relaxation process of
the PFDA sidechains. However, the true nature of these transitions
could not unambiguously be identified with the present data. Ther-
mogravimetric analysis or thin-film differential scanning calorimetry
might be feasible tools to further elucidate on this matter. Heating
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the polymers up to 150 ◦C results in no change in the chemical func-
tionality, as evidenced by FT-IR spectroscopy. However, exposing the
polymer films to even higher temperatures resulted in the formation
of anhydrides as adjacent methacrylic acid groups are being joined
together. As this comes at the loss of the –OH functionalities, the ionic
conductivity of such membranes will be greatly reduced. While chem-
ical stability is provided up to temperatures of 150 ◦C under nitrogen
atmosphere, other limitations are found in aqueous environment.
At room temperature, samples exhibit swelling, with the degree of
swelling increasing with the content of hydrophilic MAA. However,
as water immersed samples are heated to 50 ◦C, partial dissolution
and rupture formation occurs. A possible solution was found in the
addition of a crosslinking agent, interconnecting polymer chains and
thus providing higher mechanical stability already at an EGDMA
content of 15 %.
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7.1 Preface

The following text and its illustrations are based on preliminary
results gained on the sulfonation of vapor-phase deposited poly-
mer films, which have been reported in a Marshall Plan Scholarship
paper 1 written by the author of this thesis. The author performed
the polymer synthesis by initiated Chemical Vapor Deposition, per-
formed the sulfonation reaction and carried out the experimental
characterization by FT-IR spectroscopy, scanning electron microscopy
as well as electrochemical impedance spectroscopy. Junjie Zhao,
Minghui Wang and Priya Moni assisted with the post-deposition
sulfonation and provided valuable input on the synthesis in general.
Anna Maria Coclite and Karen Gleason supervised the project.

(1) P. Christian, Oxidative and initiated Chemical Vapor Deposition for
the Synthesis of Sulfonated Polymer Electrolyte Membranes;
Marshall Plan Scholarship Papers: 2017.
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7.2 Abstract

In this study, initiated Chemical Vapor Deposition (iCVD), a solvent-
free polymerization techniques, was employed for the synthesize
polymer electrolyte membranes. poly(glycidyl methacrylate) [pGMA]
films were successfully synthesized by iCVD and different cross-link-
ers and substrate materials were evaluated. Post-deposition sulfona-
tion was explored to transfer samples into electrolytic materials. While
delamination occurred from flat, rigid substrates like silicon, better
adhesion was found on rough surfaces such as poly(ethylene tereph-
thalate) or on porous substrates such as nylon. Apart from chemical
and morphological characterizations, also preliminary data on the
conductivity of such films was obtained. The results show promis-
ing material properties, with conductivities above σ > 10 mS/cm.
This motivates further studies of such vapor-synthesized, thin film
polyelectrolyte membranes, in which also their implementation in
applications such as biofuel cells or drug delivery is explored.

7.3 Introduction

Polymer electrolyte membranes (PEMs) are crucial components in
applications like fuel cells (among others), facilitating selective (pro-
tonic) charge transport between the electrodes. 1–3 In addition to high
protonic conductivities, these materials are required to withstand
elevated temperatures as well as a harsh chemical environment. 3,4

These membranes are often composed of fluorinated parts provid-
ing the necessary stability and an acid group for ionic conductivity. 5

However, synthesis of such membranes is usually a tedious and costly
process, especially as common solvents are often absent and process
temperatures or interface control can become limiting factors. 6,7 Also,
novel applications such as biofuel cells foster interest in alternative
PEM concepts, often prepared directly on unconventional substrates
such as paper. 6 The direct preparation of PEMs on more delicate sup-
ports puts additional restrictions on the synthesis processes, usually
limiting the use of harsh chemical and thermal conditions. Conformal,
low-temperature and solvent-free techniques could (at least) partially
circumvent these issues while allowing the preparation of cheaper,
better-performing and application-tailored polymers.

Among vapor-based polymerization techniques, initiated and ox-
idative Chemical Vapor Deposition (iCVD and oCVD, respectively)
have emerged as promising candidates for PEM synthesis. Both tech-
niques translate the richness and versatility of synthetic organic chem-
istry into vapor-based processes while still offering the advantages of
a conventional liquid phase synthesis. The iCVD technique was al-
ready successfully utilized in the synthesis of a copolymer membrane
of methacrylic acid and a perfluorinated compound, which showed
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promising ionic conductivity at ambient temperature. 8,9 However, el-
evated temperatures led to a loss of mechanical stability, thus putting
most practical applications (e. g., in fuel cells) in question. In addition,
the (weak) carboxylic acid group tends to anhydride formation, which
comes at the loss of its proton-donating functionality and renders the
polymer useless as ionomer. 10 This motivates the use of different,
stronger acid groups like sulfonic acid, which is also the conductive
group in commercial Nafion, one of the most commonly employed
membranes. 11 However, sulfonation cannot be done directly by the
iCVD process which implies the need of a post-deposition modifi-
cation. This can, for example, be achieved by the incorporation of
aromatic phenyl rings into the copolymer, which can be sulfonated
through electrophilic substitution. 5 Another option are ring-open-
ing reactions of epoxide groups in which sulfonic acid groups are
attached. Possible candidates are polymers incorporating glycidyl
methacrylate (GMA). The post-deposition reaction can be carried out
under relatively mild conditions (80°C, nitrogen atmosphere) in a
water / isopropyl alcohol / sodium sulfite / sodium bisulfite mixture
(weight ratio 77/10/10/3). 12 In Figure 7.1a, the reaction scheme is
provided and in Figure 7.1b, the actual reaction setup is depicted.

Figure 7.1: a) Reaction scheme depicting the ring opening sulfonation
reaction of an epoxy group in a sodium sulfite/sodium
bisulfite solution. b) Experimental sulfonation setup em-
ploying a three-neck round-bottom flask.

Previous work on this material relied on radiation-induced graft-
ing of GMA onto various substrates and a subsequent sulfonation
step. 12,13 By the use of the iCVD technique, this tedious effort can
be avoided and preparation of stable membranes should be directly
possible. 14

In this study, initiated Chemical Vapor Depositions is evaluated for
the synthesis of proton conductive membranes. For this, synthesis
of various pGMA copolymers was attempted, with post-deposition
sulfonation being used to introduce sulfonic acid functionalities to
the starting materials. For this, different comonomers were evaluated,
their structural formulas being depicted in Scheme 7.1. After synthe-
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sis, key material properties were analyzed utilizing techniques such
as Fourier transform infrared spectroscopy (FTIR) or electrochem-
ical impedance spectroscopy (EIS). The FTIR technique allows for
chemical and compositional analysis after polymer synthesis and was
used to evidence post-deposition material modifications (i. e., sul-
fonation). Impedance spectroscopy, on the other hand, was utilized to
probe the electro-chemical properties of the films, most importantly
the ionic conductivity. Sample characterization is complimented by
structural/morphological analysis by scanning electron microscopy
(SEM), optical and atomic force microscopy (AFM). This variety of
analytical techniques allows to probe distinct key material properties
during the different stages of membrane preparation, allowing for
synthesis adjustments to be made more directly.
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Scheme 7.1: Structural formulas of the monomers used in the polymer
synthesis by iCVD. The structures are labeled by their re-
spective abbreviations (given in bold, capital letters), with
their common names being stated below.

7.4 Methods

Various copolymers of glycidyl methacrylate (GMA) were prepared
by iCVD in a custom build reactor. For this, three different cross-
linkers and one co-monomer were employed; divinylbenzene (DVB),
Di(ethylene glycol) divinyl ether (DEGDVE), ethylene glycol dimetha-
crylate (EGDMA) and 1H,1H,2H,2H-Perfluorodecyl acrylate (PFDA),
with their structural formulas being provided in Scheme 7.1. The
monomers were evaporated at different temperatures and flown into
the reactor through a heated mixing line (held at 90 ◦C). For this, GMA,
EGDMA and DVB were heated to 60 ◦C, PDFA to 70 ◦C and DEGDVE
to 45 ◦C. The initiator, tert-butyl peroxide (TBPO), was then thermally
decomposed at a resistively heated filament (Chromalloy O, Good-
fellow). In order to obtain co-polymers with varying compositions,
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the flow rates of the reactants were adjusted by needle valves. For the
initiator, a constant flow rate of 1 sccm was used. The reactor chamber
is connected to a rotary vane pump and an automated butterfly valve
is used to maintain the selected pressure of (26.6± 0.3)Pa during
depositions. The substrate temperature was held at (40± 2) ◦C by a
heater/chiller system (NESLAB) for most of the depositions. Only for
p(GMA-DVB) films, the substrates were held at (27± 2) ◦C instead.
All the chemicals were bought from Sigma-Aldrich.

As substrates, silicon wafers with a native oxide layer were used
for most of the studies. For iCVD, samples were additionally pre-
pared on commercial nylon membranes (Sterlitech, NY0214225, pore
size 0.20 µm), poly(ethylene terephthalate) [PET] sheets or on porous
Polytetrafluoroethylene membranes (PTFE, Goodfellow, pore size
0.45 µm).

Fourier Transform Infra-Red spectra (FTIR) were collected on a
Nicolet is50 spectrophotometer, equipped with a MCT detector, at a
resolution of 4 cm−1. Samples were measured either in transmission
or in an attenuated total reflection (ATR) configuration, depending
on the substrate. Experimental data are converted to absorbance and
were automatically baseline corrected utilizing a custom R routine,
implementing the baseline package. 15

Atomic force microscopy (AFM) images were collected in tapping
mode on a Nanosurf Easyscan 2 instrument, equipped with a PPP-
NCLR-10 cantilever (Nanosensors). Data are leveled and corrected for
artifacts in the freely available software package Gwyddion. 16

Scanning electron microscopy (SEM) images were recorded on a Hi-
tachi TM3000 microscope, equipped with a Bruker Quantax 70 EDS
detector. The acceleration voltage was either 5 kV or 15 kV, depending
on the sample.

Electrochemical impedance spectroscopy (EIS) was performed on
a Gamry Reference 600 potentiostat. Samples were characterized by
four-point potentiostatic measurements. For this, samples were cut
to size and inserted into a BekkTech BT-110 conductivity clamp. The
clamp was then inserted into a sealed glass vessel, where it was ex-
posed to a saturated water vapor atmosphere. Data were collected at
10 points per decade in the frequency range from 1 MHz to 0.1 Hz, ap-
plying an AC voltage of URMS = 10 mV. The experimental data were
fitted to an equivalent circuit model for the frequency range from 10
kHz to 1 Hz, with data points close to the grid frequency (50 Hz) being
removed prior evaluation. From the measured resistance R, the con-
ductivity σ is then calculated according to σ = l/(R · w · h), with l
denoting electrode spacing and w, h being sample width and height
(= thickness), respectively.
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7.5 Results and discussion

In a first step, GMA-containing polymer films were synthesized by
iCVD on silicon substrates. Unless stated otherwise, films were usu-
ally deposited with a thickness of one micrometer. While the chosen
film thickness is still well below that of commercial membranes (typ-
ically several tens of micrometers), it demonstrates that thicker films
can also be prepared by iCVD. Further, proton transport properties
can more reliably be analyzed for thicker films. To add (physical) sta-
bility to the polymers, DEGDVE was employed as a cross-linker in
the polymerization. The resulting films were analyzed by FTIR, an ex-
ample is shown in Figure 7.2. The data demonstrate the successful
polymerization of GMA by iCVD, matching the reference spectrum
of pGMA almost exactly. This means that full functionality is being
retained throughout the process and that vinyl bond conversion ef-
ficiency is high (as vinyl peaks, typically observed around 1630 and
990 cm−1, are absent in the spectrum). 17 This means that monomer in-
clusion is likely low and also that both vinyl bonds of the cross-linker
units are polymerized. However, this exact match with the pGMA ho-
mopolymer spectrum also evidences an issue. Due to the absence of
chemical groups unique to the cross-linker, the co-polymer composi-
tion cannot be determined from the FTIR data.

Figure 7.2: Experimental FTIR spectrum of an as-prepared p(GMA-
DEGDVE) polymer film (bottom) along the reference pat-
tern of pGMA, taken from a Thermo Scientific™ FTIR
database (top). Data are shifted for clarity.

In a next step, the p(GMA-DEGDVE) films were sulfonated in so-
lution according to the procedure described in the introduction. In
Figure 7.3, exemplary results for post-sulfonation polymer films are
shown. The sample has been exposed to the reactant solution for six
hours while being held at 70 ◦C. During the reaction, the polymer film
had delaminated, an issue commonly encountered in the sulfonation
process. While as-prepared films cover smoothly the silicon wafer sur-
face, films would delaminate and fragment during the sulfonation
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(compare the photographs in Figure 7.3a). Picking up larger fragments
and drying them on a silicon support, further analysis was possible.
An AFM micrograph (in Figure 7.3b) reveals a rough surface area
(σRMS = (13± 1) nm, which is in stark contrast to the smooth surface
of as-prepared films (roughness approx. 1 nm, data not shown).

Figure 7.3: a) Photographs of an as-prepared p(GMA-DEGDVE) film
on a silicon substrate and a delaminated piece after sul-
fonation (supported on silicon). b) AFM micrograph of the
sulfonated polymer piece. c) Scheme depicting the chemi-
cal modification of GMA during sulfonation (top) and FTIR
spectra of the two samples (bottom), evidencing differ-
ences in chemical composition after the solution treatment.
Data are shifted for clarity.

Film delamination and the changed surface structure indicate al-
ready that some modification has occurred in the film, which is con-
firmed in the chemical analysis by FTIR (Figure 7.3c). The experimen-
tal spectra before and after sulfonation show clear differences in the
fingerprint regions (1500-500 cm−1) and in the –OH stretch regions
(3600-3100 cm−1). Post-sulfonation, the spectrum features peaks char-
acteristic for sulfonate groups, located at 1193 and 1047 cm−1, as well
as a broad absorption peak at 3446 cm−1, attributed to the formation
of hydroxide groups. 18 A comparison with the reaction scheme (Fig-
ure 7.3c, top) shows that the occurrence of these groups is associated
with a successful opening of the epoxide so that the sodium salt of
the sulfonic acid is then attached in a nucleophilic attack. While this
means that iCVD-deposited GMA polymers can successfully be sul-
fonated, film delamination and subsequent fragmentation pose a seri-
ous challenge for any practical application. For this reason, one has to
understand the occurrence of delamination first. From the experimen-
tal data, the change in hydrophilicity during sulfonation is identified
as the most probable cause; as the sulfonic acid salt attaches, polymers
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become strongly hydrophilic and thus start swelling in the sulfonation
medium, which in turn causes stress at the polymer/substrate inter-
face. The rigid silicon substrate does not support the strong expan-
sion of the polymer during swelling and thus, delamination occurs. It
should be noted that, in principle, delamination could also be due to
a too low cross-linking degree. For polymers deposited by iCVD, sta-
ble films are usually obtained at cross-linker fractions of about 10 %
or above. However, varying monomer to cross-linker flow rates did
not result in any stable films during sulfonation, while the same films
were found stable in water at the same temperatures (data not shown).
However, as DEGDVE content could not be determined from FTIR
data, no conclusive assessment of the cross-linker fraction could be
made (however, successful cross-linking is evident from improved sta-
bility in water). Therefore, the following section will provide some ex-
amples of other co-monomers tested as well as other strategies to limit
delamination during the sulfonation.

GMA-polymers with different co-monomers. A major advantage
of the iCVD technique over other polymerization techniques is how
easily polymers with different co-monomers can be synthesized, as
the need for common solvents is absent. As it was not possible to
detect DEGDVE fractions from FTIR data and film delamination
remained a critical issue independent of the tested deposition pa-
rameters, different co-monomers were investigated instead. For this,
two other cross-linkers, DVB and EGDMA, as well as PFDA, a per-
fluorinated co-monomer, were tested. As their chemistry shows at
least some differences to GMA (cf. Scheme 7.1), their volume fraction
can more easily be assessed from FTIR data. Selected examples are
provided in Figure 7.4, where experimental data are evaluated as a
linear combination of the homopolymer spectra, weighted by their
respective fraction and normalized by the sample thickness. From a fit
to the data, the composition is then evaluated. For GMA co-polymers
with PFDA and EGDMA, reasonably good agreement is achieved
(cf. Figure 7.4a,c,d). The fits match closely the experimental data and
different GMA content can be distinguished (cf. Figure 7.4c,d). While
this treatment can also be applied to p(GMA-DVB) polymers (cf.
Figure 7.4b), the spectra show strong deviations from the fit in the
fingerprint region (marked by an asterisk in the plot). The assump-
tions of little interaction between the co-monomers does not hold
in this case and the co-polymer gives rise to additional absorption
peaks. However, when the evaluated data range is reduced to the
region of C–H stretch above 2800 cm−1, polymer composition can still
be determined by this routine. A more detailed description of this
method and its limitations can be found in literature. 19

While changing the co-monomer in the GMA films did allow for
an easier compositional analysis, structural damage and delamination
during sulfonation remained critical issues. Exemplary, optical micro-
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Figure 7.4: Exemplary FTIR spectra of different GMA copolymers:
a) p(GMA-PFDA), b) p(GMA-DVB) and c,d) p(GMA-
EGDMA) films with different GMA content. For compo-
sitional analysis, experimental data are fitted by a linear
combination of the respective homopolymer spectra. In
case of the p(GMA-DVB) films, deviations from this model
are noted (marked by an asterisk, see text for a more de-
tailed explanation). Please note that so-determined volume
fractions will have an absolute error of about 10 %, as there
is a high degree of freedom in the baseline corrections.

graphs of a p(GMA-PDFA) film and a p(GMA-DVB) film, after being
exposed to the sulfonation solution, are shown in Figure 7.5a and b,
respectively. Despite the high PFDA content (> 90 %), ruptures and
partial delamination occurred. For this reason, PFDA was not further
considered. Likewise, DVB co-polymers were severely affected by the
sulfonation process (Figure 7.5b). However, in contrast to PFDA, these
samples exhibit a behavior more similar to that of p(GMA-DEGDVE)
films. Interestingly, defined patterns are also noted on the samples,
possibly hinting at the occurrence of phase separation in these films.
Likewise, EGDMA films exhibit comparable behavior but also do not
limit delamination (data not shown). While all the tested cross-linker
seem to be feasible per se, altered chemistry does not limit delamina-
tion and thus, other strategies were evaluated instead.

Nylon and PET substrates. While different cross-linkers, polymer
compositions and also grafting was explored as possible ways to limit
film delamination from silicon substrates during sulfonation, none
of the evaluated strategies did result in a significant improvement.
Therefore, also different substrates were evaluated for the preparation
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Figure 7.5: Optical microscopy images of samples after sulfonation:
a) p(GMA-PFDA) film with little GMA content (< 10 %),
the inset depicting the entire sample. b) p(GMA-DVB) film
with 60 % GMA content.

of sulfonated PEMs by iCVD. Two porous (nylon and PTFE) and a
non-porous substrate (PET) were employed in the film preparation.
From a material characterization point of view, the PET substrate
offers the advantage of being more accessible to most of the analytical
techniques employed in this study. Most importantly, FTIR analysis
can be performed in this case by using the surface-sensitive ATR
configuration. As this requires substrate and polymer to be separated
by a sharp interface, porous substrates are not well suited. For this
reason, chemical analysis was performed exclusively on samples
prepared on PET substrates. However, the porous substrates provide
better stability to the iCVD polymers due to their larger surface area.
Also, the porosity of the substrates eases water uptake, a possible
advantage in the conductivity measurements.

Films prepared on either of these flexible substrates showed im-
proved stability of the iCVD films during sulfonation. Exemplarily,
FTIR data of p(GMA-DEGDVE) samples are provide in Figure 7.6a,
evidencing the differences in the measured spectra depending on the
substrate choice (silicon or PET). Despite having an iCVD layer of
about 1.5 µm atop, the substrate is also partially sampled in the ATR
measurement. However, the differences do not significantly alter the
overall pattern and the iCVD polymer is easily recognized. After be-
ing kept in the sulfonation solution for 8 hours at 75 ◦C, the film re-
mained attached to the substrate surface and FTIR data evidence the
successful conversion of the GMA groups (compare Figure 7.6b with
the data in Figure 7.4c). While it should be noted that some samples
also delaminated from PET (mostly when handled in a highly swollen
state, e. g. during rinsing), overall stability was significantly improved
in comparison to samples prepared on silicon.

In another step, the transfer of the acid salt to sulfonic acid was
tested. For this, samples were stored in one molar sulfuric acid for
8 hours, which should lead to a hydrolysis reaction. As exposure to
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Figure 7.6: a) FTIR spectra of as-prepared p(GMA-DEGDVE), pre-
pared either on a silicon or on a PET substrate. The data
are collected in transmission for silicon and in ATR con-
figuration for PET. Arrows mark absorption peaks stem-
ming from the PET substrate. b) FTIR ATR spectrum of a
sulfonated p(GMA-DEGDVE) sample on a PET substrate
(8 hours at 75 ◦C). The inset depicts a photograph of the
sample in the swollen state. While the left side of the trans-
parent PET substrate has been left uncoated, strong wrin-
kling of the swollen iCVD polymer, covering the right part
of the substrate, results in the image being blurred out.
Data have been baseline and ATR-corrected (where appli-
cable).

a strong acid like sulfuric acid can have unwanted side-effects on
the film/substrate, SEM images were taken after the reaction. Fig-
ure 7.7a shows an exemplary image of a p(GMA-DEGDVE) sample
after acid exposure. Aside from strong charging effects due to the
non-conductive substrate (bright areas in the image), the surface is
covered with small dot-like features. Likely, the acid treatment had
led to the formation of holes in the iCVD film. The EDX spectrum
of this sample (Figure 7.7b) shows the absence of sodium (Na) while
sulfur is still present, indicating a successful conversion of the film.
A quantitative analysis of the spectrum yields a sulfur fraction of 2 %
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(see inset). From this data, a rough estimate about the sulfonation
conversion efficiency can be made. Assuming a GMA homopolymer
(as it was not possible to determine the DEGDVE content), the car-
bon/oxygen/sulfur ratios would yield a conversion rate of about
40 %. However, this value is likely only a lower limit; as the EDX
spectrum probes most of the sample thickness, carbon and oxygen
content will also show some contribution from the PET substrate as
well as from carbon contamination.

Figure 7.7: a) SEM image of a p(GMA-DEGDVE) coating on a PET
substrate after sulfonation and ion exchange in 1 M sulfuric
acid. b) EDX spectrum of the sample, evidencing the suc-
cessful conversion of the salt to the acid state (as sodium
is not detected). The inset shows a quantitative composi-
tional analysis of the spectrum. Peaks stemming from a sil-
icon powder contamination are indicated by an asterisk.

Conductivity measurements. Polymer electrolyte membranes are
commonly tested either directly in fuel cell systems or separately
in a conductivity cell. However, this requires rather thick polymer
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films (with tens of micrometers in thickness), which are not feasible
to deposit with a research iCVD reactor. For this reason, thinner films
are usually investigated instead, requiring more specialized experi-
mental setups. As iCVD polymers can easily be prepared on different
surfaces, this raises an interesting option: instead of preparing free-
standing films, which are then contacted mechanically by the mea-
surement electrodes, one can directly deposit the polymers on an
electrode array. In this context, printed circuit boards (PCBs) are an
interesting option as they are highly customizable and are cheaply
available (an example is shown in the inset of Figure 7.8a). Electrodes
with a varying spacing allow for conductivity measurements as a
function of electrode separation distance, which can be useful to de-
tect the influence of local defects (as they interfere with the otherwise
linear relationship according to Ohm’s law). Also, from the rough,
polymeric substrate of the PCB one can expect improved adhesion
between iCVD film and PCB, thus minimizing the delamination prob-
lem. While this was confirmed in the sulfonation experiments (data
not shown), another issue arose during measurements. For this, sam-
ples are usually inserted into water, in order to hydrate the sulfonated
films prior measurement (cf. Figure 7.8b). However, measurements
turned out to be surprisingly unstable (data not shown). SEM images
of repeatedly water-exposed samples revealed structural damage at
the polymer-electrode interfaces (cf. Figure 7.8a). The gold-coated
copper electrodes have a height of about 30 µm, which is much larger
than the polymer thickness (approx. 1 µm). This difference makes the
so important interface susceptible for defects, the SEM image show-
ing creasing and ruptures in the iCVD layer on top of the electrodes
(marked by arrows).

To avoid this issue, thin gold electrodes were evaporated on PET
substrates instead (cf. Figure 7.8c). These electrodes had a thickness
of just 50 nm and retained the advantages of using a flexible sub-
strate. For measurements, electrodes feature broader pads at their
top, at which they can be connected by toothless alligator clips (cf.
Figure 7.8d). While this concept did function in principle, the tedious
and costly preparation process makes also this approach not feasible
for evaluating a wider spectrum of samples. Thus, these thin gold
electrodes were used only complementary to measurements with
the BekkTech conductivity cell. In addition, samples were swollen
in humidity rather than inserting them directly into water, allowing
more time for the swelling process and also allowing the study of the
time-dependence of the conductivity during water uptake.

In the following, some preliminary conductivity data are presented
for samples measured in humidity. As samples were prepared on ny-
lon substrates, the uncoated substrate was investigated first. In order
to exclude any influence of the post-deposition sulfonation reaction,
the nylon substrate was put in the solution for 14 hours at 75 ◦C. In
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Figure 7.8: a) SEM image of the electrode-polymer interface on a PCB
after sulfonation. The inset depicts a photograph of the
full PCB, with an iCVD film covering the right part of the
board. Arrows mark several defects at the polymer/elec-
trode interface. b) EIS measurement setup in water. c) Gold
electrodes evaporated on PET substrates. d) 4-point EIS
measurement of a sulfonated iCVD film prepared on a PET
substrate with a gold electrode array.

Figure 7.9a, changes in nylon conductivity as a function of time are de-
picted, as determined from electrochemical impedance spectroscopy
measurements in saturated humidity. While the sample does show
some increase in conductivity over time (as the nylon substrate takes
up water), the nylon remains overall highly resistive. This is a good in-
dication that the nylon substrate was not strongly affected by the sul-
fonation process, allowing coating and substrate to be distinguished in
the EIS measurements. In Figure 7.9b, the Nyquist plot of a represen-
tative impedance spectrum is shown (i. e., x- and y-axis depict the real
and imaginary part of the impedance, respectively). The data feature
most prominently a semicircle, corresponding to an equivalent circuit
of a capacitance and a resistance in parallel. For practical reasons, an
imperfect capacitance is usually considered, modeled by a constant
phase element (CPE). While there is another, smaller semicircle noted
at higher Zreal values, it can be neglected in the data evaluation; the
membrane conductivity is calculated from the measured resistance,
i. e. the intersection with the x-axis.

When evaluating sulfonated iCVD polymers deposited on nylon,
a different behavior is observed. Impedance spectra for a p(GMA-
EGDMA) film with 55 % GMA content (cf. Figure 12 for the FTIR data)
show a pronounced inductive behavior at high frequencies (above
10 kHz), which transits into a resistive/capacitive behavior at lower
frequencies (for an exemplary data set, cf. Figure 7.10a). For the eval-
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Figure 7.9: a) Changes in ionic conductivity for an uncoated ny-
lon membrane, which was kept in the sulfonation reac-
tion solution for 14 hours (at 75 ◦C) prior measurement. b)
Nyquist plot depicting the impedance spectrum for a se-
lected data point (marked with an arrow in a) The data
were collected in a closed system at saturated humidity.

uation of the polymer electrolyte membrane, only the low frequency
regime (below 20 kHz) is typically considered. 20–22 A detailed view of
this regime is provided in Figure 7.10b. The data feature a first inter-
section with the x-axis around 47.3 kΩ, corresponding to ohmic losses,
followed by two semicircles and another intersection with the real axis
at frequencies lower than 1 Hz. The data can be fitted reasonably well
by an equivalent circuit depicted in the inset. Most importantly, the
membrane (i.e. iCVD film) resistance can be determined from the in-
tersection at higher frequencies (around 10 kHz). 22–24

The two parallel RCs, on the other hand, could not be unambigu-
ously interpreted but might be related to double layer formation or
transport phenomena. In Figure 7.10c, impedance spectra at selected
times are depicted, evidencing a shift of the total spectrum towards
lower x-values. This means that the membrane resistance decreases
gradually as the hydration level increases in the films. As the hydrated
state is necessary for the dissociation of protons from the sulfonic acid
groups, this behavior is expected. In Figure 7.10d, membrane conduc-
tivities are plotted as a function of time. Please note that these values
are calculated with the thickness of the dry iCVD layers as the swollen
thicknesses were experimentally not accessible. Therefore, values rep-
resent an upper estimate of the true conductivity. The data show con-
ductivity values of about 100 mS/cm, which is very promising for fu-
ture experiments. As the curve does not show a saturation behavior,
the apparent conductivity increase might be in fact related to further
water uptake. As a constant thickness is assumed in the conductiv-
ity calculation, thickness changes induced by swelling are left unac-
counted for. Nevertheless, this thickness increase should not surpass
100 %, meaning that the true membrane conductivity should still be
in the order of 10 to 100 mS/cm. For comparison, also data for a poly-
mer cross-linked with DVB are shown. While the slightly increased
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Figure 7.10: Electrochemical impedance spectroscopy data of a
p(GMA-EGDMA) sample with 55 % GMA content. The
data were collected in a closed system at saturated hu-
midity. a) Nyquist plot of the full impedance spectrum
collected after 507 seconds, depicting setup and mem-
brane contributions. b) Nyquist plot of the membrane
data. The inset depicts the equivalent circuit used in the
fits. c) Selected impedance spectra depicting the change
in impedance over time. d) Changes in conductivity of
the iCVD film as a function of time. For comparison, data
for a p(GMA-DVB) film with 65 % GMA content are also
shown. Please note that conductivity values are calculated
with the dry, as-deposited film thickness.

GMA content (65 compared to 55 %) suggests higher conductivities,
data show actually the opposite behavior. A possible reason might
be that DVB, in contrast to EGDMA, is highly rigid, possibly limiting
chain rearrangement and charge transport.

7.6 Conclusion

The possibility to employ initiated Chemical Vapor Deposition in
the preparation of sulfonated proton conductive materials was in-
vestigated. Co-polymers of glycidyl methacrylate were prepared by
iCVD for subsequent sulfonation. For this, different cross-linkers
and co-monomers were evaluated. While it was possible to sulfonate
vapor-deposited polymers, delamination and other structural insta-
bilities were commonly encountered in the films during the reaction.
Exchanging the rigid silicon substrates with flexible polymeric ones
(such as PET or nylon) did significantly enhance the film stability on
the substrate. The increased surface area (due to roughness) and the
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flexibility of the support decrease the stress at the iCVD polymer/sub-
strate interface when films turn hydrophilic (and thus start swelling)
during sulfonation. Preliminary data from conductivity measure-
ments by electrochemical impedance spectroscopy show promising
values, with samples reaching conductivity values in the order of 10
to 100 mS/cm. While the experimental conditions do not yet allow for
the deposition of thicker membranes within reasonable time/costs,
such membranes could be interesting for small-scale applications
such as in enzyme fuel cells. In a next step, the proton conductivities
of such membranes need to be investigated as a function of polymer
composition and further improvements in deposition speed and poly-
mer stability need to be made. Ultimately, the goal will be to test these
polymers in a demonstrational power device.
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Part III

D I R E C T C O AT I N G O F P H A R M A C E U T I C A L S B Y
I C V D

This section explores the applicability of polymer coatings
by iCVD onto thin films of active pharmaceutical ingredi-
ents. The effect of the polymer on the solid state and on the
release behavior of the drug are studied and also polymer
properties are evaluated. The results are reproduced from
their respective peer-reviewed publications and have been
reformatted to fit the format of this thesis.
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8.1 Preface
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from the University of Graz, who provided the clotrimazole samples
and carried out the X-ray characterization. The author of this thesis
performed the polymeric encapsulation by the iCVD method, evalu-
ated the experimental data and wrote the manuscript with assistance
of Oliver Werzer. Heike M.A. Ehmann provided optical microscopy
data for the samples. Anna Maria Coclite and Oliver Werzer super-
vised the project. The following text and its illustrations are identical
to the published work 1 and are reproduced with permission.
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8.2 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), hydrox-
yethyl methacrylate (HEMA), and methacrylic acid (MAA). The iCVD
technique operates under solvent-free conditions at low temperatures,
thus leaving the solid state of the encapsulated layer unaffected. Op-
tical microscopy and X-ray diffraction data reveal that at ambient
conditions of about 22 ◦C, any of these iCVD layers extends the life-
time of the amorphous state significantly. At higher temperatures (50
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 crystal-
lization 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.

8.3 Introduction

Poor solubility and low bioavailability are major concerns in the for-
mulation of several drug systems, limiting or even prohibiting their
usage in practical application. Several approaches are known to over-
come this limitation, among which particle size reduction is likely the
most commonly used. 1 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). 2–4 In the amorphous state, en-
hanced 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 solubi-
lization process are relatively low compared with those of molecules
within the highly structured arrangements of a crystal. Experimen-
tal and theoretical studies have demonstrated this difference for some
systems, including indomethacin 6,7 and ritonavir. 8 However, a signif-
icant drawback of the amorphous state is the lack of long time stabil-
ity, which often results in undesired or unpredictable crystalline tran-
sition(s) over time. This makes drug formulations with amorphous
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active pharmaceutical ingredients challenging. 9 The most common
approach to prevent devitrification is the usage of solid dispersions,
where the amorphous active pharmaceutical component (API) is dis-
persed within a carrier material. 5,10 While the definition comprises
several different types of solid dispersions, it is mostly used to de-
scribe binary systems consisting of amorphous APIs within a poly-
meric carrier. Such systems aim to increase the glass transition tem-
perature of the drug system because above this point enhanced molec-
ular mobility, and thus crystallization, is facilitated. 11 Additionally,
molecular interactions (e.g., hydrogen bonding) 12 or local entrapment
within the matrix material can further stabilize the amorphous state. 13

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 pro-
vides stabilization up to an hour. 14 For racemic ibuprofen on glass
surfaces, crystallization requires more than 2 weeks, while cellulose
surfaces lead to crystallite formation already within a day. 15 As
new formulation strategies are under development, personalized
medicine might benefit from such amorphous states because the shelf
life might not be 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. 16 Single
crystal surfaces induce a directed growth, which results, for instance,
in para-sexiphenyl needles aligning along certain direction on gold
or copper crystals. 17,18 Similarly, the crystallographic orientation of
caffeine needles on mica surfaces reflects the pseudo-3-fold symmetry
of a complex mica sheet. 19,20 Defined crystal growth is of high impor-
tance 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. 21

The crystallization time is another key parameter for successful appli-
cation 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. 22 Even a combination of epitaxial growth and enhanced
crystallization rates was just recently demonstrated to be effective for
a carbamazepine/iminostilbene mixture. 23
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Clotrimazole is commonly used in the treatment of fungal infections, 24

but potential application in malaria treatment 25 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. 26 Such a system might readily
be employed in different dosage forms, such as in patches for par-
enteral or sublingual application. Additionally, the usage of solution
processes in the film preparation allows also for coprocessing clotri-
mazole with polymeric materials like polystyrene. This results in a
solid state solution, exhibiting a strongly retarded drug release. 27

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. 26

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. 28 Such an approach
works well for systems that do not change properties as they come
into contact with solvents. However, because many drug formula-
tions 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 sur-
faces. In principle, this method is applicable to any surface so that
even liquid matter can be coated. 29 A recently developed variation
of this process is initiated CVD (iCVD). 30 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. 31 The in-
troduction 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 tempera-
tures (usually below 60 ◦C). In turn, this promotes selective chemistry
because the radicals react exclusively with the vinyl bonds of a mono-
mer, 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 initia-
tor molecule or another active chain. 32,33 In recent years, this process
enabled coatings with tailored properties, including thermal 34 or
pH-responsiveness, 35 encapsulation, 36 and swellability, 37 among
many more.

In this work, three different polymer compositions were deposited
by iCVD on top of amorphous clotrimazole films to study how



8.4 M AT E R I A L S A N D M E T H O D S 115

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 func-
tionalities with them, possibly allowing for drug release only in a
certain environment (e. g., acidic in the stomach). While p-MAA ex-
hibits 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 hydrophobic, which should, in turn, make it a
perfect encapsulation, preventing any water uptake (hydrate forma-
tion 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 38,39 and
p-MAA 40 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.

8.4 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 sam-
ple preparation, a clotrimazole-tetrahydrofuran solution (Aldrich,
Germany) of 60 mg/g (0.15 mol/L) was prepared. As substrates,
conventional glass slides (Carl Roth GmbH+Co.KG, Germany) of
2.5 cm2 × 2.5 cm2 size were sonicated in an acetone bath for 15 min,
subsequently rinsed with 2-propanol and finally dried under a nitro-
gen stream. For sample preparation, 100 µL 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 22=hydroxyethyl methacrylate (HEMA, 97 %,
Aldrich, Germany), 1H,1H,2H,2H2=perfluorodecyl acrylate (PFDA,
97 %, Aldrich, Germany), and methacrylic acid (MAA, 99 %, Aldrich,
Germany) (Figure 8.1) were deposited in a custom-built iCVD cham-
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Figure 8.1: Structural formulas of clotrimazole and the monomers
used in the iCVD process, together with the corresponding
names.

ber, 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 8.11.) 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 PANa-
lytical Empyrean X-ray diffractometer, equipped with a copper sealed
tube (wavelength λ = 0.154 nm), a Göbbel mirror, various slits, and a
PIXcel3D solid state detector. The angular scans (θ/2θ) are represented
in the scattering vector (qz) notation, whereby qz = 4π · sin(θ)/λ.
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 mea-
surements (“specular scans”). The diffuse scattering from the amor-
phous 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 isother-
mal annealing was performed in standard ovens at 50 and 70 ◦C/min,
respectively, under ambient atmosphere. In situ temperature-depen-
dent 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 (Bud-
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getSensors, Bulgaria). The data were processed and depicted using the
software package Gwyddion. 41

8.5 Results

Pristine Clotrimazole Films. Clotrimazole solutions were drop cast
onto glass substrates, forming homogeneous liquid layers. Upon sol-
vent evaporation, a solid film of several micrometers height is estab-
lished 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 qz ≈ 8 and 15 nm−1 (see Figure 8.2), indica-
tive for low order within this film.

On ambient storage, the diffraction pattern changes significantly
within 4 h. Multiple peaks have emerged, with the most prominent be-
ing located between qz = 6 and 7 nm−1. This means that the clotrima-
zole film has (at least partially) crystallized. A comparison with the-
oretical powder spectra data shows agreement with the triclinic form
of clotrimazole, with lattice parameters a = 8.76 A, b = 10.55 A, c =

10.61 A, α = 114.1°, β = 96.96°, and γ = 97.54°. 42 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. Addi-
tional peaks are noted at qz = 8.25, 10.04, 14.30, 15.40, and 18.34 nm−1,
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.

Figure 8.2: X-ray diffraction scans of an as-prepared clotrimazole film
and films stored at different temperatures. The red bars in-
dicate positions and the intensities of an ideal powder.
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The coexistence of both crystalline and amorphous clotrimazole
is also apparent in the optical micrograph (see Figure 8.3a). Sev-
eral densely packed spherulites correspond to 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 (50 ◦C). The micrograph exhibits exclusively crys-
talline regions with two distinct morphologies (see Figure 8.3b): first
bold, colorful structures branching from common centers and sec-
ond, 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 8.2).
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 8.3c). 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-PFDA 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 8.4) and X-ray diffraction
patterns (Figure 8.5) were collected. For a p-HEMA coating, two
dominant features are noted. First, a strong surface wrinkling is ev-
ident. 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 (wrin-
kles) causes the opaque appearance. The second interesting aspect is
that for 48 h storage, the majority of the clotrimazole film remained
amorphous, which appears greyish in the image. Only some crystals
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Figure 8.3: Optical micrographs of pristine clotrimazole films 48 h af-
ter preparation, stored at ambient temperature (a), 50 ◦C
(b), or 70 ◦C (c). Arrows indicate crystalline regions as well
as amorphous fractions of clotrimazole.

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 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.
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Figure 8.4: Various clotrimazole-iCVD samples stored for 48 h at dif-
ferent temperatures. The inset of the p-PFDA sample dis-
plays an AFM height image of the surface.

Using storage temperatures of 50 or 70 ◦C, the crystalline fractions
enlarged (Figure 8.4, 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 8.5), which show diffraction from triclinic clotrimazole
as well as scattering from amorphous fractions. Two dominant peaks
are noted for both samples, located at qz = 6.5 nm−1 and 13 nm−1,
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 8.11), which correspond to distinct crystal-
lographic planes, that is, the crystals contact the substrate/polymer
coating preferentially along the (0 0 1) and (0 1 0) 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 behav-
ior, although differing quantitatively. The different morphologies of
the samples after storage at different temperatures for 48 h appear in
the optical images (Figure 8.4, middle row). The p-MAA coating ex-
hibits surface wrinkling (with shorter periodicity in the wrinkles com-
pared 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 (Fig-



8.5 R E S U LT S 121

Figure 8.5: X-ray diffraction scans of clotrimazole encapsulated with
different polymers after storage at different conditions. Im-
ages share a common abscissa for sake of comparability.

ure 8.5) shows solely diffraction from amorphous clotrimazole, mean-
ing 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 qz = 6.5 nm−1 (and
higher order reflections), corresponding to the [0 0 1] and [0 1 0] orien-
tation, means that two preferred contact planes exist between clotri-
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mazole and the p-MAA coating. Optical and diffraction data show
that only a small fraction remained amorphous. For storage tempera-
tures of 70 ◦C, the situation remains similar, only the number and size
of crystals being larger.

The clotrimazole crystallization changes drastically when encapsu-
lated by p-PFDA. After deposition, the samples retain their transpar-
ent appearance (see Figure 4, bottom left). An AFM image (inset in Fig-
ure 8.4, 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 ca-
pability of p-PFDA coating of preventing (or at least retarding) clotri-
mazole crystallization under ambient conditions. The X-ray diffrac-
tion pattern in Figure 8.5 features two peaks and two broad humps.
The sharp peaks located at qz = 3.86 and 5.79 nm−1 are higher or-
der reflections of the lamellar packing with the fluorine groups of the
p-PFDA (d-spacing ≈ 3.25 nm) exhibiting parallel stacking onto the
sample. 43 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 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 with-
out 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 8.6 for the various
samples. For a bare clotrimazole layer, that is, without coating, the
diffraction data contains initially information from the amorphous
film. A moderate elevation of the temperature had no impact. Reach-
ing 108 ◦C, crystallization was initiated and the (0 0 1)/(0 1 0) double
peak started to evolve at qz = 6.57 nm−1. 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 qz = 7.0 nm−1, 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 ac-
count of clotrimazole melting. It is noteworthy that the amorphous
state prevails on rapid cooling (>50 ◦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,
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Figure 8.6: In situ X-ray diffraction scans of amorphous clotrimazole
films, encapsulated by iCVD layers, at different tempera-
tures. Tc and Tm denote the onset of clotrimazole crystal-
lization and melting, respectively. Tm(p-PFDA) denotes melt-
ing of the p-PFDA lamella.

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 tempera-
ture 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 qz = 3.86 and 5.79 nm−1, characteristic of the p–FDA
lamella order, as well as the amorphous clotrimazole hump. This pat-
tern prevails unaffected until 80 ◦C, at which the two peaks disap-
peared. At this temperature p-PFDA melts. On a further tempera-
ture increase to 92 ◦C, the (0 0 1) double peak of clotrimazole at qz =

6.57 nm−1 emerges. This crystallization onset temperature is signifi-
cant lower compared with the unprotected sample. On further heat-
ing, more material crystallized as evident by the higher peak inten-
sity. Besides the strong (0 0 1) 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) tex-
ture. At a temperature of 150 ◦C, the crystalline clotrimazole melts,
which agrees with the uncoated sample.
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8.6 Discussion

Clotrimazole consists of four rings joined together and is of rather
asymmetric and bulky shape (Figure 8.1), 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 compar-
ison, amorphous phenytoin thin films require only some minutes
until the first crystals start forming. 44 Nevertheless, the clotrimazole
crystallization rate increases as elevated storage temperatures are em-
ployed; 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 experi-
ments), that is, neither the organic-glass nor the solid-air interface
can dictate selective growth from specific contact planes. The pres-
ence 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 through-
out 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 in-
gredients like caffeine, paracetamol, or ibuprofen are prone to subli-
mation. 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 wrin-
kling in the polymeric layer. The p-HEMA layer resulted in pro-
nounced wrinkles of several micrometers extension. p-MAA pro-
duces 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 dif-
ferent physicochemical properties. Especially differences in elastic
moduli (E) of a “substrate” (here the clotrimazole layer) and the
coating explain wrinkling. Depending on the theory for calculation,
the wrinkling amplitude (A) might follow A ≈ E1/3. 45 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 assump-
tion is also in agreement with literature data on such films, reporting
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an elastic modulus of 183 MPa for p-HEMA and one of 8.2 GPa for
p-PFDA. 46,47 A test shows that such wrinkling is absent in coatings of
crystalline clotrimazole layers (an example is shown in the Support-
ing Information 8.11). After heating such samples to the melting point
of clotrimazole (150 ◦C), wrinkles formed again. Surprisingly, cooling
or a subsequent crystallization 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 clotrima-
zole 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 crys-
tallization 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 pro-
tection at ambient temperatures, but it is unable to prevent crystalliza-
tion at 50 or 70 ◦C. Also a rapid heat increase causes the amorphous
clotrimazole to crystallize. Because p-PFDA surfaces are strongly hy-
drophobic and oleophobic, 48 most substances prevent contact, mean-
ing surface diffusion eases because solid-solid interface interaction
strengths are small. Furthermore, the formation of various crystallo-
graphic 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 tem-
peratures, provides large amounts of amorphous clotrimazole even
after 48 h storage. Noteworthy, they prevent clotrimazole crystal-
lization even through brief heat treatments up to the melting point
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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 pos-
sible. 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 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 ad-
ditional 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 prefer-

Figure 8.7: Molecular packing in the clotrimazole unit cell (top) and
the two preferred molecular contact planes between clotri-
mazole crystals and the p-HEMA and p-MAA encapsula-
tion layers (bottom); the structures are illustrated with the
software package VMD. 49
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entially along two specific crystallographic planes with the polymer/
substrate interface, as illustrated in Figure 8.7. In the (0 0 1) orienta-
tion, the contact at the solid–solid 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 (i. e., the hydrogen bond
acceptor side) is in close proximity to the interface. The polar interac-
tion becomes more dominant in the (0 1 0) assembly, since there the
hydrogen bond acceptor sides (and the chloric unit) are directly ex-
posed at the interface. The presence of the two preferred crystallo-
graphic orientations in clotrimazole means that the molecules near
the polymer–drug interface need to adapt their conformation (rota-
tion and translation) in order to adsorb or physisorb at this inter-
face. 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.

8.7 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
(i. e., iCVD) in the deposition of the polymer layer circumvents any
risk of solvent-induced solid state transitions in the drug or disso-
lution. 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 significantly. Further-
more, the chemical composition of the polymer layers also enables
selective growth so that clotrimazole crystallites contact the polymer
layers along the (0 0 1) and (0 1 0) planes, on account of both apolar
interaction forces and hydrogen bonding. Suppressing crystallization
upon a rapid temperature increase makes this encapsulation interest-
ing 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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8.11 Supporting Information

iCVD setup
Polymerization by initiated chemical vapor deposition (iCVD) is
performed in custom-made vacuum reactor. The cylindrical cham-
ber (height 5.5 cm, diameter 36 cm) is pumped by a Duo 5M rotary
vane pump (Pfeiffer Vacuum, Germany) and the process pressure
is regulated by a throttle valve (MKS Instruments, USA). A remov-
able quartz glass lid allows for in situ thickness control via laser
interferometry (He-Ne laser with λ = 633 nm, Thorlabs, USA). The
chamber houses a resistively heated filament array of 12 parallel
nickel-chromium wires (Goodfellow, UK), which are mounted 2.5 cm
above the reactor floor. The substrate temperature is regulated by an
Accel 500 LC heater/chiller (Thermo Fisher Scientific, USA) to ±2 ◦C,
as monitored by type K thermocouples (Omega Engineering, USA).
The monomers are stored in glass jars at constant temperatures (PFDA
and EGDMA at 80 ◦C, HEMA at 75 ◦C and MAA at 70 ◦C) and can be
flown into the reactor through a heated mixing line (held at 90 ◦C).
Both initiator and nitrogen enter separately the chamber at ambient
temperature. The individual flow rates were manually set by needle
valves (Swagelok, USA) or mass flow controllers (MKS Instruments,
USA). The individual process parameters used in this work are stated
in Table S8.1.

Table S8.1: Deposition parameters for the individual polymer coat-
ings. The flow rates of the monomers (Fmono), crosslinker
(FEGDMA), the initiator (FTBPO) and nitrogen (FN2) are sum-
marized together with the filament (Tfil) and substrate
(Tsub) temperatures. During deposition, the pressure (p)
was constant.

p-HEMA p-MAA p-PFDA

Fmono [sccm] 0.75± 0.05 0.80± 0.05 0.15± 0.03

FEGDMA [sccm] 0.03± 0.05 0.03± 0.01 –

FTBPO [sccm] 0.80± 0.05 0.80± 0.05 0.80± 0.05

FN2 [sccm] 3.0 ± 0.1 3.0 ± 0.1 6.0 ± 0.1

Tfil [
◦C] 310 ± 10 240 ± 10 240 ± 10

Tsub [◦C] 30 ± 2 25 ± 2 30 ± 2

p [mTorr] 350 ± 10 500 ± 10 800 ± 10
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Clotrimazole double peak

Figure S8.8: Image section of the X-ray diffraction pattern of clotrima-
zole, encapsulated by p-HEMA, after 24 h storage at 70 ◦C.
The red bars indicate the positions and the intensities of
the (0 0 1), (0 1 0) and higher order reflections of an ideal
clotrimazole powder.

Crystalline clotrimazole layers

For the identification of the wrinkling effect, a crystalline sample
of clotrimazole was prepared. On this crystalline sample, a 200 nm p-
HEMA layer was deposited (Figure S8.9, left) which results in a sur-
face structure that is dominated by the underlying clotrimazole crys-
tals. On heating to 160 ◦C, slightly above the melting temperature of
clotrimazole (Tm = 150 ◦C), all crystals disappeared but the formation
of wrinkles is clearly visible (Figure S8.9, middle). After storing this
sample at 70 ◦C for 48 h, crystallization is again observed, but differ-
ent to the initial film, surface wrinkling prevails.

Figure S8.9: Crystalline clotrimazole coated with a p-HEMA layer
(left), the same sample heated above 160 ◦C and rapidly
cooled to room temperature (middle) and the sample
stored at 70 ◦C for another 48 h.
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9.2 Abstract

Polymer encapsulation of drugs is conventionally used as a strategy
for controlled delivery and enhanced stability. In this work, a novel en-
capsulation approach is demonstrated, in which the organic molecule
clotrimazole is enclosed into wrinkles of defined sizes. Having defined
wrinkles at the drug/encapsulant interface, the contact between the
encapsulating polymer and the drug can be improved. In addition,
this can also allow for some control on the drug delivery as the avail-
able surface area changes with the wrinkle size. For this purpose, thin
films of clotrimazole were deposited onto silica substrates and were
then encapsulated by crosslinked poly(2-hydroxyethyl methacrylate)
(pHEMA) via initiated chemical vapor deposition (iCVD). The thick-
ness and the solid state (crystalline or amorphous) of the clotrimazole
layer were varied so that the conditions under which surface wrin-
kles emerge can be determined. A (critical) clotrimazole thickness of
76.6 nm was found necessary to induce wrinkles, whereby the wrinkle
size is directly proportional to the thickness of the amorphous clotri-
mazole. When the pHEMA was deposited on top of crystalline clotri-
mazole instead, wrinkling was absent. The wrinkling effect can be
understood in terms of elastic mismatch between the relatively rigid
pHEMA film and the drug layer. In the case of amorphous clotrima-
zole, the relatively soft drug layer causes a large mismatch resulting
in a sufficient driving force for wrinkle formation. Instead, the in-
creased elastic modulus of crystalline clotrimazole reduces the elastic
mismatch between drug and polymer, so that wrinkles do not form.

9.3 Introduction

Encapsulating drugs with synthetic polymers has several important
roles: it creates a diffusion membrane around medications for release
in adjustable time-scales; 1,2 it protects the drug during the administra-
tion (e. g. from acidic environment in the oral route); it enhances the
drug stability on storage. This is generally achieved by biocompati-
ble polymer/drug composite layers or by dispersing the drug itself
within a soluble or insoluble polymer matrix, thus forming a solid-
state dispersion or solution. 3,4

The recently developed initiated chemical vapor deposition (iCVD)
allows the preparation of thin polymer coatings on nearly any surface,
including delicate substrates such as liquid layers, 5 paper, 6 organic
films 7 or drug molecular layers. 8 iCVD polymerization works in a
wide range of environmental conditions, among the mild vacuum and
low substrate temperatures, allowing even the direct deposition onto
delicate drug formulations which are easily altered by solution-based
polymer coating processes. 9 The iCVD process follows the mecha-
nisms of conventional radical polymerization, 10,11 Radicals are cre-
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ated in the vapor phase upon thermal decomposition of an initiator
molecule, often a peroxide, by selectively breaking the labile oxygen–
oxygen bond at temperatures in the range 250-350 ◦C. The monomer
remains unaffected by these temperatures and gets adsorbed on a sub-
strate held at moderate temperatures (ambient to 60 ◦C). There, radi-
cals can react with the vinyl bonds of the monomer molecules from
the vapor phase, resulting in the formation of heavier initiator-mo-
nomer fragments. Subsequently, growth proceeds by attaching addi-
tional monomer units to the chain until it is terminated by another
radical or unsaturated chain. 12 Further details on this iCVD polymer-
ization mechanism can be found in recent reviews. 9,13

It has been demonstrated that engineered three-dimensional wrin-
kles bind the coating intimately to its substrate. 14 When a solid thin
film is deposited onto a liquid and forms wrinkles, the liquid seeks
to keep the solid-liquid contact by flowing into the wrinkles. 15 In
the current study, the encapsulation of a drug molecular layer into
a wrinkled, hydrogel-forming layer is investigated. This approach
can be applicable for morphology-controlled drug-release, as well
as for other practical purposes, including tunability of adhesion, 16,17

wettability 18,19 for microfluidics 20 or optical coatings (anti-reflection
layers). In particular, keeping the surface chemistry unchanged while
varying the morphology in a controlled manner can be beneficial for
studies of properties like wettability or crystal growth as a function
of the interface morphology. Among three-dimensional surface mor-
phologies, wrinkled surfaces have recently attracted a great deal of
attention. Since Bowden’s experiments in 1998, 21 many groups have
investigated different routes to prepare defined surface wrinkles, both
from the experimental and the theoretical point of view. Most often,
wrinkles on a surface are obtained when a compressive stress is gen-
erated between a coating layer and a substrate due to the expansion
mismatch of the two materials. 22

Ordered wrinkling has already been demonstrated by the deposi-
tion of a cross-linked poly(2-hydroxyethyl methacrylate) (pHEMA)
layer onto PDMS substrates by iCVD. 23 This resulted in the formation
of two-dimensional herringbone patterns by the sequential release of
the biaxially stretched PDMS. In this current work, another approach
is demonstrated to fabricate wrinkles of various sizes. For this, clotri-
mazole was encapsulated by crosslinked pHEMA via iCVD. Clotrima-
zole is commonly used in the treatment of fungal disease, 24 but is also
evaluated for therapies of malaria. 25 In this study, clotrimazole is used
as a model substance as it is stable under mild vacuum conditions (re-
quired in our iCVD process) and remains amorphous at a solid sub-
strate for a prolonged period prior and after fabrications, in contrast
to other molecules which rapidly transit to a more stable crystalline
form. 26 Furthermore, its excellent solubility in organic solvents allows
simple but defined film preparation by spin coating. Various films of
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different thicknesses were prepared, functioning effectively as a spac-
ing layer between the iCVD pHEMA coatings and the rigid silicon
substrate, as depicted in Scheme 9.1. The pHEMA polymer belongs
to the category of hydrogels, as it shows a fast response to wet envi-
ronments. The presence of absorbed water in the polymer network in-
duces a reversible change in thickness from unswollen to the swollen
state and vice versa. Encapsulating clotrimazole in a pHEMA hydro-
gel presumably enables the polymer coating to act as diffusion barrier
in the dry, unswollen state while allowing for a drug delivery when
swollen. For this, also the biocompatibility of pHEMA, which was
demonstrated already in several cases, plays an important role. 27,28 In
this work, the impact of the drug layer thickness and of its solid state
(i. e. crystalline vs. amorphous) on the wrinkling process was studied.
Many studies on wrinkles are based on depositing a hard skin layer on
soft substrate and varying the thickness of the skin layer. 29–31 When
the skin layer is thick enough, wrinkles form as a result of the elastic
mismatch between the rigid film and the soft substrate. 32 In this work,
a different approach was chosen: the thickness and the solid state of
the clotrimazole layer were varied in order to control wrinkle forma-
tion (Scheme 9.1).

Scheme 9.1: Schematic of the sample structure, indicating the vari-
ables (thickness and solid state of the clotrimazole layer)
whose impact on the wrinkling process is evaluated.

9.4 Materials and methods

Pharmaceutical grade clotrimazole was purchase from Gatt-Koller
GmbH (Austria) and used without further treatment. Tetrahydrofu-
ran (THF) of spectrophotometric grade was purchased from Sigma-
Aldrich (Germany). Solutions of clotrimazole in THF were prepared in
various solute concentrations, ranging from 1.7 mg g−1 to 66.6 mg g−1,
and stirred prior usage. Silicon wafers with defined thermally grown
oxide of 150 nm (Siegert Wafers, Germany) were used as substrates.
Prior usage, the substrates were cleaned by ten minutes sonication
each in acetone and ethanol solution, respectively, rinsed with MilliQ
water and finally dried under a nitrogen stream.

Defined clotrimazole layers were prepared by spin coating from the
different concentrations using a standard spin coating device (Inge-
nieurbüro Reinmuth, Germany). The spin time was set to 30 seconds at
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a rotation speed of 25 rounds per second. The clotrimazole layer thick-
nesses were determined by variable angle spectroscopic ellipsometry
using a M-2000 ellipsometer (J. A. Woollam, USA). For the layer thick-
ness extraction, the data was modeled as a system consisting of three-
layers including bulk silicon, silicon oxide (150 nm) and clotrimazole,
using the CompleteEASE software. The optical constants of the silicon
crystal and the surface oxide were taken from literature, 33 while the
refractive index of the clotrimazole layer were modeled by a Cauchy
function.

iCVD layers were deposited using a custom build setup. The sam-
ples were housed in a cylindrical vacuum chamber equipped with
a throttle valve, controlling the operating pressure to 350 mTorr.
The substrate temperature was kept at (30± 3) ◦C by a chiller/
heater system (Thermo Scientific Accel 500 LC). The thermal de-
composition of the initiator was induced by a filament array of
nickel-chromium wires (Goodfellow, UK), heated to (320± 5) ◦C.
The hydrophilic monomer 2-hydroxyethyl methacrylate (HEMA,
97 %, Aldrich, Germany), the crosslinking agent ethylene glycol di-
methacrylate (EGDMA, 98 %, Aldrich, Germany) and the initiator
tert-butyl peroxide (TBPO, 98 %, Aldrich, Germany) were used with-
out further treatment. The two monomers were kept at 75 and 80 ◦C,
respectively, and flown into the reactor through a heated mixing
line. The flow rates were adjusted via needle valves. The initiator
was kept at ambient temperature and was introduced separately
into the chamber. The various samples were coated at constant flow
rates: TPBO (0.80± 0.02) sccm, HEMA (0.75± 0.05) sccm, EGDMA
(0.04± 0.01) sccm and N2 (3.0± 0.1) sccm. The N2 was used as patch
flow. A nominal layer thickness of 200 nm was deposited on all the
samples, monitored in situ by laser interferometry (He-Ne Laser with
λ = 633 nm, Thorlabs, USA). Simultaneous to the deposition of clotri-
mazole layers, also pristine silicon substrates were coated with cross-
linked pHEMA to allow for an easier characterization of the polymer
properties.

The chemical composition and structure of the pHEMA layer were
evaluated by Fourier transform infrared (FT-IR) spectroscopy (Bruker
IFS 66 v/S) in transmission. The atomic composition of the compound
(clotrimazole and polymer) and the pristine polymers were deter-
mined by X-ray photoelectron spectroscopy (XPS). The spectra were
acquired using non-monochromatic Mg K-alpha radiation (1253 eV).
The pass energy was 50 eV for survey scans and 20 eV for high resolu-
tion scans. The take-off angle was 551. The analysis of the data were
performed using Casa XPS. Morphological studies were conducted
by a FlexAFM (Nanosurf, Switzerland) using an EasyScan 2 AFM
controller and a Tap190 cantilever (BudgetSensors, Bulgaria). The
measurements were performed in non-contact mode so that the am-
plitude of the cantilever, exited at 190 kHz, was used as the feedback



140 W R I N K L E F O R M AT I O N I N A P O LY M E R I C D R U G C O AT I N G

loop parameter. The individual images were corrected for sample
flatness and artifacts with the software package Gwyddion. 34

9.5 Results and discussion

Amorphous clotrimazole layers on silicon oxide

The deposition of clotrimazole from THF solutions resulted in
homogeneous films for solute concentrations (c) ranging from
1.7 mg mL−1 to 66.6 mg mL−1. Atomic force microscopy measure-
ments of such films featured little to no surface structures, which is
also reflected by a surface roughness (root mean squared, RMS) below
0.4 nm (data not shown). As a previous study has shown, this prepa-
ration route generally results in (initially) amorphous clotrimazole
films, which is also indicated by the absence of a significant surface
roughness. 35

At solute concentrations lower than 1.7 mg mL−1, holes started to
appear in the spin coated clotrimazole layers as the system had not
enough time to form a coherent film or the amount of material is not
sufficient for covering the entire sample. Exceeding c = 66.6 mg mL−1,
the film quality decreased quickly due to comet structure formation by
residual particles of un-dissolved clotrimazole in solution, making the
surface inhomogeneous. Therefore, only samples in the concentration
range of 1.7-66.6 mg mL−1 were studied further. Using a different sol-
vent and/or spin coating conditions, crucial parameters such as solu-
bility and evaporation speed can likely be altered, probably pushing
the limits for high quality films to thinner but also to thicker ones.

Figure 9.1: Layer thicknesses (H) of the clotrimazole films deposited
via spin coating from various THF solutions. The thickness
has been obtained from ellipsometric measurements.

Ellipsometric measurements of the clotrimazole layers show a vari-
ation in layer thickness, ranging from 19 nm to 531 nm as the solute
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concentration is varied from 1.7 to 66.6 mg mL−1 in the spin coating
process (see Figure 9.1). The thicknesses in between those two ex-
tremes increase linearly with the clotrimazole concentration. A linear
regression fit shows that the layer thickness (H) can be described by
H [nm] ∼ 12.6 + 7.9 · c.

When stored under ambient conditions after film fabrication, the
appearance and thus the solid state of such films remained unaffected
for several hours. This stability allows the subsequent deposition and
characterization of polymeric iCVD coatings on top of the amorphous
clotrimazole films without the need for other process steps, like heat
treatment.

Characterization of the pristine iCVD pHEMA layer

A crosslinked pHEMA hydrogel was deposited onto a silicon ox-
ide surface by iCVD to analyze the layer properties in the absence of
clotrimazole. The ratio of monomer to saturation vapor pressure at the
substrate surface can be calculated from the deposition parameters,
which yields a HEMA to EGDMA ratio of 2 : 1. The film thickness
is determined to 206 nm from the ellipsometry data, with the AFM
height image showing a homogeneous surface with a roughness of
1.2 nm (see Figure 9.2, top left). Even if this value is larger than the one
of bare silicon oxide surfaces (below 0.3 nm), it is comparable to the
typical roughness of solution cast polymer films. This demonstrates
that the iCVD process can be utilized to alter the chemical composition
of a rigid surface while leaving the roughness (almost) unchanged.

FT-IR measurements were performed to determine the chemical
composition of the hydrogel. The FT-IR spectra (ESI 9.9, Figure S9.7)
show peaks characteristic for both EGDMA and HEMA monomers:
the carbonyl ester absorption (1705-1740 cm−1), the methyl and
methylene absorption at 2950-2800 cm−1 and 1200-1000 cm−1 and
C–O absorption (1050-1150 cm−1). The characteristic OH band, at-
tributable to the HEMA monomer, is also visible at 3500-3000 cm−1. A
detailed analysis of the line profile suggests a crosslinker content, i. e.
EGDMA content, of (15± 1)%, which is in good agreement with the
XPS data of the film. The atomic ratio of carbon-to-oxygen calculated
from the XPS spectrum was 2.09 : 1, while a ratio of 2.08 : 1 would
be expected from the FTIR data. As the sampling depth in XPS exper-
iments is just about 10 nm and the FT-IR samples instead the whole
thickness, the good agreement of the C/O ratios determined by these
two techniques hints at a very similar bulk and surface composition.
Often, a preferential orientation of apolar groups (e. g. methyl groups)
at the polymer2=air interface or some surface contamination will
result in a carbon-enriched surface composition relative to the bulk.
In addition, both techniques, i. e. FT-IR and XPS analysis, confirm the
retention of the monomeric units of HEMA and EGDMA after the
deposition as well as a defined copolymer composition.
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Figure 9.2: AFM height images of pHEMA films (h = 206 nm) coated
on top of clotrimazole spacing layers of varying thick-
nesses H, as reported in the labels. For comparison, a
pHEMA film on the bare silicon oxide substrate is also
shown (label “0 nm”). Note that the color scale and the res-
olution are different for the individual images, as the fea-
ture height varies from a few nanometers to microns.

iCVD coatings on amorphous clotrimazole

The deposition of a crosslinked pHEMA layer onto a rigid bare
substrate by the iCVD process resulted in a smooth surface, with the
film adhering to the morphology of the substrate. However, when the
crosslinked pHEMA is deposited on a relatively soft layer, i. e. on top
of amorphous clotrimazole (which acts then as a spacing layer from
the actual silicon substrate), the morphology drastically changes (see
Figure 9.2 for selected examples, the complete AFM data are provide
in the ESI 9.9, Figure S9.8 and S9.9).
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Already at a clotrimazole layer thickness of 19 nm, the deposition of
pHEMA resulted in a significant increase in surface roughness (σrms =

7 nm) when compared to either the bare silicon substrate (23 times),
the amorphous clotrimazole (18 times) or the pristine pHEMA film on
the silicon wafer (6 times). This means that the growth of the pHEMA
layer is affected by the presence of the drug spacing layer underneath
even when it is just 19 nm thick.

Increasing the thickness of the clotrimazole spacer slightly did not
change the film morphology significantly, indeed the roughness of
the iCVD surface on top of a 63 nm thick clotrimazole layer was only
σrms = 9 nm, slightly higher than that of thinner spacers. At a spacer
thickness of 85 nm, some dots, bigger than other surface areas, are vis-
ible. The number of these dots increases with the thickness of the spac-
ing layer (see ESI 9.9) and reaches a maximum at 85 nm.

Figure 9.3: Root-mean-square roughness of the crosslinked pHEMA
surfaces deposited on top of amorphous clotrimazole lay-
ers of different thicknesses. The values are calculated from
the AFM data presented in Figure S9.8 (ESI 9.9).

At spacer thickness of 114 nm, a transition from the relatively
smooth surface morphologies (except for some dots) to surface wrin-
kles occurs. Many structures appear dot-like but the structure size
being significantly larger when compared to the samples containing
thinner drug layers. Besides this, structures with elongated shape but
of same width and height as the dot-like structures are observed. The
length of these can, however, extend several tens of micrometers. In
Figure 9.2, it can be seen that a further increase in spacer thickness
results in much larger structures with mostly fibrillar shape instead
of the dot-like one. The thickest sample tested, i. e. with a spacer
thickness of 531 nm, contains only fibrillar structures, which form
a labyrinth-like pattern (Figure 9.2). A preferred orientation of the
wrinkles is not observed which is expected as neither the underlying



144 W R I N K L E F O R M AT I O N I N A P O LY M E R I C D R U G C O AT I N G

isotropic silicon oxide layer nor the amorphous clotrimazole layer
introduces any directional surface properties.

To gain further information, the surface root mean square rough-
nesses (σrms) of the various samples were extracted from the AFM
height images and the results are summarized in Figure 9.3. The root
mean square roughness values represent the deviation from an av-
erage (calculated) surface. This means that srms is a good approxima-
tion for the peak-to-peak amplitude, i. e. the total variation in structure
height. For a spacer thickness below 85 nm, the roughness is nearly
independent from the thickness of the clotrimazole layer and conse-
quently, the slope of a linear regression fit is close to zero in this re-
gion. For spacer thicknesses larger than 85 nm, the roughness drasti-
cally changes with the thickness. The increase in roughness is directly
proportional to the spacer thickness, with a slope of 1.18. A critical
thickness (Hc) can be identified at 79 nm, where the extrapolations of
the two linear regressions intercept, i. e. for values below Hc, the sur-
face roughness is not (or only little) dependent on the spacer thickness
while above, the roughness is a function of the distance between the
supporting substrate surface and the pHEMA layer. Huang et al. re-
ported such a behavior in a similar study. 15 They observed that there
is a critical thickness at which interfacial forces and surface stresses
assume a dominant role in the appearance of the surface morphol-
ogy. Below the critical thickness of the spacing layer, the rigidity of
the solid film stabilizes the flat morphology against the wrinkled one.
Above the critical thickness, the compressive stress acts on the solid
film, inducing wrinkling.

Besides the wrinkling amplitude represented by the roughness pa-
rameter, the wavelength is a key parameter of such surface wrinkles.
Due to the unordered nature of the wrinkling, the radial power spec-
tral density (RPSD) of the AFM micrographs was used in the deter-
mination of the characteristic wrinkle wavelengths. The RPSD is the
Fourier transform of the radial autocorrelation function, which rep-
resents the power of the spatial frequencies and can thus be utilized
to reveal periodic structures on a surface. This evaluation provides
only reasonable numbers for samples exhibiting some periodicity (i. e.
wrinkles), so only data with a spacer thickness of 114 nm and above
are considered. At clotrimazole thickness of 114 nm, the wrinkle wave-
length is approximately 1100 nm, showing a steady increase up to a
maximum of≈ 3000 nm as the spacing layer thickness reaches 531 nm.

There are many studies describing and modeling the appearance
of wrinkles and relating their characteristics (e. g. amplitude, wave-
length) to some physically meaningful parameters. Having a multi-
layer system, a strain relaxation causes wrinkle formation when the
individual layers differ in their elastic response (elastic modulus or
Young’s modulus), whereby most often systems containing a soft sub-
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Figure 9.4: Wrinkle wavelength represented in a double logarithmic
plot, with normalization for the iCVD polymer thickness
h. The solid line represents a linear fit of the data, with the
corresponding equations given in the inset.

strate (Es) and a thin, rigid top layer (Ef) are studied. 36 Then the wrin-
kle wavelength l can be related to

λ = 2πh
(

Ef

3Es

)1/3

, (9.1)

whereby h denotes the thickness of the clotrimazole film. For the valid-
ity of this model, the thickness of the substrate has to be significantly
larger than that of the film so that small variations of the substrate
thickness (i. e. the clotrimazole spacer here) do not influence the forces
at the substrate/film interface. However, in the present case, the re-
sulting morphology of the pHEMA thin film is the consequence of the
force balance at the polymer-air and the clotrimazole-polymer inter-
face, with the forces at the latter changing with the clotrimazole thick-
ness H. Therefore, assumptions made for the model in Equation (9.1)
are not fulfilled. A model whose assumptions are more similar to our
experimental setup regards the case of a stiff film on a compliant sub-
strate of similar thickness. 37 For an incompressible substrate, an ana-
lytic expression can be derived:

λ

2πh
=

√
H
h

(
E

18Es

)1/6

. (9.2)

The wrinkle wavelength is hereby also a function of the square-root
of the substrate to film thickness ratio H/h. This means that from a
double logarithmic, normalized plot of the experimental data (i. e. λ/h
over H/h) the ratio of elastic moduli can be calculated. Equation (9.2)
represents then a linear function (see Figure 9.4) where the intercept
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with the y-axis corresponds to log10

(
2π ·

[
E

18Es

]1/6
)

. From this, the

elastic modulus ratio of polymer to spacer is derived to 73.
As it is evident from Equations (9.1) and (9.2), the wrinkle wave-

length is independent of any pre-straining of the substrate before the
deposition. Nevertheless, the formation of wrinkles, in general, re-
quires the presence of a compressive stress prior a relaxation step. In
most cases, this is achieved by thermal pre-straining of the sample,
which results in the wrinkling after stress release/relaxation. In the
present case, thermal pre-strain is inherently present as the substrate
temperature is above room temperature during deposition. Further,
the clotrimazole layer itself has a strong tendency to de-wet the sur-
face, as observed for thinner films. Having thicker films, the de-wet-
ting is balanced by adjacent molecules resulting in a metastable state.
A slight disruption of this state might facilitate de-wetting and thus
also wrinkle formation.

Encapsulation performance

To obtain an estimate of the encapsulation quality of the pHEMA
polymer regarding the ability to protect the clotrimazole layer from
the environment, XPS investigations were performed after storing the
samples for one month under ambient conditions. In all these mea-
surements, signals from the chlorine unit of the clotrimazole were ab-
sent, independently on the spacer thickness. Furthermore, no nitro-
gen was detected (data not shown). This suggests that the clotrima-
zole is fully buried below the polymeric layer. From all these mea-
surements it can be concluded that the crosslinked pHEMA layer de-
posited by iCVD performed well in terms of encapsulating the clotri-
mazole against ambient. The results shown here demonstrate also the
advantage of using such deposition technique when compared, for in-
stance, with a solution cast technique. 4 In such solution cast films, the
matrix material and the clotrimazole layers formed a solid state solu-
tion but the XPS results revealed that a significant amount was hosted
at the sample surface. While this may be interesting for a ready drug
delivery, the drug molecules are not as well-protected against the en-
vironment as in the case of the iCVD encapsulation.

iCVD on partial crystalline film

There are many ways clotrimazole can be transferred into the
crystalline state. The method that works fastest without strong de-
wetting of the clotrimazole from the substrate is water solvent vapor
annealing. 35 Within a couple of days, an initial amorphous film is
fully crystallized. In this work, a thick clotrimazole film of 530 nm
thickness was stored in water vapor for two days, resulting in the
film being partly transferred into a crystalline state. When the iCVD
coating was deposited on top of such a partially crystalline film,
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interesting behaviors were observed in optical and atomic force mi-
croscopy images. Firstly, the amorphous fraction of the film contains
wrinkles (see Figures 9.5a and 9.5b). In the vicinity of the crystal,
which appears bright in the polarized optical microscopy image, a
depletion zone formed, i. e. clotrimazole molecules diffuse out of the
intermediate region, typically addressed as Ostwald ripening. This
depletion region shows a steady increase in thickness, as the distance
to either crystalline or amorphous regions is getting smaller (interfer-
ence due to the layer thickness variation results in the visible color
gradient). As a result, also the wrinkling structure deviates in size: the
structures are less pronounced for areas containing lower amounts of
clotrimazole, in accordance with the findings above.

Figure 9.5: (a) Optical microscope image of a partial crystalline clotri-
mazole film coated with a 200 nm pHEMA layer without
(lower left triangle) or with (upper right triangle) the usage
of a polarizer. AFM height images of areas containing the
spacer either in an amorphous (b) or crystalline (c) state.

Having crystalline clotrimazole on the silica surface results in the
surface morphology being dominated by the crystal morphology, de-
spite having a pHEMA layer on top. Surface wrinkling does not occur
on these surfaces. In the framework of the wrinkling theory described
above, this suggests that the elastic response of clotrimazole and poly-
mer are now nearly identical. Such a behavior might be expected as
the crystalline state reduces the degrees of freedom, making the sys-
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tem more rigid. As shown elsewhere, 38 wrinkle formation results also
for the samples when the crystalline clotrimazole is heated above its
melting temperature (Tm ∼ 150 ◦C) and subsequently cooled to am-
bient, since this treatment yields again the amorphous clotrimazole
state.

Figure 9.6: Scheme of the sample geometry prior iCVD coating and
the assembly after deposition on thin or thick amorphous
spacer (middle) and on crystalline clotrimazole (bottom).

9.6 Conclusion

The combination of solution processed drug layers and encapsulation
by iCVD polymer depositions promises a highly adaptable and re-
producible fabrication process whereby the surface morphology tun-
ing might be of interest to fields beyond the pharmaceutical appli-
cation. While many methods facilitate different sample compositions
and preparation methods, the present approach does not require me-
chanical pre-stressing or heat treatments. In fact, three different re-
sponses in the surface were identified to correlate with the clotrima-
zole properties being present prior deposition (cf. Figure 9.6). When
the thickness of the clotrimazole/spacer film is below a critical thick-
ness, the iCVD polymer covers the clotrimazole surface with rather
conformal layers. Above the critical spacer thickness, the elastic mod-
ulus mismatch between the polymer and the drug layer results in
strong surface wrinkling. For crystalline spacers, wrinkling is absent
and the resulting morphology remains alike the bare crystal surface.
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9.9 Supporting Information

Figure S9.7: FT-IR spectrum of the crosslinked pHEMA layer obtained
by iCVD. The experimental data are fitted as a combina-
tion of the single component FT-IR spectra. From this, the
pHEMA fraction is determined to 85 %.

Figure S9.8: AFM height images of pHEMA films (200 nm) coated
by iCVD onto amorphous clotrimazole layers of various
thickness. Starting on top left and going right, the thick-
nesses are: 19, 31, 45, 63, 86, 114, 189, 249 nm.

Figure S9.9: AFM height images of iCVD coated amorphous clotrima-
zole layers of various thickness. Starting from left: 249,
365, 531 nm. (The sample 249 nm is the same as above, but
on a different scale for sake of comparability).
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Riegler and Oliver Werzer performed the dissolution studies and did
the drug characterization. Anna Maria Coclite and Oliver Werzer su-
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10.2 Abstract

Vapor-phase deposited polymer coatings are applied on thin in-
domethacin films to modify the drug release. Hydrogel-forming
co-polymers of 2-hydroxyethyl methacrylate and ethylene glycol
dimethacrylate were prepared directly on top of solution cast indo-
methacin thin films by initiated Chemical Vapor Deposition (iCVD).
This technique allows for solvent-free processing under mild con-
ditions, thus minimizing a potential impact on the pharmaceutical.
The drug release behavior, among other properties, was evaluated for
polymers of different compositions and at different temperatures. The
data show that the release kinetics can be tuned by several orders of
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magnitude as the cross-linker fraction is varied in the polymer coat-
ing. While uncoated indomethacin films were fully released within
an hour, polymer coatings showed gradual liberation over several
hours to days. Additional insight is gained from evaluating the exper-
imental dissolution data in the framework of diffusive transport. The
results of this study show the potential of iCVD polymers in the field
of drug coatings, allowing for tailored release behavior by altering the
polymer composition.

10.3 Main text

To enhance efficiency of existing medication and to develop new ther-
apeutic options for currently untreatable medical conditions, phar-
maceutical research focuses not only on the screening of new active
pharmaceutical ingredients (APIs) but also on the exploration of dif-
ferent administration routes and alternative dosage forms. Polymers
can assume various crucial functions in drug formulations, providing
protection against premature release, 1,2 stabilizing specific solid state
forms, 3,4 enabling site-specific drug activity 5,6 or being functionalized
themselves by anchoring drugs or proteins directly to their structure
(polymer therapeutics) 7. The drug release from such polymer systems
is usually facilitated by either degradation/erosion of the polymer
host or by diffusion of the drug; for the latter mechanism, matrix-,
reservoir- and hydroge--based systems are usually differentiated. 8

In matrix systems, the API is homogeneously dispersed inside a
suitable host material such as cellulose 9 or lipids 10, with the tortuos-
ity of the material determining release kinetics 11. While hydrogel sys-
tems can also be considered matrix systems as they are usually loaded
with an API, drug release occurs upon swelling of the hydrogel and is
governed by the mesh size of the polymer. 12

In reservoir systems, on the other hand, a core-shell structure is usu-
ally present, with the API being encapsulated by an outer membrane;
as such devices can store and then gradually release a larger amount
of the drug, they are suitable for internal application as implants. 13

Reservoir systems have mostly been investigated for conventional
drug forms such as pellets, 14,15 while less work has been performed
on coatings of thin film dosage forms by solution-based methods.
However, the preparation of thin pharmaceutical films is of particular
interest; dosage forms like patches can allow for perpetual thera-
peutic action while being easy to apply/remove. 16 When combined
with sequential polymer deposition, multilayer devices with different
functionalities can even be realized. 17,18

However, preparing defined and well-separated layers of API and
polymers can be quite challenging, especially in the case of thin films.
Solution-based techniques commonly applied in the preparation of
polymer layers will usually affect the drug as well. While this might
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not be a limitation to matrix-type systems were intermixing is desired,
such an approach is not well suited for reservoir systems. Even if
intermixing is avoided by use of orthogonal solvents, other solvent-
drug interactions may still be present which in turn can change the
solid-state of the drug. In addition, environmental and health issues
might limit excessive use of solvents and residual solvents have to be
avoided in the final films.

A solvent-free approach lies in polymer synthesis by initiated
Chemical Vapor Deposition (iCVD). 19 This technique allows for the
synthesis of polymeric layers directly at an interface while achieving
conformality and defined chemical composition even on delicate
substrates. 20 21 The iCVD process is based on the mechanism of
radical polymerization in solution, with the difference being that
all reagents are supplied in their vapor phase form at low reactor
pressure (usually held between 10 to 100 Pa). An initiator, usually a
peroxide with a labile oxygen–oxygen bond, decomposes thermally at
a heated filament (typically 200-300 ◦C), thus forming radicals. These
radicals can then interact with vinyl bonds of monomer units ab-
sorbed on the substrate surface, forming a monomer-radical complex.
Additional monomer units then attach, facilitating polymer chain
growth until being terminated by either another radical or monomer-
radical complex. A more detailed description about iCVD in general
and the associated mechanisms can be found in literature. 22,23

Previous applications of iCVD polymers in the field of biomedicine
comprise the fabrication of thermo- and pH-responsive drug delivery
systems. 24–26 In these cases, delivery was mostly studied in relation to
the stimuli-responsive properties of the iCVD coatings but little focus
was put on the release kinetics. The latter is of great importance for
pharmaceutical dosing, where direct control can enable therapies that
are specific to the individual and the situation. For this reason, the
present study focuses on how variations in polymer mesh size affect
the drug release behavior.

Polymers of 2-hydroxyethyl methacrylate (HEMA) and ethylene
glycol dimethacrylate (EGDMA) were deposited by iCVD on top of
indomethacin thin films (for the structural formulas and an illus-
tration of the sample structure, see Figure 10.1). Hydrogel-forming
polymers based on HEMA are widely studied as drug release plat-
forms in matrix systems. 27–29 This makes HEMA also interesting in
the present application as a coating layer for reservoir drug systems;
the hydrophilic character facilitates swelling in aqueous environment,
which in turn should foster drug release. The addition of EGDMA,
a cross-linker, enhances the mechanical stability of the coatings and
can be used to control the hydrophilic/-phobic character of the ma-
terial (and thus, the mesh size and water uptake). The impact of the
iCVD coating on the solid-state, the morphology and the dissolu-
tion behavior of the indomethacin films is investigated as function



156 C O N T R O L L I N G I N D O M E T H A C I N R E L E A S E V I A H Y D R O G E L F I L M S

Figure 10.1: Cutaway drawing of the sample structure, depicting in-
domethacin drug layers on glass substrates, encapsulated
by an iCVD polymer layer (top left). To the right, disso-
lution testing and a potential application of such films
as transdermal patches are illustrated. At the bottom,
structural formulas of indomethacin and of the iCVD
monomers, labeled by their trivial names, are provided.
The corresponding abbreviations are stated in square
brackets, the IUPAC names in italic letters.

of polymer composition and dissolution media temperature. While
amorphous drug formulations can be desirable in applications where
enhanced drug release is favorable, this will often result in additional
polymer-drug interactions. For instance, polymeric coatings exhibit
strong wrinkling when deposited on amorphous API films while such
behavior is absent on crystalline films due to a smaller difference in
elastic modulus. 30 Also, polymeric coatings can influence solid state
transitions of drug layers, both enhancing or retarding crystallization
kinetics depending on the drug-polymer interactions. 31 To minimize
these and other influences, the focus of the present study is put on
polymer encapsulation of crystalline indomethacin films.

10.4 Results

Indomethacin film characterization. Homogeneous indomethacin films
were obtained by solution casting. Initially, a uniform liquid layer
forms on the substrate due to the good wetting properties of THF on
glass surfaces. Upon fast solvent removal, homogeneous indometha-
cin films form. The solid state of such films is amorphous and crys-
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talline fractions are neither noted in the optical micrographs nor (more
qualitatively) in X-ray diffraction patterns (thus, data are omitted). As
film formation occurs quickly due to the high vapor pressure of THF,
this leaves little to no time to the individual molecules to adapt an
ordered (long range) arrangement, thus the system remains in a meta-
stable amorphous state. While samples will transfer to a crystalline
state eventually, neither storage at ambient conditions nor at 50 ◦C
for five consecutive days did change the solid state. Indeed, previ-
ous studies on amorphous indomethacin have found induction times
between 15 to 50 days when employing temperatures below 60 ◦C. 32

However, by casting indomethacin from different solvents or by ar-
tificially reducing the solvent evaporation rate (e. g. by covering the
sample with a Petri dish), the formation of some crystalline fraction
results, which grows into larger domains within a few hours. In ad-
dition, some solvents yield distinct crystal structures (polymorphs);
for instance, indomethacin crystallizes from ethanol solution in the α-
form (monoclinic) 33 while the γ-form (triclinic) is obtained from ethyl
ether. 34 Similarly, this solvent-specific behavior can also be used to
transfer amorphous films into specific crystal forms.

In this study, ethanol solvent vapor annealing was used for con-
trolled crystallization. Within 48 hours, samples exposed to ethanol
vapor in a sealed container had fully crystallized. Figure 10.2a shows
an optical microscopy image of such a sample taken under crossed po-
larizers, revealing Maltese cross patterns characteristic for spherulitic
growth (the patterns are due to birefringence). The size of a single
spherulitic domain varies from approximately 200 µm to 850 µm. The
crystalline nature of such films is also confirmed by X-ray diffraction
(see Figure 10.2b). The specular diffraction pattern exhibits multiple
Bragg peaks and the indexation reveals the presence of the indometha-
cin α-form 35 (CCDC Nr 201766). The various Bragg peaks present in
the pattern indicate that a preferred orientation is absent, i. e. the indi-
vidual spherulitic branches are also rotated in respect to the substrate
normal and the crystallites exhibit a powder-like distribution.

Polymer deposition onto crystalline drug layers. The coating of crys-
talline indomethacin with iCVD polymers leaves the underlying drug
layer mostly unaffected and changes in morphology or solid state are
not observed. Spherulitic indomethacin domains dominate the op-
tical appearance as the polymer coatings are optically transparent.
Thus, samples were investigated by AFM, the data being summarized
in Figure 10.3. The uncoated surface exhibits branched, feather-like
structures typical for the spherulitic growth of indomethacin crystals.
These structures are simply replicated by the polymer coatings grown
atop, underlining the conformity of iCVD coatings. Also, changes in
the solid state were not detected from XRD scans (data not shown),
indicating the gentle nature of the iCVD process.
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Figure 10.2: (a) Optical microscopy image of an indomethacin sample
in the crystalline state after ethanol solvent vapor anneal-
ing. The image was taken under crossed polarizers. (b)
Specular X-ray diffraction pattern of a solvent-annealed
sample and theoretical powder diffraction pattern of the
indomethacin α-polymorph. Please note that experimen-
tal data are baseline corrected to remove scattering from
the amorphous glass substrate.

A more detailed look at the data in Figure 10.3 reveals that surface
features appear smoothed when covered by the polymers, indicat-
ing that such structures become slowly buried as the polymer thick-
ness increases during deposition. While this behavior is noted both
for the pEGDMA homopolymer and the hydrogel-forming p(HEMA-
co-EGDMA) coating, detailed inspection reveals another difference.
Graphs of the latter depict a blurred surface, more reminiscent to a
measurement artifact than to actual morphology. Likely, this is caused
by a softening of the polymer when taking up water from the environ-
ment (approx. 25 ◦C, 70 % humidity), thus forming a hydrogel. 36

Under dry conditions, the non-polar methyl groups are oriented
towards the environment-polymer interface while the polar hydrox-
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Figure 10.3: AFM micrographs of an uncoated, crystalline indometha-
cin sample (top) and of samples coated with either a
pEGDMA (center) or a p(HEMA-co-EGDMA) polymer
layer (bottom). The coating thicknesses are approximately
200 nm. Left column depicts the samples at larger scales,
for details refer to the right column.

yethyl are turned inward, with a reversed behavior being observed in
the swollen state, thus increasing flexibility. 37

Characterization of iCVD coatings on bare substrates. The deposition
of p(HEMA-co-EGDMA) layers onto silica substrates replicates the
surface so that morphologies similar to a bare substrate result (Fig-
ure S10.8). The chemical composition of the polymers had not impact
on the morphology of the films. The polymer layers were prepared
at a thickness of about 200 nm. This choice was made based on pre-
evaluations and provides the best compromise for the iCVD setup
in use in terms of preparation times (deposition rates are typically
below 10 nm/min) and the final coating performance. All deposited
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polymers were subject to chemical characterization by infrared spec-
troscopy, allowing the HEMA to EGDMA ratios to be determined
(data are shown in Figure S10.9). Three different compositions are
exemplarily considered for the dissolution experiments, i. e. the ones
with 25 %, 50 % and 100 % EGDMA. It should be noted that with
no or little cross-linking, pHEMA exhibits strong water uptake, thus
detaching easily from the surface. While such a behavior is unde-
sirable for controlled release, it is potentially useful for targeted
drug delivery, especially when combined with stimuli-responsive
functionalities. The ability of HEMA copolymers to swell in aqueous
environment is crucial for the drug release; uptake of water (or any
other liquid) depends strongly on the mesh size of the polymer, which
will also strongly influence how drug transport proceeds through the
membrane.

To evaluate the swellability of the studied polymers, polymer film
thickness was monitored during aqueous swelling by in situ ellip-
sometry. In Figure 10.4a, exemplary swelling curves are depicted
for different polymer compositions. The data evidence how swelling
is drastically decreased as the cross-linker fraction is increased in
the polymer. While a polymer with 27 % EGDMA content exhibits
swelling up to 11 %, the EGDMA homopolymer shows a negligi-
ble thickness increase when immersed into water. The hydrophobic
character of EGDMA paired with strong cross-linking (and physical
entanglement) in the polymer prevents water penetration at large
so that only imperfections (such as unpolymerized vinyl groups or
pinholes) should contribute to water uptake. From the equilibrium
swelling degree sEQ, the mesh size of such polymers can be estimated.
For this, the evolution of swelling degree s = (d0 + ∆d)/d0 as a
function of time is fitted to an empirical model by

s(t) = sEQ

(
1− e(−k·tn)

)
, (10.1)

with d0being the initial (unswollen) polymer thickness, k being the
rate constant and n being an empirical exponent. This equation is a
simple sigmoid function and allows for a more reliable estimation of
sEQ in cases where equilibrium is not reached within the time of the
experiment. The average molecular weight between cross-links (Mc )
in the layer is related to the polymer volume fraction at equilibrium
φ = d0/∆d = 1/(sEQ − 1) by

Mc = −Vsρpol

(
1
φ −

φ
2

)
ln(1− φ) + φ + χφ2)

, (10.2)

where Vs denotes the molar volume of the solvent (for water,
VH2O = 18.03 cm3/mol), ρpol is the polymer density (for pHEMA 38,
ρHEMA = 1.274 g/cm3) and χ is the polymer-solvent interaction pa-
rameter. For pHEMA, this interaction parameter was found to be



10.4 R E S U LT S 161

dependent on φ, with φ = 0.320 + 0.904 · φ. 39 Equation (10.2) is a
modified form of the Flory-Rehner equation, 40,41 accounting for the
case of a surface-attached polymer which is thus restricted to one di-
mensional swelling. 42 A full derivation of this expression is provided
in the supplementary information 10.9. The mesh size ξ is then given
by

ξ = lφ−1/3C1/2
n

(
2Mc

Mm

)1/2

, (10.3)

with l referring to the characteristic atomic bond length of the back-
bone (for C–C, l = 0.154 nm) and Cn denoting the Flory characteristic
ratio (rigidity factor). For pHEMA, literature suggests Cn = (6.9 ±
0.5).

Evaluating experimental swelling data of polymers with differ-
ent fractions of cross-linker in the framework of Equation (10.3)
yields mesh sizes ranging from (0.29± 0.01) nm for 27 % EGDMA to
(0.15± 0.01) nm for 57 % EGDMA (see Figure 10.4b). For pEGDMA,
a theoretical mesh size of (0.088± 0.004) nm is calculated. Given that
the diameter of water is about 0.27 nm, 44 this raises the question how
such values have to be interpreted. The theoretical analysis works
on the premise of a defect-free, syndiotactic polymer where the local
structure is repeated indefinitely throughout the swelling film. In
praxis, polymers will often be (at least partially) atatic, displaying
physical entanglement and incomplete vinyl conversion, among
other defects, so that the mesh size will only be a mean measure of
a distributed quantity. This is also evident when comparing the av-
erage number of links N = 2Mc/Mm, determined from the swelling
studies, to the (theoretical) ratio calculated from the volume fractions,
Ntheory = FHEMA/FEGDMA. 45 For instance, Ntheory calculates to 2.7
for the sample containing 27 % EGDMA, while the swelling studies
determine a value of just 0.5, meaning that the polymer appears (in
average) stronger cross-linked than expected from just the composi-
tion. This difference is usually attributed to physical entanglement,
which is limiting the overall swelling. 45

Indomethacin dissolution without coating. The dissolution behavior of
uncoated indomethacin films was studied in a phosphate buffer solu-
tion held at 25 ◦C. Both amorphous and crystalline indomethacin sam-
ples were tested, with the individual release profiles being depicted in
Figure 10.5. For an as-prepared, amorphous sample, rapid release ki-
netics are observed. Initially, drug release from the substrate surface
proceeds at a constant rate, the slope being 19 %/min. As the released
volume fraction surpasses sixty percent, a gradual decrease of the re-
lease rate results (elimination phase), until full dissolution is achieved
after 30 minutes. In general, dissolution of thin drug layers from a sur-
faces proceeds at very fast pace as the surface area per volume, which



162 C O N T R O L L I N G I N D O M E T H A C I N R E L E A S E V I A H Y D R O G E L F I L M S

Figure 10.4: (a) Swelling ratios of p(HEMA-co-EGDMA) films with
different EGDMA volume fractions (100 % refers to the
homopolymer) as a function of time, as determined from
ellipsometric measurements. Data are fitted by the empir-
ical model provided in Equation (10.1) and labeled with
the values of equilibrium swelling sEQ. (b) Polymer mesh
size as a function of EGDMA cross-linker content, cal-
culated from the equilibrium swelling ratio according to
equation (3). Data from the present study are plotted with
open symbols (�), data from a previous publication 43 are
represented by filled symbols (�).

is directly proportional to the release kinetic, is very large. 46,47 Such
a rapid release might be desired in cases where immediate therapeu-
tic action is required. For comparison, amorphous samples were also
tested after being stored at 50 ◦C under ambient atmosphere for five
consecutive days. This does not change, at least in the limit of detec-
tion, the sample properties (i. e. morphology, solid state). Similar to the
as-prepared samples, dissolution experiments reveal a rapid release,
again displaying a constant rate at first. The slope of 11 %/min in the
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initial release means that indomethacin dissolution is a bit slower in
this case and full release results after approximately 45 minutes. While
the exact reason for this difference cannot be unambiguously identi-
fied within this study, one possible explanation can be amorphous-
crystalline phase transitions during dissolution experiments. 48 While
such an effect might also be present here, the (overall) fast dissolution
rate means that the period for significant crystallization is likely too
small. It should also be mentioned that due to the rapid dissolution
behavior, error bars are rather large for these data sets. To avoid these
issues when testing polymer coated samples, only samples containing
crystalline indomethacin were employed.

Figure 10.5: Drug release performance of thin indomethacin films in
the amorphous (as-prepared and after storage) and the
crystalline state. All data has been collected at 25 ◦C. A de-
tailed description of the model fit is provided in the text
(section data modeling).

Crystalline indomethacin, on the other hand, displays a signifi-
cantly slower drug release when compared to its amorphous coun-
terpart. Full dissolution of crystalline samples takes approximately
two hours, meaning that a modification of the solid state form allows
already some control over the drug release behavior. The slower drug
release is the result of an additional energetic barrier that molecules
need to overcome in the dissolution process, due to being confined to
distinct lattice sites. It should also be mentioned that it was not possi-
ble to gain statistically reasonable results with the applied dissolution
measurement strategy when increasing the temperature to 37 ◦C or
even 50 ◦C as the dissolution rates were too high.

Dissolution of crystalline indomethacin with iCVD polymer coating. In
Figure 10.6, the dissolution profiles of crystalline indomethacin films,
coated with different iCVD polymers, are depicted. The dissolution
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medium was held at 25 ◦C and the dissolution profile of the uncoated
sample is also shown for comparison. While the release of uncoated
indomethacin films from glass substrates proceeds on the time scale
of minutes, drug liberation from coated samples occurs over a span of
several hours to days. Moreover, distinct release behaviors are noted
for the different polymer compositions; as the number of cross-links
is increased in the polymer, drug release is increasingly retarded. For
example, full indomethacin release takes over 20 hours in the case of a
25 % EGDMA coating, prolonging drug release by a factor of 10 com-
pared to the uncoated film. As the hydrogel character of the polymer
coating is reduced by increasing EGDMA fraction, release kinetics are
slowed down further. Interestingly, some release is also noted from
a sample coated with the EGDMA homopolymer, albeit only a frac-
tion of the other samples is liberated in the same time frame. Despite
the high cross-linking degree and little water penetration (compare
swelling data in Figure 10.4), the pEGDMA coating allows for some re-
lease. This behavior suggests that coating imperfections are mainly re-
sponsible for this kind of release; oligomeric portions, pinholes, edge
defects and/or partial ablation of the polymer coating may cause such
a leaking release.

Figure 10.6: Dissolution of various crystalline indomethacin layers
with and without iCVD coatings of different composition.
All data were measured at a constant temperature of 25 ◦C
and only the first 60 hours of the dissolution processes are
depicted.

Therefore, dissolution data for the pEGDMA coating can be re-
garded as a measure for the integrity and mechanical stability of such
coatings. Given that less than 10 % of indomethacin is released over
the course of 50 hours, a reasonable quality of these films can be
expected. This is also in agreement with the fact that morphological
investigations did not reveal any obvious imperfections, as mentioned
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previously. Overall, this means that such coatings are very effective
in controlling drug release from the model substrate, here a glass
surface. A more detailed analysis of release kinetics as function of
temperature for the different coatings is provided in the following
sections. Temperature dependent release. In general, an increase in
temperature means that drug diffusion and thus dissolution processes
are accelerated. To test this, dissolution measurements at three differ-
ent temperatures (25, 37 and 50 ◦C) were performed, the data being
summarized in Figure 10.7. At higher temperatures, faster release
kinetics result for all the tested polymer compositions. While higher
temperatures lead to significantly accelerated drug liberation, a burst
release is not apparent from the present data, indicating that the poly-
mer retains its mechanical integrity for at least some time during the
dissolution experiment. The polymer coating with the least amount of
EGDMA cross-linker exhibits the fastest release kinetics throughout
all the tested temperature regimes. For example, by increasing the
temperature to 37 ◦C (approximately human body temperature), full
indomethacin release is achieved almost four times faster through
a 25 % EGDMA coating than at 25 ◦C. Increasing the temperature
further to 50 ◦C, the necessary timeframe is reduced to 2.5 hours. At
a cross-linker ratio of 50 %, a similar behavior is observed, though
the time scale for the release is increased to days instead of hours
(Figure 10.7b). Also, the improvement in dissolution rate upon a
temperature increase to 37 ◦C is less pronounced; for full release,
the required time is reduced from more than nine days (at 25 ◦C) to
3.8 days. An increase to 50 ◦C accelerates the dissolution behavior
further and full release is observed after approximately 2 days.

A different behavior is observed in the case of the EGDMA ho-
mopolymer (Figure 10.7c). At 25 ◦C, little drug release is observed;
even after 10 days, less than a quarter of the total drug loading has
been liberated. Increasing the temperature to 37 ◦C, release kinet-
ics are becoming increasingly similar to the ones recorded for the
copolymers. However, full release is again not observed within the
time scale of the experiment. As mentioned previously, release in
the case of the pEGDMA polymer should be considered being due
to polymer imperfections. In particular, increased temperature will
cause additional stress between the several interfaces (polymer-drug,
polymer-substrate, drug-substrate), which in turn will foster rupture
formation and (partial) ablation. This is also evident when looking
at the release kinetics at 50 ◦C; release proceeds even faster than
the one of the 50 % EGDMA copolymer sample. As the rigidity is
increased with the cross-linker content, the difference in elastic mod-
ulus between drug and polymer is most pronounced for the EGDMA
homopolymer. Further tuning of the iCVD process parameters and
polymer properties (composition and comonomer choice) can likely
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help to improve the stability, if desired.

Dissolution data modeling. Qualitative differences in the dissolution
behavior of uncoated and coated indomethacin samples can be di-
rectly noted from the curves in Figure 10.5 and Figure 10.7. When a
polymeric coating is applied, the drug release rate is significantly re-
duced, indicating that the coating layer becomes the rate limiting step
in the dissolution process. For a more quantitative evaluation, a math-
ematical model was fitted to the experimental data. While for matrix
systems (drug dispersed within a polymer network) the semi-empiri-
cal Korsmeyer-Peppas equation 49 is commonly applied, this equation
does not necessarily hold for reservoir systems such as the present
one. For such systems, an analytic expression can be derived from
Fick’s law of diffusion under the premise of perfect sink conditions,
no or negligible polymer swelling and that drug permeability does not
change during the process 50. For a slab geometry with a non-constant
activity source 51, the released drug fraction Mt/M∞ as a function of
time t can be described by

Mt

M∞
= 1− e

−(A·D·P)
(V·L)t . (10.4)

Here, A denotes the total surface area available for release, D is the
drug diffusion coefficient within the membrane, P is the drug parti-
tion coefficient between membrane and reservoir, V is the volume of
the reservoir and L is the thickness of the coating. As only the dif-
fusion coefficient is dependent on the polymer composition and the
other parameters should not vary between samples (within the exper-
imental limits), the exponent of Equation (10.4) can be reduced to an
effective release constant k:

Mt

M∞
= 1− e−k·(t−t0). (10.5)

Introducing a time offset t0 as an additional fit parameter (lag time)
greatly improved the data modeling, accounting for a dissolution on-
set different from the start of the experiment (i. e. insertion of the sam-
ples into the dissolution medium). The model parameters fitted to the
experimental dissolution data are summarized in Table 10.1 for all the
samples investigated. In general, a good agreement between the math-
ematical model and the experimental data is found, as evident from
R2 values close to unity. The exception is the EGDMA homopolymer,
which fits the theory the least. This is most evident for data collected at
25 ◦C, for which the fit yields an R2 value of just 0.775. This underlines
the previously discussed assumption that drug liberation in the case
of the EGDMA homopolymer proceeds likely through imperfections
in the polymer layer and is not due to diffusive transport as assumed
by the model.
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Table 10.1: Release constants k and time offsets t0 for the different sam-
ples at different temperatures as determined from non-lin-
ear regression of the experimental release data with the
model presented in Equation (10.5). The parameter uncer-
tainty is given as the (fit) standard error, R2 is the coefficient
of determination of the fit.

T [◦C] t0 [min] k [10−3min−1] R2

No coating

amorphous (as-prepared) 25 0.39 ± 0.17 320 ± 5

156 ± 5

38.9 ± 0.9

0.978

amorphous (heated) 25 – 0.985

crystalline 25 1.35 ± 0.14 0.998

25 % EGDMA
25 20.2 ± 1.4

5.75 ± 0.16

3.1 ± 0.5

2.0 ± 0.1

5.58 ± 0.04

21.5 ± 0.8

0.995

37 0.988

50 0.995

50 % EGDMA
25 – 0.196 ± 0.002

0.388 ± 0.006

1.19 ± 0.04

0.995

37 1.4 ± 0.4 0.995

50 – 0.982

100 % EGDMA
25 – 0.030 ± 0.004

0.180 ± 0.005

3.0 ± 0.2

0.775

37 – 0.986

50 6.2 ± 1.7 0.932

From the fit parameters in Table 10.1 it is also evident that the time
offset t0 is mostly relevant for the samples covered by a 25 % EGDMA
coating. As these samples also exhibit the highest degree of swelling
of the polymers tested, a causal connection might be suspected. At
25 ◦C, a time offset of approximately 20 minutes is determined, while
equilibrium swelling is reached in about ten minutes (cf. Figure 10.4a)
For coatings of higher EGDMA content, this difference might not be
observable as drug release proceeds much slower in general while
equilibrium swelling does not take significantly longer. The release
constant k decreases by an order of magnitude between the different
samples, with the uncoated samples showing the fastest release (k =

(38.9± 0.9) 10−3min−1) and the EGDMA homopolymer the slowest
(k = (0.030± 0.004) 10−3min−1) at 25 ◦C. Increasing the temperature
to 37 ◦C doubles the release constant and an approximate fourfold
increase is observed when dissolution is performed at 50 ◦C. While
release constants are available at only three different temperatures,
the data appear to follow an Arrhenius-like behavior. This is some-
what expected as, for example, temperature-dependent solvent diffu-
sion in polymer systems is usually predicted by an Arrhenius term
(Vrentas-Duda model). 52 Anyway, the results indicate that different
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release behaviors are accessible by tuning the cross-linker fraction in
the p(HEMA-co-EGDMA) polymer, so that coatings can be tailored to
the therapeutic action required. It should be noted that without any
or little cross-linking, a pHEMA polymer exhibits strong water up-
take and detaches easily from the surface. This means such films are
unstable under aqueous conditions, which might be undesirable for
controlled release. The rapid removal of the coating layer exposes the
drug layer directly to the dissolution media, and a rather immediate
therapeutic action might follow, as indicted by the fast release ob-
served in Figure 10.7c. In summary, different drug release behaviors
were achieved by depositing iCVD polymers on top of thin crystalline
films of indomethacin, with the release time frames spanning sev-
eral orders of magnitude. The vapor-based polymer synthesis method
allows for direct preparation of the coating atop the drug layer, en-
suring a defined drug-polymer interface and minimizing the risk of
any drug alteration often encountered in solution based processes.
The p(HEMA-co-EGDMA) polymer coatings showed hydrogel forma-
tion when the cross-linker fraction is low, while little to no water per-
meation was observed for the hydrophobic EGDMA homopolymer.
Likewise, drug liberation proceeded the fastest for coatings with low
EGDMA content, with release rates being reduced as the EGDMA con-
tent increases. The ability to adjust the release behavior can enable in-
dividual therapeutic actions; short term pain relief might necessitate a
large therapeutic input while chronical problems (e. g. rheumatic dis-
order) could make use of retarded drug liberation by means of small
but continuous dosage, as provided from thin film patches.
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Figure 10.7: Temperature-dependent dissolution profiles of indo-
methacin samples coated with different p(HEMA-co-
EGDMA) films. Release dynamics are depicted at three
different temperatures (25, 37 and 50 ◦C for polymer coat-
ings consisting either of 25 (a), 50 (b) or 100 % (c) EGDMA.
Fits to the experimental data by equation (5) are indicated
by solid, blue lines. Please note that graph (a) features a
much shorter time frame than graphs (b,c).
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10.5 Methods

Preparation of thin Indomethacin layers. Pharmaceutical grade indo-
methacin powder was purchased from Sigma-Aldrich (Germany) and
used without further purification. Samples of indomethacin were pre-
pared via drop casting on conventional microscopy glass slides (Roth,
Germany). For this, indomethacin was dissolved in tetrahydrofuran
(Sigma-Aldrich, Germany) at as solute concentration of 1 wt%, with
the resulting solution being kept stirred prior usage. The substrates
were cut to 2.5× 2.5 cm2 pieces and cleaned in acetone and ethanol,
respectively, and finally purged with a nitrogen stream. The sub-
strates were carefully leveled before placing 200 µL of solution on the
surface, which results in a homogeneous drop spread with full sur-
face coverage. After solvent evaporation, homogeneous amorphous
films are obtained. For the preparation of crystalline indomethacin
films, amorphous samples were then exposed to an ethanol solvent
vapor (solvent annealing 53), which resulted in the entire film being
transferred into a crystalline state within 24 hours.

Preparation of drug coatings by initiated Chemical Vapor Deposi-
tion (iCVD). Polymer coatings were prepared on the crystalline
indomethacin samples by iCVD of the monomer 2-hydroxyethyl
methacrylate (HEMA, purity 97 %, Aldrich, Germany) and the cross-
linker ethylene glycol dimethacrylate (EGDMA, purity 98 %, Aldrich,
Germany), using tert-butyl peroxide (TBPO, purity 98 %, Aldrich,
Germany) as initiator. For all the depositions, the substrate tem-
perature was (28± 1) ◦C, the working pressure was 47 Pa and the
filament temperature was (200± 5) ◦C. The TBPO flow rate was set
to 0.80 sccm and a Nitrogen patch flow of 3 to 4 sccm was applied. By
adjusting the monomer to cross-linker flow ratios, different polymer
compositions were achieved (for compositional analysis, please refer
to the supplementary information 10.9). The p(HEMA-co-EGDMA)
polymers are labeled by their cross-linker volume fraction (EGDMA
fraction), with 100 % denoting the EGDMA homopolymer. For poly-
mer characterization, pristine silicon wafers with a native oxide
(Siegert Wafers, Germany) were coated in addition. For all samples, a
nominal coating thickness of 200 nm was deposited (monitored in situ
by laser interferometry).

Polymer thickness characterization and swelling studies. Spectroscopic
ellipsometric data were collected at three incidence angles (65, 70 and
75°) on a Woollam M-2000 ellipsometer (J.A. Woollam Co., USA) in
the wavelength range between 370 and 1000 nm. For swelling exper-
iments, the ellipsometer was equipped with a liquid cell attachment
and measurements were performed at an incidence angle of 75°.
Experimental data were fitted in the CompleteEASE® software to a
model consisting of bulk silicon, a native silicon oxide layer (1.7 nm)
and a transparent Cauchy layer accounting for the polymer coating.
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In swelling experiments, the Cauchy layer is representing thickness
and optical properties of the swollen polymer matrix and the ambient
medium is set to water in the model.

Morphological and structural investigation of Indomethacin films. Mor-
phological characterization was performed on a standard AxioVert
40 ZEISS optical microscope equipped with polarizers. A FlexAFM
atomic force microscope (Nanosurf, Switzerland), equipped with an
Easyscan 2 controller, was used in non-contact mode using a TAP
300 cantilever (Budget sensors, Bulgaria). Data and image process-
ing were performed using the freely available software package
Gwyddion 54. Crystallographic properties were probed on a PANalyt-
ical Empyrean reflectometer in θ/θ geometry (specular scans). The
setup was equipped with a copper sealed tube (Cu Kα, wavelength
λ = 0.154 nm), various slits and masks as well as a Pixel3D detector.
Data are presented in scattering vector notation which calculates as
qz = 4 · π · sin(θ).

Thin film dissolution testing. Time-resolved drug release studies were
performed in a non-standard dissolution experiment as the standard
apparatus is unable to evaluate samples containing very low drug
loads. Instead, an adapted system was employed. Indomethacin sam-
ples (on glass substrates) were placed in a cylindrical, sealed glass ves-
sel containing 50 mL of 0.2 molar KH2PO4 phosphate buffer as disso-
lution media, adjusted to pH 5.8 with sodium hydroxide. The pH is
slightly above the range of healthy and clean skin, representing more
realistically the environment of potential patients’ skin. 55 The indo-
methacin concentration in solution was probed at certain times by
measuring the absorption at a wavelength of 321 nm with a nanopho-
tometer (Implen, Germany). For this, 1 mL solution was taken from
the vessel and placed in a quartz cuvette for the measurement. There-
after, the solution was fed back to the system to keep the medium vol-
ume overall constant. Data points are given as the average of four sam-
ples, improving statistics and thus accounting for small differences in
drug/polymer film quality during preparation.

10.6 Acknowledgment

The work was funded by the Austrian Science Fund (FWF): [P25541-
N19]. The authors want to thank the BioTechMed Graz. Part of the re-
search was supported by funding from the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020 research and in-
novation programme (grant agreement 715403).



172 C O N T R O L L I N G I N D O M E T H A C I N R E L E A S E V I A H Y D R O G E L F I L M S

10.7 Author contributions

P.C. performed the polymer synthesis and characterization, analyzed
the data and wrote the paper. A.M.C. and O.W. supervised the project
and wrote the paper. S.T., H.M.A.E., H.R. and O.W. performed disso-
lution studies and drug characterization.

10.8 References

(1) H. Häbel, H. Andersson, A. Olsson, E. Olsson, A. Larsson, and
A. Särkkä Journal of Controlled Release 2016, 222, 151–158, DOI:
10.1016/j.jconrel.2015.12.011.

(2) R. Banerjee, S. Maiti, D. Dey, and D. Dhara Journal of Colloid and
Interface Science 2016, 462, 176–182, DOI:
10.1016/j.jcis.2015.09.068.

(3) Y. C. Ng, Z. Yang, W. J. McAuley, and S. Qi European Journal of
Pharmaceutics and Biopharmaceutics 2013, 84, 555–565, DOI:
10.1016/j.ejpb.2013.01.008.

(4) L. Yu Advanced Drug Delivery Reviews 2001, 48, 27–42, DOI:
10.1016/S0169-409X(01)00098-9.

(5) R. Cheng, F. Meng, C. Deng, H.-A. Klok, and Z. Zhong
Biomaterials 2013, 34, 3647–3657, DOI:
10.1016/j.biomaterials.2013.01.084.

(6) K. Ulbrich, K. Holá, V. Šubr, A. Bakandritsos, J. Tuček, and
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10.9 Supporting Information

POLYMER MORPHOLOGY ON SILICON

Figure S10.8: Atomic force micrograph of a p(HEMA-co-EGDMA)
sample prepared on silicon. The EGDMA volume frac-
tion is 25 %. The root mean squared roughness is 0.4 nm.

POLYMER COMPOSITIONAL ANALYSIS

For the analysis of the polymer composition, iCVD polymers were
deposited on single crystal silicon wafers. Fourier transform infrared
spectroscopy (FT-IR) was then performed in transmission mode on a
Bruker IFS 66v/s spectrometer. The experimental spectra were base-
line correction by a custom routine written in R, utilizing routines
provided in the baseline package. 1 The polymer composition was de-
termined by treating the baseline-corrected experimental spectra as
a linear combination of the constituting homopolymers, weighted by
scaling factors (the fit parameters) for their respective volume fraction.
A more detailed explanation of the applicability of this method in the
analysis of thin polymer films is given elsewhere. 2 In Figure S10.9, the
experimental spectra of two polymer compositions are provided. The
compositional analysis reveals that the p(HEMA-co-EGDMA) poly-
mers contain 25 % (a), respectively 50 % (b) EGDMA. The theoretical
spectra from the fit are found in good agreement with the experimen-
tal data. The absence of a pronounced peak at 1620 cm−1 indicates that
most vinyl bond are converted in the iCVD process (in the detection
limit), i. e. the films are strongly cross-linked.
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Figure S10.9: Exemplary analysis of the FT-IR spectra of two different
iCVD polymers. The experimental spectra are evaluated
as a linear combination of the homopolymer spectra of
HEMA and EGDMA, respectively.

SWELLING THEORY

The derivation presented here follows the original work of Flory, 3,4

with the adaptations Toomey et al. 5 introduced for the one-dimen-
sional case.

The Gibbs free energy change upon swelling a system in a pure sol-
vent can be described by two terms; the free energy of mixing ∆Gmix

and the elastic free energy ∆Gel, describing the expansion of the net-
work structure

∆G = ∆Gmix + ∆Gel. (S10.6)

According to the Flory-Huggins theory, the free energy of mixing can
be described by

∆Gmix = RT(n1 ln(φ1) + χn1φ2), (S10.7)
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where n1 denotes the molar number of solvent molecules occupying
volume fraction φ1, φ2 is the polymer volume fraction and χ denotes the
Flory-Huggins polymer-solvent interaction parameter. Note that this
equation does not contain a term for the molar number of polymer
molecules n2, as a network structure does not include single molecules
and thus n2 is equated to zero.

For a linear deformation of factor α, the free energy is described by

∆Gel = d · RT
νe

2
(
a2 − 1− ln(α)

)
, (S10.8)

with d corresponding to the number of dimensions in which swelling
occurs and νe denoting the effective molar number of chains in the poly-
mer network.

When swelling reaches the thermodynamic equilibrium, the change
in Gibbs free energy becomes zero (d∆G = 0), meaning that difference
in chemical potential µ has to become zero as well:

∆G = ∑
i

µidNi, (S10.9)

µ1 − µ0
1 =

(
∂∆G
∂n1

)
T,p

dN1 =

= dN1


(

∂∆Gmix

∂n1

)
︸ ︷︷ ︸

Part I

+

(
∂∆Gel

∂α

)(
∂α

∂n1

)
︸ ︷︷ ︸

Part II

 = 0,
(S10.10)

Part I

The polymer volume fraction φ2 is the ratio of initial volume V0 to the
swollen volume

φ2(n1) =
V0

V0 + ν1n1
(S10.11)

with ν1 denoting the molar volume of the solvent. Therefore, evaluat-
ing part I of Equation (S10.10) and utilizing φ1 + φ2 = 1, one obtains(

∂Gmix

∂n1

)
= RT[ln(1− φ2) + φ2 + χφ2

2]. (S10.12)

Part II

Taking the derivative of ∆Gel with respect to α, one obtains(
∂Gel

∂α

)
= d · RT

νe

2

(
2α− 1

α

)
. (S10.13)

The partial derivative of α with respect to n1 depends on the number
of swelling dimension. For three-dimensional isotropic swelling, the
inverse of the swollen volume fraction corresponds to the cube of the
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deformation factor, i. e. α3
3D = 1

φ2
. For the one-dimensional case, α1D =

1
φ2

accordingly. Together with Equation (S10.11), the derivative reads

1D case
(

∂α1D

∂n1

)
=

ν1

V0
(S10.14)

3D case
(

∂α3D

∂n1

)
=

1
3

ν1

V0
α−2. (S10.15)

Thermodynamic equilibrium

Evaluating Equation (S10.10) with Equations (S10.12) to (S10.15), one
obtains

1-Dimensional swelling

0 = dN1 · RT
[

ln(1− φ2) + φ2 + χφ2
2 +

νe

2
ν1

V0

(
2α1D −

1
α1D

)]
.

(S10.16)
3-Dimensional swelling

0 = dN1 · RT

[
ln(1− φ2) + φ2 + χφ2

2 +
νe

2
ν1

V0

(
2

α3D
−
(

1
α3D

)3
)]

(S10.17)
Rearranging the equations and expressing αx as function of φ2, one
obtains

1-Dimensional swelling

Mc = −ν1ρpol


(

1
φ2
− φ2

2

)
ln(1− φ2) + φ2 + χφ2

2

 (S10.18)

3-Dimensional swelling

Mc = −ν1ρpol


(

φ1/3
2 − φ2

2

)
ln(1− φ2) + φ2 + χφ2

2

, (S10.19)

by introducing the average molecular weight between cross-links
Mc =

V0
νe

ρpol, with ρpol denoting the polymer density.
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11
Conclusion and Outlook

Initial studies of proton conductive iCVD polymers had shown very
promising properties for a system of a perfluorinated compound and
methacrylic acid. However, further characterization within the frame-
work of this thesis revealed several shortcomings of such materials,
rendering their applicability to real systems questionable. In particu-
lar, usage in fuel cell applications will be limited by thermal stabil-
ity issues. The liquid crystalline character of the perfluorinated com-
pound does not persist above 75 ◦C, which is even below tempera-
tures typically employed in low-temperature fuel cell systems. Also,
the conductive group is prone to anhydride formation, which makes
methacrylic acid unsuitable for such systems. For this reason, an en-
tirely different concept has been explored.

The preparation of sulfonated polymers was attempted by iCVD,
which necessitated a post-deposition modification. Similar mem-
branes have previously been attempted by other researchers utilizing
rather complicated and expensive radiation grafting, requiring several
processing steps. With iCVD, it was possible to directly synthesize
a cross-linked polymer, which could be sulfonated in a single post-
deposition step. The resulting material seems promising in terms of
conductivity but studies are still at an early stage. Further investi-
gations have to be carried out to evaluate thermal and mechanical
stability of such films and the synthesis steps have yet to be op-
timized. Nevertheless, this material seems promising for future
applications and might allow for direct deposition of sulfonated films
on complicated substrates.

Another aspect of this thesis concerned the encapsulation of phar-
maceuticals by thin polymer films synthesized by iCVD. In this con-
text, polymer-drug interactions have been evaluated on different sys-
tems. In an initial study, the effect of the polymer coating on the solid
state of the drug clotrimazole has been investigated. Evaluating differ-
ent polymer chemistries, it was possible to demonstrate a suppression
of clotrimazole crystallization even at elevated temperatures. Such a
behavior might be helpful for ensuring an acceptable shelf-life of for-
mulations containing active pharmaceutical ingredients in the amor-
phous (i. e. meta-stable) state.

In a separate study, thin film drug reservoir systems were investi-
gated. For this, a hydrogel layer was deposited on the active pharma-
ceutical ingredient indomethacin via iCVD. By changing the polymer
composition, the mesh-size of the hydrogel could be varied which, in
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turn, led to a change in the drug release behavior. With the promising
results of this model system, a possible next step could be the prepa-
ration of a more application focused thin film dosage form such as
dermal patches or oral drug strips.

When envisaging a commercial product, regulatory approval seems
to be a major concern. Little has been published so far on the bio-com-
patibility of iCVD polymers and more testing will be required in this
field. While compatibility is often assumed from the known properties
of the involved compounds, this is not necessarily true for iCVD syn-
thesis. In particular, one has to be careful about potential monomer/
initiator inclusion which can be harmful in their unpolymerized form.
However, the versatility of iCVD is also deemed a huge strength in
this context; processing conditions can be adapted fairly easily so that
polymer properties are likely to be improved by further parameter
tuning.

As initiated Chemical Vapor Deposition is still a rather “young”
technique and is not highly standardized yet, also further advances
in reactor design and handling can be expected. While a sound theo-
retical framework exists for the processes involved in iCVD polymer-
ization, it is often quite difficult to relate theory to experiment in a
meaningful way. Thermal gradients within the system and large reac-
tor volumes seem to be mainly responsible for these discrepancies. In
particular, thermal insulation of the whole iCVD system is assumed
to be largely beneficial. In current systems, the reactor body is usually
exposed to ambient temperatures. As most parts are made of metal,
this results in large thermal gradients between the heated monomer
lines, the substrate and the reactor body. An improved reactor design
might also ease the usage of less volatile monomers, thus broadening
the variety of compounds available for iCVD polymerization.
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