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Abstract EN

In this thesis, thermoresponsive hydrogel thin films and their applicability
to device setups are explored. As many applications require the conformal
thin-film deposition on delicate and nanostructured substrates (e.g., on
pharmaceuticals, tissue), the solvent-free method of initiated chemical va-
por deposition (iCVD) is adopted for polymer synthesis. With iCVD, such
(co)polymer thin films with tailored properties can be readily prepared from
chemicals delivered in the vapor phase. Two model systems of copolymers
are synthesized: poly(N-isopropylacrylamide) (pNIPAAm) and poly(N-vi-
nylcaprolactam) (pNVCL), both being cross-linked by di(ethylene glycol)
divinyl ether (DEGDVE). While pNIPAAm-based systems are widely dis-
cussed in the literature, novel systems of cross-linked pNVCL thin films are
developed, synthesized and characterized for the first time. A fundamental
understanding of the linkage between material properties and deposition
conditions and the materials’ thermoresponsive behavior is generated. The
thermoresponsiveness of such layers can be observed as a distinct transition
in film thickness around their, so-called, lower critical solution temperature
(LCST) in aqueous environment. This behavior is mainly investigated by
monitoring the film thickness and optical properties of these systems by
spectroscopic ellipsometry as a function of environmental parameters (e.g.,
relative humidity - RH, temperature - T). In iCVD, the material properties
can be tuned via deposition conditions such as the deposited film thickness,
concentration of cross-linker and initiator species being available during
polymer synthesis, etc. In that way, smart polymers exhibiting strong ther-
moresponsive transitions with >200% change in film thickness upon ramp-
ing the temperature are achieved. Furthermore, the transition temperature
can be tuned in the range 16-40 °C. Thermoresponsiveness was also demon-
strated in high levels of RH for the first time. Interesting wettability and me-
chanical properties (modulus in the MPa range) are found, enabling the ma-
terials to be applied to various device setups. For instance, their tunable re-
sponsiveness to environmental stimuli (e.g., to T around human body tem-
perature) together with being biocompatible allows for their applicability to
biomedical setups; thus, a drug encapsulation layer based on thermorespon-
sive hydrogels is developed. Furthermore, the monotonous swelling in RH
was utilized to test the applicability of such films to sensor setups. The kinet-
ics were found to outperform a market-available device by the hydrogel re-
sponding to changes in RH twice as fast as this reference sensor. Further-
more, a humidity-driven and temperature-controlled actuator was devel-
oped, showcasing the great potential of these materials to be applied to pur-
poses in soft robotics (e.g., soft gripping).
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DE Kurzfassung

In dieser Arbeit werden thermoresponsive Hydrogel-Diinnschichten und die
Moglichkeit ihrer technischen Anwendung untersucht. Da in vielen Fillen
die konformelle Diinnschichtsynthese auf empfindlichen und nanostruktu-
rierten Substraten (z.B. Pharmazeutika, Gewebe) gefordert ist, wird die 16-
sungsmittelfreie Methode der initiierten chemischen Gasphasenabschei-
dung (iCVD) verwendet. Mit iCVD konnen solche (Co-)Polymer-Diinnschich-
ten mit kontrollierbaren Eigenschaften hergestellt werden. Zwei Modellsys-
teme von Copolymeren werden untersucht: Poly(N-isopropylacrylamid)
(pNIPAAm) und Poly(N-vinylcaprolactam) (pNVCL) - beide mit Di(ethylen-
glykol)divinylether (DEGDVE) vernetzt. Wahrend pNIPAAm in der Literatur
breit diskutiert ist, werden neue pNVCL-Diinnfilmsysteme erstmals entwi-
ckelt, synthetisiert und charakterisiert. Ein grundlegendes Verstandnis des
Zusammenhangs zwischen Materialeigenschaften, Abscheidungsbedingun-
gen und thermoresponsivem Verhalten wird erarbeitet. Die Thermorespon-
sivitit solcher Schichten zeigt sich als deutlicher Ubergang in der Schicht-
dicke um ihre so genannte untere kritische Losungstemperatur (LCST) in
feuchter Umgebung. Dieses Verhalten wird hauptsidchlich durch Bestim-
mung von Schichtdicke und optischen Eigenschaften dieser Systeme mittels
spektroskopischer Ellipsometrie in Abhangigkeit von Umgebungsbedingun-
gen (z.B. relative Feuchte - RH, Temperatur - T) untersucht. Mittels iCVD
konnen die Materialeigenschaften iiber Parameter wie z.B. die Schichtdicke
oder die Konzentration der bei der Polymersynthese verfligharen Vernetzer-
und Initiatorspezies beeinflusst werden. Auf diese Weise werden intelligen-
te Polymere hergestellt, die stark thermoresponsives Verhalten mit >200%
Anderung der Schichtdicke bei Temperaturerhhung aufweisen. Dariiber
hinaus kann die LCST im Bereich 16-40 °C eingestellt werden. Thermore-
sponsivitdt wird zum ersten Mal auch in hoher RH demonstriert. Interes-
sante Benetzbarkeit und mechanische Eigenschaften (Elasizitatsmodul im
MPa-Bereich) unterstiitzen die Anwendbarkeit dieser Materialien. Da sie
mallgeschneidert auf Umwelteinfliisse reagieren (z.B. auf T um die men-
schliche Korpertemperatur), konnen sie mit iiberpriifter Biokompatibilitét
z.B. in biomedizinischen Anwendungen eingesetzt werden. eine Medika-
mentenbeschichtung auf Basis derartiger Hydrogele wird entwickelt.
Dariiber hinaus zeigt das monotone Schwellungsverhalten der Filme in RH
das Potenzial der Anwendbarkeit in Sensoren. Es wird festgestellt, dass ein
Hydrogel kinetisch doppelt so schnell auf Anderungen der RH reagiert wie
ein kommerzieller Sensor. Daneben wird ein feuchtigkeitsbasierter und
temperaturgesteuerter Aktuator entwickelt, der das Potenzial einer
Anwendung dieser Materialien in der Soft-Robotik (z.B. weiches Greifen)
demonstriert.
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I Introductory Overview

This chapter provides a short introductory overview of the topics covered in
this thesis. It should present a compilation of thoughts that allows to view
the remainder of this thesis in the context of relevant historical, societal, in-
dustrial as well as scientific developments and frameworks.






I.1 Polymers and their Potentials/Problems

Polymers are essential parts of the world; for instance, naturally occurring
polymeric substances such as DNA," proteins and various forms of complex
carbohydrates are central in all known forms of life. Cellulose," cotton and
rubber are further examples of polymers occurring in nature. They have
been utilized by humans ever since civilizations formed; for example, al-
ready the early humans are known to have used fibers of silk, wool, flax and
cotton for textile applications and to have processed natural rubber for wa-
terproofing or for purposes, where elastic materials were required.’

Today, next to these naturally occurring substances, synthetic polymers and,
specifically, plastics are ubiquitous in science & technology as well as in eve-
ryday life. Already in the late 1980s, the global annual plastics production
surpassed the one of steel and is on the rise ever since.? In total, researchers
estimate that approximately 8300 Mt of primary plastics (from virgin mate-
rials) have been produced to date (data of 2017). Within the last 100 years,
various kinds of such materials were developed to fulfill a plethora of tasks
and functions. Applications in which essential parts are polymers include
but are not limited to medical devices, sports equipment, domestic appli-
ances, electronic devices, paint, pipes and packaging.” This broad range in
feasible functionalities originates in the unique and versatile material prop-
erties, which, in turn, emanate from the specific chemical nature of poly-
mers. Material scientists and engineers have found numerous ways of tailor-
ing and tuning them in a continuum of properties via the chemical and phys-
ical nature and composition of the structures involved and their constitu-
tion/arrangement.* This allows to attain almost any required feature an ap-
plication might demand. Some fundamentals on polymers with characteris-
tics being linked to material properties and functionalities are provided in
section II.1 of this thesis. Advantageous properties of plastics enabling the
discussed versatile applicability include their strength and stiffness, despite
their lightweight, their bio-inertness, ease in fabrication and low cost.” As
such, plastics have contributed to significantly reducing energy consump-
tion, (food) waste and maintenance efforts of, e.g., the products and devices
mentioned above.®

Further features allowing for the applicability of these materials to the
abovementioned purposes are their durability and resistance to degrada-
tion.* However, exactly these properties bring about major problems for so-
cieties and nature to deal with polymers as end-of-life materials and waste.

* deoxyribonucleic acid, carrying genetic information for the development, func-
tioning, growth and reproduction of living organisms
T primary substance in wood and paper



Researchers estimate that ~6300 Mt of waste were cumulatively generated
from plastics (between 1950 and 2015); of all this plastic waste, 12% (i.e., 800
Mt) have been incinerated and only 10% (i.e., 600 Mt) have been recycled,
most of which only once.’ While only ~30% (i.e., 2500 Mt) of all plastics ever
produced are actually in use (data of 2017), the majority (~60%; 4900 Mt) are
currently accumulating in landfills, in open dumps or in the natural envi-
ronment.® As significant degradation of most of the mass-produced plastics
islimited to solar ultraviolet radiation (UVR) fragmenting them into particles
of <20 mm in size,°® their impact on biological organisms and ecosystems
needs to be examined. Such research is accelerating but predominantly con-
centrated on marine debris.” As such, plastics were shown to alter and, even-
tually, interfere with and harm life on every organizational level of biological
systems (e.g., DNA damage, lesions in organs, death of organisms, etc.).’
Thus, besides their great potentials, polymeric materials also represent ma-
jor ecological concerns for the environment and pose challenges to waste
management and recycling for societies throughout the world.

I.2 Biodegradability/-compatibility

One approach to tackle part of these problems is the usage and development
of biodegradable” and biocompatible” polymers.® Since polymers are widely
utilized in all sorts of industrial sectors such as packaging, building & con-
struction, textiles, transportation, electrical/electronic and many more,® the
potential for applications of bio-alternatives is extensive.

As mentioned above, in a first step, degradation of common plastics is, basi-
cally, limited to fragmentation by UVR.® In a second step, microorganisms
can attach to the fragments and secrete exo-enzymes to break the polymer
down to non-toxic products (e.g., minerals, water, volatile species).® Factors
facilitating such biodegradation processes are, inter alia, low molar mass,
low degree of crystallinity, low melting point and lack of side chains in the
polymer’s structure;* furthermore, additives that enhance biodegradation
can be included.® Prominent examples of such polymers are the naturally
occurring cellulose and chitin and the synthetic polycaprolactone (PCL); all
of them can be degraded at rates (e.g., PCL to 100% in 30 days) that are sev-
eral orders of magnitude higher than the ones of conventional polymers
such as polyethylene (PE) and polypropylene (PP).°

Besides biodegradability, biocompatibility can be an important asset of pol-
ymeric materials. On the one hand, utilizing biocompatible polymers

" Biodegradability: “Capability of being degraded by biological activity.” (p. 382)®

" Biocompatibility: “Ability to be in contact with a living system without producing
an adverse effect.” (p. 382)8

¥ These relevant properties are introduced in section II.1.
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reduces the ecological impact of these substances; on the other hand, such
materials can be employed in biological environments, which is crucial for
their applicability to medical devices or other biotechnological setups (e.g.,
implants, drug delivery).

.3 Vapor-Phase Synthesis

A critical aspect is the synthesis of biodegradable and biocompatible poly-
mers for bio-applications. Besides being themselves fragile substances, they
are demanded to be in contact with or attached to delicate surfaces, materi-
als and setups (e.g., tissue, pharmaceuticals). Thus, mild processing condi-
tions need to be employed. Instead of utilizing conventional solution-based
methods, a promising approach is the synthesis of polymers from chemicals
delivered in the vapor phase (e.g., chemical vapor deposition, CVD). In do-
ing so, solvent-related inconveniencies such as the dissolution of constitu-
ents/the substrate, intermixing of components and surface tension can be
avoided.’ In copolymerizations, the need for a chemical in which all mono-
mers are soluble can also be avoided. By changing the ratio of gases intro-
duced to such a vapor-phase synthesis process, the composition of the re-
sulting (co)polymer can be precisely controlled with the further possibility
of grading and layering.” Thereby, properties such as the wettability, adhe-
sion, chemical inertness, corrosion resistance, environmental and mechan-
ical stability, permeability to gases, conductivity, biostability and biocom-
patibility can be controlled.™

As a variant of CVD, initiated chemical vapor deposition (iCVD) is a seminal
technique for the synthesis/deposition of polymer thin films exhibiting dis-
tinct functionalities. A wide variety of possible chemistries are being suc-
cessfully applied to iCVD for thin-film synthesis of dozens of polymers. The
mild conditions employed in iCVD allow for the inclusion of specific units
enabling the polymers to be, e.g., responsive to temperature, pH or specific
chemical/biological molecules.'” Furthermore, the polymer synthesis from
chemicals delivered in the vapor phase facilitates the preparation of highly
conformal and uniform layers.*

Basic principles of polymer synthesis are introduced in section II.2 of this
thesis. In the subsection I1.2.3, these fundamentals are applied to iCVD, con-
sequently, focusing on specifics of the process in section I1.2.3.3. In section
I11.1 and II1.2, scientific articles are presented, focusing on material proper-
ties being directly linked to deposition conditions in polymer thin films syn-
thesized by iCVD.



.4 Smart Polymer Thin Films

Polymers exhibiting multiple functionalities are, commonly, termed smart
or stimuli-responsive polymers.” Such materials can be utilized, inter alia, in
the auspicious field of soft robotics, where sophisticated interfaces between
robots and humans need to be developed. Furthermore, their inherently re-
sponsive behavior makes them particularly interesting for sensing and actu-
ating applications in general.

Next to materials of macroscopic physical dimensions, thin films are being
progressively utilized in such ‘smart’ setups for miniaturization and optimi-
zation purposes. Especially in diffusion-driven processes, the size of the
structures involved plays a critical role, particularly when kinetics are rele-
vant; hydrogels as polymeric systems, able to take up significant amounts of
water, are a prominent example for that." Given their hydrophilicity, hydro-
gel materials can serve as a distinct biocompatible, aqueous environment in
biological/-medical applications, e.g., in contact lenses, wound care cover-
ings, controlled/on-demand drug release and as matrices for cell encapsula-
tion.'”* In section II.1.1, an introduction to hydrogels with a focus on their
thermoresponsive variant is given. Section III.3 presents original scientific
work on vapor-phase-synthesized hydrogels in drug coatings.

Besides yielding an aqueous matrix for certain applications, a further asset
of stimuli-responsive hydrogel materials is their ability to respond to the en-
vironment by changing properties, the most obvious of which are their phys-
ical dimensions. This behavior can directly be utilized to apply hydrogels as
the active material in sensor as well as actuator setups. Section I1.1.3 pro-
vides an introduction to polymeric materials for such applications. Further-
more, in section II1.4, a scientific contribution is presented evaluating and
demonstrating the applicability of vapor-phase-synthesized hydrogel thin
films to sensor and actuator setups.

* A more detailed introduction to these terms is given in section II.1.2.
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1.5 Structure of this Thesis

The further part of this thesis is divided into three chapters: relevant basics
and fundamentals (chapter II), original scientific contributions (chapter III)
and conclusions (chapter IV).

Chapter Il is structured as to introduce the basic terms and concepts (section
I1.1) about polymers and the materials relevant to the understanding of
chapter III; subsequently, fundamentals about polymer synthesis and the
methods applied for thin film deposition in the work presented in chapter
IIT are discussed (section II.2); section II.3 provides a short introduction to
the techniques employed for the characterization and investigation of the
synthesized structures.

Chapter III presents four original scientific contributions that were repro-
duced from articles published in peer-reviewed journals. The articles in III.1
and III.2 discuss the linkage between material properties of vapor-phase-
synthesized polymers to the applied deposition conditions. In section III.3,
the work of a scientific contribution is presented that examines the potential
of thermoresponsive hydrogel thin films to be applied in drug coatings.
Within the article in section III.4, the applicability of smart polymer thin
films to sensor and actuator setups is discussed and, ultimately, demon-
strated.

Chapter IV represents a short summary of conclusions that can be drawn
from the articles presented in chapter III with respect to the context and con-
cepts discussed in the earlier chapters of this thesis.

In the Appendix, a list of publications, oral and poster presentations of the
author of this thesis is provided. Furthermore, a cover art published as a sup-
plementary journal cover in volume 2, issue 3 of ‘ACS Applied Polymer Ma-
terials’ is depicted; it was designed by the author of this thesis. Moreover, a
research paper, summarizing work performed during a research stay at
Drexel University in Philadelphia, PA, USA in the laboratory of Prof. Ken-
neth K. S. Lau, is appended. In the respective project funded by the Marshall
Plan Foundation through a scholarship awarded to the author of this thesis,
another CVD technique (oxidative chemical vapor deposition, oCVD) was
successfully employed to deposit thin films of conducting polymers on flex-
ible substrates to allow for piezo-resistive strain sensing.
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II Fundamentals and Methods

The information gathered in this section provides background knowledge on
polymers, their synthesis and ways of investigating them. All this should
serve as a pool of information, definitions and terminology necessary and
relevant for the understanding of the original, scientific work presented in
the further chapters of this thesis.






I1.1 Basics of Polymers

The term ‘polymer’ refers to a class of materials, whose manifold properties
allow for their applicability to almost all areas of modern life. Generally, two
types are distinguished, depending on their origin: natural/ and synthetic
polymers. The former are naturally occurring substances such as DNA,
wool, cellulose and proteins. The latter are synthesized by humans for spe-
cific purposes and are utilized in various sectors, e.g., packaging, textiles,
building & construction and transportation. Synthetic polymers include ma-
terials such as polyethylene (PE), nylon, poly(vinyl chloride) (PVC), polyeth-
ylene terephthalate (PET) and polytetrafluoroethylene (PTFE). Overall, pol-
ymers can exhibit a plethora of properties ranging from rigid to soft, brittle
to elastic, reactive to inert, from insulating to conducting, etc.

The International Union of Pure and Applied Chemistry (IUPAC)" defines a
polymer as a “substance composed of macromolecules” (p. 2299).' To com-
prehend this definition, it is, thus, also essential to understand the concepts
conveyed by the term ‘macromolecule’. The prefix ‘macro-’ is derived from
the Greek word ‘makros’ (nakpog, large/long), denoting a macromolecule as
a large/long molecule. Accordingly, the IUPAC define the term as follows:

Macromolecule (IUPAC definition, p. 2289)
“A molecule of high relative molecular mass [ITUPAC-de-
fined?], the structure of which essentially comprises the
multiple repetition of units derived, actually or conceptu-
ally, from molecules of low relative molecular mass.”

Notably, the presence of repeated (constitutional) units, making up the
macromolecular structure of a polymer, has defining status. Etymologically,
the word ‘polymer’ is derived from the Greek words ‘polds’ (ToAvg, many)
and ‘méros’ (uépog, a share), also referring to these repeated constitutional
units. The precursor species reacting to form a macromolecule are termed
monomer molecules. A single monomer molecule contributes a group of at-
oms (i.e., constitutional unit) to a macromolecule, the largest of which is re-
ferred to as a monomeric unit. The process, in which a monomer (i.e., “sub-
stance composed of monomer molecules”, p. 2299)* or a mixture of them is
converted into macromolecules, is called polymerization.’ The underlying
basic concepts reflected in these definitions were first adequately described
by Staudinger in the 1920s, mainly following observations on isoprene and
rubber.*?

" The IUPAC recommendations are the most frequently used set of rules for unam-
biguous, uniform, and consistent nomenclature and terminology worldwide.
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Concerning length, the IUPAC definition given above implies a certain rela-
tive molecular mass’ compared to its constitutional units to be necessary for
a molecule to be referred to as a macromolecule. Alternatively, this can be
understood as a (‘fuzzy’) threshold in the number of repeated monomeric
units (i.e., degree of polymerization)'. However, the IUPAC do not clearly
specify how high this number must be. With a note added to the definition,
they aim to clarify this point; they state that such “a molecule can be re-
garded as having a high relative molecular mass if the addition or removal
of one or a few of the units has a negligible effect on the molecular proper-
ties” (p. 2289)." Although there might be exceptions, these IUPAC statements
provide a suitable basic picture of what these very specific terms stand for.
To categorize the corresponding molecules in terms of length even more
specifically, molecules of intermediate relative molecular mass (i.e., num-
ber of repeated monomeric units between a monomer molecule - 1 - and a
macromolecule - many) are referred to as oligomer molecules. Analogous
to the definition of the term ‘macromolecule’ (cf. above), an additional note
to the IUPAC definition of the term ‘oligomer molecule’ states that a “mole-
cule is regarded as having an intermediate relative molecular mass if it has
properties which do vary significantly with the removal of one or a few of
the units” (p. 2289).! Correspondingly, the conversion of a monomer into an
oligomer is termed oligomerization (cf. polymerization). Depending on the
degree of polymerization, we speak of monomer molecules, oligomer mole-
cules and macromolecules. The corresponding substances composed of the
respective molecules are termed monomer, oligomer and polymer. For sake
of clarity, these classifications are summarized and sketched in Figure II.1-1.

repeated individual

units molecule substance
monomer VY
1 locul monomer
molecule WA
. r.\
oligomer el
a few 7 oligomer
molecule Ve

-\
many mggrlomolecule 2’%

Figure I1.1-1. Subset of classifications sketched as per IUPAC definitions' of
basic terms in polymer chemistry.

Besides being decisive for nomenclature, the relative molecular masses of
the macromolecules within a polymer also determine, inter alia, the

" also termed molar mass or molecular weight?
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polymer’s properties. As mentioned above, the molar mass is a measure for
the size of a molecule. For a macromolecule, it is also an indirect quantifica-
tion of its length. To directly refer to the structure of a macromolecule, we
speak of macromolecular or polymer chains. A direct measure for the length
of a macromolecule is, thus, its chain length, i.e., the number of monomer
molecules incorporated (actually or conceptually) into the macromolecule.
Most real polymers contain macromolecules of various chain lengths. This
can be described in a distribution of relative molecular masses (DMM),
whose shape depends, inter alia, on the polymerization process. Thus, the
molar mass in polymers is commonly expressed in weighted averages, such
as the number-average M,, and mass-average molar mass M,,,
_ XinM{?

E'TL'M'
M, =5y, = D
XiniM;

J
Xing

(I1.1-1)

where n; represents the number of molecules with relative molecular mass
M;. The sum includes all molecules within the substance. Both numbers (M,,
and M,,) are representative measures for the DMM. However, already from
the equations, it is evident that distinct DMMs will be reflected differently in
the values of M,, and M,,. The molar-mass dispersity b,, = M,,/M,, is used to
quantify this difference and, in turn, to give a measure for the broadness of
the DMM of a polymer. If all chains (i.e., macromolecules) are equally long,
M, = M,, and D), = 1. In this case, the polymer is referred to as being mono-
disperse. The larger Dy, is, the broader the distribution and the more poly-
dispersethe polymer.

In addition to the distribution of relative molecular masses within a polymer,
the properties of the polymer also strongly depend on the specific chemical
structure of the monomer molecules (more specifically, the monomeric
units) and on how many different species of units are incorporated into the
macromolecular chains. If the entire structure of a polymer is derived from
one type of monomer, the substance is called Aiomopolymer. For homopol-
ymers, the IUPAC recommends to make the polymer’s name directly by
combining the name of the corresponding monomer with the prefix ‘poly-’
(e.g., polypropylene).®” The addition of a second species of monomer mole-
cules can alter the polymer’s properties significantly. In case of two or more
species of monomeric units being involved, the resulting substance is re-
ferred to as a copolymer. For copolymers derived from two types of mono-
mers, four main classes are differentiated, depending on the sequence ar-
rangement of the two monomeric units within the polymer chains: alternat-
ing, block, graft and random copolymers (see Figure 11.1-2). The chemical
structure of the individual monomer molecules and the polymerization

“The name of the monomer is parenthesized in cases where ambiguities could arise
(e.g., monomer’s name consists of two words).®
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process determine what type of class the resulting polymer will belong to.
The IUPAC recommends deriving the name of the copolymer from the
names of the respective monomers by adding the prefix ‘poly-’ and an itali-
cized connective ‘-co- between the monomers’ names.” To specify the kind
of sequence arrangement (e.g., alternating or random), the qualifier ‘-co-
can be replaced by the corresponding one (e.g., ‘-alt” or ‘-ran-, respec-
tively).” In non-linear (co)polymers (e.g., graft copolymers), the continuous
“chain to which all other chains, long or short or both, may be regarded as
being pendant” is referred to as the (polymer) backbone.!

alternating copolymer . .
block copolymer o '.:°
o e ee graft cop:)lymer

random copolymer
Figure I1.1-2. Sketch of classes of copolymers differentiated depending on
the sequence arrangement of the two types of monomeric
units included (represented by dots in red and mint).

In its logical form, the IUPAC definition of the term ‘polymer’ (cf. above)!
lacks a clear specification of the amount of macromolecules necessary for a
substance to be regarded as a polymer. In practice, such terms are not al-
ways used perfectly according to their definitions but in doing so sometimes
more intuitively. Thus, the term ‘polymer’, in general, denotes substances or
materials of macromolecular nature’.® However, the length scales, on which
polymers exist, are diverse (from nanometers to the macroscale). Especially
when industrially utilized on the macroscale, such materials are also com-
monly referred to as plastics. In addition to macromolecules, plastics “may

contain other substances to improve performance and/or reduce costs”.?

Another aspect influencing a polymer’s properties is the arrangement of its
macromolecules (or parts of them) with respect to one another (i.e., order).
In the liquid state, no order is present (also in polymers). Interestingly, the
boundary to the solid state is not as sharp as for most other materials (e.g.,
(inorganic) materials composed of small molecules, metals). In rigid ‘solid-
state’ polymers, we distinguish between ordered semi-crystalline states and
amorphous glassy states, formed depending on the chemical structure and

"E.g., the monomers styrene and isoprene can be copolymerized to form a copoly-
mer (unspecified sequence arrangement) called poly(styrene-co-isoprene).

T e.g., including cross-linked polymer networks, cf. section II.1.1
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molar mass of the polymer. At elevated temperatures, polymers can also
form so-called rubbery phases. Phase transitions between these states are
complex, whereas all of the mentioned phases in ‘solid’ polymers are ther-
modynamically metastable.® While all properties depend on the state the
polymer is in, their mechanical behavior (rigid, glassy and rubbery) is spe-
cifically affected by and, in turn, quasi representative of the different
phases.

As discussed before, the chemical structure of the monomer molecules is,
inter alia, a decisive factor for the properties of the corresponding polymer.
In many cases, this relationship is the basis for the polymer exhibiting intri-
guing functionalities. One such group of polymers with a distinct function-
ality due to a specific chemistry of monomer molecules are Aydrogels. This
class of materials is discussed in the following.

I1.1.1 Hydrogels

Hydrogels are polymers that are able to take up significant amounts of water
from their environment into their structure due to the specific chemistry of
their monomer molecules. This water uptake behavior stems from the mac-
romolecular chains exhibiting functional groups such as -NH,, -COOH,
-CONH,, -CONH-, the capillary effect and osmotic pressure.” As a conse-
quence, in the presence of H,0, the material expands in size (i.e., swelling).
To ensure mechanical integrity during swelling, the individual macromolec-
ular chains need to be cross-linked. Two types are distinguished: physical
and chemical cross-linking (cf. Figure I1.1-3). Physical cross-links are, e.g.,
hydrogen bonds, ionic complexes or entangled macromolecular chains and
depend strongly on the chemical structure of the polymer and the polymer-
ization process. In chemical cross-linking, the individual macromolecular
chains are connected via covalent bonds. Such (chemical) cross-links can be
achieved, e.g., by copolymerizing a monomer able to connect/bind two sep-
arate macromolecular chains with the monomer exhibiting the desired func-
tionalities. The resulting polymer can be viewed as a cross-linked network
of macromolecular chains (i.e., polymer mesh/network).” The cross-links
imply a confinement to (elastic) deformation the polymer can perform. Still,
the hydrogel shows a certain solubility, originating in the hydrophilic units
within its macromolecular chains. Both these properties result in the poly-
mer network exhibiting a certain mesh size (¢) connected to the maximum
amount of water the hydrogel is able to take up in equilibrium (cf. Figure
I1.1-3)." Thus, the swelling behavior of hydrogels is altered by the chemical
nature of the polymer and the degree of cross-linking.

" conceptually, in extremis, one (giant) macromolecule
15



— e g oy E— m—

chemical crosslink

physical crosslink

Figure I1.1-3. Sketched section of a polymer network with cross-linked
macromolecular chains, indicating chemical and physical
cross-links (mesh size ).

To describe equilibrium swelling in polymer networks, a theory developed
by Flory & Rehner in the 1940s and 1950s is still one of the most widely
used.'"'? Thereby, the mesh size ¢ of a polymer can be estimated from its
equilibrium degree of (isotropic) swelling as

=\ 1/2
§ =0, 3OV = a(fE)Y? = v,7Y3 (ZCI’VVIi) ,  (IL1-2)

where v, ¢ is the polymer volume fraction in the fully swollen state, TH)V?
the unperturbed end-to-end distance of the polymer chains between cross-
links, M, the relative molecular mass between two cross-links, M, the rela-
tive molecular mass of the monomeric units and [ the length of the bond
along the backbone of the macromolecular chain.?® Cy is the Flory charac-
teristic ratio and is a measure (experimentally determined) for the stiffness
of a polymer chain (depending on its length N).

In addition to this theory on equilibrium swelling, a mathematical descrip-
tion of the kinetics during swelling of polymers (particularly in drug release)
can be found in the works of Peppas & Colombo.' The kinetics are particu-
larly interesting for the application of hydrogels to setups, in which fast re-
sponses are crucial (e.g., sensing). The details of this theory would go be-
yond the scope of the work presented in this thesis. Nevertheless, the ap-
plicability of polymers to sensing will be discussed in section II.1.3.

The development of the entire field of hydrogel materials was initiated in
1960, by Wichterle & Lim reporting on the polymerization of poly(2-hydroxy-
ethyl methacrylate) (pHEMA) as a water swollen, elastic and clear gel.” Over
the years, numerous chemical structures of polymers were found to exhibit
similar functionalities. Together with properties such as biocompatibility,
the materials’ characteristics are deemed promising to present a suitable
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basis for their usage in treating or replacing tissues and organs or, generally,
in interacting with biological systems.' Up to date, hydrogels are used to
provide an aqueous/wet matrix or environment in biological settings. The
described properties enabled their application in contact lenses, wound care
coverings, in setups for the controlled release of drugs, as matrices for cell
encapsulation, etc.”'® A subclass of polymers that is particularly interesting
and promising for broadening the range of possible applications in this con-
text is referred to as smart polymers. What these materials are, is discussed
in the following sections via outlining the basics of smart materials in gen-
eral and describing the concepts applying to thermo-responsive hydrogels.

I1.1.2 Smart Polymers

Already for several decades, the adjectives ‘smart’ and ‘intelligent’ are being
broadly used in the fields of science, technology and engineering. These
terms convey multi-faceted concepts, sometimes making it hard to grasp the
real notion of their meanings in the actual contexts. In materials science,
being smart or intelligent refers to properties of substances, structures or
systems that are in a certain way sophisticated. In the foreword to their an-
thology ‘Intelligent Materials’, Shahinpur & Schneider state that “claiming to
be intelligent is bold” and describe the materials addressed in their book ra-
ther as “respond[ing] in an interesting way to an external stimulus” (p. v)."
They go on to arguing that sensitive may be more appropriate than intelli-
gent. Nevertheless, ‘smart’ and ‘intelligent’ are common terms in materials
science, the conceptions of which can be deduced from the contexts they are
used in. Commonly, such as by Cao et al.’¥, these concepts are captured with
respect to functionality:

Smart Structures and Materials (p. 8330)**
“A smart structure is a system containing multifunctional
parts that can perform sensing, control, and actuation; it
is a primitive analogue of a biological body. Smart materi-
als are used to construct these smart structures, which can
perform both sensing and actuation functions.”

Oftentimes, a comparison to a biological body is drawn (cf. above'®), which
might overstate the real smartness or intelligence of the synthetic sub-
stances or structures developed up to date (e.g., cognitively). However, the
characteristics of responding to an external stimulus and being multifunc-
tional are essential. Also, Shahinpur & Schneider define intelligent materials
as “respond[ing] to external stimuli by a characteristic behaviour|[sic]” and
as being multifunctional, but add “due to their unique molecular structure”
(p. xxi) to their definition.”” In that way, a material’s smartness or
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intelligence originates in and is directly linked to fundamental molecular
events. This leaves structures and “technical devices, which are engineered
on the basis of intelligent materials,” (p. xxi) out of the picture.!” Regardless,
this discrimination is not relevant to the work laid out in this thesis, as,
herein, the focus is set specifically on smart materials.

The aim of the above discussion is to outline the complexity of a clear defi-
nition of the mentioned terms and their practical usage. What seems to be
clear, is that smart materials are in close relation to their environment and
react to it by changing their properties according to specific external stimuli.
Based on these considerations, Cao et al.”® specify the 1.Q.” of smart materi-
als as their responsiveness to environmental stimuli and their agility. The
former criterion is connected to the magnitude of the response of the mate-
rial (i.e., change in properties as a function of external stimulus). The latter
assesses the kinetics of the response. A larger and faster response is associ-
ated with a higher ‘1.Q.”. In conclusion, a smart material can be viewed as a
(multi)functional substance, changing its properties in (direct) reaction to
external stimuli in a fast and highly responsive manner.

Due to the specific nature of polymers, a plethora of functional units can be
designed and incorporated into their macromolecular structure fairly easily
(e.g., via copolymerization; cf. Aguilar & San Romdan*). Therefore, polymers
are a class of materials that seem to be particularly promising in or, even,
prone to being smart. Analogous to the above considerations, Aguilar & San
Romadn describe smart polymers as “undergo[ing] large reversible changes,
either physical or chemical, in their properties as a consequence of small
environmental variations” (p. 1)."” They use the term ‘smart polymer’ syn-
onymously with ‘stimuli-responsive polymer’. This specific class of materi-
als is discussed in the following.

As mentioned above, stimuli-responsive polymers (also referred to as smart
polymers) are polymeric substances that react to environmental stimuli
such as temperature, pH, light intensity, electric or magnetic fields, en-
zymes or various other (bio)molecules.*? Furthermore, these topics include
and are in close connection to the scientific fields of shape memory poly-
mers and self-healing, which also attracted particular interest in recent
years."” Stimuli-responsive polymers are used, e.g., in systems for on-de-
mand drug delivery, tissue generation/repair, biosensing, in smart coatings
and artificial muscles.? In addition, hybrid structures of synthetic stimuli-
responsive polymers with biomacromolecules were reported to enhance
and widen the range of possible applications even further.*

A specific family of stimuli-responsive polymers relevant to the work pre-
sented in this thesis, namely thermoresponsive hydrogels, is addressed in
the following section.
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Thermoresponsive Hydrogels

Alarge part of the functionalities of smart polymers described above is based
on the distinct solubility of hydrogels in solvents under specific environmen-
tal conditions. As indicated above, these materials respond to external stim-
uli via conformational transitions in their macromolecular structure (e.g.,
so-called coil-globule transitions).?> Such coil-globule transitions were also
reported to occur in natural, biological systems such as (small) proteins* or
DNA.* The behavior of these natural macromolecules is analogous to the
one found in synthetic macromolecular structures like the hydrogel net-
works discussed in this thesis.

In the actual coil-globule transition in hydrogels, the conformational ar-
rangement of the individual macromolecular chains changes as a function
of a specific external stimulus (see Figure I1.1-4). Upon varying the environ-
ment, the polymer transitions from a good to a poor solvent behavior or vice
versa. Thus, the change in polymeric conformation translates to a change in
hydrophobicity/-philicity. The entropy of mixing and the attractive interac-
tions of the macromolecular structure with itself are among the governing
factors. Accordingly, the polymer chains transition between an expanded
conformation (i.e., coil state) and a collapsed one (i.e., globule state”). This
can be observed as a characteristic volumetric change of the material (i.e.,
swelling and deswelling) that can also be indirectly measured in a variety of
material properties (e.g., refractive index, permeability, elastic modulus, in-
terfacial tension, adhesion).?

In the specific case of thermoresponsive hydrogels, the external parameter
yielding a change in their properties is the temperature. Among all the smart
polymers, thermoresponsiveness is the most well-studied branch of stimuli-
responsiveness.”’ Hydrogels exhibiting two general types of behavior are dis-
tinguished: The ones becoming miscible with the solvent and the ones be-
coming insoluble as the temperature is increased. The corresponding tran-
sition temperatures are termed upper (UCST) and lower critical solution
temperature (LCST). The most prominent example of a thermoresponsive
hydrogel is poly(MN-isopropylacrylamide) (pNIPAAm'). It is widely reported
to exhibit an LCST of around ~32 °C in water.* Its thermoresponsiveness was
shown by Heskins & Guillet* in 1968 and stems from two distinct function-
alities: On the one hand, the polymer exhibits hydrophilic groups in its mo-
lecular structure (i.e., amide) yielding the possibility of forming hydrogen
bonds to H,0O in aqueous environments, dominating at temperatures below
the LCST. On the other hand, the polymer has hydrophobic groups (i.e., iso-
propyl) and shows a probability of attractive inter-segment interactions at

“also referred to as the shrunken state of the polymer
2Abbreviations also used for pNIPAAm include pNIPA, pNIPAM, pNIPAA, pNIPAm.
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elevated temperatures.”’ The LCST of pNIPAAm can be tailored by modifying
the polymer’s internal structure (e.g., via copolymerization)®® or by altering
the solvent (e.g., via co-solvents,* salts®).
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Figure II.1-4. Sections of the polymeric structure of a stimuli-responsive
hydrogel sketched in its coil (left) and globule (right) sates;
polymer backbone in , functional groups in dark blue.

In addition to pNIPAAm, various polymers exhibit similar functionalities.
For this thesis, besides pNIPAAm, poly(N-vinylcaprolactam) (pNVCL) is of
particular relevance. This polymer is reported to exhibit an LCST similar to
pNIPAAm and was examined and shown to be biocompatible and not cyto-
toxic in various studies.* In contrast to pNIPAAm, pNVCL behaves accord-
ing to a typical Flory-Huggins miscibility behavior with H,O, for which an
increased polymer chain length leads to a downward shift of the LCST; the
values of the transition temperature for samples of different molar mass
were reported to lie in the range of ~30-40°C.** The hydrophilic swollen state
in pNVCL is assumed to stem from attractive interactions of water molecules
and polar groups in the polymer (i.e., hydrogen bonds with amide groups),
but also contacts of hydrophobic groups of the polymer (i.e., methylene in
the caprolactam ring) with water. Analogous to the behavior of pNIPAAm,
these contacts become thermodynamically less favorable and are dominated
by contacts between the hydrophobic groups themselves as the temperature
is increased, resulting in the hydrophobic collapsed state of the polymer.*

Overall, both polymers (pNIPAAm and pNVCL) show a transition between a
swollen and a shrunken state upon changing the external stimulus of tem-
perature. Their LCST can be tuned in a range around human body tempera-
ture, enabling the polymers to be particularly interesting for numerous bio-
applications. One of the many conceivable options of applying these materi-
als to device setups is their potential for sensing/actuating. The following
sections give a short introduction into the field of (polymeric) sensors and
actuators with a distinct focus on humidity sensing.
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I1.1.3 Polymeric Sensors/Actuators

Sensors (and actuators) are ubiquitous in the rise of an information society.
Already from looking into everyday life (e.g., smart homes), there seems to
be a commitment to quantifying and using almost all the data around us in
order to facilitate our living. Within such functional systems, a sensor is an
essential device. According to its etymological origin (e.g., Latin ‘sensus’,
sensation, feeling, meaning) and in the manner of sensory organs, a sensor
is a device that gets some ‘meaning’ (i.e., a piece of information) out of a
‘feeling’ (i.e., a datum). Comparable but in an adequate form, the IUPAC de-
fines a chemical sensor as follows:

Chemical Sensor (IUPAC definition, p. 1248)**
“A chemical sensor is a device that transforms chemical
information [...] into an analytically useful signal. [...]
Chemical sensors contain two basic functional units: a re-
ceptor part and a transducer part. In the receptor partof a
sensor the chemical information is transformed into a
form of energy which may be measured by the transducer.
The transducer part is a device capable of transforming
the energy carrying the chemical information about the
sample into a useful analytical signal.”

Analogous, the IUPAC defines a physical sensor as “a device that provides
information about a physical property of the system” (p. 1248).** The con-
cepts of receptors and transducers and their relationship to the sensor can
be used accordingly. Independent of the type of information, a sensor re-
sponds to a datum that is of interest (i.e., an external stimulus) by a change
in properties, which is then translated into a signal that can be analyzed,
processed and read out.

As mentioned above, integrated systems (e.g., Internet of Things) emerge
and grow. Besides sensors, also actuators are vital components and crucial
parts of them. Furthermore, both are essential in the broader field of robot-
ics. The IUPAC recommends to use the term ‘actuator’ (specifically in the
context of robotics and automation) for referring to “a power mechanism
used to effect motion of the robot” or “a motor or transducer that converts
electrical, hydraulic, or pneumatic energy into motion” (p. 611).% These
statements address the field of conventional (hard) robotics but can be read-
ily extrapolated into the upcoming field of soft robotics by leaving the forms
of energy that are converted into motion open. As summarized by White-
sides,* hard robotics is a highly advanced and technologically sophisticated
field, developing machines (consisting of rigid structural materials plus cor-
responding actuators) that can be and are used to precisely control (com-
plex) mechanical motions. However, Whitesides claims that such robots are
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(mostly) ineffective and built of non-compliant materials, making them un-
suitable for specific types of applications (e.g., soft gripping).* Hard robots
are heavy, mostly very expensive, require complex motion-control systems
and are what is termed ‘non-collaborative™.* Initial applications of soft ro-
bots include ‘soft gripping’, aiming to circumvent shortcomings of hard ro-
bots in working collaboratively with people and soft objects. In contrast to
the hard robotics’ focus on electronics and control units, soft robotics is
seeking to utilize (smart) materials to perform complex functions with
less/more efficient components and, thereby, reducing cost and effort (e.g.,
complex systems of electronic controllers, actuators and computers). Soft
materials can be used to complement and, in some cases, outperform hard
robotic systems. Therefore, soft robotics is strongly intertwined with the
field of materials science and the specific material properties that are re-
quired to fulfill the tasks expected from the robots. This yields an enormous
and interesting chance for materials science and engineering to (co)develop
a highly seminal field, even if it is still in a very early stage of technological
evolution.* As evident from the required material properties (e.g., soft, (su-
per)elastic, functional), polymers are among the central building blocks of
this development. Analogous to the (potentially inherent) smartness of pol-
ymeric materials (cf. section I1.1.2), they present a highly versatile class of
materials, suitable to tackle the challenges posed in such novel approaches.

For the applications mentioned above, sensors and actuators that are able to
gather and respond to almost all pieces of information and data in our envi-
ronments are required. At the same time, these systems are demanded to
exhibit manifold properties as devices themselves determined by the spe-
cific application they ought to be used in. These developments open up a
variety of new possibilities but also require the access to new materials and
functions. As mentioned above, polymers with their specific but versatile
material properties (e.g., softness, elasticity and functionality) are particu-
larly interesting and promising for such applications.

Overall, polymers are functional materials that are easily processable and
the properties of which may be tailored in a wide range of possibilities. Be-
sides their manifold spectacular functions, e.g., in environments where re-
quired (e.g., with an analyte), they can also be readily selected to be inert.*
Therefore, polymers are indispensable to modern sensor and actuator set-
ups. In many such systems, such materials are applied, performing specific
tasks, either directly in sensing/actuating, as structural components or hav-
ing other assistive functions (e.g., immobilizing distinct species).*”” Depend-
ing on the piece of information a sensor is required to detect or an actuator

" Describing hard robots as ‘non-collaborative’ refers to their lack of safety in work-
ing “in close contact with (or proximity to) people or other fragile objects”.*
22



is designed to react to, an almost infinite number of polymeric setups and
materials have been and will be proposed. For the work presented in the
later parts of this thesis, concepts for sensing and responding to a parameter
termed ‘relative humidity’ need to be addressed. Thus, the following section
gives an overview of relevant information on humidity and humidity sensing
with a focus on materials used for such applications.

(Materials for) Humidity Sensing

The Aumidity is a measure for the concentration of water vapor (i.e., mois-
ture) in mixed (e.g., air) or pure gases (e.g., nitrogen or argon). The im-
portance of this parameter goes beyond its obvious implications and ex-
pands into various fields such as meteorology, biology and industry/technol-
ogy. In meteorology, e.g., the humidity is known to be intimately linked to
the likelihood for precipitation. In biology, humidity is, clearly, among the
most important abiotic factors,” influencing life in an ecosystem in manifold
ways. In technology, humidity, inter alia, alters the lifespan and functioning
of numerous components in industrial systems.

Overall, various specific measures are used to quantify the humidity, two of
which are particularly useful: absolute and relative humidity. The absolute
humidity (AH) denotes the absolute amount of water vapor in the gas and
can be measured in parts-per-million (ppm). The AH finds extensive applica-
tion in industry and is, specifically in ppm, especially relevant for trace
moisture measurements. It can be expressed in ppm, (by volume) or via mul-
tiplying ppm, by the ratio of the molar masses of water and air in ppm,, (by
mass).*® On the contrary, the relative humidity (RH)" is the ratio of the partial
pressure of water vapor present in a gas (szo) to the saturation vapor pres-
sure of the gas at a given temperature (p;,0):
RH = 220 (I.1-3)
PH,0

The RH is commonly expressed in percent (%) and is a function of tempera-
ture (thus, relative). It is easily comprehensible and, therefore, used in eve-
ryday life. Also, meteorology and numerous technical/industrial applica-
tions (e.g., various processes require specific levels of humidity) utilize the
RH, as it also specifically covers a range of higher humidity than the AH
(given in ppm). As the work presented in this thesis focuses on sensing of the
relative humidity, the further part of this section introduces materials that
can be employed for such an application.

" In biology and ecology, chemical and physical (non-living) environmental proper-
ties affecting organisms and the ecosystem are termed abiotic factors.
" The Greek letter ¢ (phi) may also be used to refer to this ratio.
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In general, three different classes of materials are used for sensing of the
relative humidity: ceramics (e.g., Al,Os), semiconductors (e.g., Sn0O,) and
polymers.* Usually, independent of the material applied, a porous system is
utilized to take up a specific amount of water vapor from its environment.
This causes a change in electrical properties of the material (e.g., conductiv-
ity), which is, subsequently, read out as a signal proportional to the relative
humidity of the environmental gas. In such conventional humidity sensors,
two categories of devices are distinguished: resistive-type, changing their re-
sistance as a function of water vapor in the environment, and capacitive-
type, responding to moisture by varying their dielectric constant.®

In polymers, besides utilizing a porous structure, the material’s hydrophobi-
city/-philicity can be tuned by including/altering distinct functional units.
Specifically, hydrogels offer the opportunity to sense the relative humidity
in their environment via inherent volumetric changes resulting from water
uptake (cf. section II.1.1). The most obvious and pursued way of detecting
these characteristic changes upon swelling and deswelling are optical meth-
ods (e.g., photonic crystal hydrogels).** However, also other methods of de-
tection are conceivable (e.g., combination with piezoelectric/piezo-resistive
materials). As the water exchange with the environment is linked to a pro-
portional volumetric change of the hydrogel material, a mechanical motion
is inherent. This is exactly the function of an actuator (as described in sec-
tion I1.1.3), with the external stimulus of relative humidity actively effecting
motion. For instance, such hydrogel-based actuators were shown to be ap-
plicable for autonomous flow control in micro-fluidic devices.*

Besides utilizing conventional hydrogel materials (e.g., pHEMA), stimuli-re-
sponsive polymers (as described in II.1.1 and I1.1.2) yield the great potential
of responding to two stimuli (RH and temperature T) simultaneously. Since
the relative humidity is a temperature-dependent parameter, T needs to be
measured independently or kept constant in setups applying conventional
hydrogel materials. Via thermoresponsive hydrogels (e.g., pNIPAAm), the
temperature can be directly evaluated from (de)swelling in a (fully) hydrated
system." Moreover, in such hydrated systems, a (photo)thermally program-
mable motion of a stimuli-responsive hydrogel was successfully reported.*
Furthermore, pNIPAAm has already been shown to be applicable to humid-
ity sensing.” In thermoresponsive hydrogels, only both the knowledge of T
and RH define the state (i.e., degree of swelling) the material is in. A clever
setup, achievable via the implementation of several polymers in close prox-
imity to one another, exhibiting (slightly) different, strong LCST transitions,
(theoretically) allows for the direct and simultaneous evaluation of both pa-
rameters (T and RH). Our group works on a clear demonstration/proof for
the feasibility of this idea. Furthermore, the properties of thermoresponsive
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polymers (response to RH and T) allow for their direct application as hygro-
morphic” actuators (as demonstrated by our group; see section I11.4).

Overall, hydrogels and, specifically, stimuli-responsive hydrogels show the
great opportunity of fulfilling a multitude of the functions required of actu-
ators and sensors within a single (smart) material. As indicated above, such
materials can perform parts of the tasks of receptors and transducers simul-
taneously. Regardless, a strong response to the respective external stimuli
(e.g., in swelling) is essential for their applicability to device setups. Addi-
tionally, as the swelling processes in hydrogels are rate-limited by water-dif-
fusivity,* reducing/minimizing the materials’ physical dimensions is crucial
for achieving fast response times." Not only for polymers, the synthesis and
application of thin films and nanostructures has paved the way for miniatur-
ization and optimization over the last decades. The synthesis of polymers, in
general, and of polymeric thin films, in particular, is crucial for the work
presented in this thesis and will be addressed in section II.2.

“ changing shape as a function of humidity
T As evident from these considerations, the ‘I.Q.” of a smart polymer (as described in
section I1.1.2) is also a measure of the quality of an actuator or a sensor.
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1.2 Synthesis of Polymers

Polymeric materials can be synthesized by numerous methods via various
mechanisms. As introduced in section II.1, the process in which a polymer
is formed from a monomer is called polymerization. The chemical nature of
the monomer(s), the desired result of a polymeric structure and the applied
conditions determine what type of reactions are possible and what kind of
polymers can be achieved. Over the years, different ways of categorizing
polymers according to the reactions and mechanisms employed for their
synthesis have been proposed (cf. Carothers,' IUPAC,>* etc.). Depending on
the reactivities of the involved molecules with one another and how
polymerization proceeds, two basic schemes of reactions can be distin-
guished: chain polymerization and polyaddition.” Resting on this distinction,
the basics of polymerization mechanisms with a focus on the topics related
to the work presented in the later parts of this thesis are summarized in the
following sections.

I1.2.1 Basics of Polymerization Mechanisms

As mentioned above, two basic types of polymerization reactions can be dif-
ferentiated. For the sake of comprehensibility, chain polymerization is in-
troduced first. A more detailed discussion of this reaction type is given in
section II.2.2, with a particular focus on the reaction mechanisms relevant
to this thesis’ work. The IUPAC defines chain polymerization as follows:

Chain Polyvmerization (IUPAC definition, p. 2169)°
“Chain reaction in which the growth of a polymer chain
proceeds exclusively by reaction(s) between monomer(s)
and active site(s) on the polymer chain with regeneration
of the active site(s) at the end of each growth step.”

The individual growth steps in chain polymerization reactions can, thus, be
expressed as

Cx + M - Cyyq, with x € {1,2, ... 0}, (I1.2-1)

where C, denotes a growing chain of degree of polymerization x and M a
monomer molecule.?

A second class of basic mechanisms in polymerization reactions are termed
polyaddition. Contrary to chain polymerization reactions, in polyaddition,

* The IUPAC recommend avoiding the popular discrimination of step-growth and
chain-growth polymerizations commonly used in textbooks.?
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the (growing) polymer chain(s) can not only react with monomer molecules
but with molecules of all degrees of polymerization (e.g., oligomer mole-
cules, other (growing) polymer chains). Accordingly, the IUPAC define these
types of reactions as follows:

Polvaddition (IUPAC definitions, p. 2181)
“Polymerization in which the growth of polymer chains
proceeds by addition reactions between molecules of all
degrees of polymerization.”

The individual growth steps in polyaddition reactions can be expressed as

Cx + Cy = Cyiy, withx,y € {1,2, ... 0}, (I1.2-2)

where Cy and C, denote growing chains of degrees of polymerization x and
y, respectively.?

In general, chain polymerization and polyaddition can also occur as conden-
sative reactions, where a low-molar-mass by-productis formed (e.g., water).”
The corresponding reactions are termed condensative chain polymerization
and polycondensation, respectively.?

Some of the most prominent polymers commonly synthesized by reactions
in the schemes of polyaddition or polycondensation include polyurethanes
(mechanism according to the former), polyesters and polyamides (processes
in the scheme of the latter).** For instance, the most important polyester,
poly(ethylene terephthalate) (PET), is used for water bottles, bottles for soft
drinks, juices, cleaners, etc. as a resin, which accounts for approximately
10% of the global polymer resin production (data covering the period 2002-
2014); polyester, polyamide and acrylic fibers (PP&A fibers), most of which
are also PET (~70%), are widely used in the textile industry and make up ap-
proximately 15% (i.e., ~59 Mt) of the global primary polymer (resin and fi-
ber) production (data from 2015).° However, for this work as well as indus-
trially, chain polymerization is the more relevant reaction mechanism. The
underlying concepts are introduced in the following sections.

I1.2.2 Chain Polymerization

A list of the most relevant polymers commonly synthesized via chain
polymerization mechanisms includes polyethylene (PE), polypropylene (PP)
and poly(vinyl chloride) (PVC).” The importance of these materials becomes
evident when reviewing the types of polymeric materials actually making for
a total of 7300 Mt of overall (non-fiber) plastics production (1950-2015);

" The reaction equations need to be adjusted by adding a term denoting the low-mo-
lar-mass by-product to the right side of the Equations II.2-1 and II.2-2, respectively.
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together, PE, PP and PVC account for more than two thirds of this number:
PE-36%, PP-21%, and PVC - 12%.° PE and PP are the most common polymer
resins used in packaging (industry sector, where most plastics are utilized),
whereas PVC is used predominantly in building & construction.®

As evidenced in the examples listed above, specific types of polymers corre-
sponding to monomer precursors containing unsaturated bonds (e.g., eth-
ylene, propylene, etc.) are attainable via chain polymerization reactions.
This is due to such reactions proceeding via unsaturated bonds, e.g., carbon-
carbon double bonds in vinyl monomers or carbon-oxygen double bonds in
aldehydes and ketones; polymerization via the former represents by far the
most important scheme.’ In addition to the monomer being required to ex-
hibit specific chemistries, an active site needs to be present at the end of the
growing chain for every step in the polymerization process (cf. IUPAC defi-
nition ‘chain polymerization’).? In a first step, the active site on a monomer
molecule must be initiated. For its ‘activation’, specific chemicals, termed
‘initiators’, are added and used. The initiator provides active species (com-
monly either radicals or ions) that react with the monomer molecules, yield-
ing an active site. The reactivities of this active site and the unsaturated
bonds in the monomer molecules must be such that they prevalently react
with one another. Reactions with other molecules of different degrees of
polymerization (i.e., other (growing) polymer chains) need to be highly im-
probable. Thus, the chain grows by repeatedly appending a single mono-
meric unit to its active site and thereby regenerating the active site at the
chain’s end. Multiple repetition of these two processes yields a macromolec-
ular structure. Accordingly, in a note added to the definition, the IUPAC cat-
egorizes chain polymerization as consisting of several (sub)processes: chain
Initiation and chain propagation reactions. It “may also include chain deac-
tivation [i.e., termination] or chain transfer reactions, or both” (emphasis
F.M., p. 2169).% These sub-steps are discussed in the following based on the
example of radical chain polymerization.

I1.2.2.1Radical Chain Polymerization

In chain polymerization reactions, a specific chemical (initiator) is used to
provide active species initiating the polymerization process. If these species
are radicals and, thus, the polymerization proceeds via radicals as the active
sites, we speak of radical chain polymerization. Based on a detailed descrip-
tion of the underlying assumptions and derivations in the book ‘Principles
of Polymerization’ by Odian,’ the individual steps in the polymerization pro-
cess can be described as follows:
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Initiation

Two individual reactions make up the initiation step. First, (free) radicals R,
termed ‘initiator radicals’, are generated from an initiator species I, usually,
by homolytic dissociation (producing two identical radicals),

kq
[ - 2Re, (I1.2-3)

with k4 being the rate constant for dissociation.” The most common type of
compounds used as initiators are peroxides, as they exhibit labile 0-O bonds
that dissociate at energies in the range 100-170 k] mol; providing moderate
amounts of thermal energy (in the range 50-200 °C) is the most widely used
mode of generating initiator radicals.’

Second, a radical generated in such a way is appended to a monomer mole-
cule M, producing the chain-initiating radical C;,

k.
Re + M = Cye, (I1.2-4)
where k; denotes the corresponding rate constant of radical initiation.

Propagation

During propagation, C,* grows by the repetitive addition of hundreds to
thousands of monomer molecules. Upon each step, a new (longer) radical is
formed, again, being similarly prone to appending another monomer mole-
cule as the previous one. In general terms, these individual steps can be ex-
pressed as

k
Cpo+ M > Cpyq®, (I1.2-5)

where the radical C,¢ of chain length n is converted into a longer radical
Cn+1° (cf. ‘degree of polymerization’) by appending a monomer molecule M
at a rate represented by the rate constant of propagation k.

Termination

At some point, the radical is annihilated (e.g., by another radical) and the
propagating chain stops growing (i.e., termination). This reaction of two rad-
icals can proceed by combination (coupling) or, less frequently, by dispro-
portionation., yielding a terminated polymer chain. Coupling of two radicals
Cpe and Cy,° results in a macromolecular chain with length m+n, dispropor-
tionation yields two species of length m and n, respectively (one saturated,
one unsaturated). In general, the result is one terminated macromolecular
chain P, with which no growth can proceed, expressible as

" From rate constants, the corresponding rates can be calculated by multiplication
with the concentrations of the reacted/required species, respectively.
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k
Cpe + Cppe = P, (IL.2-6)
where k; is the (total) rate constant of termination.

All the individual rate constants depend on the chemistries of the involved
components and the applied conditions (e.g., temperature, pressure). Gen-
erally and for the notation above to be adequate, it is assumed that k, and k;
are independent of the radicals’ sizes.’

Kinetic Model for Radical Chain Polymerization

To describe chain polymerizations mathematically, a kinetic model can be
developed by considering the rates at which the respective molecules react
in the individual steps. In a typical polymerization process, far less mole-
cules are reacted for initiation than for propagation. Thus, the polymeriza-
tion rate, as the rate at which the concentration of monomer molecules’ de-
creases over time, can be expressed solely by the rate of propagation R, as

_dMl _ g

=R, (11.2-7)

As mentioned above, the rate constants are assumed to remain constant
throughout all the individual propagation steps. Therefore, the rate of
polymerization can be expressed as

R, = k,[C][M]. (I1.2-8)

[Ce] is the overall concentration of chain radicals of all degrees of polymeri-
zation. This number is low and, therefore, difficult to quantify, but it is as-
sumed to attain a constant, steady-state value; typical radical chain polymer-
ization reactions reach such a steady-state rather quickly (after a minute, at
most).” In this case, the rate of change of [C¢] is zero, ergo, the rates of initi-
ation R; and termination R; need to be identical. Analogous to Equation
I1.2-8, R, and R; can be expressed as

Ri = kad[l] = Rt = Zkt[C']z,* (112-9)

where, f is the initiator efficiency, i.e., the fraction of initiator radicals pro-
duced that, actually, initiate polymer chains.” With II.2-8, this yields

1 1
_ Re\ /2 _ fkqlll /2
R, = ky[M] (Z—kt) = ky[M] (k—t) . (IL.2-10)
Notably, in this approximation, the polymerization rate shows a square-root
dependence on R;, R; and, consequently, the concentration of initiator mol-
ecules [I].

" The concentration of a species A is expressed by using square brackets, i.e., [A].
T The factor 2 is used by convention for termination/initiation (2 radicals involved).”
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Additionally, this kinetic model can be used to derive an expression for the
(kinetic) chain length and the number-average molar mass of the resulting
polymer. In a radical chain polymerization, the kinetic chain lengthv is de-
fined as the number of monomer molecules incorporated into a polymer
chain on average per radical that initiates a chain.’ It can, thus, be expressed
as the ratio of R, and R; or R;. Combined with I1.2-8 and I1.2-9, this yields

Rp _ Rp _ kp[M] _ (kp[MD?

Vv =—= == .
Ri Rt Zkt[C‘] ZktRp

(I1.2-11)

Assuming a steady-state (inserting I1.2-10) and combined with I1.2-9, v reads

_ kMl kM)
@keR) 2 2(fkekall]) /2’

(I1.2-12)

The number-average molar mass M,, of a polymer, as introduced in section
I1.1 (ct. Equation II.1-1), is directly related to the kinetic chain length v and
how the (kinetic) chains are terminated. If termination occurs via combina-
tion of two chain radicals (coupling), two kinetic chain lengths form the
macromolecule. In case of disproportionation, the terminated macromole-
cule is equally as long as a single kinetic chain (length). In most polymeriza-
tion processes, both mechanisms will occur at specific rates; this can be ac-
counted for by a factor describing the average number of initiator fragments
per polymer molecule (b). Thus, the number-average molar mass M,, reads

M, = bvM,,, (I1.2-13)

where M., is the molar mass of the respective monomeric unit.”*

All the rate constants and concentrations relevant to the model introduced
above depend on the specifics of the synthesis method, including the actual
mechanisms taking place, the chemicals used and the reaction conditions
employed. One such method is described in the following section.

I1.2.3 Initiated Chemical Vapor Deposition (iCVD)

Initiated chemical vapor deposition (iCVD)is an example of a technique uti-
lizing reactions in the scheme of radical chain polymerization for the depo-
sition of polymer thin films. The process was developed and first extensively
described in the 2000s by Gleason’s group at MIT.*'° Up to that point, the
mechanisms of radical polymerization were already well-advanced and
widely employed in solution-based polymerization methods. For instance,
ATRP™!? and RAFT" were discovered in the 1990s,” enabling the production

" ATRP stands for atom transfer radical polymerization, RAFT for reversible addi-
tion-fragmentation chain transter polymerization, both being types of reversible de-
activation radical polymerizations.
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of polymers with a more precise control over architecture and composition
than ever before."* Moreover, more than 18 out of the 50 Mt of polymers pro-
duced in the USA in 2001 were synthesized by radical chain polymerization.’
Thus, the state-of-the-art knowledge available on radical chain polymeriza-
tion was adopted and applied to develop iCVD as a method for the deposition
of polymer thin films from the vapor phase “using monomer-initiator chem-
istries that are analogous to liquid-phase free radical polymerization” (p.
3688).°

As mentioned before, the fabrication of polymer thin films becomes more
and more essential with the growing demand for miniaturized setups and
devices. In a typical, conventional solution-based process for the synthesis
of polymer thin films (e.g., spin-coating, ink-jet printing), three steps are
necessary: First, the bulk polymer needs to be polymerized from its mono-
mer(s). Second, the thin film is formed from the bulk polymer. Third, the
resulting film must be cured (i.e., post-treated).” In iCVD, polymerization
proceeds in the course of thin film growth and, typically, no curing is re-
quired post-deposition, as no solvents are employed. Thus, the number of
processing steps that are required is reduced significantly. The basics and
underlying concepts of iCVD, as a state-of-the-art synthesis method for
polymer thin films, are introduced in the following sections.

I1.2.3.1 Experimental Setup

As iCVD is designed to run on chemicals delivered from the vapor phase, a
specific setup of a (vacuum) reaction chamber is necessary. A schematic of
such a reactor is depicted in Figure I1.2-5.

Typical iCVD reactors are cylindrically or cuboid-shaped, commonly being
wider than tall” (few liters in volume). The bottom of the reactor serves as a
sample stage, whereon the substrates are placed for deposition (typically,
held at 10-50 °C). In a paradigmatic iCVD process, the employed monomers
are liquid chemicals that need to be heated in individual (glass) jars to facil-
itate evaporation (typically, to 50-90 °C). The monomer molecules enter the
vacuum chamber through heated gas (mixing) lines. Flow control valves
(e.g., needle valves) are used to adjust the desired flow rates. Usually, also
the initiators are liquid substances; most of them are volatile enough in the
applied reaction conditions to ensure sufficient flow into the reaction cham-
ber without heating. In the majority of iCVD processes reported, thermal en-
ergy is employed to produce initiator radicals in the reactor.'® Therefore, a
(metallic) filament array that can be resistively heated (typically to filament
temperatures, Ty, of 200-350 °C) is suspended within the vacuum chamber a
few cm above the growth surface. The pressure is, usually, controlled by a

*also referred to as pancake shaped
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feedback-loop between a pressure sensor, a downstream throttle valve and
a pump system (e.g., roughening pump, filters); the working pressure is held
constant during deposition (typically, at a value in the range 100-400 mTorr).

flow control

Y

| )
/ h
® _—

heated filament

pressure control

chemicals ’ ‘
(+ pump system)

Figure I1.2-5. Schematic of a typical iCVD reactor (key parts are labelled).

I1.2.3.2 Method

The technique of iCVD is used for the deposition of polymer thin films from
chemicals delivered in the vapor phase in the scheme of radical chain
polymerization. As such, iCVD is compatible with numerous vinyl monomer
precursors (e.g., acrylates, styrenes, methacrylates, acrylamides, etc.).” In-
itiator and monomer(s) are introduced into the reaction chamber in the va-
por phase. Commonly, tert-butyl peroxide (TBPO) is used as the initiator. In
the vicinity of the heated filament wires, the initiator molecules entering the
reactor are thermally decomposed into (initiator) radicals. This is a selective
process, as the monomer precursors employed are structurally stable at the
temperatures the filament is heated to (cf. above).'® The initiator radicals dif-
fuse through the gas phase, eventually, adsorb at (substrate) surfaces and
carry out surface reactions with other species being adsorbed there. Volatile
products need to desorb again and diffuse away.” The monomer molecules
are also delivered to the reactor in the vapor phase at a sufficient flow rate,
so that an equilibrium amount is adsorbed on the (substrate) surface at all
times during synthesis.®? There, the steps of chain initiation, propagation and
termination can proceed as surface reactions in the manner described in
section I1.2.2.1, “analogous to liquid-phase free radical polymerization”;
they are “identical to the [...] steps in the bulk phase, albeit on a surface” (p.
3696).% A typical iCVD process involves the initiator radicals attacking the un-
saturated vinyl bond(s) in the adsorbed monomer molecules and, thus, ini-
tiating polymerization. The resulting chain-initiating radical is then availa-
ble for the addition of a monomer molecule, consequently, forming a longer
chain radical. By iteratively repeating this reaction, the polymer chains grow
over time on available (substrate) surfaces, making for the formation of a

36



uniform and conformal (cf. below) polymer thin film. The described process
is sketched in Figure I1.2-6.

L
_ = ?fow ‘N’\ heated f|lament (Ta)
ump_ —>
pressure M + Re— P pump_ —

Figure I1.2-6. Schematic of the steps within an iCVD process leading to the
formation of a polymer P thin film; monomer M, initiator I,
initiator radical Re.

A Kinetic Model for the iCVD Process

A kinetic model for iCVD polymerization has been developed by Lau &
Gleason® on the basis of the well-established model introduced in section
I1.2.2.1, applying to radical chain polymerization in general. It assumes that
the initiator is decomposed into radicals at Tf;, whereas the rest of the
polymerization reactions proceed at T,;,,. Based on a model system of depo-
sitions of poly(butyl acrylate), this kinetic model presents an exceptional
quantitative description of the iCVD process (e.g., growth rate, molar mass
of the resulting polymer).

According to the model,® the synthesis of a polymer thin film by iCVD in-
cludes three specific types of processes: (i) reactions in the vapor phase, (ii)
gas-to-surface processes and (iii) surface reactions. In the gas phase (i), the
initiator molecules decompose into radicals in the vicinity of the heated fil-
ament at a rate described by the rate constant kg4 (cf. Equation I1.2-3). Mono-
mer molecules and initiator radicals adsorb on the surface (ii) at rates repre-
sented by the rate constants k,qv and k,qgr., respectively. On the surface
(iii), reactions of initiation, propagation and termination of the polymer
chains proceed as introduced in section I1.2.2.1 (cf. Equations II.2-4, I1.2-5
and I1.2-6 with the corresponding rate constants k;, k, and k¢, respectively).
Additionally, the model includes the possibility of two further surface reac-
tions: termination events occurring via initiator radicals and recombination
of initiator radicals, represented by the rate constants k{ and k{', respec-
tively. The model also includes an estimation about how the macromolecu-
lar chains are terminated (cf. b in Equation I1.2-13). A further parameter (r)
is introduced to represent the rate of initiator radicals adsorbed that eventu-
ally participate in the surface reactions described above. In a later study, the
sticking probability of initiator radicals was reported to vary with the con-
centration of adsorbed monomer molecules; these results indicate that the
initiation step in iCVD proceeds via reactions of vapor-phase initiator radi-
cals with monomer molecules adsorbed on the surface.”” Such surface
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reactions are known as occurring by the Eley-Rideal mechanism." This be-
havior is especially relevant for understanding specific features of the iCVD
process (e.g., employing distinct conditions, cf. section I1.2.3.3) but does not
alter the basic implications of the kinetic model developed by Lau &
Gleason.?

It was found experimentally that the iCVD process is predominantly adsorp-
tion-limited and, thus, primarily surface-driven, where deposition rate and
molar mass of the resulting polymer depend on the concentration of mono-
mer molecules adsorbed at the surface; the kinetics of the process were
shown to strongly depend on the substrate temperature.®® These findings
made it possible to also limit the parameters in the mathematical model for
iCVD reactions to the ones describing surface reactions. Considering all the
(sub)processes occurring on the (substrate) surface described above, the
model’s sensitivity to variations in the individual rate constants/parameters
could be ranked as follows: k, > k; ~ k{ ~7 > k¢ > b > k{'.* The model is, thus,
in accordance with the fact that the rate of propagation can be viewed as “the
fundamental parameter in iCVD kinetics” (p. 3701) determining both rate of
polymerization and molar mass of the resulting polymer; thus, monomers
need to exhibit high kinetic coefficients of propagation to allow for appre-
ciable deposition rates.® Interestingly, the ranking also sheds light on the im-
portance of primary radical termination and the concentration of initiator
radicals adsorbed, eventually taking part in surface reactions. Ultimately,
the model relates the polymerization rate and the kinetic chain length to the
surface concentration of monomer molecules. Thus, mathematically as well
as experimentally, the iCVD process can, essentially, be broken down to one
single, central aspect: the amount(s) of monomer molecules adsorbed at the
(substrate) surface. This parameter can be described by the ratio of the (re-
spective) monomer’s vapor pressure to its saturation vapor pressure
(pm/Psat) in the applied conditions (pressure and Tg,},) in the framework of
the Brunauer-Emmett-Teller (BET) theory.'® Experimentally, py can be de-
rived from the ratio of the monomer’s (volumetric) flow rate Qy to the total
flow rate into the reactor Q. (including, e.g., other monomers, carrier
gases) and the applied (working) pressure p,, as

__ QM

Qtot

PMm Pw- (I1.2-14)

The saturation vapor pressure pg,; of a monomer is temperature-dependent
and is, commonly, estimated via the Clausius-Clapeyron equation and two
arbitrary pairs of vapor pressure and temperature (p,, T; and p,, T,) known
for the respective monomer (literature data of, e.g., the boiling point, i.e.,

" Eley-Rideal mechanism: an adsorbed species reacts with a vapor-phase species.
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where the vapor pressure equals ambient pressure, and the vapor pressure
at room temperature, i.e., at 25 °C). At Ty, Psat reads

In (p2/p1) (1 1 )
Dsat = pre/T171/T2 31 Tsun/, (II.2-15)

Since first introduced by Lau & Gleason in the fundamental kinetic model
and experimental study of iCVD polymerizations,®® the parameter py/psat 1S
widely used to assess the volume and, consequently, the concentration of
monomer molecules adsorbed on the (substrate) surface. Furthermore, in
copolymerization reactions (employing/adsorbing multiple monomers), the
Pm/Psar Values can be utilized to assess the surface fractions of the respective
monomers f;. In that way, the composition of the resulting copolymer can
be estimated (as done in the scientific contributions presented in chapter III,
cf. I11.1.5, I11.2.5), with i summing over all the present components, as

(Pm/Dsat)i
= I1.2-16
fl Yi(PMm/Psat)i ( )

Overall, the model and experimental framework of the iCVD method intro-
duced by Lau & Gleason®’ yields that a lower ps,, (i.e., more adsorbing mono-
mer molecules) corresponds to a faster deposition rate. Moreover, there is a
need to sufficiently deliver monomer molecules into the reactor (i.e., vapor
pressure must be high enough). In addition to the choice of the monomer,
typically, lower substrate temperatures enhance adsorption of the mono-
mer, resulting in an increased deposition rate. To avoid an excess of mono-
mer molecules to arrive at the surface (e.g., condensation leading to nonuni-
form depositions), Ty}, should be sufficiently high (so that py/ps.c<1). Ac-
cordingly, Lau & Gleason recommended to employ deposition conditions
(pm/psat) that correspond to 1-3 monolayers of monomer molecules being
present at the surface (in case of ethyl acrylate, i.e., 0.4<py/psa:<0.7).°

11.2.3.3 Specifics of iCVD

Due to certain specifics of the iCVD process, a number of interesting features
are attainable in the resulting polymer thin films. How these prospects are
linked to the deposition method and the reaction conditions is described in
the following.

Possible Chemistries
Up to date, numerous chemistries were employed to successfully deposit
thin films of dozens of distinct (free radical) homopolymers, random copol-
ymers and alternating copolymers by iCVD. As described above, the process
allows for the deposition of polymers from numerous precursors (typically,
vinyl monomers). A list of chemistries that were successfully employed in
iCVD and reported in scientific journals with the corresponding references
(data and status as of 2015) can be found in the book ‘CVD Polymers’ edited
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by Gleason;" polymers synthesized by iCVD include fluorocarbons, organo-
silicons, acrylates, methacrylates, styrenes, vinyls, with the further possibil-
ities of preparing cross-linked systems and ring-opened polymers.'® Copoly-
merization with monomers exhibiting multiple vinyl groups was demon-
strated to present a platform for controllably cross-linking films in order to
make them resistant to solvent damage.?

Uniformity and Conformality

The iCVD process has been shown to readily yield a method for the deposi-
tion of high-quality, pin-hole free polymer thin films over large areas (e.g.,
as shown by Chen et al.*). A smart but simple reactor design, ensuring uni-
form gas flow, allows for depositions exhibiting excellent uniformityin film
thickness.?? Additionally, conformality denotes the uniform thickness of a
film deposited over (complex) contours of geometric features.”® Such uni-
form/conformal coatings over micro- and/or nano-scale 3D-structures are
essential in various kinds of applications. Setups, where uniformity and con-
formality are required, include integrated circuitry, membranes, microflu-
idic devices and micro-electromechanical systems (MEMS).?

In iCVD, the specific delivery of chemicals in the vapor phase allows for the
molecules to diffuse “into very small geometries such as pores, trenches, and
even the spaces between woven fibers” (p. 87) during polymer synthesis.*
As mentioned above, an inverse relationship between the sticking probabil-
ity of the initiator radicals to the concentration of adsorbed monomer mole-
cules was reported; correspondingly, improved step coverage and, thus,
conformality were observed when employing low py/psac values, whereas
excellent conformality was reported (on trenches exhibiting aspect ratios of
up to 8.4) for various different polymer thin films.'>* In addition to trenches,
particles and wires of different sizes (nm-pm) were coated successfully and
conformally by iCVD with polymer films exhibiting various functionalities
(e.g., as reported by Lau & Gleason**).

Furthermore, this shows that, in addition to the commonly applied deposi-
tion conditions recommended above, the processing parameters can be tai-
lored so that other aspects of the polymerization process (e.g., initiation, ter-
mination) become more relevant and, in extremis, even rate-limiting. This
yields a further possibility of altering the process in order to achieve specific
material properties that are not accessible by other means.

Functional Polymers/Groups

Functional polymer films are highly desirable in various steps of product de-
velopment. As discussed above, the iCVD process yields an intriguing plat-
form for the synthesis of a plethora of possible chemistries. Besides depos-
iting films that can be functionalized post-deposition through facile, one-
step modification reactions (e.g., through simple nucleophilic
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addition/substitution reactions), functional moieties can be directly incor-
porated into the polymer’s structure via the monomer(s) that are fed into the
reactor for polymerization.”” As, mostly, vinyl monomers are employed in
iCVD, the functionality of the resulting polymer thin films arises, chiefly,
from specific pendant functional groups. The mild processing conditions
(e.g., low Ty, no solvent) enable such groups, including epoxy, amine or
carboxylic acid moieties, to be fully retained in the iCVD films." In addition
to the choice and design of specific monomers, the precise control over the
deposition conditions allows for versatile tailoring and tuning of the result-
ing polymer films’ properties. Thus, as film composition and structure also
govern the physicochemical behavior of functional polymers, iCVD yields an
excellent platform for the synthesis of functional polymer thin films for de-
vice fabrication.” Specific chemical functionalities of iCVD films were
demonstrated to be useful for subsequent surface attachment of, e.g., fluo-
rescent dyes,” bioactive molecules® and inorganic nanoparticles.” Moreo-
ver, properties such as wettability,* adhesion,* biocompatibility,* func-
tional cell adhesion® and anti-biofouling® were shown to be systematically
controllable via the synthesis of polymer thin films by iCVD. This tunability
allows for the films’ applicability to setups for, e.g., biosensing,* controlled
drug delivery,*** implantable medical devices,® etc. The basis for most of
these applications are functional units that behave in a certain way when
exposed to distinct environmental conditions. As described in section II.1.1,
stimuli-responsive hydrogels are among the polymers applicable to such
smart structures. In a thin film setup (i.e., as synthesized by iCVD), stimuli-
responsive swelling is observable as a change in film thickness in response
to a change in temperature, external field (magnetic/electric) or pH.*? Thus,
these layers transduce physical, chemical or biological events into mechan-
ical, electrical or optical signals. Several such hydrogel thin films are attain-
able via iCVD. Our group also contributed a number of articles reporting on
the development and applicability of such films as light-responsive materi-
als,* in drug encapsulations,* drug delivery* and sensing.*

Miscellaneous

The iCVD method was demonstrated to be successfully up-scalable to batch
reactors (more than 100-fold larger than lab systems)® or even to roll-to-roll
processing.® Furthermore, the mild processing conditions (e.g., low Tg,,, no
solvent) allow for the coating of delicate or flexible substrates like plastics,
papers, textiles, and membranes; as an all-dry synthesis technique, iCVD
also shows the potential of reducing solvent-related environmental, health
and safety implications as well as costs for solvent disposal.?
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I1.3 Analysis of Polymer Thin Films

Due to the wide variety of structures and shapes polymers can adopt and ex-
istin, there are similarly many techniques with which this class of materials
can be investigated and analyzed. This section provides a short introduction
to the experimental techniques mainly employed within the work summa-
rized in this thesis. The description evolves around the application of these
methods to the specific case of (thermoresponsive) hydrogel thin films.
First, a short introduction to the technique of Fourier-transform infrared
spectroscopy (FTIR) for the analysis of the (macro)molecular nature of the
respective samples will be given. Second, this section includes a more exten-
sive description of the method of spectroscopic ellipsometry (SE). This ex-
perimental technique allows for analyzing the optical properties as well as
precisely determining and monitoring the thickness of (polymeric) thin
films. Consequently, spectroscopic ellipsometry was also the method that
was primarily employed within the framework of this thesis. The following
discussion will be, mostly, limited to the aspects of the two techniques rele-
vant to the work presented herein.

I1.3.1 Molecular Analysis by FTIR

Infrared spectroscopy is a technique in which electromagnetic radiation ex-
hibiting a wavelength/energy in the infrared (IR) part of the spectrum is
shone onto a sample; upon irradiation, certain parts of this light are re-
flected, absorbed or transmitted by the specimen (cf. Figure II1.3-1). Conse-
quently, an infrared spectrum measures the response (in absorbance or
transmittance) of a system to IR radiation as a function of energy. In disper-
sive spectrometry, monochromatic light is used to examine the response to
every single wavelength in the spectrum probed individually. On the con-
trary, in Fourier-transform infrared spectroscopy (FTIR), the infrared light
used to shine onto the sample is polychromatic, usually consisting of a broad
spectrum of wavelengths (in the IR). The distribution (in intensity) of this
radiation is, commonly, regulated by a Michelson interferometer containing
a moving mirror, whose position is precisely controllable. The abovemen-
tioned response of the sample is, thus, measured as a function of the mirror
position (raw data). Knowing the relation between the mirror position and
the distribution of intensities, subsequently, the raw data needs to be con-
verted into the sample’s spectrum by applying a Fourier transform.

Infrared radiation shining onto a specimen can induce molecular vibrations
and rotations in the sample material, i.e., arbitrarily complex (repetitive)
motions of atoms with respect to one another in a molecular system. These
molecular vibrations and rotations can be understood as transitions between
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(quantized) energy states (cf. Figure I1.3-1). Thus, we can define correspond-
ing vibrational and rotational frequencies, at which such molecular motions
are induced. These frequencies are, usually, expressed in the units of wave-
number, i.e., the number of waves per unit length (commonly, cm™). The
applied energy of the IR radiation determines what type of transitions the
atoms in the material will undergo. Usually, energies resembling radiation
in the mid-infrared spectrum (4000-400 cm™) are employed; such frequen-
cies correspond to the energy difference for transitions between the ground
state and the first excited state of most molecular vibrations.' In turn, the IR
spectrum yields information about the molecular structure of the sample.

To specifically investigate thin films with FTIR, several measurement modes
are possible. The simplest one (see Figure I1.3-1) is to deposit the thin film to
be characterized onto a substrate that is transparent to the IR radiation em-
ployed (e.g., silicon)®. The recorded sample spectrum (i.e., thin film + sub-
strate in transmission) can, subsequently, be normalized by a spectrum
measured accordingly on the pristine substrate.

molecular
potential

1

absorbed

energy

\R radiation
wansparent IR absorbing
substrate thin film

Figure I1.3-1. Schematic of an FTIR measurement of a thin film on a trans-
parent substrate in transmission, absorbing infrared (IR) ra-
diation of specific energies due to molecular vibrations.

A further possibility to examine thin films with FTIR is to record spectra in
a mode termed attenuated total reflection (ATR). In ATR, the sample is
placed in (good) contact with a surface of a medium (e.g., a crystal), onto
which the incident IR beam is shone at an angle below its critical angle of
total reflection. Upon internal reflection, an evanescent wave forms, pene-
trating a few dozens of nm to several pm into the sample. This wave is altered
by the abovementioned molecular vibrations and rotations, through which
the IR response of the specimen is measured.® In addition to its applicability
to thin films (low penetration depth), ATR enables samples to be examined
with little preparation being necessary due to the simplicity of the measure-
ment principle.?
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The molecular vibrations and rotations resulting from IR irradiation of a
sample yield a spectrum consisting of absorption peaks at distinct energies
(wavenumbers). The energy bands these peaks are observed in can, thus, be
assigned to certain arrangements of atoms (e.g., groups, bonds) within the
molecular structure of a sample being excited in specific manners (modes).
In many such modes, few atoms move heavily, while most of the molecule
remains (almost) quiescent. For these modes, the (observed) energy is char-
acteristic of the functional group or, more specifically, even the bond the
movement is localized at. Their position in energy is practically independent
of the constitution of the rest of the molecule. Therefore, the observation of
certain such bands in an FTIR spectrum can be indicative of specific func-
tional groups or bonds being present in the molecular structure of the sam-
ple material."! Typically, these bands occur in the spectral region above
~1400 cm™, for which correlation charts can be used to list the assignment of
distinct infrared absorptions to specific functional groups.* On the contrary,
for other bands, the (observed) frequency can also be related to the motion
of a few atoms within the molecule, but their exact position in energy varies
depending on the surrounding atoms or molecular structure. That makes the
resulting spectrum more complex but can prove useful for the precise dis-
crimination of individual molecular arrangements in systems containing
similar functional groups.' Such bands, typically, occur below ~1400 cm™
and show a unique characteristic pattern for each molecule. That is why this
part of the spectrum is also referred to as the fingerprint region.*

The above description already indicates that FTIR is an extremely powerful
method with respect to analyzing the complex (macro)molecular structure
of polymers and polymer thin films. Besides determining the presence of
specific functional units and, thus, functionalities within the polymer, FTIR
can also be used, in turn, to identify monomeric units (exhibiting distinct
functional groups) within a sample material from the corresponding bands
observed in the spectrum. By comparing peak heights/areas of individual
spectra, even a quantitative analysis of the composition of polymers can be
realized; for instance, a recent article authored by several group colleagues
of mine reports on the successful development of a method for the simple
and quantitative compositional analysis of copolymer thin films by FTIR.®
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I1.3.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a powerful optical technique, in which the
change in polarization of a light beam, e.g., upon reflection from a sample
is measured as a function of wavelength. Commonly, the ultraviolet/visible
region of the electromagnetic spectrum” is probed.® The incident light (typi-
cally, linearly polarized) interacts with the sample, causing its polarization
state to change. Generally, the reflected light is elliptically polarized, thus,
yielding the name of the technique. From that change in polarization, infor-
mation on the sample’s thickness, roughness or other optical properties can
be deduced.

I1.3.2.1 Optical Basics and Measurement Principle

In SE, the reflection of linearly polarized light from a sample is examined.
Correspondingly, the measurement principle relies on the description of dif-
ferent polarization states of light and their interaction with (sample) matter.

According to the Maxwell’s equations, light is an electromagnetic wave,
whose propagation (in time ¢t and space) can either be represented by its
electric field E or the perpendicular magnetic induction component B. In
general, a time-varying E induces B (Ampere’s law) and vice versa (Faraday’s
law of induction). The direction of propagation is perpendicular to both E
and B, whereas the speed of light is independent of the wavelength,
Co = 2.99792x10® m/s (in vacuum). Due to these strict relationships, in most
mathematical treatments, it suffices to only use one component (e.g., E). In
such a simple model, light can be represented by a one-dimensional wave of
E travelling in z-direction as

E = E, expli(wt — Kz + §)], (I1.3-1a)
with K = 2nn/A. (I1.3-1b)

Herein, E, denotes the wave amplitude, i the complex unit, w the angular
frequency, K the propagation number with wavelength 1 and refractive in-
dex n (introduced below); & represents a phase shift useful to interpret po-
larization and interference effects (cf. below). The above model can be used
to describe light within a certain medium. At an interface, however, parts
get reflected’ and others will be transmitted into the second material. In gen-
eral, light interacts with matter. Various phenomena can occur that are

" IR radiation is also widely used to investigate different aspects/gather complemen-
tary information (e.g., on phonons) to the one gained by SE as described herein.®

t Law of reflection: surface normal, incident and reflected beam all lie in the same
plane; angle of incidence and reflection are equal (relative to the surface normal).
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relevant to the measurement principle of SE, the most important of which
are described in the following.

Refraction

The value of ¢, given above represents the speed of light in vacuum. When
light moves into a different medium, the speed of wave propagation changes
according to the material of this object. This change can, classically, be rep-
resented by the refractive index n as

n = cy/c, (I1.3-2)

where ¢ denotes the speed of light in the respective material. In air,
n =1.0003, and, thus, light behaves almost identical as in vacuum (n = 1); in
other materials, n can be significantly larger (e.g., 3.41 for silicon).” In trans-
parent media (i.e., no absorption), light propagation is described by the
Equations I1.3-1. Thus, the wavelength of light is reduced in materials exhib-
iting larger n.” According to the Huygens’ principle, each point on a wave
front is itself a source for a (spherical) wave; these sub-waves interact to
form, again, the wave front. Consequently, when light moves past an inter-
face between two (different) materials at oblique incidence, the change in
speed of light leads to a change in propagation direction (cf. Figure I1.3-2).
Such behavior is termed refraction and can be described by Snell’s law as

n; sin(¥9;) = n; sin(Y,), (I1.3-3)

where U; and 9, denote the angles of incidence and transmission, respec-
tively, and n; and n, are the refractive indices of the respective materials.

Light Absorption

Many materials are not transparent and, thus, absorb light. To describe such
behavior, n can be modified by introducing the extinction coefficient k, de-
scribing the light absorption in a certain material. This yields the complex
refractive index N as

N =n —ik. (I1.3-4)

Accordingly, n can be replaced by N in Equation II.3-1b and included into
the description of a light wave in Equation I1.3-1a. While the wavelength (im-
aginary part of the exponential function) remains unaltered by including k,
a (real) exponential factor exp(—2mkz/2) is generated. This can be under-
stood as an exponential decay in wave amplitude along the spatial coordinate
of propagation z in absorbing media.

* As light reflection occurs at interfaces, the wave’s amplitude in a medium will also
be smaller upon transmission through an interface.
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Polarization Effects and Interfaces

When reviewing the behavior of electromagnetic waves at interfaces, the po-
larization of light as the oscillatory direction of its electric field can be highly
relevant.” To understand the polarization state of light, two waves with elec-
tric fields, oscillating in orthogonal directions with respect to one another
and the direction of propagation, can be considered. For waves travelling
along the z-axis (analogous to Equation II.3-1), their superposition yields

E(z,t) = Ex(z,t) + Ey(z2,t) (I1.3-5)
= {Eyo expli(wt — Kz + 6,)|}x + {Eyo exp[i(wt — Kz + 6y)]}y,

where the indices x and y denote the parameters (analogous to Equation II.3-
1) of the corresponding waves oscillating in the x- and y-directions, respec-
tively. Additionally, x and y represent unit vectors in the respective axis di-
rections. Consequently, the polarization state of light can be described by
the phase difference 6, — §, between the two superimposed (orthogonal)
waves. Specific cases can be distinguished, for the sake of comprehensibil-
ity, assuming Ey, = Eyo and K = 1. If the phase difference is zero, the orien-
tation of the superimposed E is constant in the x-y plane. The corresponding
light is termed linearly polarized. If §, — 6, = 90°, the resulting E rotates on
a circle in the x-y plane and, thus, is called circularly polarized. In an inter-
mediate case (e.g., 6, — 6, = 45°), correspondingly, the light is referred to
as being elliptically polarized.

Upon reflection from an interface at oblique incidence, light can be classi-
fied as exhibiting p- or s-polarization, when looking at the polarization state
relative to the plane of incidence”. For p-polarized light, the electric field os-
cillates within this particular plane, for s-polarized light, perpendicular to it.
Analogous to Equation II.3-5 considering x and y-components, an arbitrary
polarization state can also be described via s- and p-polarization.

The boundary conditions of electromagnetic waves at interfaces require that
the components of the fields (E as well as B) parallel to the surface are con-
tinuous upon transmission.” Together with applying the relations between E
and B, trigonometric considerations, Snell’s law (Equation II.3-3) and the law
of reflection,’ the amplitude reflection r and transmission t coefficients for
s- and p-polarized light can, thus, be written as

_ Erp _ necos@y)—njcos(@)

T‘p B Eip - ng cos(9;)+n; cos(9y)’ (11-3'63-)
_ Ep _ 2n; cos(9;) )
tp - Eip o ng cos(I9;)+n; cos(dy)’ (H.?) 6b)

" plane of the incident and reflected beam (perpendicular to the sur-/interface)
T A detailed derivation can be found in Fujiwara’s ‘Spectroscopic Ellipsometry’.”
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Ers _ mjcos(9j)—ngcos(d)
Eis  njcos(¥p+n;cos(®)’
s 2n; cos(Y;)

tg =25 = (11.3-6d)

- Eis  njcos(¥p)+ngcos(¥p)’

s = (I1.3-6¢)

The indices p and s denote the respective polarization; i, r and t represent
the incident, reflected and transmitted components/values of the corre-
sponding parameters, respectively. The above relations are also, commonly,
known as the Fresnel equations. Overall, these relations describe what parts
of the electric field (of light) are transmitted and reflected at an interface,
depending on their polarization state. For absorbing media, the refractive
indices can, again, be replaced by their complex counterparts (cf. Equation
I1.3-4).

Optical Interference

As already indicated in the Huygens’ principle mentioned above, if multiple
light waves overlap locally, they can superimpose, creating different ampli-
tude patterns. This phenomenon is called optical interference.

Besides in refraction, such behavior can, specifically, be relevant when the
optical response of layered structures (e.g., thin film(s) on a substrate) needs
to be interpreted (cf. Figure I1.3-2). As described by the Fresnel equations
(Equations I1.3-6), certain parts of light are reflected at an interface between
two materials, others are transmitted. The difference in refractive indices
results in refraction, as described above. Beyond that, in a layered structure,
a part of the light transmitted through the first interface is reflected at the
second one (secondary reflection). Such light waves travel back towards the
first interface and are, eventually, transmitted into the medium, in which
the incident light strikes the interface. As they travel in the same direction
as directly reflected light waves (as follows from Snell’s law and the law of
reflection), these individual light waves can superimpose (cf. Figure I1.3-2).
Due to the difference in paths these light waves have travelled, they will ex-
hibit a phase difference with respect to one another (phase shift §, cf. Equa-
tion I1.3-1). In turn, the corresponding superimposed wave will exhibit a dis-
tinct amplitude, depending on the path difference and, thus, the thickness
of the layer d. The phase difference a of a directly reflected to a secondarily
reflected beam can be derived from geometrical considerations, K in the me-
dium (Equation II.3-1b) and Snell’s law (Equation II.3-3) to yield

a= %nt cos 9, = % (ne? — n;? cos 9)Y2." (11.3-7)

If the phase difference is 0 (or multiples of 2m), there will be constructive
interference resulting in a maximum of the combined (reflected) field; for

" for details, cf. the respective section in Fujiwara’s ‘Spectroscopic Ellipsometry’
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a = m (or odd multiples of it), destructive interference will minimize the (re-
flected) field. Accordingly, the maxima are given by the condition

- = ?nt cosY, = m, withm € N. (I1.3-8)

Multiple transmissions and reflections at every interface and the corre-
sponding interferences can add numerous components to the overall re-
flected and transmitted amplitudes. This can be described as a sum of reflec-
tion and transmission coefficients with the corresponding path lengths anal-
ogous to the Equations II.3-6 (cf. Figure I1.3-2). When considering multi-
layered structures (>1 layer), the situation gets even more complex but can
be treated analogously.

I1.3.2.2 The Actual Measurement and (Model) Analysis

In conventional SE, the change in polarization is measured upon reflection
of light from a sample at oblique incidence as a function of wavelength (see
Figure I1.3-2). Usually, a light source and a polarizer are used on the incident
side, whereas an analyzer and a detector are employed on the reflection side.
To enable fast measurements (e.g., for real-time monitoring of deposition
processes), white light is used for illumination and the response is detected
by a photodiode array or a high-speed CCD" detector combined with a rotat-
ing compensator’.?

I
1,:)

%;}//Gf

Naeaxly polarized
AndAdent \ight

elliptically polarized
reflected light

substrate

Figure I1.3-2. Schematic of an ellipsometry measurement on a specimen
(thin film on a substrate); interaction mechanisms of light
with the sample sketched as discussed in the text, parameters
W and A are marked accordingly

" charge-coupled device, first described by Boyle & Smith in 1970%
" rotating birefringent element for modulation of the polarization state
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The measured change in polarization can be expressed with respect to s- and
p-polarization (cf. above). Thus, the signal gained in SE represents the ratio
of reflection coefficients of the respectively polarized components

E

p= (ﬂ)/<ﬁ> =2 —tanWexp(id).  (I1.3-9)
Eip Eis Ts

This signal can, thus, be divided into two parameters: ¥, which denotes the

amplitude ratio, and A representing the phase difference between p- and s-

polarization, respectively. They are measured as a function of wavelength.

As given by the Fresnel equations (Equations II.3-6) and indicated in the sec-
tions discussing the phenomena of the interaction of light with matter rele-
vant to SE, various parameters can be deduced from the measured signal.
However, as discussed in the following, optical models according to pre-ac-
cessible information available on the investigated systems are necessary.

In the simplest case, the measured setup can be characterized by a single flat
air/sample interface. This approximation holds for model systems consist-
ing of materials with infinite thickness or materials that absorb light suffi-
ciently so that only direct reflections from the air/sample interface are de-
tected. Consequently, Equations II.3-6a and c (also with complex refractive
indices) can be inserted into Equation I1.3-9. As the incident angle 9; and the
refractive index of air n; are known and the transmission angle 9, can be
calculated using Snell’s law (Equation I1.3-3), the refractive index of the sam-
ple material n; can be directly evaluated from the measured data.

In thin film geometries, optical interference can be considered by including
the adequate sums of reflection and transmission coefficients according to
the respective phase differences connected to the film thickness (cf. Equa-
tion I1.3-7, Figure I1.3-2). At distinct wavelengths, constructive (cf. Equation
I1.3-8) and destructive interference can be observed as maxima and minima
in the measured amplitude signal (W (1)). In case the refractive indices of the
materials (thin film(s) and substrate) are known, the film thickness(es) can
be (directly) evaluated from the measured signal. If no such information is
accessible, optical models are employed, in which, inter alia, the effects de-
scribed in the previous sections are included. Such models are developed
based on specific pieces of information (e.g., transparency, layered struc-
ture, etc.) being available for the measured specimen prior to parameter ex-
traction. Subsequently, certain variable parameters can be fitted to the
measured signal. For transparent media (k = 0), commonly, the Cauchy
model (with three parameters) is applied to describe n as a function of A:

n(d) =4+ f;z + % (I1.3-10)
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The parameters A, B and C can be fitted to the measurement data. Minor
absorptions (small k) can be included by an Urbach tail expressible as
k(1) = ky exp (;—CU — g—i), (I1.3-11)

where k is the absorption amplitude and E; the Urbach energy, which de-
scribes light absorption by a tail state near a band gap E,;.” These parameters
can also be varied to fit the measurement data. Further models (e.g., Tauc-
Lorentz, Drude) can be employed depending on the optical properties of the
materials that are investigated. Regardless, for the purposes of the work pre-
sented in this thesis (mostly transparent polymers), Cauchy models with Ur-
bach tails were found to yield adequate and meaningful results.

Due to the effects described in section I1.3.2.1, SE is particularly sensitive to
surfaces and interfaces. To analyze such structures, the effective medium
approximation (EMA) can be adopted. Through it, the complex refractive in-
dices of surface roughness, interface layers and composite materials can be
calculated fairly easily.’ This also enables the determination of volume frac-
tions of components in a composite system, e.g., a swollen hydrogel (com-
ponents: polymer, water, air). The complex refractive index N of a system
(composed of n components) can, thus, be calculated from its components i
as

N;2—N?
o firoawe = 07 (I1.3-12)

Herein, f; denotes the respective volume fractions. This approximation can
also be used to describe surface roughness (components: material, ambient
medium) or interfaces between two materials (components: material 1 and
2). Even though employing this approximation is a potent means, there are
limitations to its application regarding the sizes of the structures that are in-
vestigated.”

Overall, even though spectroscopic ellipsometry requires the careful inter-
pretation and analysis of the measured data, it is an extremely powerful tech-
nique for the investigation of optical properties of materials and the precise
determination of film thicknesses in layered structures. Extraordinary sen-
sitivity to thickness (~0.1 A) can be obtained.® With commercializing SE in-
struments, the application of this technique (e.g., to research) has risen sig-
nificantly from the early 1990s on.¢ Especially the fast acquisition of meas-
urement data in modern instruments (below 1 s) allows for real-time and in-
situ monitoring of growth and other dynamic processes such as swelling (in
water or different media, e.g., humidity).

" More details can be found in the section on EMAs in ‘Spectroscopic Ellipsometry’.’
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I11.1.2 Abstract

In this contribution, the temperature-dependent swelling behavior of vapor-
deposited smart polymer thin films is shown to depend on cross-linking and
deposited film thickness. Smart polymers find application in sensor and ac-
tuator setups and are mostly fabricated on delicate substrates with complex
nanostructures that need to be conformally coated. As initiated chemical va-
por deposition (iCVD) meets these specific requirements, the present work
concentrates on temperature-dependent swelling behavior of iCVD poly(N-
isopropylacrylamide) thin films. The transition between swollen and
shrunken state and the corresponding lower critical solution temperature
(LCST) was investigated by spectroscopic ellipsometry in water. The films’
density in the dry state evaluated from X-ray reflectivity could be success-
fully correlated to the position of the LCST in water and was found to vary
between 1.1 and 1.3 g/cm? in the thickness range 30-330 nm. This work em-
phasizes the importance of insights in both the deposition process and
mechanisms during swelling of smart polymeric structures.

I11.1.3 Introduction

Hydrogels are networks of hydrophilic polymer chains. In a water environ-
ment, either in humidity or in liquid state, water molecules form hydrogen
bonds with the hydrophilic groups in the polymeric structure, making the
material rearrange and swell up to a multiple of its dry size. Upon changing
the amount of water in contact with the polymeric network, the hydrogel
reacts reversibly by taking up water into or repelling out water from its in-
herent structure. This reversible swelling behavior makes this class of mate-
rials interesting for a variety of different setups (e.g., in drug delivery,' con-
tact lenses).

The kinetics of the water uptake are time-limited by water diffusivity.? There-
fore, adopting thin polymeric films is crucial for achieving fast response
times and, in turn, optimal device performance. However, often the water
uptake processes and the corresponding rearrangement of polymer chains
impose stress on the thin film and could result in poor adhesion or mechan-
ical failure. Consequently, to ensure mechanical stability during swelling, a
specific cross-linking co-monomer can be added. Cross-linking is achieved
by adding a chemical species that allows for the binding of two separate poly-
mer chains. This cross-linked hydrogel can, therefore, be seen as a polymer
mesh, able to take up a specific amount of water into its structure.?

Monomer and cross-linker choice influence the responsiveness to water and
to other external stimuli. Specific chemical functionalities in the monomer
units can be utilized to fabricate stimuli-responsive hydrogels. A variety of
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such smart polymers have been demonstrated to respond to temperature,
pH, magnetic/electric fields, or different concentrations of specific chemical
species (e.g., glucose).* In the current study, the most prominent tempera-
ture-responsive hydrogel, poly-N-isopropylacrylamide (pNIPAAm), has
been investigated. Its temperature-responsiveness stems from the molecule
exhibiting hydrophilic groups (i.e., amide), forming hydrogen bonds in the
presence of water, and the probability for attractive intrachain interactions
leading to polymer collapse, depending on the material’s temperature.® The
presence of both functionalities results in interesting thermoresponsive
properties, namely, the lower critical solution temperature (LCST). At this
temperature, pNIPAAm undergoes a phase transition from a hydrated
swollen state to a dehydrated shrunken state, below and above the LCST, re-
spectively. This reversible temperature-dependent swelling behavior at-
tracts particular interest for using smart polymer thin films in sensor® and
actuator setups.’

As in several applications delicate surfaces (e.g., drugs, flexible substrates)
need to be coated, often with specific nanostructure, vapor-based tech-
niques are more suitable for the purpose than solution processing due to the
absence of solvent-related inconveniences: dissolution of the substrate, in-
termixing of components, surface tension. In this contribution, initiated
chemical vapor deposition (iCVD) was adopted. In this solvent-free tech-
nique, monomer, cross-linker, and radical initiator molecules are flown into
a vacuum chamber in the gas phase at set flow rates. The initiator (usually a
peroxide) decomposes into radicals at a heated filament (200-350 °C)
mounted above the sample stage. The monomer and cross-linker molecules
adsorb on the low temperature substrate (held at 10-40 °C). The initiator rad-
icals attack the unsaturated bonds in the monomer and cross-linker species
and, hence, initiate polymerization on the substrate similar to free radical
polymerization processes.® However, the mild processing conditions allow
for full retention of delicate functionalities upon deposition such as ther-
moresponsive groups, enabling precise engineering of the material proper-
ties. With iCVD, accurate control on the film thickness can be achieved via
deposition time and accurate tuning of the chemical composition can be
achieved by setting the monomer/cross-linker/initiator ratio and by choos-
ing their distinct chemical nature.

The cross-linker content is known to affect the mesh size and, therefore, the
degree of swelling of a polymer.? Surface attached networks® and, in partic-
ular, thin films deposited by iCVD' have been shown to behave correspond-
ingly. Furthermore, it has been previously reported that cross-linking and
its amount within the polymeric structure affect the position of the LCST
transition, with the hydrophobicity' or hydrophilicity'* of the cross-linker
determining the direction of the shift. However, next to the chemical
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composition affecting the thermoresponsive properties of the polymer,
thickness should also be a crucial parameter affecting the LCST position. In
the literature, the LCST of solution-processed photo-cross-linked pNIPAAm-
based thin films has been reported to change as a function of film thickness
ranging from 20 nm up to 2 pm, with the amount of cross-linking defining
the magnitude of this effect.”® For pNIPAAm thin films with a low amount of
cross-linking and film thicknesses up to 100 nm, stable values for the LCST
have been reported. Above 100 nm, the films’ transition temperature was
shown to decrease linearly with increasing film thickness. The state in which
the thin films are cross-linked (dry or partially swollen) has been deemed
responsible for changes in shape and position of the LCST transition. Swell-
ing is one-dimensional in thin films and introduces compression in the pol-
ymeric system in pNIPAAm films cross-linked in the dry state. As the mag-
nitude of this compression changes with film thickness, this results in a
thickness-dependent LCST.*

As this thickness-dependent swelling behavior is not very well documented
for solution-processed polymers and not reported for vapor-deposited thin
polymeric films, in this study, we aim at demonstrating the effect of cross-
linking and film thickness on the thermoresponsive behavior also for
pNIPAAm thin films deposited by initiated chemical vapor deposition. The
film thickness range between 30 and 330 nm, most suitable for vapor-based
techniques, is investigated, focusing on the low film thickness regime. Re-
sults on the applicability of the investigated polymeric system to humidity
sensing have previously been reported by our group in Salzmann et al.*
There, the temperature-dependent swelling behavior of two different poly-
meric systems in a humid environment has been analyzed and compared. In
the present contribution, the iCVD synthesis of one of these systems,
namely, p(NIPAAm-co-DEGDVE), as already reported by Alf et al.,"> was used
as a case study. Herein, the focus is on fundamental investigations of thin
film properties and their connection to thickness-dependent swelling behav-
ior of vapor-deposited systems in water. For this purpose, in the present
work, the LCST together with optical properties of the thin films are deter-
mined by swelling experiments in water recorded in situ by spectroscopic
ellipsometry (SE). X-ray reflectivity (XRR) measurements and SE measure-
ments in a controlled environment (nitrogen/humidity) have been carried
out, deepening the understanding of the investigated effects in terms of thin
film properties.

II1.1.4 Experimental Section

Hydrogel layers of thicknesses ranging between 30 and 330 nm have been
deposited in a custom-built initiated chemical vapor deposition (iCVD)
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reactor. The deposition processes were run in a cylindrical chamber (diam-
eter 360 mm, height 55 mm), in which the pressure during deposition is con-
trolled by a Duo 5M rotary vane pump (Pfeiffer Vacuum, Germany) and a
throttle valve (MKS Instruments, USA). Single-sided polished silicon wafers
with a native oxide of 1.5-2 nm thickness on top (Siegert Wafer, Germany)
are used as substrates. The substrates are positioned on the bottom of the
reaction chamber, where the temperature is set to 35 °C by an Accel 500 LC
heater/chiller (Thermo Fisher Scientific, USA). The deposited film thickness
is monitored in situ by laser interferometry with a He-Ne laser (A = 633 nm;
Thorlabs, USA) through a removable quartz glass lid. Di-tert-butyl peroxide
(TBPO, 98%; Aldrich, Germany) is used as an initiator. TBPO is kept at room
temperature in a glass jar connected to the reaction chamber via a needle
valve (Swagelok, USA) to be able to set the desired flow rate of 1 sccm.
Twenty-five mm above the substrates, a Ni-Cr wire wound in 12 parallel lines
(20 mm wire separation) functions as a heated filament (200 °C) to cleave the
initiator molecules entering the reaction chamber. N-isopropylacrylamide
(NIPAAm, 99%; Aldrich, Germany) is used as monomer and di(ethylene gly-
col) divinyl ether (DEGDVE, 99%; Aldrich, Germany) as cross-linker.
NIPAAm and DEGDVE are also kept in glass jars but heated to 85 and 70 °C,
respectively. The monomer and cross-linker vapors are flown into the reac-
tion chamber through a heated mixing line (90 °C). Needle valves (Swagelok,
USA) are used to set flow rates and achieve controlled composition. Since the
deposition rate depends on the individual flow rates, substrate temperature,
and working pressure, the film thickness increase as monitored in situ by
laser interferometry was used to stop the deposition at different deposition
times when the desired thickness was achieved.

Spectroscopic ellipsometry (SE) in a wavelength range of 370-1000 nm (M-
2000S, J.A. Woollam, USA) was used to determine the film thickness and op-
tical properties of the thin films in a controlled environment (nitrogen, rel-
ative humidity, and water at set temperature). A temperature controlled lig-
uid stage (J. A. Woollam, USA) was used for performing swelling experi-
ments in deionized water. The recorded data were evaluated with an optical
model consisting of a c-Si semi-infinite layer on the bottom (temperature-
dependent), a 1.6 nm thick native SiO, layer in the middle, and the polymer
film on top. The polymer layer was modeled with a Cauchy function, and an
Urbach tail was adopted accounting for adsorption in the low wavelength
region. The surrounding medium was set to H,O with temperature-depend-
ent optical properties. For the temperature-dependent swelling experi-
ments, the liquid stage and the mounted sample (already exposed to deion-
ized water) were precooled to 10 °C. The respective signal was then recorded
while applying a temperature ramp from 10 to 50 °C at a heating rate of
0.5 °C/min. Directly after deposition, the thin film samples were rinsed for

63



30 s with deionized water for equilibration. Despite rinsing, the first and sec-
ond heating experiments showed differences in shape and position of the
transition. As equilibration has been earlier reported to be needed for the
study of temperature-dependent behavior of iCVD thin films,' the third
heating experiment was used for the determination of the LCST, as all of the
further heating ramps give similar results. This effect was attributed to the
removal of loosely attached material and the rearrangement of polymer
chains in the first couple of heating cycles for which rinsing is not sufficient
while heavier rearrangements during cooling/heating are (especially in
films exhibiting a low amount of cross-linking). As described in detail later,
the film thickness changes after rinsing, but together with the optical prop-
erties as recorded by SE, it has not been observed to change after the first
two heating cycles applied for equilibration purposes. This hints to struc-
tural rearrangements occurring during equilibration that do not affect the
amount of material present on the substrate. The ellipsometry measure-
ments in relative humidity and N, atmosphere were performed in a
THMS600 temperature stage (Linkam, UK) at room temperature (~25 °C),
with the gases being supplied from a custom-built mixing setup. An SHT15
humidity sensor (Sensirion, Switzerland) was used to monitor the relative
humidity (RH) in the sample stage in situ; the samples were measured after
equilibration in the respective environment, so that the film thickness would
not change more than 0.5 nm in 5 min. The recorded optical data have been
evaluated using the same model as that in the liquid case but with the ambi-
ent material being set to air (n = 1). Likewise, measurements to obtain infor-
mation about the available free volume detectable with water have been car-
ried out similar to Perrotta et al.'’'® Therefore, the thin film samples have
been kept under a nitrogen atmosphere at a constant temperature (25 °C),
determining their optical properties. Subsequently, water vapor has been in-
troduced into the system in 10% RH steps, to which the films respond by fill-
ing free volume with H,0. Hence, the refractive index first increases due to
water permeation, which can be understood as a measure for free volume of
the respective thin film.

X-ray reflectivity (XRR) measurements were performed on a PANalytical
Empyrean diffractometer. The diffractometer uses a copper sealed tube, a
multilayer mirror for monochromatizing the beam (A = 0.154 nm), a beam
mask of 10 mm, and a 1/32° divergence slit on the incident beam side. On the
diffracted beam side, a receiving slit of 0.1 mm and a 0.02 rad Soller slit were
used in front of a PANalytical PIXcel 3D detector in point detector mode. The
critical angle of total reflection was read out of the XRR patterns as the angle
20 slightly above the maximum intensity where the intensity drops to half its
maximum value.” All of the XRR measurements have been performed at
room temperature (~25 °C) and at a relative humidity of ~40%.
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Absorbance spectra of several samples were collected in transmission mode
on a Bruker IFS 66 v/s Fourier transform infrared (FTIR) spectrometer. The
measurements were run in the wavenumber range 1000-4000 cm™ at a reso-
lution of 4 cm™ and a zero filling factor of 8.

I11.1.5 Results and Discussion

A series of thin films of p(NIPAAm-co-DEGDVE) with varying amounts of
cross-linking and film thickness have been successfully deposited by iCVD,
as also previously reported.' The respective degree of cross-linking has been
set by adjusting the ratio of the monomer, cross-linker, and initiator flow
rates. From the flow rates, the nominal composition of the deposited thin
films was calculated via the partial pressure of the chemicals compared to
their saturation pressure (Py/Ps,¢) in the applied temperature and pressure
conditions. All of the flow rates have been chosen so that the Py /P, values
lie in the range 0.05-0.2, a regime where surface concentration is reported to
depend linearly on the Py /P, value.”” Hence, the presented values of the
nominal cross-linker amount correspond to the calculated amount of cross-
linker species available on the surface during deposition and, therefore, are
related to but do not represent the exact fraction of cross-linker molecules
in the respective deposited polymeric system. The following formula has
been used to calculate the nominal DEGDVE crosslinker amount from the
Py/Psae values of the components of the deposited polymeric structure
(NIPAAm and DEGDVE):

Pui/P.
crosslinker amount [%] = (Pia/Psa)prGpve x 100

B (PM/Psat)NIPAAm + (PM/Psat)DEGDVE

For this investigation, two differently cross-linked polymers of p(NIPAAm-
co-DEGDVE) were chosen as case models to investigate the effect of cross-
linker concentration and overall thin film thickness on the LCST. For the less
cross-linked series, the nominal percentage of cross-linking was set to 25%,
whereas it was set to 40% for the more cross-linked samples. Additionally, a
series of p(NIPAAm-co-DEGDVE) samples with a deposited film thickness of
70 nm has been prepared with cross-linker amounts varying between 25 and
~60%.

FTIR absorbance spectra were collected on the differently cross-linked sam-
ples with varying film thickness. The presence of the cross-linker could not
be determined from FTIR due to DEGDVE lacking strong characteristic FTIR
absorption bands, as reported earlier.”” However, a representative spectrum
is shown in Figure III.1-1 to illustrate successful polymerization with the ab-
sence of characteristic vinyl group vibrations at 3150, 1620, and 1400 cm™ as
labeled by Salzmann et al.** The recorded absorption bands compare well to
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FTIR data of p(NIPAAm-co-DEGDVE) films deposited by iCVD in the litera-
ture,” and all recorded peaks could be successfully assigned to absorption
bands within the chemical structure of pNIPAAm according to Sun et al.*
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a N-H stretch 3300
b CH; asymm. stretch 2970
c CH, asymm. stretch 2930
d CH3 symm. stretch 2870
e amide | (C=0 stretch) 1650
f amide Il (N-H) 1540
g CH, asymm. bend 1460
h CH3 symm. bend 1390
i CH, symm. bend 1370

Figure II1.1-1. FTIR absorption spectrum of a 330 nm 25% cross-linked
P(NIPAAm-co-DEGDVE) sample indicating successful poly-
merization by not exhibiting vinyl group absorption bands'* at
3150, 1620, and 1400 cm™; peaks labeled and assigned accord-
ing to Sun et al.%

As pure pNIPAAm films dissolve in water, the presence of the cross-linker
has been successfully verified by the films’ stability upon rinsing, down to a
nominal DEGDVE content of 25%. As stated earlier, rinsing leads to the re-
moval of loosely attached material. The amount of material removed de-
creases with increasing amount of cross-linking, from 7-8% of the deposited
dry film thickness for 25%-cross-linked samples to 3-4% for samples with
40% DEGDVE cross-linker fraction, as evaluated from SE measurements.
However, the investigated samples within a similarly cross-linked thickness
series show similar percentages of material removal during rinsing. This
points out that rinsing affects the entire thin film independently of the over-
all film thickness, instead of just removing material, e.g., from the surface
of the sample. Furthermore, proving the presence of the cross-linker at dif-
ferent degrees, the films are able to take up significant amounts of water, in
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a range going from ~10% (with a high amount of cross-linker) up to 120% of
their dry film thickness (with a low amount of cross-linker) at 20 °C (see Fig-
ure II1.1-2).
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Figure III.1-2. Swelling at 20 °C (thickness in water compared to the dry
thickness) as a function of the nominal cross-linker amount
(DEGDVE fraction) of differently cross-linked 70 nm-thick
p(NIPAAmM-co-DEGDVE) samples.

The LCST values of the respective thermoresponsive thin film samples have
been evaluated as the mean values of the points of inflection of thickness
and refractive index (measured at 633 nm) curves derived from spectro-
scopic ellipsometry. The data were acquired in water as a function of tem-
perature during heating from ~15 to 50 °C (see Figure III.1-3 for representa-
tive measurement data). The thickness is reported here normalized to the
thickness measured at 50 °C, for clarity.

As the film thickness also affects the kinetics of the swelling/deswelling pro-
cess,” several different heating rates between 0.25 and 4 °C/min have been
adopted (see the Supporting Information). As a result, a heating rate of
0.5 °C/min has been used for all of the swelling experiments, because kinetic
effects can be neglected: Heating ramps at this rate yield similar results as
applying lower heating rates for the investigated film thickness regime,
while still being sufficiently quick to achieve reasonably constant heating
ramps in a room temperature environment.

As aforementioned and evident from the plots in Figure III.1-3, the cross-
linking amount also affects the LCST transition.'”? Two effects have been
deemed responsible: First, the mesh size is being reduced by introducing
more cross-linker into the polymeric system. Therefore, the maximum
amount of water the polymer thin film is able to take up is reduced by in-
creasing the amount of cross-linker.? In the investigated systems, the maxi-
mum swelling at 20 °C for several differently cross-linked p(NIPAAm-co-
DEGDVE) thin films (see Figure III.1-2) shows a clearly decreasing trend
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Figure III.1-3. (a) Thickness normalized to the value measured at 50 °C
(d/dseec) and (b) refractive index n measured at 633 nm as a
function of temperature during heating in water for the eval-
uation of the LCST as the mean value of the points of inflec-
tion of the respective curves plotted for two differently cross-
linked 70 nm-thick samples.

from 120% for a cross-linking degree of 25% to swelling of approximately
10% for a cross-linking degree of ~60%. Second, the hydrophobic cross-
linker DEGDVE makes it favorable for the thin film to repel out water, even
at lower temperatures. This leads to a decreased LCST for more cross-linked
thin films, whereas the LCST values of the pNIPAAm thin films with a low
amount of cross-linking are comparable to pure bulk pNIPAAm hydrogels®
or solution-processed pNIPAAm layers grafted onto surfaces,” exhibiting
values of around 32 °C. The LCST values of the photo-cross-linked pNIPAAm
thin films reported by Harmon et al."® also compare well to the values re-
ported in this study. Also, the magnitude of LCST shifts due to the different
amounts of cross-linking are comparable to literature values, as the LCST
was reported to shift for ~5 °C when changing the amount of cross-linking
from 10 to 30% in p(NIPAAm-co-EGDA) films deposited by iCVD.*? In order
to verify the effect of different thin film thickness values on the LCST, heat-
ing ramps upon water exposure were measured to obtain the LCST values
for p(NIPAAm-co-DEGDVE) layers ranging from 30 to 330 nm. The LCST val-
ues for two thickness series with different amounts of cross-linking are re-
ported in Figure II1.1-4.
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Figure II1.1-4. LCST as a function of deposited film thickness (daep) for differ-
ently cross-linked p(NIPAAm-co-DEGDVE) thin films (dotted
lines are for guidance of the eye).

Both series exhibit a maximum LCST value for a deposited film thickness of
~70 nm, at 27.7 and 31.8 °C for the more and less cross-linked polymers, re-
spectively. Furthermore, the LCST decreases at higher film thickness, with
the effect being more pronounced for the less cross-linked films. This is in
agreement with what has been found for photo-cross-linked pNIPAAm films
by Harmon et al.”® and, as previously mentioned, explained by film thickness
affecting the state of the polymer during swelling compared to the reference
state as cross-linked (compression or elongation). The investigated iCVD
thin films are deposited at a pressure of 250 mTorr and at a substrate tem-
perature of 35 °C (dry and above the LCST), where Harmon et al. state that a
gel that is cross-linked in dry state is always under compression upon
swelling, with the compression being greater further from the substrate.*®
Therefore, two regimes have been identified, above and below a certain crit-
ical film thickness depending on the amount of cross-linking. Above the crit-
ical thickness, the LCST decreases linearly with film thickness. Harmon et
al.”* also report on the LCST being constant below this critical film thickness.
However, in the present study, the LCST was found to decrease toward lower
film thickness for both series of different amounts of cross-linking, which
has not been reported before. Therefore, the present investigations show
that the p(NIPAAm-co-DEGDVE) thin films deposited by iCVD exhibit a
thickness- and cross-linker-dependent swelling behavior, possibly caused by
thickness-dependent physical properties of the investigated polymeric sys-
tems, as described later.

In order to verify the expected relation between the variation in LCST values
and the physical properties of the thin films, the refractive index (n) was rec-
orded in different environments. Refractive index values are a measure for
the optical density of thin film samples. Therefore, the index as measured in
a nitrogen environment (dry) gives information about the density of the
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polymeric matrix without the presence of water. These values of n measured
at ~25 °C as a function of the film thickness and composition are reported in
Figure II1.1-5a. The trends for the individual thickness series show similari-
ties to the LCST behavior as a function of deposited film thickness. Temper-
ature-dependent measurements in a nitrogen atmosphere revealed that the
polymer layers do not exhibit an LCST transition without the presence of wa-
ter. Temperature only plays a minor role in a pure nitrogen environment,
where the samples show thermal expansion of 0.6% of their film thickness
between 20 and 50 °C, independent of the cross-linker amount and the de-
posited thickness. However, the refractive index values of the polymer lay-
ers in water at 50 °C give a measure for water being trapped in the system in
the collapsed state (see Figure III.1-5b). Additionally, also the respective
thickness values measured in water at 50 °C give evidence that water is re-
tained in the system (in the collapsed state). The percentage of thickness dif-
ference compared to the dry state is at around +20% for all samples of both
cross-linker series. At high deposited film thickness, the values of n at
around 1.46 independent of the cross-linker amount are in agreement with
what has been previously reported for this regime."® At low film thickness,
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Figure III.1-5. Refractive index n (measured at 633 nm) (a) in nitrogen envi-
ronment at 25 °C and (b) in water at 50 °C after heating (col-
lapsed state) of the polymer layers plotted as a function of de-
posited film thickness (dap) as measured by spectroscopic el-
lipsometry (dotted lines are for guidance of the eye).
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the refractive index at 50 °C is found to decrease, with the effect being more
pronounced for the less cross-linked films. Presumably, higher hydrophobi-
city (water contact angle of 60-90°)"* compared to the substrate (water contact
angle of ~40°) induces differences in swelling behavior during diffusion for
different distances from the substrate and hence film thickness regimes.
During swelling, this would lead to a water-rich layer close to the substrate.
However, this has not been confirmed from fitting the SE data. With the film
thickness being large enough (at around 100 nm), these substrate-induced
effects anyways seem negligible. As the mesh size also influences diffusivity,
the cross-linker amount is found to determine the magnitude of the investi-
gated effect.

As described previously, the free volume of the thin films accessible to water
vapor has been investigated. The magnitude of the initial refractive index
increase while introducing water vapor into the nitrogen filled system can
display differences in the available free volume (see Figure III.1-6). The re-
fractive index difference is found constant for both cross-linker series and
shows just one smaller value for the lowest film thickness of the more cross-
linked samples (see Figure II1.1-6a). This hints no influence of the free vol-
ume accessible via this water uptake on the thickness dependence of the
LCST. However, the refractive index difference is lower for the less cross-
linked series. As mentioned previously, the less cross-linked films swell
more than the more cross-linked ones. As swelling also occurs in humidity
and causes the refractive index to decrease, it leads to a lower refractive in-
dex difference for the less cross-linked samples (see Figure II1.1-6b). Hence,
the free volume is only partially probed. The water molecules just adsorb up
to a point where swelling is more prominently observed in refractive index
behavior. Therefore, the shape and position of the LCST, swelling in humid-
ity, and density are possibly influencing this measurement as well as just the
adsorption of water molecules into the free volume of the investigated poly-
meric systems. However, the investigated films swell already by changing
the environment from 0 to 10% RH (see the Supporting Information), which
is promising for utilization in sensing applications.

To deepen the understanding of the results of the refractive index measure-
ments in a nitrogen environment (see Figure II1.1-5a), XRR measurements
have been used to investigate the density of the thin films. The position of
the critical angle of total reflection is proportional to the electron density of
the investigated layers.” By assuming the nominal percentages of cross-link-
ing and knowing the molecular weight and number of electrons of the re-
spective monomers, an estimation of the mass density of the investigated
thin films could be derived. For that, the average number of electrons of an
individual polymeric structure can be assumed to be constant for films of
the same composition in one series of similar cross-linking. Therefore, the
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Figure III.1-6. (a) Refractive index n (at 633 nm) as measured via SE during
relative humidity exposure of two differently cross-linked 70 nm-
thick p(NIPAAm-co-DEGDVE) samples (the inset shows a zoom of
the region below 40% relative humidity, where the increase in re-
fractive index An was evaluated). (b) Refractive index difference
An as a measure of the free volume of the thin films prone to up-
take of water vapor plotted as a function of deposited film thick-
ness daep (dotted lines are for guidance of the eye).

mass density evaluated from the XRR measurements has been plotted as a
function of deposited film thickness for different amounts of cross-linking
(see Figure III.1-7). The mass density values are found to lie in a range of
1.1-1.3 g/cm? which is in agreement with literature values. The mass density
of emulsion polymerized pNIPAAm microgels cross-linked by 2.5 mol%
N,N'-methylenbis(acrylamide) (BIS) has been reported to be around
1.15 g/cm?®.* The differences in cross-linking (amount and chemical nature)
and different polymerization techniques account for the differences in den-
sity reported in the present work. In the thickness study, the density de-
creases in the low film thickness regime of up to ~70 nm for both cross-
linker series. At higher film thickness, the density increases again, with val-
ues surpassing the ones at low film thickness. Overall, the mass density of
the more cross-linked thin films has been evaluated to be higher than the
one of the less cross-linked samples. Therefore, XRR results are found to be
in agreement with the refractive index as measured with SE in a nitrogen
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environment (see Figure I11.1-5a) and mimic the trend of the LCST values as
a function of deposited film thickness for both cross-linker series with in-
verse proportionality. Not knowing the exact compositions, the exact poly-
mer molecular weight and, therefore, also the exact number of electrons of
the polymeric structures results in large error bars of the mass density esti-
mates. However, the measured critical angles of total reflection (see the Sup-
porting Information) infer a correlation between the density of the poly-
meric matrix and the position of the LCST of the respective p(NIPAAm-co-
DEGDVE) thin film samples.
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Figure III.1-7. Mass density as calculated from the critical angle of total re
flection evaluated from XRR measurements as a function of
deposited film thickness (dap) for differently cross-linked
sample series (dotted lines are for guidance of the eye).

As aforementioned, by choosing a slow heating rate (0.5 °C/min), the chance
of kinetic effects interfering with the evaluation of the LCST from the SE
measurements in water has been minimized. Long-term kinetic effects can-
not be ruled out, as it has been reported to take polyelectrolyte thin films
several days to reach a constant film thickness during swelling in relative
humidity.* In addition, a difference in density among thin films of different
thicknesses is generally caused by a variation of the deposition conditions.
However, similar deposition rates, in the range 1.6-2.0 nm/min, were meas-
ured for all of the investigated samples in the case studies, excluding fluctu-
ations of this parameter having an effect on the molecular weight of the re-
sulting thin films.? In the literature, Bonnet et al. reported two growth re-
gimes in iCVD polymerization of p(neo-pentyl methacrylate) thin films, stat-
ing that the initial stages of a deposition exhibit a lower deposition rate and
therefore yield lower molecular weight thin films.? In the present study, no
significant variation of the deposition rate has been observed via in situ laser
interferometry upon deposition. Overall, the deposition rate has not been
noted to change more than 10% over time during a single deposition process.
Bonnet et al. also did not report on changes in the density of the investigated
thin films;* although the changes in density are delicate in the present work,
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they lead to consistent and significant changes in swelling behavior. A pos-
sible explanation would be local depletion of monomer at the substrate level
during one deposition with time, as higher cross-linking would lower the
LCST, as described previously. This would lead to a gradient of cross-linking,
with high film thickness samples exhibiting more cross-linking and there-
fore lower LCST values. However, the maximum swelling was comparable
for the similarly cross-linked samples within a thickness series (120 and 60%
swelling for the less and more cross-linked films at 20 °C, respectively),
pointing out that a gradient in cross-linking in the layer can be excluded, as
it would possibly also lead to an altered maximum swelling value. In the film
thickness range up to ~70 nm, the opposite LCST behavior compared to the
region above 70 nm has been observed. In particular, the LCST was found to
decrease toward lower film thickness, but still, the maximum swelling of the
corresponding films compared well to the ones of the films with higher
LCSTs of similar cross-linking. In contrast to the photo-cross-linked thin
films reported on by Harmon et al.,** the iCVD thin films grow steadily from
the substrate with cross-linking happening during film growth. Hypotheti-
cally, the copolymerization of the two chemical species used in the present
work, NIPAAm and DEGDVE, yields local differences in composition and
morphology of the thin films, resulting in differences of the average mass
density of the resulting thin films. These differences then lead to a variation
of the swelling behavior and therefore of the LCST transition.

I11.1.6 Conclusions

In this work, pNIPAAm-based thin films have been successfully prepared
with different degrees of cross-linking and film thickness by iCVD. The un-
derstanding of the shape and position of their LCST transition has been
deepened, as effects of both cross-linking and film thickness have been in-
vestigated. Increasing the DEGDVE cross-linker amount leads to a lower
maximum swelling degree and a lower LCST. (Mass) density (as evaluated
from SE and XRR) mimics the trends of the LCST as a function of cross-link-
ing and deposited film thickness. Hence, an increase in the density of the
polymeric matrix leads to a decrease in the transition temperature. The den-
sity in the dry state can be increased by adding more cross-linker. Both in-
vestigated thickness series exhibit a maximum density at a film thickness of
about 70 nm, leading to a minimum in LCST for the respective similarly
cross-linked thickness series. As deposition conditions within the thickness
series have been carefully set constant, either local fluctuations in the reac-
tion chamber or differences in the copolymerization procedure of NIPAAm
and DEGDVE over time during one deposition process have been deemed
responsible for the differences in density as a function of film thickness.
When the polymer is cross-linked in the dry state, thickness-dependent
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compression leads to a lower LCST at higher film thickness.'® The present
work provides a further understanding of the proposed hypothesis and adds
to it the correlation to the mass density of the polymeric thin films. The role
of gradients in water diffusivity due to the substrate-polymer interface alter-
ing the hydrophobicity within the investigated systems as a function of film
thickness needs to be further addressed. However, these detailed insights
should raise awareness about the influence of growth conditions as well as
behavior on a plethora of material’s properties.
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IT1.1.7 Associated Content

Supporting Information

The Supporting Information is available free of charge on the ACS Publica-
tions website at DOI: 10.1021/acs.macromol.8b02120.

Swelling in humidity of p(NIPAAm-co-DEGDVE) thin films of dif-
ferent cross-linker amount, several heating ramps in water of dif-
ferent p(NIPAAm-co-DEGDVE) samples, and critical angle of total
reflection of p(NIPAAm-co-DEGDVE) thin film samples as read out
from X-ray reflectivity measurements (PDF)
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Figure II1.1-S1. Swelling (thickness normalized to the value at 0% RH) as a
function of relative humidity (RH) for two differently cross-
linked 70-nm-thick p(NIPAAm-co-DEGDVE) thin film sam-
ples; swelling already occurring at low RH counteracting the
filling of free volume of the thin films with water vapor,
which interferes with the estimation of the free volume by
evaluating the magnitude of the refractive index increase in
the region below 40% RH.
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Figure III.1-S2. Film thickness recorded by spectroscopic ellipsometry dur-
ing heating ramps in water of two differently thick
P(NIPAAm-co-DEGDVE) samples recorded at heating rates
of (a) 4.0, 1.0 and 0.5°C/min and (b) 1.0, 0.5, 0.25°C/min; ki-
netic effects influence the film thickness measurement
above a heating rate of 1°C/min; the liquid in the cell used
for the measurements needs to equilibrate at a certain tem-
perature; also the thin films need to adjust to certain condi-
tions, as swelling processes are time-limited by diffusivity.
Applying a heating rate of 4°C/min yields a higher film thick
ness at elevated temperatures after starting off at a similar
thickness as in the other cases (within uncertainty) at low
temperatures.
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IT1.2 Interlink between Tunable Material Properties
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I11.2.2 Abstract

In this contribution, we report on the thin-film synthesis of a novel ther-
moresponsive polymer, namely, poly(N-vinylcaprolactam) cross-linked by
di(ethylene glycol) divinyl ether [p(NVCL-co-DEGDVE)] by initiated chemi-
cal vapor deposition (iCVD). Its transition between swollen and shrunken
states in film thickness and the corresponding lower critical solution tem-
perature (LCST) was investigated by spectroscopic ellipsometry in water.
Water contact angle measurements and nano-indentation experiments re-
veal that the transition is accompanied by a change in wettability and elastic
modulus. The amount of cross-linking was used to tune the thermorespon-
sive behavior of the thin films, resulting in higher swelling and LCST, in-
creased surface rearrangement, and lower stiffness for less cross-linked
polymers. For the first time, the filament temperature during iCVD synthesis
was used to vary the chain length of the resulting polymeric systems and,
thus, the position of their thermoresponsive transition. With that, swelling
of up to 250% compared to the dry thickness and transition temperatures
ranging from 16 to 40 °C could be achieved.

I11.2.3 Introduction

Smart hydrogel materials can be used in a variety of sensor' and actuator?
setups because of their ability to react to a number of external stimuli includ-
ing temperature, pH, magnetic/electric fields, or concentrations of specific
chemical species (e.g., glucose).? In an aqueous environment, such a hydro-
gel binds water molecules because of its network of hydrophilic polymer
chains, making the material rearrange and swell to multiples of its dry size.
Upon changing the environment, the smart polymer reversibly takes up wa-
ter into or repels out water from its inherent structure.

Kinetically, the water exchange is time-limited by water diffusivity.* Thus,
fast response times and, in turn, optimal device performance, can be
achieved by employing thin polymeric films. However, the water exchange
imposes stress on the film and could eventuate in delamination or mechan-
ical failure. To ensure mechanical stability, a cross-linking agent can be co-
polymerized with the monomer exhibiting the initially desired functionali-
ties. The cross-linked hydrogel can be viewed as a polymer mesh (with a cer-
tain mesh size), which can take up a specific amount of water into its struc-
ture.’

The devices, where smart polymer thin films are usually applied, involve
delicate surfaces (e.g., drugs and flexible substrates), oftentimes exhibiting
sophisticated nanostructure, which need to be coated conformally. For these
reasons, instead of ordinary solution processing, in this contribution,
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initiated chemical vapor deposition (iCVD) was used. With this solvent-free
technique, functional co-polymers of desired composition can be vapor-
phase-synthesized similar to free radical polymerization processes.® The low
substrate temperature employed (10-40 °C) allows for the coating also of del-
icate substrates. In these mild processing conditions, the full retention of
delicate functional groups such as the adopted thermoresponsive species
can be achieved upon deposition.

The chemical nature of monomer and cross-linker used in iCVD allows the
further tailoring of the response behavior of the resulting smart polymer.
For example, the most prominent thermoresponsive hydrogel, namely,
poly-N-isopropylacrylamide (pNIPAAm), exhibits hydrophilic groups (i.e.,
amide) that are able to bind water and also the effective intrachain interac-
tions causing the polymer to collapse.” The predominant behavior depends
on temperature with the transition point being the lower critical solution
temperature (LCST). Therefore, if in aqueous environment, the polymer ac-
cordingly undergoes a phase transition from a hydrated swollen state below
to a dehydrated shrunken state above the LCST. Other thermoresponsive
polymers with different functional groups interact differently with water
and, therefore, vary in thermoresponsive behavior compared to pNIPAAm.
For example, poly(¥N,N-diethylacrylamide) (pDEAAm) hydrogels show a
broader LCST transition in water compared to pNIPAAm hydrogels.® In hu-
midity, a similar trend has been reported for pDEAAm-based thin films de-
posited by iCVD.’ Besides that, cross-linking has been reported to affect the
thermoresponsiveness and, thus, where the LCST transition takes place.
More hydrophobic' or hydrophilic" cross-linking agents can be used to de-
liberately control the direction of the shift.

As polymer synthesis is concerned, the NIPAAm monomer is solid at room
temperature and exhibits low vapor pressure even at elevated temperatures
(e.g., 85 °C); hence, different thermoresponsive agents are sought allowing
for easier handling and, hence, enabling to exploit the full spectrum of pos-
sibilities in thin-film deposition by iCVD. Lee et al. reported on synthesizing
another thermoresponsive polymer, namely, poly(N-vinylcaprolactam)
(pNVCL), for the first time by iCVD.'* This polymer is known for its nontox-
icity and biocompatibility.’® In contrast to, for example, pNIPAAm, its spe-
cific chemical structure (with the caprolactam ring) results in a ‘classical’
Flory-Huggins miscibility behavior, for which increasing the polymer chain
length leads to a downward shift of the critical point (LCST).**** For different
molecular weight samples, transition temperatures in the range of ~30-40 °C
have been reported.' Lee et al. reported on the synthesis of pNVCL homo-
polymer thin films by iCVD.'? Pretreatment of the substrates by an oxygen
plasma was used for grafting the polymer onto the surface.'? In the present
contribution, we aim at circumventing this step by introducing a cross-
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linking agent that allows for stabilization of the thermoresponsive polymer
layer on the substrate without further synthesis efforts. Moreover, the cross-
linker used, namely, di(ethylene glycol) divinyl ether (DEGDVE), has been
previously shown to allow for tuning of the thermoresponsiveness in
pNIPAAm-based copolymers by our group.”*® Thus, the amount of DEGDVE
will be utilized to tailor the response also of this novel co-polymer. To further
tune the response properties of the deposited systems, we seek to employ
the filament temperature during iCVD synthesis to control the molecular
weight of the resulting polymers. We aim at demonstrating that differences
in molecular weight will eventuate in differences in the position of the LCST
transition for the first time.

I11.2.4 Experimental Section

Thin-Film Synthesis

pNVCL-based thin films were deposited in a custom-built iCVD reactor. The
experimental setup has already been described elsewhere.' In the present
contribution, single-sided polished silicon wafer substrates with a native ox-
ide of 1.6 nm thickness on top (Siegert Wafer, Germany) were used as sub-
strates. All the depositions were run at substrate temperatures of 35 °C at a
working pressure of 250 mTorr. tert-Butyl peroxide (TBPO, 98%; Aldrich,
Germany), kept at room temperature, was used as the initiator at a flow rate
of 1 sccm. The filament temperature was used to control the number of ini-
tiator radicals formed, as described in more detail later. N-Vinylcaprolactam
(NVCL, 98%; Aldrich, Germany) is used as monomer and DEGDVE (99%; Al-
drich, Germany) as cross-linker. To achieve the desired flow rates, NVCL and
DEGDVE are kept at elevated temperatures of 78 and 70 °C, respectively. The
monomer flow rate is set to 0.2 sccm. A series of films was deposited at a
filament temperature of 200 °C with varying amounts of cross-linking in con-
sequence of changing the cross-linker flow rate in the range of 0-2 sccm. An-
other series of samples with constant nominal cross-linking of 20% was de-
posited at varied filament temperatures between 165 and 215 °C, with and
without nitrogen as patch flow; N, does not participate to the chemical reac-
tions but allows for a better gas/vapor flow distribution in the reactor and
was used at a flow rate of 2 sccm. For this series, the monomer and cross-
linker flow rates were both kept constant at 0.2 sccm. All the corresponding
Pm/Psar Values (ratios of the vapor pressure of the monomer/cross-linker to
the saturation vapor pressure) are below 0.2, where a linear relation to the
surface concentration of the chemical species has been reported for iCVD.'¢

In the present work, all the investigated p(NVCL-co-DEGDVE) thin films
were deposited with similar film thickness values of (50 + 5) nm. The series
of thin films prepared with varying amounts of cross-linking was deposited
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with average deposition rates of around 2 nm/min, whereas the filament
temperature series varied in terms of average deposition rate between 0.1
and 2 nm/min, as described in more detail later.

Thin Film Characterization

Infrared absorbance spectra of the thin-film samples (1000 scans) were col-
lected in transmission mode on a MB-102 (Bomem, Canada) Fourier trans-
form infrared (FTIR) spectrometer in the wavenumber range 400-4000 cm™
at a resolution of 4 cm™ in mid IR mode.

Spectroscopic ellipsometry (SE) in a wavelength range of 370-1000 nm (M-
2000S, J.A. Woollam, USA) was applied to determine film thickness and op-
tical properties of the thin films in various environments (room temperature
in nitrogen atmosphere or heating ramps in water). The swelling experi-
ments in deionized water were performed in a temperature-controlled liquid
stage (J. A. Woollam, USA). The recorded data was evaluated with an optical
model consisting of a c-Si semi-infinite layer on the bottom (temperature de-
pendent), a 1.6 nm thick native SiO, layer in the middle and the polymer film
on top, modeled as a Cauchy function with an Urbach tail accounting for ad-
sorption in the low-wavelength region. H,O with temperature-dependent op-
tical properties was set as the surrounding medium. For the temperature-
dependent swelling experiments, the liquid stage and the mounted sample
(already exposed to deionized water) were precooled to ~15 °C. The respec-
tive signal was then recorded while applying a temperature ramp from 15 to
50 °C at a heating rate of 0.5 °C/min. Directly after deposition, the thin-film
samples were rinsed for 30 s with deionized water for equilibration. For ther-
mal equilibration reasons reported earlier,'>'” the temperature- dependent
swelling behavior and the LCST of the iCVD thin films were evaluated from
the third heating experiment. The SE measurements in dry N, atmosphere
were performed in a THMS600 temperature stage (Linkam, UK) at room tem-
perature (~25 °C). The samples were measured after 30 min of nitrogen flow,
so that the film thickness would not vary for more than 0.5 nm in 5 min. The
same optical model as in the liquid case has been used to evaluate the rec-
orded data, but with the ambient material being set to air (n * 1). Water con-
tact angle (WCA) measurements were performed on a CAM 200 optical con-
tact meter (KSV Instruments Ltd., Finland) equipped with a THMS600 tem-
perature stage (Linkam, UK). For each measurement, the sample tempera-
ture was set to the desired value, measured with a thermocouple on the sur-
face of the sample and equilibrated for 5 min before the actual water drop
was applied. Advancing and receding contact angles were measured via the
volume changing method. Thus, 5 drops were used on each sample and 15
advancing and 5 receding contact angles were evaluated for each sample.

For the mechanical properties of the swollen films, nanoindentation meas-
urements were performed using an atomic force microscope (FlexAFM with
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a C3000 controller from Nanosurf, Switzerland). A contact mode ContAl-G
cantilever (Budgetsensor, Bulgaria) with a nominal tip radius of 10 nm was
used. The spring constant was determined using the Sader thermal vibration
approach.'® The samples were measured using deionized water. The temper-
ature was controlled by a bioheater (Nanosurf, Switzerland) with a control
unit of Warner Instruments Corporation (Hamden, CT, USA). Deflection-
separation curves were recalculated to force-versus-separation curves using
MATLAB scripts employing the approach described elsewhere.' The appar-
ent elastic moduli were derived and evaluated via the Atomic] software pack-
age from 16 force curves measured on each sample.? The individual meas-
urements were taken at different positions of 1 um lateral separation.

I11.2.5 Results and Discussion

Chemical Composition

For the first time, p(NVCL-co-DEGDVE) thin films with varying amounts of
DEGDVE cross-linker content have been successfully polymerized by iCVD.
Different degrees of cross-linking have been achieved by changing the cross-
linker flowrate during deposition. The py/psa; values in the applied temper-
ature and pressure conditions have been used to precalculate the composi-
tion of the films to be deposited (i.e., nominal cross-linking degree) with the
following formula

(PM/Psat) DEGDVE
(Pm/Psat)nver + (PM/Psat) DEGDVE

The nominal DEGDVE fraction has been varied between 0 and 75%. As re-
ported also in the literature,* such nominal cross-linker fraction does not
always correspond to the real cross-linking fraction in the polymer. This is
attributable to the different reaction rates of the polymerizable vinyl groups
in the monomer and in the cross-linker. In particular, in this case, DEGDVE
does not self-polymerize. Considering that it can only directly react with
NVCL, it can be assumed that the maximum amount of incorporable
DEGDVE should be around 30 and not 75%. Thus, a large quantity of
DEGDVE adsorbed on the surface remains unreacted. While this behavior
might be undesired, the dependency between nominal and real DEGDVE
fraction is monotone; a higher nominal amount present on the surface dur-
ing polymerization also gives a higher real amount of DEGDVE incorporated
into the synthesized polymer, as confirmed by the experiments shown later.

DEGDVE fraction [%] =

To gain information about the chemical composition, the deposited films
were investigated by FTIR absorbance spectroscopy. The FTIR data confirm
the successful polymerization by all the recorded spectra not exhibiting
characteristic vinyl group vibrations at 3150, 1620, and 1400 cm™ as labeled
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by Salzmann et al.” A representative spectrum of a nominally 75% cross-
linked p(NVCL-co-DEGDVE) thin-film sample is shown in Figure III.2-1. The
recorded absorption bands compare well to FTIR data of homopolymeric
pNVCL films deposited by iCVD in the literature,' with all recorded peaks
being successfully assigned to absorption bands within the chemical struc-
ture of pNVCL according to Lee et al.’? The literature shows that DEGDVE is
lacking strong characteristic FTIR absorption bands;'>* therefore, it is not
possible to evaluate the cross-linker amounts from the FTIR data collected
on nominally differently cross-linked samples.
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Figure II1.2-1. FTIR absorption spectrum of a nominally 75% cross-linked
P(NVCL-co-DEGDVE) 50 nm thin-film sample to indicate suc-
cessful polymerization with the absence of characteristic vi-
nyl group vibrations at 3150, 1620, and 1400 cm™ as labeled by
Salzmann et al.;’ peaks of pNVCL assigned as labeled by Lee
etal.”?

Behavior in Water
Upon rinsing, samples exhibiting nominal degrees of cross-linking below
10% appear to swell (e.g., change in color) but are rather unstable in water
and even delaminate from the substrate suggesting that an insufficient co-
polymerization has taken place. In turn, the fact that stable films result for
nominal cross-linking equal to or above 10% indicates that a successful co-
polymerization of the monomer NVCL with the cross-linker DEGDVE was
achieved. These samples allow then the swelling behavior to be investigated
in more detail. Results of the temperature-dependent swelling experiments
in water recorded by SE on the differently cross-linked polymers are shown
in Figure I11.2-2.
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The swelling behavior changes with the cross-linker content. This tunability
further proves the successful co-polymerization of NVCL and DEGDVE at dif-
ferent ratios.
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Figure II1.2-2. Thickness of the swollen layers normalized by the dry thick-
ness d/dary (a) and refractive index n (b) during swelling in wa-
ter recorded by SE while applying heating ramps from ~15 to
50 °C for various differently cross-linked p(NVCL-co-
DEGDVE) thin-film samples.

All samples presented in Figure III.2-2 show thermoresponsive swelling be-
havior by changing their film thickness and refractive index upon heating.
The LCST values of the differently cross-linked p(NVCL-co-DEGDVE) sam-
ples have been evaluated as the mean values of the points of inflection of the
respective swelling curves (exemplary data is shown in the Supporting In-
formation). The LCST values are plotted in Figure II1.2-3a as a function of the
DEGDVE content. They vary from 40 to 23 °C. In the literature, an LCST of
31 °C was reported for a grafted pNVCL homopolymer thin film deposited by
iCVD," while we measure an LCST of 40 °C for the least cross-linked sample.
We think such difference can be explained, hypothesizing that our samples
exhibit lower molecular weight because they were deposited also at lower
Pm/Dsat- The py/psar values employed during deposition and, as a conse-
quence, the deposition rate, are known to influence the molecular weight of
iCVD thin films, with increasing deposition rate yielding higher molecular
weight polymers.? The LCST of pNVCL in water has been shown to strongly
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depend on the molecular weight (i.e., chain length).'* Meeussen et al. report
on an increase of the viscosity-average molecular weight from 9 to 20 to
275 kg/mol lowering the transition temperature from 38 to 35 to below 30 °C,
respectively.'
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Figure II1.2-3. (a) LCST and (b) thickness normalized by the dry thickness
d/day in the swollen (@20 °C) and in the collapsed state as a
function of the nominal DEGDVE fraction of various differ-
ently cross-linked p(NVCL-co-DEGDVE) thin films.
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Moreover, the results in Figure III.2-3a also show that the LCST decreases
with adding DEGDVE to the polymeric structure, from 40 to 23 °C. This is in
agreement with our previous work on DEGDVE, showing that the LCST of
pNIPAAm-based thin films synthesized by iCVD also decreases with their
DEGDVE content to a similar extent." The hydrophobicity of the cross-linker
has been deemed responsible for the downward shift of the LCST, allowing
the polymer to push out water at lower temperatures.

Furthermore, the swollen and collapsed state were characterized by plotting
the swelling ratio (measured thickness normalized by the respective thick-
ness measured in dry N, atmosphere) in the swollen (@20 °C) as well as in
the collapsed state in Figure II1.2-3b.” Therefore, the more hydrophobic

" The collapsed state has been defined as the point, where the thickness is minimal
from the curves recorded during temperature-dependent de-swelling upon heating
(cf. Figure II1.2-2). For the samples with 10 and 20% nominal DEGDVE fraction, the
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nature of the thin films with higher amount of cross-linking can be seen in
the degree of swelling at 20 °C (swollen) decreasing with the DEGDVE frac-
tion. Please note, that for the more cross-linked samples 20 °C is also closer
to the LCST (cf. Figure I11.2-3a). However, in the collapsed state, the thick-
ness normalized by the dry thickness also decreases with the DEGDVE con-
tent of the thin films (see Figure I11.2-3b). This can be attributed to the fact
that the mesh size of the more cross-linked thin films is smaller and, there-
fore, less water is retained in the polymeric system in the collapsed state.

Wettability

As the WCA probes a sample in terms of wettability and surface energy, the
temperature-dependent swelling behavior of the differently cross-linked
p(NVCL-co-DEGDVE) thin-film samples was also investigated by WCA meas-
urements (Figure II1.2-4). To avoid the kinetic effect of swelling interfering
with the measurement, advancing and receding WCAs were determined.
The advancing WCAs measured at several temperatures around the LCST
transition of two differently cross-linked polymers (10 and 75%) are plotted
in Figure I11.2-4a. The advancing WCAs of the more cross-linked samples are
lower than the values of the less cross-linked ones for all the substrate tem-
peratures recorded. As the advancing WCA is viewed as a probe of the dry
surface, these measurements hint at a more hydrophobic nature of the dry
surface for the less cross-linked films. This can probably be attributed to the
higher chain mobility compared to the more cross-linked sample, resulting
in more surface rearrangement and more hydrophobic groups getting ex-
posed to the polymer-air interface. The SE data showed that the less cross-
linked samples take up significantly more water in the whole range of inves-
tigated temperatures (cf. Figure II1.2-2). This is in agreement with the reced-
ing angle of the less cross-linked sample (10%) being lower than the receding
angle of the more cross-linked one (75%). The corresponding receding WCAs
are temperature-independent, exhibiting mean values of (21 + 5)° and
(29 £ 5)°, respectively. The ellipsometric data of Figure II1.2-2 are taken in
water and, therefore, they should be compared to the WCA measured after
surface rearrangement at the polymer-water interface, that is, the receding
angle. In addition, while SE records the consequences of the LCST transition
averaged over the whole layer in depth (as film thickness and refractive in-
dex), WCA measurements are very surface-sensitive, probing only the outer-
most surface of the films. Therefore, SE shows a higher amount of water

values at 50 °C have been reported, as it is the upper limit of the measurement setup,
although the LCST related de-swelling process is apparently not entirely finished at
50 °C in these cases (cf. respective curves in Figure I11.2-2). In the collapsed state, for
the more cross-linked samples, an increase in film thickness was observed after full
de-swelling. We think that this can be attributed to thermal expansion of the poly-
mer in water; this will be discussed in a following contribution.
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taken up by aless cross-linked layer with the surface being more hydrophilic
as evaluated from receding WCA measurements.
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Figure II1.2-4. (a) Advancing WCA of two differently cross-linked p(NVCL-
co-DEGDVE) thin-film samples measured as a function of sub-
strate temperature (dotted lines are for guidance of the eye;
error bars are +5° but have not been included in the plot for
clarity) and (b) WCA hysteresis as a function of DEGDVE frac-
tion for various differently cross-linked p(NVCL-co-DEGDVE)
samples measured at 15 and 50 °C.

Moreover, the advancing WCA results (Figure II1.2-4a) give evidence of a
temperature-dependent transition of the surface from more hydrophilic at
lower temperatures to more hydrophobic at higher temperatures. These re-
sults in temperature-dependent hydrophobicity/philicity of the surface also
show the difference in transition temperature for the differently cross-
linked samples, similar to the LCST values gained from SE measurements
(cf. Figure II1.2-3a).

Furthermore, WCA measurements reveal that the WCA hysteresis decreases
with increasing the amount of cross-linking for the investigated series of
P(NVCL-co-DEGDVE) thin-film samples (see Figure II1.2-4b). The WCA hys-
teresis, as the difference between the advancing and receding WCAs, gives a
measure about the ability of the surface for restructuring during water expo-
sure. Hence, it is clear that cross-linking reduces this ‘flexibility’ of the
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(surface) structure. Moreover, at higher temperatures, the more hydropho-
bic nature of the surface (in water) also makes for a higher hysteresis.

Mechanical Properties

To gain further understanding on the polymeric structures in the aqueous
environment, the mechanical properties of the films have been probed by in
situ force curve measurements. Force-separation profiles for the differently
cross-linked samples were measured in water at 25 °C (Figure II1.2-5a). Every
measurement can be understood as the tip of the cantilever of the atomic
force microscope (AFM) advancing toward the substrate surface from top
(high apparent separation). Eventually, the tip gets in contact and starts to
penetrate into the polymeric mesh (when the measured force starts to be
larger than the noise). Upon further movement, the repulsion and the meas-
ured deflectional force increase and reach maximum values at 0 nm appar-
ent separation; at this point, the mechanical properties of the cantilever used
do not allow any further penetration. All the measured curves exhibit the
described behavior; more cross-linked samples are less compressible than
the ones with the lower cross-linker amount. The point where the tip starts
to penetrate into the polymer mesh can be compared to the film thickness
measured by SE at the respective temperature (cf. Figure II1.2-2). For the
least cross-linked samples (10 and 20%), the corresponding apparent sepa-
ration is about 10-20 nm lower than the measured film thickness. Thus, the
tip can penetrate most of the polymeric layer because of the mesh being
large and/or the polymer being elastic enough. It should be noted that, in
general, the true separation of the AFM tip from the substrate surface cannot
be estimated using a setup like ours; the measured separation values just re-
flect the distance the tip is capable of compressing/penetrating the poly-
meric layer until the mechanical resistance of the layer gets too high. For the
more cross-linked samples, the difference between the maximal apparent
compression and the results from SE becomes more significant, meaning
that the higher cross-linking results in a stronger resistance against the in-
dentation of the tip, or its compression. For the sample with 75% cross-link-
ing, hardly any compression can be observed, even though the sample has a
nominal layer thickness of ~65 nm in water at 25 °C. In fact, at this tempera-
ture, the more cross-linked samples are closer to or even above their LCST
(cf. Figure II1.2-3a). The 75% cross-linked sample is, hence, in its ‘collapsed
state’, hypothetically adding to the high stiffness observed (cf. Figure IIIL.2-
5b).

By modeling the data, the apparent elastic modulus (E) of the deposited sys-
tems could be extracted. To describe the force (F) as a function of the inden
tation depth (&), we applied the Hertz equation for a parabolic shape AFM
tip:*
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4
— 3/2
b= 3(1 - vz) EGY
As given by the manufacturer, the radius of the tip (1) is 10 nm. The Pois-
son ratio v was assumed as 0.5 and the spring constant of the cantilever used
for all measurements was measured to be 0.24 N/m. The E values for the var-
ious samples are summarized in Figure III.2-5b. E increases from 5.8 MPa
for 10% to 107.2 MPa for 75% nominal cross-linking measured at 25 °C in wa-
ter, showing that with cross-linking, it is also possible to tune the mechanical
properties. In comparison, for various end-grafted and highly extended
polymer brushes, E values between 0.2 and 0.3 MPa have been reported,*
while polymer brushes with 10 times higher grafting density show values in
the range 30-80 MPa.* Furthermore, pNVCL has been previously employed
to increase the elastic modulus of silicone rubber films from 1 MPa up to
above 100 MPa.* In the present study, more cross-linking allowed for reach-
ing high values of E in pNVCL-based thin films at a given temperature; this
can be advantageous in actuator setups, where higher stiffness is in demand.
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Figure III.2-5. Exemplary force-separation curves as measured by AFM for
differently cross-linked p(NVCL-co-DEGDVE) samples (a) and
their respective apparent elastic modulus E, as determined
from the Hertz equation (b). The measurements were taken
in water at 25 °C.
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To investigate how the elasticity changes as the swelling is responding to a
change in temperature, exemplary force curves for the sample of 10% cross-
linking at different temperatures above and below its LCST of ~40 °C are
shown in Figure II1.2-6. At low temperatures, the layer can be compressed
by about 140 nm. Increasing the temperature leads to a significant reduction
of compression because of the collapse of the mesh. The calculation of the
apparent elasticity reveals that the initial value of E at 25 °C (5.8 MPa) in-
creases to 8.4 MPa at 36 °C and 12.2 MPa at 46 °C. The lower amount of swell-
ing and the corresponding increased repulsion of adjacent meshes results in
a reduction of the flexibility upon indentation.
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Figure II1.2-6. Force-separation curves as measured by AFM on a 10% cross-
linked p(NVCL-co-DEGDVE) sample at various temperatures
above and below the LCST of ~40 °C in water.

Filament Temperature and Thermoresponsiveness

To investigate the effect of molecular weight on the LCST transition of
p(NVCL-co-DEGDVE) thin films, the filament temperature (Ts) was used to
control the concentration of initiator radicals during polymerization. At
~150 °C, Tgq is sufficient to break the peroxide bond in the initiator mole-
cules, leading to the formation radicals that initiate polymerization. Above
150 °C, Ozaydin-Ince et al. showed that the deposition rate increases propor-
tionally to Ts; hence, the filament temperature is proportional to the con-
centration of initiator radicals formed.?”” This relation makes it possible to
distinguish between the initiation and the propagation step during polymer-
ization, as only the first depends on the concentration of initiator radicals.'
A lower filament temperature causes fewer radicals to be formed; while the
initiation of new polymer chains should be decreased, the propagation of
chains already existing remains unchanged, as this process does not require
the presence of initiator radicals. Besides that, fewer termination events of
polymer chains by initiator radicals will occur. Thus, the resulting smart
polymer thin film should exhibit a polymeric structure with a larger molec-
ular weight (i.e., longer chains). From the literature, it is known that for low
filament temperatures (<270 °C), TBPO dominantly decomposes by cleavage
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of the peroxide bond; in this case, primarily, the tert-butoxy radical is
formed.” To ensure this (for reasons of simplicity), a series of samples has
been deposited at filament temperatures between 165 and 215 °C with a con-
stant nominal cross-linker amount of 20% with and without a patch flow of
N,. The flow rates of monomer, cross-linker, and initiator remained un-
changed throughout the series. The low amounts (nm film thickness) of ma-
terial deposited and the low solubility in common solvents due to cross-link-
ing, make the experimental determination of the molecular weight not pos-
sible. However, the thermoresponsive swelling curves for samples depos-
ited with N, (see Figure III.2-7a) indicate a strong difference in response be-
havior depending on the filament temperature in terms of transition tem-
perature. The LCST decreases by 16 °C when Ty is reduced from 200 down to
165 °C. Such change in LCST is twice as large as the one obtained by Meeus-
sen et al. when the molecular weight of a pNVCL homopolymer was in-
creased from 9 to 275 kg/mol.** This behavior can be attributed to the pres-
ence of DEGDVE as a cross-linking agent, being reported to lower the transi-
tion temperature also in NIPAAm-based co-polymers.*

Interestingly, the degrees of swelling of these samples (nominally 20% cross-
linked, with N, patch flow) are more comparable to the one of the nominally
10% cross-linked sample of the previous cross-linker series (Figure III.2-7b).
However, the LCST at ~33 °C still remains in the range of the nominally 20%
cross-linked sample of that very series. Here, it has to be noted that intro-
ducing nitrogen as a carrier gas also reduces the py;/psa: Values of the mon-
omer and cross-linker used during iCVD. For example, deposition at a fila-
ment temperature of 200 °C and 2 sccm N, patch flow results in an average
growth rate of 0.7 nm/min; lowering T to 165 °C even yields 0.1 nm/min.
Furthermore, a comprehensive review of pNVCL-based polymers showed
that polymerization kinetics are challenging and controlling the co-polymer-
ization of NVCL with other monomers is difficult because of the low vapor
pressure of the NVCL monomer.' Growth kinetics seem to play an important
role also in the co-polymerization process of NVCL with DEGDVE, but will
be addressed in a future work, as this would go beyond the scope of the cur-
rent contribution. Hypothetically, with changing the py/psat, the propaga-
tion kinetics are altered for NVCL and DEGDVE in a different way. The
slower growth at lower py;/psa; (i-€., N carrier gas) appears to alter the poly-
meric structure toward a more open mesh only being apparent when
swollen. As the depositions are run in dry conditions (in vacuum), the poly-
mer mesh grows in a collapsed state (as a reference state, cf. Harmon et
al.”®). Hence, also in water, the thickness fraction at elevated temperatures
(i.e., collapsed state) is comparable to the one of the 20% cross-linked sam-
ple deposited without N, patch flow (see Figure II1.2-7b).
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Figure II1.2-7. Thickness of the swollen layers normalized by the dry thick-
ness d/day recorded by SE in water, while applying heating
ramps from ~10 to 50 °C, for two nominally 20% cross-linked
P(NVCL-co-DEGDVE) thin-film samples deposited (a) at dif-
ferent filament temperatures (Tm) with N, patch flow; (b)
measurement curves of samples deposited at T = 200 °C with-
out N, with nominal cross-linking of 10 and 20% (cf. Figure
I11.2-2) plotted together with the respective sample deposited
with N, [see. (a)] for comparison of the degrees of swelling.
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Nevertheless, with N, patch flow, by lowering the filament temperature from
200 to 165 °C, the degree of swelling stays comparable, whereas at the same
time, the transition temperature decreases significantly, to ~16 °C. The
longer polymer chains (i.e., lower filament temperature) appear to result in
a similar mesh size, but a larger overall cross-linked structure making it pos-
sible to repel out water at lower temperatures. In the described way, the re-
sponse of the newly developed thermoresponsive polymeric thin films can
be tuned in transition temperature and toward very high degrees of swelling.
Together with the resulting sharper transition (cf. Figure II1.2-7), this tuna-
bility is crucial for the application in smart sensor setups.

A similar series of samples, deposited at different Ts but without N», also
resulted in sharper transitions for samples deposited at lower filament tem-
perature, but constant transition temperature (see Supporting Information).
The reason for such a behavior (e.g., unchanged molecular weight) could be
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the fact that the used working conditions result in a mass transfer-limited
process during iCVD synthesis of the polymer thin films. In these conditions,
it has been reported that the filament temperature does not affect the depo-
sition as it does in the reaction-kinetic regime (i.e., at higher flow rates).”

I11.2.6 Conclusions

Novel pNVCL-based co-polymer thin films exhibiting promising ther-
moresponsive properties for sensor and actuator setups have been synthe-
sized via iCVD for the first time. This study sheds light onto the swelling be-
havior of these p(NVCL-co-DEGDVE) systems and aims to reveal connections
between deposition parameters, material properties, and the thermorespon-
siveness of the deposited polymeric structures. Stable hydrogel thin films
with different amounts of cross-linking were synthesized. The cross-linker
amount was shown to change the amount of water uptake, with less cross-
linked samples exhibiting higher swelling ratios. However, samples exhibit-
ing nominal cross-linking below 10% are not stable in water. Furthermore,
with increasing the amount of cross-linking, the transition temperature was
shown to decrease because of the hydrophobicity of the cross-linker used.

The LCST transition has been observed to be present as a transition in wet-
tability in WCA experiments. Furthermore, the WCA hysteresis showed that
the surfaces are keener to rearrange in less cross-linked polymers. A force-
separation study on the mechanical properties of the thin films by an AFM
tip also revealed a denser polymeric mesh for more cross-linked samples
with the apparent elastic modulus changing as a function of the cross-linker
amount from 5.8 to 107.2 MPa at a constant temperature of 25 °C. During
deswelling from temperatures below to above the LCST, the apparent elastic
modulus of a 10% cross-linked sample is observed to double.

Moreover, the filament temperature affecting the chain length of the poly-
mer has successfully been used to alter the thermoresponsiveness of
P(NVCL-co-DEGDVE) thin films in a large range of transition temperatures
(16-33 °C for similar cross-linking). Further investigations on the complex
growth kinetics that lead to changes in the swelling behavior need to be ad-
dressed in future contributions.

Overall, we report on the successful synthesis of polymer thin films that
swell up to 250% when compared to their thickness in the dry state (N, envi-
ronment) with tunable transition temperatures in the range 16-40 °C, which
is interesting for various applications in sensor and actuator setups.
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I11.2.7 Associated Content

Supporting Information
The Supporting Information is available free of charge on the ACS Publica-
tions website at DOI: 10.1021/acs.macromol.9b01364.

Thickness and index as a function of temperature of a 40% cross-
linked p(NVCL-co-DEGDVE) thin-film sample with their respect-
tive first and second derivatives to exemplarily show the evalua-
tion of the LCST value from the data and swelling as a function of
temperature in water of various 20% cross-linked p(NVCL-co-
DEGDVE) thin-film samples deposited at filament temperatures
between 185 and 215 °C without N, patch flow (PDF)
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Figure I11.2-S1. (a) Thickness d as recorded by spectroscopic ellipsometry
during swelling in water while applying heating ramps from
~15 to 50 °C for a nominally 40% cross-linked p(NVCL-co-
DEGDVE) thin film sample; (b) and (c) are the corresponding
1%t and 2"¢ derivatives of the data in (a) for the evaluation of
the LCST as the mean values of the respective points of in
flection.
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Figure II1.2-S2. (a) Thickness normalized by the dry thickness d/dary during
swelling in water recorded by spectroscopic ellipsometry
while applying heating ramps from ~15 to 50 °C for various
nominally 20% cross-linked p(NVCL-co-DEGDVE) thin film
samples deposited at different filament temperatures (Ts)
between 185 °C and 215 °C without N, patch flow and (b)
d/dary of the respective samples in the swollen (at 20 °C) and
collapsed (at 50 °C) state plotted as a function of Tg.

Figure II1.2-2 shows that the swelling degrees remain similar and the transi-
tion temperature remains unchanged (in the range of ~33-35 °C) for 20%
cross-linked p(NVCL-co-DEGDVE) thin film samples deposited at various fil-
ament temperatures (Tz) between 185 and 215 °C. However, the degree of
swelling below (at 20 °C) and above (at 50 °C) the LCST appear further apart
for lower Ts, corresponding to a sharper transition for samples deposited at
lower filament temperature. We hypothesize that the mean value of the re-
sulting molecular weight distribution does not change; however, the distri-
bution seems to change slightly, as the transition gets sharper for samples
deposited at lower filament temperature.

The reason for the LCST and, thus, the molecular weight remaining similar
despite changing T could be the fact that the used working conditions (see
experimental section) result in a mass transfer limited process during iCVD
synthesis of the polymer thin films. There, the filament temperature has
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been reported to not affect the deposition as it does in the reaction-kinetic
regime (i.e., at higher flow rates).!

(1) Ozaydin-Ince, G.; Gleason, K. K. Transition between Kinetic and Mass
Transfer Regimes in the Initiated Chemical Vapor Deposition from
Ethylene Glycol Diacrylate. /. Vac. Sci. Technol. A Vacuum, Surfaces,
Film. 2009, 27(5), 1135-1143. https://doi.org/10.1116/1.3168553.
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I11.3.2 Abstract

In this contribution, we report on the thin-film synthesis of a thermorespon-
sive polymer onto another polymer used as an enteric coating in drug appli-
cations. In particular, we deposit cross-linked poly(N-vinylcaprolactam)
(pNVCL) thin films by initiated chemical vapor deposition (iCVD) onto spin-
coated Eudragit (EUD) layers. Already upon iCVD synthesis, the layered
structure starts to form wrinkles at a minimum iCVD thickness of 30 nm. By
changing the EUD layer thickness and the amount of cross-linking used dur-
ing iCVD, the morphology of the wrinkles is demonstrated to be readily tun-
able. Laterally, the double-layer structures vary in morphology from being
ultrasmooth to exhibiting up to a 3.5 pm wrinkle wavelength. The surface
roughness and, thus, the wrinkles’ height can be tailored from below 1 nm
up to 100 nm. From the resulting wavelength of wrinkles, an estimation of
the elastic modulus of pNVCL proves its tunability over a wide range of val-
ues thanks to the iCVD process. This study elucidates an uncomplicated way
to tune the wrinkles’ morphology and, thus, the surface area of a system that
can be employed in drug delivery applications. Hence, an enteric coating of
EUD together with an iCVD-synthesized thermoresponsive thin film is pro-
posed as a promising composite encapsulation layer to outperform estab-
lished systems in terms of tunability of the response to multiple external
stimuli.

I11.3.3 Introduction

Besides fundamental interest in wrinkling, wrinkled structures are used in
applications, where an enhancement of the surface area yields superior de-
vice performance. In photovoltaics, a larger contact area in pn-junctions al-
lows for accessing higher currents, while structures used for light scattering
would also enhance energy harvesting.”* In biomedical applications, the
larger areas produced by wrinkles are, according to Noyes-Whitney, respon-
sible for higher dissolution rates and, thus, enable faster drug release.?

Wrinkling occurs in many situations in nature* or can be artificially em-
ployed.® While the former might display its consequences meeting the needs
of specific purposes, the manmade induction of wrinkles allows for studying
the fundamental mechanisms in more detail. Very often, a substrate is
coated by another substance so that both form a strong connection.® Upon
changing some environmental parameters such as temperature or pressure,
the response of both will be distinct; differences in expansion might result
in cracks,” while compression of some flexible material, eventually, induces
wrinkling.® Typical examples are metal layers on compliant substrates.’ For
polymeric samples, such behavior is often observed on prestrained sub-
strates; depositing a coating onto the strained substrate and, subsequently,
104



releasing the strain causes the structure to wrinkle. Employing anisotropic
strain and release might even result in the formation of directed wrinkles.™
Recently, isotropic wrinkle formation was also found to occur during the
preparation of drug encapsulation layers employing a chemical vapor depo-
sition (CVD) technique; the results showed that wrinkling occurs even with-
out prestraining the substrate and, thus, directly upon coating an amor-
phous drug." While the direction of the wrinkles is not adjustable, the wrin-
kles’ size (height and wavelength) were clearly dependent on the thickness
of the encapsulated layer. Further, the nature of the solid state of the encap-
sulated drug layer directly influenced the capability of wrinkle formation;
while crystalline drug layers prevented the formation of wrinkles, an amor-
phous state was observed to induce wrinkled structures. Also, the chemical
composition of the CVD coating had an impact not only on the wrinkle for-
mation' but also on the stabilization of the amorphous state of the drug in
general.’

Employing initiated chemical vapor deposition (iCVD) as a solvent-free pro-
cess allows for the coating also of delicate substrates, which might even be
liquid. The underlying mechanism is similar to free-radical polymerization
processes,'* where an initiator (typically, a peroxide) is decomposed into
radicals at a heated filament, which interact with a monomer so that poly-
mer synthesis is initiated, propagated by further monomer units until termi-
nated by another radical. With the possibility of employing a plethora of
chemical structures of the monomer, vast amounts of distinct polymers can
be synthesized and conformally deposited onto three-dimensional (3D)-
nanostructured substrates. For applications, the synthesis of smart polymer
thin films is particularly interesting. Numerous polymers responding to var-
iations in humidity, pH, salt, or solutes present in a solution have been de-
veloped.'>*® For instance, temperature-responsive hydrogel encapsulations
(e.g., poly(N-isopropylacrylamide)-based polymers, pNIPAAm) were re-
ported to allow for the control of the release of drugs as a function of tem-
perature; the release could even be slowed down at higher temperatures.*
Cross-linking of the polymeric structures, for instance, by copolymerizing
di(ethylene glycol) divinyl ether (DEGDVE) together with the monomer ex-
hibiting the desired functionalities, enables the variation of the polymers’
swelling behavior.'®” Recently, another interesting polymer, namely,
poly(N-vinylcaprolactam) (pNVCL), has been synthesized by iCVD allowing
for further tunability of the polymeric thermoresponsiveness. Importantly,
this polymer is biocompatible, making it a promising candidate also for
other medical applications, where coating might assist some purpose, i.e.,
abrasion or cell adhesion.

In this contribution, we study the wrinkle formation upon iCVD synthesis of
a thermoresponsive polymer thin film (i.e., p(NVCL-co-DEGDVE)) directly
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onto another polymer, being Eudragit E100 (EUD). EUD is typically em-
ployed as a drug coating itself, adopting solution-based techniques; it is sol-
uble at low pH and only swells at larger pH, typically above 5, making it us-
able as an enteric coating. On addition of the thermoresponsive pNVCL-
based thin film, the temperature response can be tuned in potential applica-
tions. On the one hand, a superior coating might be achieved by the tunabil-
ity in the thermoresponsiveness of pNVCL and the enteric properties of
EUD. On the other hand, the larger surface area due to wrinkling might be
used to alter the release behavior of the resulting structures, when used for
encapsulation purposes.

I11.3.4 Experimental Section

Single crystal silicon wafers (Siegert Wafers, Germany) with a native oxide
layer were used as substrates. Substrates were prepared by cutting the wa-
fers into 2 X 2 cm? pieces, sonicating them in EtOH and acetone baths, and,
finally, drying under a nitrogen stream. An amino methacrylate copolymer
with the tradename Eudgagit E100 from Evonik (Germany) is a coating ma-
terial typically used in pharmaceutical applications. The material was used
as delivered. For the sample preparation, the material was dissolved in tolu-
ene (Sigma-Aldrich, Germany) at different concentrations. Using a standard
spin coater employing a spin speed of 17 rps for 60 s, this allowed to deposit
homogeneous layers of EUD ranging in thickness between a couple of nm
up to nearly 1 um. The thickness of these layers was determined using a spec-
troscopic ellipsometer (M-2000S, J.A. Woollam). The measurements were
performed in a wavelength range of 370-1000 nm at three angles (65/70/75°).
The experimental data was fitted within the CompleteEASE software pack-
age by an optical model consisting of a Si semi-infinite layer on the bottom,
a 1.6 nm thick native SiO, layer in the middle, and the EUD film on top. The
substrate materials were modeled by the corresponding material files avail-
able within the software, and the EUD layer was modeled as a Cauchy func-
tion with an Urbach tail accounting for adsorption in the low-wavelength re-
gion.

Poly(N-vinylcaprolactam-co-di(ethylene glycol) divinyl ether) thin films
were synthesized by initiated chemical vapor deposition. The depositions
were run in a custom-built iCVD reactor described elsewhere.'” N-Vi-
nylcaprolactam (NVCL, 98%; Sigma-Aldrich, Germany) is used as the mono-
mer and di(ethylene glycol) divinyl ether (DEGDVE, 99%; Sigma-Aldrich,
Germany) as the cross-linker. NVCL and DEGDVE are delivered to the reac-
tor from their individual glass jars held at elevated temperatures: 78 and
70 °C, respectively. The monomer flow rate (NVCL) is set to 0.2 sccm; the
DEGDVE flow rate is varied to employ different amounts of cross-linking.
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The corresponding ratios of vapor pressures of the monomer and initiator to
their saturation vapor pressures (pw/psat) in the employed temperature and
pressure conditions are considered for estimating the resulting composi-
tions. All of the corresponding pwm/psat Values are below 0.2 and, thus, liein a
range, where a linear relation to the surface concentration of the chemical
species has been reported.'® The applied flow rates yield polymer layers of
P(NVCL-co-DEGDVE) with a nominal cross-linking of 20-85%, as evaluated
from the ratio of employed pu/psa Values at a working pressure of 250 mTorr
and a substrate temperature of 35 °C. A filament temperature of 200 °C was
used for all presented depositions. To monitor the deposited thickness, in
situ laser interferometry with a He-Ne laser (A = 633 nm; Thorlabs) is per-
formed through a removable quartz glass lid. All samples of the cross-linker
series exhibit film thickness values of 100 + 5 nm; moreover, a film thickness
series with 45% of nominal cross-linking has been deposited with 10, 30, and
50 nm layer thicknesses.

Atomic force microscopy (AFM) measurements were performed using a
FlexAFM (Nanosurf, Switzerland) equipped with a C3000 controller. The tap-
ping mode measurements were performed using a Tap300-Al from Budget-
Seonsors (Bulgaria). Data processing and analysis were performed using the
software package Gwyddion." For the extraction of the roughness, the im-
plemented statistic evaluation was used, from which its uncertainty was also
estimated. As the wrinkles are randomly oriented in a lateral dimension, a
simple line-scan analysis cannot be performed. Therefore, we used a two-
dimensional (2D) fast Fourier transform of the AFM height data. From this
calculation, we evaluated the radial information by summing over distances
from zero and fitting a Lorentzian function to it to extract the peak position
that corresponds to the wrinkle wavelength. The uncertainty of fitting yields
the uncertainty for the wavelength extracted.

I11.3.5 Results and Discussion

Spacer Thickness Dependence

Eudragit (EUD) is readily soluble in various solvents up to high amounts.
This makes it possible to use techniques like spin coating for the deposition
of homogeneous thin films, e.g., on silicon wafer substrates. By applying dif-
ferent polymer concentrations, fully closed EUD thin films with thicknesses
ranging from 20 to 800 nm, as determined by spectroscopic ellipsometry,
were prepared. The resulting layers are amorphous and, if touched, sticky;
the films are very smooth so that AFM analysis did not reveal any structural
features.

On top of such an amorphous EUD layer, an additional polymer layer can be
directly synthesized by iCVD. For a first set of samples, we deposited 100 nm
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P(NVCL-co-DEGDVE) with a cross-linker content of 35%. Thin EUD films (up
to 40 nm) coated by the iCVD layer show a rather smooth and homogeneous
morphology (see Figure II1.3-1, top left). Small spots of 5 nm in height exhib-
iting radii of about 100 nm are also observable but appear less frequent. In
fact, these kinds of structures are only present when the EUD layers are thin.
In a recent study using iCVD-deposited poly(2-hydroxyethyl methacrylat)
(pHEMA) as an encapsulation for drug layers, a very similar behavior has
been observed, i.e., particle-like structures concomitantly being present
with rather smooth areas.” Using thicker EUD layers of 100 nm, the onset of
wrinkle formation on the sample surface can be observed, while the men-
tioned spots are hardly noticeable anymore (see Figure III.3-1, top right).

400 nm 800 nm

Figure II1.3-1. Exemplary atomic force microscope images of wrinkle for-
mation of various EUD-iCVD double layers; the thickness of
the EUD film was varied (as indicated in the pictures), while
the thickness of the 35% cross-linked iCVD thin film was kept
constant at 100 nm (the scale bar indicates 2 pm and applies
for all images; individual gray scales for heights).

The evaluation of such surfaces can be performed in various ways. Here, the
root-mean-square roughness o:ms and the lateral wavelength of the struc-
tures 4, both calculated directly from the AFM height data, are plotted in Fig-
ure II1.3-2. For statistical reasons, these data were determined from scans of
larger size (up to 50 x 50 um?), while the data in Figure III.3-1 elucidate more
details on a smaller scale. For samples of a 100 nm EUD thickness or less, the
small structures reflected in the roughness value remain comparably small;
a root-mean-square roughness of o;ms = 2 nm or below was identified. For
these samples of low EUD thickness, the evaluation of the lateral wavelength
from the AFM data was not unambiguously possible due to the low rough-
ness and the random statistical nature of the surface structure.
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Figure II1.3-2. Development of the root-mean-square roughness oms of an
EUD-iCVD double-layer system (35% cross-linked) as evalu-
ated by AFM as a function of the EUD layer thickness deup; the
lateral wavelength of the structures 1 was evaluated for the
same samples from a 2D fast Fourier transform and is plotted
on the right y-axis.

At a 180 nm EUD thickness, the morphology appears to be different and the
formation of pronounced wrinkles is observed. The evaluation of the surface
roughness shows an increase to around o:ms = 6 nm. For these samples, the
evaluation of the wrinkle wavelength reveals more precise and regular in-
formation and an average lateral size of about 600 nm could be extracted. It
can be noted that, to a certain extent, o:ms, determined here by the software,
represents the amplitude of the structures (i.e., a measure for the deviation
up and down from an average height).

For samples prepared from even thicker EUD layers, the situation remains
similar, with homogeneous wrinkles being present on the entire surface; the
surface roughness and lateral size of the apparent structures increase pro-
portionally to the film thickness of the EUD layer (see Figure II1.3-2). For an
EUD layer of 800 nm, the roughness increases to a maximum value of 45 nm.
On the same sample, a lateral structure with a wavelength of about 1.6 um
developed. The shallowness of these structures, apparent when comparing
the thickness of the layer of about 900 nm (EUD and iCVD) to the relatively
low roughness of 45 nm, suggests that the character of the wrinkles is more
two-dimensional rather than fully 3D down to the substrate surface.

Cross-Linker Density

Besides the spacer thickness dependence, the observed wrinkle formation
has also been studied as a function of cross-linking of the p(NVCL-co-
DEGDVE) coating. By employing the iCVD technique for the synthesis of thin
films, one can easily adjust the amount of cross-linking by changing the
cross-linker flow rate during synthesis. This can have various effects on the
film’s performance. For instance, a cross-linking agent prevents the thin
film from delaminating from the substrate when in contact with water.
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P(NVCL-co-DEGDVE) thin films deposited by iCVD were reported to be sta-
ble above 10% cross-linking.* Further, cross-linking alters the swelling re-
sponse of the hydrogel layer drastically when in contact with water or just
specifically humid environments."”* In medical or drug applications, this
enables the tunability of release profiles of a drug out from an iCVD encap-
sulation with the dissolution rate being adjustable by orders of magnitude.'
In the present contribution, we study the impact of the cross-linker amount
used in iCVD synthesis on the film morphology, when deposited onto EUD
films. In Figure III.3-3, exemplary AFM images of samples with about
400 nm EUD spacers coated by 100 nm p(NVCL-co-DEGDVE) thin films with
varying cross-linker amounts are summarized.

For the sake of direct comparability, the average dark/brightness of the im-
ages in Figure II1.3-3 gives an indication on the roughness of the structures
using the exact same height scale of 250 nm for all images. Upon inspection,
the overall roughness appears to increase with increasing the amount of
cross-linking from 20% (top left) to 85% (bottom right). The low surface
roughness (o:ms = 4 nm) of the 20% cross-linked sample indicates a rather flat
homogeneous surface. When a part of the image of the 20% cross-linked
sample (top left) is adjusted in the height scale (see the inset), additional fea-
tures appear, which are very similar to those observed when the onset of
wrinkling is not entirely reached yet (cf. Figure III.3-1). For the same EUD
layer thickness of about 400 nm, a sample coated with a cross-linking density
of 35% clearly shows the presence of wrinkles; a roughness of about 20 nm
was found, which is about 5 times higher than the 20% cross-linked system
was able to induce. At cross-linking contents of 60 and 85%, large wrinkles
develop, with the roughness increasing to 30 and 36 nm, respectively. In gen-
eral, a change in morphology is often observed in different stages of wrin-
kling.>*! For instance, in the present contribution, the morphology of the
wrinkles appears to be more round/hexagonal and very shallow for low
amounts of cross-linking. When the cross-linker amount is increased, the
situation changes toward more elongated wrinkles also exhibiting more pro-
nounced height variations.

The surface roughness (o:ms) as evaluated from the AFM data as a function of
the spacer thickness (EUD coating) for various differently cross-linked
pP(NVCL-co-DEGDVE) systems can be found in Figure III.3-4. For low EUD
spacer thickness (below 30 nm), similar surface roughness values (below
2 nm) were evaluated for all deposited cross-linker amounts. The surface
morphology does not indicate wrinkle formation in that film thickness re-
gime.
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35%

Figure II1.3-3. AFM height images of samples with 400 nm EUD layers coated
with various differently cross-linked 100 nm p(NVCL-co-
DEGDVE) thin films (20-85% as indicated in the images). The
scale bar represents 2 um and applies for all images; the same
gray scale for heights ranging from 0 to 250 nm (black to
weight). For a region of the image of a 20% cross-linked sam-
ple (top left), the maximum of the gray scale/white was ad
justed to 25 nm enhancing the visibility of surface structures.

Above 30 nm of EUD, the differently cross-linked polymer thin films lead to
a strong dependence of the surface roughness on the spacer layer thickness,
but each cross-linker amount results in distinct behavior. As already shown
for the samples with a 400 nm spacer layer thickness (see Figure III.3-3), the
data in Figure III.3-4 reveals that the surface roughness increases with in-
creasing the cross-linker amount of the hydrogel in all of the range of inves-
tigated spacer layer thicknesses. From the respective AFM data, also the on-
sets (minimum spacer thickness values) of wrinkle formation as a function
of cross-linking were evaluated. As an indication, one can see the significant
change in morphology (from homogeneous to wrinkled) observable in the
AFM height images. Nevertheless, for statistical reasons, another approach
is used: at small spacer thickness, the samples appear to have a rather simi-
lar and homogeneous morphology exhibiting surface roughness values
around 1 nm. At higher thickness, the surface roughness appears to depend
linearly on the spacer layer thickness with increasing slopes for increasing
cross-linker amounts. Using this second regime, extrapolation to zero sur-
face roughness by linear regression fits shows that the onset of wrinkling is
taking place at around 320 nm spacer thickness when the cross-linker is just
20%. Increasing the cross-linker amount, the onset shifts to 100 nm (at 35%
cross-linker), 50 nm (at 60% cross-linker), and down to about 40 nm for the
largest density of cross-linking (85%).
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Figure II1.3-4. Root-mean-square surface roughness (o:ms) as a function of
the spacer thickness (EUD) for various samples coated with
100 nm p(NVCL-co-DEGDVE) thin films with varying amounts
of cross-linking as given in the legend; the onset thickness of
wrinkle formation as evaluated by the morphology of the
films is indicated at the x-axis as dashes for the respectively
cross-linked systems (matching colors).

Again, the lateral wavelength of the wrinkles (1) was determined from a 2D
fast Fourier transform of the AFM data and plotted in Figure II1.3-5a for the
differently cross-linked samples. Thin spacer layers and low amounts of
cross-linking do not result in significant wrinkling and, thus, unambiguous
wavelength determination. Hence, the relatively small roughness of the
samples with 20% nominal cross-linking did not allow for a determination of
the wrinkle wavelength. For all of the other investigated samples, A steadily
increases with increasing the spacer thicknesses.

In the literature, there are several great examples of how the size of such
wrinkles can be explained. For our previous work, when the iCVD layer was
deposited on an amorphous drug layer made from clotrimazole, we used a
model assuming a stiff film on a compliant substrate of similar thickness.
For the case of an incompressible substrate (i.e., here EUD), an analytical
expression can be derived, which relates the wrinkle wavelengths (1), the
thicknesses (d), and the elastic moduli (E) of the components

1/6

A _ dgup ( Eicvp )
21 X dicyp dicyp \18 X Egyp

From a double-logarithmic plot of the normalized experimental data™ (i.e.,

over ZEU2) the ratio of the elastic moduli of the iCVD layer (Eicyp) and
dicvp dicvp

the EUD layer (Egyp) was determined from the intercept of the linear fit of
the respective data with slope 0.5 with the y-axis (y;,, see Figure III.3-5b).
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Figure II1.3-5. (a) Wavelength X as evaluated from the AFM height images of
differently cross-linked (35, 60, and 85%) p(NVCL-co-
DEGDVE) layers of 100 nm thickness (dicvp) deposited on EUD
layers of different thickness (deup); (b) plot for the evaluation
of the ratio of iCVD to EUD elastic modulus for the differently
cross-linked systems from linear fits of the plotted data (re-
spective intercept with the y-axis, yj,¢)-

The respective ratios are calculated by the following formula

Eicvp
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Eeup
Performing the evaluation of the samples with 85% nominal cross-linking
reveals that the elastic modulus of the iCVD layer is about 128 times larger
than the one of the underlying EUD layers. In a previous contribution, we
estimated the apparent elastic moduli of differently cross-linked p(NVCL-co-
DEGDVE) thin films swollen in water to lay between 5 and 120 MPa, with E
increasing with cross-linking.?° The elastic modulus in air is expected to be
at least 1 order of magnitude higher and should, thus, be in a range as for
most polymers (e.g., polystyrene about 3.8 GPa within films).** The elastic
modulus of EUD is unknown, but 128 times higher elasticity would suggest
that the material is in a rubbery state with a rather low E-value. As the sub-
strate temperature was held at 35 °C during iCVD synthesis and the EUD pos-
sesses a T, of around 45 °C* with a typical layer thickness dependence of the
Tg,** this might support this estimation.
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For the samples with 60 and 35% cross-linker amounts, the elastic modulus
ratios were determined to be 18 and 5, respectively. The magnitude of the
range of values appears to be consistent with the assumption that the
amount of cross-linking is directly related to the elastic modulus. This as-
sumption has been proven to be present in the swollen state of differently
cross-linked p(NVCL-co-DEGDVE) thin films.*

In general, for the wrinkling to take place, at least two slabs of materials with
deviating properties need to be in contact. Strain in the system or differences
in the mechanical properties can induce wrinkling. In the case of the inves-
tigated EUD-iCVD double layers, it can be assumed that the EUD is rather
relaxed with minimum or even absent strain after the spin-coating process
in its amorphous state. Upon iCVD synthesis, the monomers and the initiator
radicals arrive at the substrate and adsorb at the EUD-air interface. Eventu-
ally, initiator radicals attack the vinyl bonds of the adsorbed species, which
leads to polymerization of these monomer units. As the components are
highly reactive, the synthesis is a rather fast process and just limited by the
amount of material being present on the substrate in the applied conditions.
As such, the time for adapting to low energetic steric sites is limited, causing
the material to evolve in a strained state. With the strain exceeding the me-
chanical strength of the underlying EUD layer, wrinkling will be induced.
The amount of wrinkling is then dependent on the amount of strain and the
difference in the elastic moduli of the materials involved. High cross-linking
of the iCVD polymer causes a higher rigidity, resulting in a reduced capabil-
ity of adapting to steric limitations and, thus, more strain might be intro-
duced by applying more cross-linked polymers. In a similar manner, having
differences in the amount of cross-linking changes the chemical appear-
ance, which, for instance, alters the surface energy of the deposited mate-
rial. This is reflected in the (advancing) water contact angle changing from
below 70° for 75% cross-linked p(NVCL-co-DEGDVE) thin films up to more
than 80° for lower cross-linker amounts, as just recently determined.? Thus,
the hydrophilic cross-linker reduces the hydrophobicity. As there was no
change in the EUD layer surface, this change can result in a different ener-
getic contribution (difference in surface energies) and superimpose the
strain developing during deposition.?

iCVD Thickness Dependence

Intuitively, one follow-up question arises: is the induced strain already pre-
sent at the beginning of the deposition, i.e., in the first nanometers, or does
it vary with layer thickness of the iCVD film? To evaluate these considera-
tions, several depositions (all being 45% cross-linked) exhibiting different
iCVD thicknesses were carried out on similar EUD layers with varying thick-
nesses. Again, an AFM analysis has been carried out on the different sys-
tems; AFM height images are shown in Figure II1.3-6. As described earlier,
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wrinkle formation appears to yield more pronounced wrinkles with larger
morphology and, hence, no wrinkle formation could be identified (see Fig-
ure II1.3-6 bottom); the surface roughness remains at the value of the under-
lying layer of around 1 nm. At a 30 nm top layer thickness, wrinkles start to
appear. They are similarly pronounced in height when compared to the
50 nm thick films as the surface roughness (omms) is around 7 nm for the
30 and 50 nm films deposited on top of the 100 nm EUD layer. Correspond-
ingly, o:ms remains at around 13 nm, no matter if 30 or 50 nm of iCVD film is
deposited on the 200 nm EUD layers. However, the wrinkles seem to grow in
the lateral dimension between 30 and 50 nm of the deposited iCVD polymer.
For the deposition on top of the 100 nm EUD layers, the lateral wavelength
of the wrinkles (1) increases from 0.3 pm for 30 nm of deposition to 0.6 um
for 50 nm. For the 200 nm EUD layers, the situation is similar, whereas 1 was
determined to be 0.5 pm for 30 nm of the iCVD polymer and 1 um for 50 nm.

dicvD
50 nm

| ——

30 nm

—

10 nmI
100 nm 200 nm

deuD

Figure II1.3-6. AFM height images of samples with 100 and 200 nm EUD lay-
ers coated with various differently thick p(NVCL-co-DEGDVE)
thin films (10, 30, and 50 nm); the scale bars indicate 2 pm and
apply for all images; the gray scale corresponding to heights
is defined in the range of 0-200 nm (black to white).

115



As can be seen by comparing the AFM height images in the middle and top
of Figure I11.3-6, the top layer thickness can also be used to alter the resulting
wrinkle morphology. As for 30 nm of iCVD layer thickness, rather homoge-
neous wrinkled structures can be observed; the 50 nm samples appear to be
more chaotic/inhomogeneous in terms of morphological diversity.

I11.3.6 Conclusions

Wrinkling phenomena might be used in a variety of different fields. For the
induction, often, prestrain is required. Wrinkling can directly be observed
when the iCVD polymer is synthesized on top of another polymer layer, here
made from EUD. For such a purpose, the lack of solvents used in iCVD is
particularly advantageous. Changing the thickness of the underlying layer
results in the ability to adjust the wrinkles induced in terms of morphology.
Both the surface roughness (as a measure of the amplitude) and the wrinkle
wavelength increase with increasing the spacer thickness, whereas the ab-
solute value of the wavelength is always much larger than that of the ampli-
tude. While this suggests that this is an effect, especially altering the surface
of the layers, the variation in spacer thickness changing the surface struc-
ture over a large range of employed thicknesses hints toward a more general
rearrangement of the entire layers. The iCVD technique is very versatile so
that parameters like the flow rates can be used to tailor the properties of the
deposited iCVD layers in a wide range of directions. The results here show
that variation in cross-linker amount affects the onset of wrinkling and the
wrinkle morphology. It can be expected that further variation in the iCVD
process would also result in the further tunability of the resulting wrinkles
in the investigated systems; among others, deposition rate, substrate tem-
perature, or filament temperature might be varied easily, resulting in altered
polymer properties. In a similar manner, different substrates can be em-
ployed to alter the wrinkling. While not shown here, stiff materials like PS
or PMMA did not allow for the development of wrinkles upon applying
pP(NVCL-co-DEGDVE) thin films on top, while EUD even facilitates their ex-
tensive tunability. The addition of a material into the EUD polymeric film
matrix (like a plasticizer) enables even further possibilities to change the
wrinkling behavior. Having such possibilities, applications like light diffu-
sion in solar cells or even surface enlargement in medication might be re-
engineered to outperform established systems.
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I11.4.2 Abstract

Thermoresponsive polymers reversibly react to changes in temperature and
water content of their environment (i.e., relative humidity, RH). In the pre-
sent contribution, the thermoresponsiveness of poly(N-vinylcaprolactam)
thin films cross-linked by di(ethylene glycol) divinyl ether deposited by ini-
tiated chemical vapor deposition are investigated to assess their applicability
to sensor and actuator setups. A lower critical solution temperature (LCST)
is observed at around 16 °C in aqueous environment, associated with a dra-
matic change in film thickness (e.g., 200% increase at low temperatures) and
refractive index, while only thermal expansion of the polymeric system is
found, when ramping the temperature in dry atmosphere. In humid envi-
ronment, we observed a significant response occurring in low RH (already
below 5% RH), with the moisture swelling the thin film (up to 4%), but
mainly replacing air in the polymeric structure up to ~40% RH. Non-temper-
ature-dependent swelling is observed up to 80% RH. Above that, ther-
moresponsive behavior is also demonstrated to be present in humid envi-
ronment for the first time, whereas toward 100% RH, film thickness and in-
dex appear to approach the values obtained in water at the respective tem-
peratures. The response times are similar in a large range of RH and are
faster than the ones of the reference humidity sensor used (i.e., seconds). A
sensor/actuator hygromorphic device was built by coating a thin flower-
shaped poly(dimethylsiloxane) (PDMS) substrate with the thermoresponsive
polymer. The large swelling due to water uptake upon exposure to humid
environment at temperatures below the LCST caused the petals to bend,
mimicking the capability of plants to respond to environmental stimuli via
reversible mechanical motion.

Keywords
ICVD, pNVCL, smart polymer, thin film, humidity, sensor, actuator

I11.4.3 Introduction

Stimuli-responsive swelling is a property of smart hydrogel materials, which
makes them suitable for a plethora of sensor! and actuator® setups. A variety
of materials have been developed exhibiting a specific water uptake behav-
ior depending on external stimuli including temperature, pH, magnetic/
electric fields, or concentrations of specific chemical species (e.g., glucose).?
Such hydrogels, as networks of hydrophilic polymer chains, can swell to up
to a multiple of their dry size; they react reversibly by taking up or repelling
out water upon changing the environment (i.e., the magnitude of the exter-
nal stimulus).
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This water exchange occurs diffusion-based and is, hence, time-limited by
water diffusivity.* To achieve fast response times and, as a result, optimal
device performance, thin polymeric films are employed. Furthermore, de-
vice setups often require the coating of delicate surfaces (e.g., drugs,® flexi-
ble substrates), exhibiting sophisticated nanostructure. In this contribution,
initiated chemical vapor deposition (iCVD) was adopted to meet these spe-
cific requirements. This solvent-free technique enables the conformal thin
film deposition of a plethora of chemical species and compositions from the
vapor-phase similar to free radical polymerization processes.® The mild pro-
cessing conditions employed allow for full retention of delicate functional
groups, such as the adopted thermoresponsive units, upon deposition. A va-
riety of process parameters (e.g., flow rates, pressure, filament tempera-
ture) can be utilized to tune the properties of the deposited thin films in a
large range of directions (e.g., composition, morphology, molecular weight).

During swelling, the resulting smart hydrogel thin films undergo rearrange-
ments of polymer chains that impose stress on the thin films, possibly even-
tuating in poor adhesion or mechanical failure. To increase the thin films’
mechanical stability, a second monomer, working as a cross-linker, can be
copolymerized. As the cross-linking agent binds two separate polymer
chains, the cross-linked hydrogel can be viewed as a polymer network (with
a certain mesh size), able to take up a specific maximum amount of water.’

The responsiveness to water and to the other external stimuli can be tailored
via the chemical nature of monomer and cross-linker. In case of ther-
moresponsive hydrogels, e.g., the most prominent example poly(N-isoprop-
ylacrylamide) (pNIPAAm) exhibits hydrophilic groups (i.e., amide) that are
able to bind water molecules via hydrogen-bonds; antagonistically, the pol-
ymeric mesh shows the potential for attractive intrachain interactions lead-
ing to polymer collapse at higher temperatures.® The combination of such
specific properties result in the material exhibiting a lower critical solution
temperature (LCST).® In aqueous environment, below the LCST, the polymer
exhibits a hydrated swollen state and a transition to a dehydrated shrunken
state, when the temperature is increased. Recently, another temperature-re-
sponsive polymer, namely poly(N-vinylcaprolactam) (pNVCL), was synthe-
sized by iCVD for the first time.’ Its nontoxicity and biocompatibility make it
promising for biomedical applications.! Its specific chemical structure fa-
cilitates a typical Flory-Huggins demixing behavior with water, which is, for
example, different from the miscibility of pNIPAAm." Our group provided
further evidence of such behavior by showcasing the tunability of the ther-
moresponsiveness of pNVCL-based copolymer thin films via molecular
weight (i.e., chain length) by varying the filament temperature during
iCVD."” Mechanical stabilization and further tailoring of the LCST were
demonstrated by copolymerizing a cross-linking agent, namely di(ethylene
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glycol) divinyl ether (DEGDVE), together with pNVCL, as described else-
where.”? DEGDVE has been previously shown to allow for tuning of the tem-
perature-responsiveness in pNIPAAm- and pNVCL-based copolymers by our
group.lz-m

In this contribution, besides studying the swelling behavior of the p(NVCL-
co-DEGDVE) thin films in water in situ, we aim at shedding light onto the
thermoresponsive behavior of the polymer in humid environment. Kinetic
swelling data is collected to gain information about the applicability of these
systems as fast-responding thin films in sensor and actuator setups in humid
environment as well as when water-immersed. The swelling behavior of
simple polymeric systems in humidity has been investigated within few
studies previously. For instance, Secrist and Nolte measured the response of
single-component polyelectrolyte thin films in controlled humid environ-
ment by reflectometry.’” They report on swelling curves of these thin films
similar to results of our group published in previous contributions.**'** How-
ever, the literature is lacking clear, systematic studies. Furthermore, the
swelling behavior of more complex systems like temperature- responsive
hydrogels is not very well documented. Thijs et al., for instance, measured
the weight change of two macroscopic temperature-responsive hydrogel
powders (pNIPAAm, poly((dimethylamino)ethyl methacrylate) -
pDMAEMA), while introducing water vapor into these systems up to 90%
RH." They report on the weight gain being a function of temperature in the
whole range of investigated humidity values (up to 90% RH). Preliminary
measurements on cross-linked pNIPAAm thin films contradict this observa-
tion. For such thin films, our group reported on the temperature-responsive
transition not being present as a change in film thickness in nitrogen envi-
ronment, but being tunable by cross-linking, when immersing the samples
in liquid water.' In humid environment now, we employed cross-linked
pNVCL thin films due to their great tunability in thermoresponsiveness, as
demonstrated by us recently.’? Instead of weight gain, we aim at measuring
the change in film thickness in situ by spectroscopic ellipsometry (SE), upon
introducing water vapor into the system, while it is held at certain tempera-
tures below and above the LCST. The sharp temperature-dependent transi-
tion observed in pNVCL-based systems in water facilitates the described ex-
perimental determination of the thermoresponsiveness in RH-dependent
swelling. Furthermore, it yields great potential for the applicability of the
investigated systems in device setups.

To provide a proof-of-concept sensor/actuator device based on the fast and
large swelling response and thermoresponsiveness of the pNVCL thin films,
we fabricated a bilayer hygromorphic system, inspired by Taccola et al.”® A
pNVCL-based polymer layer was deposited onto a thin polydimethylsiloxane
(PDMS) substrate and subsequently laser-cut into flower shapes. In such
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double-layered structure, the PDMS acted as an elastic, mechanically passive
layer, not being swollen by humidity. The swelling of the pNVCL layer
caused a macroscopic, fast and reversible bending of the petals upon
changes in the environment (i.e., temperature, RH). While previous studies
focused on actuation of responsive hydrogels immersed in water,""* we pro-
vide a first demonstration of macroscopic humidity-driven actuation with
temperature-responsive tuning/switching.

II1.4.4 Experimental Section

Thin Film Synthesis

Poly(N-vinylcaprolactam-co-di(ethylene glycol) divinyl ether) thin films
were synthesized by initiated chemical vapor deposition. The depositions
were run in a custom-built iCVD reactor, as described elsewhere.* N-Vi-
nylcaprolactam (NVCL, 98%; Aldrich, Germany) is used as monomer and
di(ethylene glycol) divinyl ether (DEGDVE, 99%; Aldrich, Germany) as cross-
linker. NVCL and DEGDVE are kept in their individual glass jars at 78 and
70 °C, respectively. The monomer and cross-linker flow rates are both set to
0.2 sccm. Nitrogen is used as a carrier gas at a flow rate of 1.8 sccm. The
corresponding values of the ratio between the monomer partial pressure
and the saturation pressure at the substrate temperature (pm/psar) are 0.063
and 0.018, for monomer and cross-linker, respectively. In this range of
Pum/psat Values, a linear relation to the surface concentration of the chemical
species has been reported.” The applied flow rates yield polymer layers of
p(NVCL-co-DEGDVE) with nominal cross-linking of 20%. To monitor the de-
posited thickness, in situ laser interferometry with a He-Ne laser (A =633 nm;
Thorlabs, USA) is performed through a removable quartz glass lid. Several
samples exhibiting film thickness values of (50 + 5) nm have been synthe-
sized and investigated in terms of their swelling behavior in different envi-
ronmental conditions. Directly after deposition, the thin film samples were
rinsed for 30 s with deionized water for equilibration reasons, as reported
earlier.’**

Characterization and Investigation

Spectroscopic ellipsometry (SE) in a wavelength range of 370-1000 nm (M-
2000S, J. A. Woollam, USA) was applied to determine film thickness and op-
tical properties of the thin films in the different environmental conditions.
Swelling experiments in deionized water were performed in a temperature
controlled liquid stage (J. A. Woollam, USA). The recorded data was evalu-
ated with an optical model consisting of a c-Si semi-infinite layer on the bot-
tom (temperature dependent), a 1.6 nm thick native SiO; layer in the middle
and the polymer film on top, modeled as a Cauchy function with an Urbach
tail accounting for adsorption in the low wavelength region. H,O with
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temperature-dependent optical properties was set as the surrounding me-
dium. For the temperature-dependent swelling experiments, the liquid stage
and the mounted sample (already exposed to deionized water) were pre-
cooled to 10 °C. The respective signal was then recorded while applying a
temperature ramp from 10 to 50 °C (also the limitations of the temperature
stage) at a heating rate of 0.5 °C/min. Similar heating rates have previously
been shown to allow the temperature-responsive material to equilibrate dur-
ing deswelling and hence yield an ‘equilibrium swelling behavior’."* For ther-
mal equilibration reasons reported earlier,'** the temperature-dependent
swelling behavior and the LCST of the iCVD thin films in water were evalu-
ated from the third heating experiment. All subsequent measurements
yielded similar curves and consistent results.

The spectroscopic ellipsometry measurements in controlled humid environ-
ment were performed in a THMS600 temperature stage (Linkam, U.K.) at
different substrate temperatures (10-24 °C). Closing the lid constrains the
volume within the cell to about 70 cm?®. A custom-built setup has been used
to provide controlled relative humidity (RH) with mixing N, bubbled through
water (100% RH) and pure N, via needle valves. The relative humidity has
been monitored in situ inside the temperature stage (2 cm from the sub-
strate) with an SHT15 humidity sensor (Sensirion, Switzerland). To measure
the response of the film as a function of RH at a constant substrate tempera-
ture, the humidity was increased from 0% RH up to the point where conden-
sation occurs on the sample surface. With the temperature and RH value
measured at the humidity sensor, the saturation vapor pressure values (psat)
at the temperature measured by the humidity sensor (Ts.,s0,-) and at the sub-
strate temperature (Ty,;,) were calculated with the help of the Arden-Buck
equation (eq 1):*

1)

The relative humidity at the substrate level (RHg,,), that the sample is effec-
tively exposed to, was then calculated as the product of the relative humidity
measured at the sensor (RHgeps0r) and the ratio of the saturation vapor pres-
sure values at the sensor temperature and at the substrate temperature
(Equation 2):

Dsat = 0.61121 X exp (W)

T+238.88

RH,,p, = RHsensor X Psatsensor 2)
DPsat,sub
The point of condensation could be taken as a reference for the validity of
this calculation and could successfully be estimated by +2% RH, which is
within the uncertainty of the RH sensor used. To evaluate the film thickness
and refractive index of the sample, the same optical model as in the liquid
case has been used to fit the recorded data, but with the ambient material
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being set to air (n = 1). Thickness and refractive index were monitored at
each humidity step and read out after several minutes of equilibration, so
that the observed film thickness would not vary for more than 1% in 2 min.
The transition temperature of the deposited systems has been evaluated
from the optical thin film properties recorded by spectroscopic ellipsometry
during swelling experiments in water while increasing the temperature
from 10 to 50 °C.

Additionally, kinetic measurements were performed in situ while applying
water or a certain amount of humidity onto the thin film samples. The same
optical models as in the temperature-dependent measurements (liquid and
humid environment, respectively) were employed for fitting the data.

Fabrication and Testing of Hygromorphic Devices

To fabricate hygromorphic actuator/sensor devices that respond to changes
in the environment (i.e., temperature, RH), thin polydimethylsiloxane
(PDMS) substrates were prepared. PDMS (10:1 ratio of base elastomer to cur-
ing agent; Sylgard 184 silicone elastomer base and curing agent, Dow Corn-
ing Corp.) was spin coated onto polystyrene (PS) disks for 60 s at a speed of
650 rpm and then cured at T = 80 °C for 3 h in an oven. The PDMS film had a
thickness of tpoms = (55 + 4) um, as determined by stylus pofilometry (Alpha
Step D-500 Profiler, KLA Tencor, USA). PDMS substrates, still supported by
PS, were then coated with 300 nm of the 20% cross-linked p(NVCL-co-
DEGDVE) thin film with the iCVD process as described above. After iCVD,
the bilayer system was laser-cut into a flower shape (see design and sche-
matics of bilayered actuators in Figure III.4-S1, Supporting Information),
with a direct-write CO, laser (VLS 2.30, Universal Laser Systems, Inc., USA)
equipped with a 30 W source. Power, speed, and resolution were tuned to
optimize sharp cutting of PDMS with negligible damage to the underlying PS
support.

For investigating the response to RH, a flower-shaped device was peeled off
from the PS support and placed on a paper rod support, with the ther-
moresponsive layer pointing upward. After placing it in a cuboid (8 x 8 x
8 cm’®) to constrain the gas exchange with the environment, the different lev-
els of humidity were supplied at 25 °C by a gas stream flowing in from top,
using the same mixing setup as described above. To investigate the response
to temperature, the device was placed onto the temperature stage with the
thermoresponsive layer being in direct contact with the sample table (i.e.,
pointing downward). The RH of the environment was measured to be 35% at
25 °C.
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I11.4.5Results and Discussion

Thermoresponsiveness in Water and Dry Atmosphere

Effective sensors are characterized by a fast and large amplitude response.
In a previous contribution, we demonstrated that the cross-linker amount
largely affects the amplitude of the response in thermoresponsive films de-
posited by iCVD; together with employing distinct amounts of cross-linking,
utilizing the knob of the filament temperature makes it possible to tune the
LCST in the range 16-40 °C." For the present study, we synthesized p(NVCL-
co-DEGDVE) thin films by initiated chemical vapor deposition with a mini-
mal nominal amount of cross-linking of 20% to ensure the films’ stability in
water. We use a model system with an LCST of about 16 °C (cf. Figure III.4-
1). From ellipsometric measurements, the thickness and refractive index of
the thin films in water have been evaluated via fitting the measurement data;
they are plotted in Figure III.4-1a as a function of temperature.

From the measurement data represented in Figure III.4-1a, the transition
temperature could be determined as the mean value of the points of inflec-
tion of the temperature-dependent thickness and refractive index curves, as
already described elsewhere.* This gives an LCST value of 16.1 °C. The tem-
perature-dependent swelling curves show an increase of the film thickness
compared to the dry one of more than 250% at temperatures below the LCST.
A strong transition between a swollen state with large film thickness and low
refractive index below the LCST, and a collapsed state with smaller film
thickness and higher refractive index above the LCST is observed. At tem-
peratures above the LCST, the film thickness reaches values of ~1.5 times
the dry film thickness, hinting toward a significant amount of water being
retained in the polymeric structure also above the transition temperature, as
already reported before.'>'* Furthermore, at temperatures above ~40 °C, the
refractive index appears to decrease, while the film thickness increases
again. From 35 to 50 °C, the hydrogel film thickness increases by ~8%, while
the refractive index decreases by ~0.012. Hypothetically, this can be at-
tributed to thermal expansion at temperatures above the LCST, at which the
transition is completely finished and the polymeric system appears in the
collapsed state. However, the increase in film thickness and the decrease in
refractive index seem unusually large.

To investigate this effect further, the thermal expansion of the hydrogel thin
films in a dry environment (i.e., N, atmosphere) has been investigated by
ramping the temperature from 10 to 50 °C and vice versa; ramping times of
10 min and wait times of 5 min were used, while recording the optical re-
sponse of the material by spectroscopic ellipsometry. The film thickness
normalized by the thickness obtained at 10 °C and the refractive index gained
from the respective experiment are plotted in Figure III.4-1b as a function of
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temperature. Interestingly, the hydrogel thin film does not exhibit a temper-
ature-responsive behavior without the presence of water (in N, atmosphere).
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Figure III1.4-1. (a) Film thickness normalized by the dry thickness (d/day) and
refractive index (n) measured during swelling of a nominally
20% cross-linked 50 nm p(NVCL-co-DEGDVE) thin film in wa-
ter while heating from 10 to 50 °C, with dry thickness meas-
ured in N, atmosphere at 10 °C and transition temperature be-
tween swollen and collapsed state (as mean value of points of
inflection of thickness and index curves) indicated with a ver-
tical line at 16.1 °C. (b) d/dary and n measured during tempera-
ture ramps between 10 and 50 °C (10 min ramp; 5 min wait at
max/min T) of the thin film in nitrogen atmosphere.

Hence, the (linear) thermal expansion of the polymeric material can be esti-
mated. For comparison, from 35 to 50 °C, the film thickness is observed to
increase by ~0.5% and the refractive index is observed to decrease by
~0.005. At the respective temperatures (above the LCST), the increase in film
thickness in water appears to be larger than the one observed in N, atmos-
phere by 1 order of magnitude. Hypothetically, the water retained in the pol-
ymeric system in the collapsed state decreases the attractive interaction of
polymeric structures. This promotes the entire polymeric system to expand
more easily and would explain the higher thermal expansion in water.

Swelling in Humid Environment

Overall, the magnitude of the observed swelling and temperature-dependent
response in water make the material promising for sensor and actuator sys-
tems. To investigate the applicability of the synthesized hydrogel thin films
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also in humid environment, we probed the thermoresponsive thin films in
terms of swelling in RH below and above the transition temperature of
16.1 °C by SE. For that, we monitored the film thickness and the refractive
index, while introducing controlled amounts of water vapor into the nitro-
gen filled system. As described before, these experiments were performed
at various substrate temperatures between 10 and 24 °C, measuring the re-
sponse of the thin films at temperatures below and above the LCST, respec-
tively (Figure II1.4-2). As shown later, the response of the thin films investi-
gated is in the order of seconds. To ensure measuring a reliable thickness
value, the values were read out after several minutes of equilibration, so that
the observed film thickness would not vary for more than 1% in 2 min.
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Figure II1.4-2. Film thickness normalized by the dry film thickness (d/day) of
50 nm p(NVCL-co-DEGDVE) thin films evaluated from spec-
troscopic ellipsometry measurements at various substrate
temperatures between 10 and 24 °C measured in pure nitro-
gen environment and while introducing controlled amounts
of water vapor (i.e., relative humidity, RH) into a nitrogen-
filled system up to condensation; full symbols represent the
described measurement points; empty symbols (at 100% RH)
are taken from measurements in water (cf. Figure I11.4-1); the
inset shows a zoom-in of the region below 80% RH.

The SE measurements of p(NVCL-co-DEGDVE) thin films in humid environ-
ment at different temperatures (see Figure II1.4-2) show swelling of the thin
films already occurring at humidity levels of below 5% RH for all the investi-
gated substrate temperatures. The measurements performed at different
substrate temperatures yield similar swelling-vs-RH curves up to a humidity
level of approximately 80% RH (see inset of Figure I11.4-2). Above 80% RH,
the thermoresponsiveness of the thin film samples, apparent when studied
immersed in water, can also be observed in humid environment. In this re-
gion, the degree of swelling is a function of the substrate temperature and
approaches the values observed in water at humidity levels close to 100% RH.
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Even though the uncertainty of fitting the optical measurement data in-
creases at humidity levels above 90% RH, the difference between the rec-
orded measurement points at the different temperatures is clear and dis-
tinct.

Secrist and Nolte’s measurements® of the response of non-thermorespon-
sive single-component polyelectrolyte thin films in controlled humid envi-
ronment by reflectometry yield comparable results to the swelling-vs-RH-
curves presented in Figure III.4-2. Thijs et al."” also report on the weight
change of macroscopic hydrogel powders, exposing non-thermoresponsive
hydrogels (pHEMA) to up to 90% RH; they observed similar swelling behav-
ior as well. However, for thermoresponsive hydrogels investigated in the
mentioned study,'” only the trends of water uptake reported for tempera-
tures below the LCST appear to be comparable to the ones reported in the
present contribution. As described earlier, the cited publication reports on
the weight gain being a function of temperature in the whole range of inves-
tigated humidity levels (measured up to 90% RH). Counterintuitively, even a
negative weight change was reported for the measurements performed at
elevated temperatures (above the LCST) as a function of RH.

The different results either arise from the different sample morphologies
(macroscopic pNIPAAm powder vs cross-linked pNVCL-based thin film) or
stem from the different measurement setups. In either way, temperature
gradients are nearly unavoidable to measure thermoresponsive properties,
but can be problematic in studying and interpreting the response of such a
material in humid environment. In a more recent case, further pNIPAAm-
based hydrogels were investigated in terms of moisture uptake from a humid
environment.” Again, the weight change was reported to be a function of
temperature in the whole range of investigated humidity levels; however,
the resulting swelling-curves are different from the ones reported by Thijs
et al.” gained from similar measurements. The results at temperatures be-
low the LCST, again, appear to be comparable to the trends reported in Fig-
ure II1.4-2. However, the data suggest that the systems have not been inves-
tigated at temperatures above the LCST at the same humidity levels as below
the LCST. For example, the amount of adsorbed moisture reported for a tem-
perature of 20 °C at 30% RH compares well to the one reported for 90% RH at
40 °C;* as a matter of fact, generating a humidity of 90% RH at 20 °C translates
to a humidity of ~30% at 40 °C (cf. eqs 2 and 1 and Figure II1.4-3). Figure II1.4-
3 should serve as an illustration for the relative humidity changing with tem-
perature.

Overall, several studies report on data at a specific relative humidity, varying
the temperature. However, they appear to disregard that changing the tem-
perature also changes the relative humidity drastically; for example, a
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humidity of 90% RH generated at 20 °C increases by ~5.6% for an object that
is exposed to this very humidity, but is held at 1 °C lower (i.e., 19 °C) (cf. eqs
2 and 1). To avoid such problems in the experiments performed for the pre-
sent contribution, the humidity was varied while keeping the temperature
constant.
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Figure II1.4-3. Exemplary illustration of the relative humidity (RH) as a func-
tion of temperature (T), if an RH of 90% is generated at 20 °C
(and kept constant) and T is varied. Condensation occurs be
low ~18.3 °C, as indicated by a dashed line and a bar at 100%
RH; calculations according to eqs 2 and 1.

To give further insight into the experimental setup, the humidity (up to
100% RH) is generated by bubbling nitrogen through water (at 70 °C), air fil-
tering and mixing it with pure nitrogen to be able to control the humidity
level. This mixture is then flown into the measurement chamber via a 1-m
tube to avoid fluctuations in temperature. In the chamber, a humidity sensor
measures the RH approximately at room temperature. Only the substrate is
cooled to temperatures below room temperature to prevent condensation
happening anywhere else before 100% RH are reached at the substrate level.
From the RH measured at room temperature right next to the substrate, as
described earlier, the real RH that the sample is exposed to at the substrate
temperature can be calculated via eqs 2 and 1. As stated above, temperature
gradients need to be addressed with care. However, we believe this proce-
dure leads to reliable RH values, as supported by the fact that the point of
condensation could be estimated by +2% RH, so within the error of the hu-
midity sensor used in all the investigated temperatures.

A more systematic and detailed view on the swelling behavior of the hydro-
gel thin films investigated in humid environment is given in Figure II1.4-4;
there, the normalized film thickness (d/day in part a)) and the refractive in-
dex (nin partb)) are plotted as a function of the relative humidity as obtained
from SE measurements, while increasing the RH from 0 to almost 100% at
20 °C substrate temperature. From this data, the response behavior of the
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hydrogel thin film to relative humidity can be divided into three different
regions (boxes in Figure II1.4-4): First, after starting off in dry atmosphere
(0% RH), up to ~40% RH, the film thickness increases only slightly (by ~4%),
whereas the refractive index also increases with respect to the dry state. This
phenomenon occurred in all the temperatures investigated. The peak in re-
fractive index appears at very similar values within the ~5% resolution aris-
ing from the RH increase steps (data not shown). This can be viewed, primar-
ily, as filling of voids in the polymeric structure with water, as the refractive
index of water (~1.33) is higher than that of air (~1.0). For comparison, the
investigated polymer exhibits a refractive index of ~1.52 in the dry state (see
Figure II1.4-4). Second, from 40% up to ~80% RH, the film thickness in-
creases fairly linearly to ~15% when compared to the dry state. In this re-
gion, the thin film starts to incorporate water into its polymeric structure,
which can be observed as a decrease of the system’s refractive index. How-
ever, the response is still small compared to the swelling in water at the spe-
cific temperature. Third, above 80% RH, the film thickness increases in a
highly nonlinear manner, approaching the film thickness of the system ob-
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Figure I11.4-4. (a) Film thickness normalized by the dry thickness measured
in pure nitrogen atmosphere (d/day) and (b) refractive index
(n) as obtained from spectroscopic ellipsometry measure-
ments of 50 nm p(NVCL-co-DEGDVE) thin film samples while
ramping the relative humidity from 0 to ~100% at 20 °C sub-
strate temperature; data in part a, also part of Figure I11.4-2.
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served in water at the corresponding temperature. The observed refractive
index trend in the mentioned region above 80% RH exhibits the correspond-
ing behavior.

The monotonous proportionality of the film thickness to the relative humid-
ity at a certain temperature can directly be used in sensor and actuator set-
ups (as shown below). The refractive index cannot be utilized in the whole
range of RH due to its non-monotonous behavior. However, two regions can
be identified with respect to n: Up to 40% RH, the response is small, but
monotone; above 40%, the response is larger and also monotone. For exam-
ple, in optical systems for RH determination, the refractive index can, thus,
be employed in applications, where the environment remains within one of
these mentioned ranges.

Kinetics in Water

As, especially, the response characteristics of the film thickness of the pre-
sented system to various environmental conditions are promising, to test its
applicability to sensors and actuators, also the kinetic response behavior was
experimentally probed. First of all, the kinetic swelling of the synthesized
layers when flooded with water after being in dry atmosphere has been in-
vestigated by in situ SE measurements (see Figure II1.4-5). The fast response
of the film was shown, as the film thickness did not change for more than
1% already ~30s after the water exposure had been started. Anyhow, the be-
havior cannot be further resolved by SE because it takes time to fill the entire
measurement chamber (5 mL) with water and align the sample, during
which it is not possible to record meaningful data due to multiple gas-liquid
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Figure II1.4-5. Thickness normalized by the dry thickness measured in nitro-
gen atmosphere (d/day) obtained from spectroscopic ellip-
sometry measurements as a function of time while exposing a
P(NVCL-co-DEGDVE) sample (50 nm dry thickness) to water
after starting off the measurement in dry atmosphere; the
dashed lines give interpolated data during flooding and align-
ing of the liquid cell of the ellipsometer.
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interfaces interfering with the measurement. However, these measure-
ments appear to yield stable thickness values already within seconds of wa-
ter exposure, perfectly in agreement with the values obtained from the tem-
perature-dependent SE measurements in water (cf. Figure II1.4-1a).

Kinetics in Humid Environment

As the response to water appears to be promisingly fast, also the kinetic be-
havior of the hydrogel thin film in humid environment was investigated. At
a constant temperature (24 °C), the humid environment in the measurement
chamber of the ellipsometer was changed by controlling the flow rates of
humid and dry nitrogen vapors; the RH was measured in situ in the chamber.
Relative humidity levels of below 20%, around 50% and above 80% were in-
troduced to investigate the applicability in differently humid environments.
The evident response in thickness was utilized to calculate directly back to
an RH value via the d/da-vs-RH plots measured for the respective tempera-
ture (cf. Figure II1.4-2). For that, a triple-exponential function was used to
interpolate the data. The respective responses of the investigated layers in
RH together with the measurements of the reference sensor can be found in
Figure II1.4-6.
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Figure II1.4-6. Relative humidity (RH) as evaluated from the response of the
sensor layers (cf. Figure II1.4-2) and from the reference sensor
during RH exposure at different levels over time at 25 °C.

The film thickness and, hence, the calculated RH follow the signal of the rel-
ative humidity as measured by the reference sensor and also stabilize, when
a constant humidity is reached. The data suggest a faster response of the in-
vestigated layer compared to the signal of the reference sensor for all hu-
midity levels employed. From the response curves over time, the respective
time constants (t) could be extracted from fitting double-exponential func-
tions to the measured data. The time constants of the p(NVCL-co-DEGDVE)
were evaluated to be Ticvppow = (5.3 £ 0.6) S, Ticvpsow = (5.1 + 0.3) s, and
Ticvp,s0% = (4.9 £ 0.2) s. It should be noted that the measurement time of the
ellipsometer was set to 2 s. The time constants determined from the
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response of the reference sensor are Tref00 = (14.4 £ 0.4), Tref,500 = (8.8 £ 0.1) s,
and Trers00 = (7.6 = 0.1) s. A secondary time constant of about 1 min was eval-
uated to be present for all the data sets for both the responses of the investi-
gated layer and the reference sensor, suggesting that the corresponding
‘long-term’ response stems from the experimental setup. Hence, the primary
time constants evaluated from all the measurements yield information
about the kinetics of the response of the investigated systems. Also for these
primary time constants, the kinetics of the visible/extracted responses of
both the investigated layer and the reference sensor (t, as given above) are,
most probably, a convolution of the real response of the sensing system (i.e.,
water uptake behavior, t.a) and the time it takes to fill the measurement
chamber experimentally with a certain relative humidity (tsewp); thus,
T = Treal T Tsetup-

Overall, the response of the 50 nm p(NVCL-co-DEGDVE) layer determined
from the increase in thickness upon humidity exposure appears to be about
twice as fast as the response of the reference sensor. For decreasing the RH
toward dry N, atmosphere, similar results were obtained; also when investi-
gating the response at 10 °C, the p(NVCL-co-DEGDVE) film was observed to
respond faster than the reference sensor, but the experimental setup at
lower temperatures appears to stabilize slower as temperature gradients are
involved (data not shown). In the data sheet of the reference sensor, a re-
sponse time of 8 s is given; the response of the sensor to RH levels above 50%
is comparable. At lower RH, the apparent larger time constant determined
from the response of the sensor suggests a strong contribution from the ex-
perimental setup. For the reference sensor and the investigated polymer
layer, the time constants appear to be lower (and, thus, the responses faster)
for higher RH. Intuitively, the opposite would be expected, as it takes more
time to experimentally reach a higher level of RH after starting out in dry
nitrogen environment. However, the different flow rates of dry N, and a cer-
tain level of humidity (as controlled by the needle valves experimentally)
could interfere with this consideration. As a consequence, it is not certain
how much the experimental filling process (tswp) contributes to the evalu-
ated time constants; in general, it seems to be plausible to assume a filling
time in the order of seconds. Regardless, the developed sensing layer is at
least as fast as evident from the derived response times or, most probably,
faster.

The similar time constants at different levels of RH are, especially, promising
for applications of the layers in humidity sensors, where operation over a
wide range of humidity is needed. The observed fast responses make the lay-
ers appealing for applications, where changes in the RH need to be resolved
in the order of seconds or below. An example of a fast sensor device based
on such stimuli-responsive hydrogels is presented in Buchberger et al.*
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Testing of the Sensor/Actuator Hygromorphic Device

The thermoresponsive swelling at high RH could be interesting for actuator
setups, where two stimuli, 7 and RH, are used to obtain a mechanical defor-
mation of the system. Hygromorphs, as objects responding to environmen-
tal humidity by changing their shape, show striking examples in nature (es-
pecially in plants, such as in pine cones)?” and they have recently gained
much interest for the development of biomimetic artificial structures for
sensing and soft robotics.'®*® To the author’s knowledge, this is one of the
first examples of a fast, humidity-driven and temperature-controlled actua-
tor with a bilayered structure involving hydrogel thin films.

To investigate this potential application and provide a first proof of concept,
a flower-shaped hygromorphic sensor/actuator system was fabricated (the
schematics/design are provided in Figure III.4-S1, Supporting Information)
based on a bilayer of PDMS/p(NVCL-co-DEGDVE). In such bilayer, the PDMS
substrate (55 um thick) is acting as a mechanically passive and elastic foun-
dation, while the pVNCL coating (just 300 nm thick) is providing the capabil-
ity to be swollen upon water uptake and thermoresponsiveness. Each petal
of the flower structure can thus act as a simple unimorph actuator (bending
beam geometry) upon uptake/release of water from the environment, as
schematized in Figure II1.4-S1. The double-layered device setup was tested
upon changing the relative humidity and the substrate temperature. Movies
(see Supporting Information) and pictures (see Figure II1.4-7) were taken
during these tests. The flower-shaped devices reacted to the stimuli by bend-
ing of their petals due to swelling/deswelling of the p(NVCL-co-DEGDVE). As
can be appreciated in the pictures and videos, the device is able to act against
gravity upon deswelling (RH-response, Figure II1.4-7a) and upon swelling (in
the experiment to probe its temperature-response, Figure I11.4-7b). The (un-
bent) reference state of the flower was retrieved by lowering the RH (Figure
I11.4-7a). Alternatively, the humidity-driven swelling/deswelling could be
triggered by temperature, given the thermoresponsiveness of the active
layer (Figure I11.4-7b). Again, the kinetics of the mechanical response appear
to be very fast (i.e., in the order of seconds) and mostly limited by the kinet-
ics of the external stimuli applied: The temperature ramp was applied with
cooling/heating rates of 60 °C/min. In case of RH, with the flows supplied, it
takes about 10 s to reach the respective maximal/minimal values. The bend-
ing radius of the petals is unequivocally set by a specific couple of tempera-
ture/humidity values; this fact makes the system interesting for further in-
vestigation to obtain reliable and fully reversible actuation.

Remarkably, the bending motion is obtained despite the low thickness of the
pNVCL layer (i.e., 300 nm) compared to the PDMS foundation (around 150
times thinner) and compared to similar test devices (e.g., millimeters in
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Figure I11.4-7. Series of pictures of flower-shaped PDMS/pNVCL-based dou-
ble-layer hygromorphic devices taken during ramping the (a)
RH in a chamber between 10 and 70% at 25 °C (active pNVCL
layer pointing upward) and (b) plate temperature T between
40 and 10 °C in a humid environment of 35% RH (measured at
room temperature, i.e., 25 °C) (active layer of pNVCL pointing
downward). Bending of petals due to differential swelling of
the thermoresponsive polymer film as a function T/RH and
time t.

thickness, or hydrogel films of tens of micrometers thickness®). Such re-
sults support our hypothesis that the large and fast response of the pNVCL
layers can be used for fast and integrated humidity-temperature actuators
and sensors.

I11.4.6Conclusions

Thermoresponsive p(NVCL-co-DEGDVE) thin films were successfully syn-
thesized via iCVD and probed in terms of response behavior to temperature
and different environments (i.e., water, humidity, N;). This study revealed
that in water, the layer swells to up to 250% of its dry thickness below the
transition temperature and repels out water upon undergoing a phase tran-
sition toward a shrunken state at elevated temperatures. In nitrogen atmos-
phere, only thermal expansion (~1.5% thickness increase) is observed upon
heating the samples in a similar temperature range as in water (10 to 50 °C).
In humid environment, a first detailed study on the swelling behavior of hy-
drogel thin films shows that the layer monotonously swells with increasing
the RH. To the author’s knowledge, with the described measurement setup,
this is also the first contribution in which thermoresponsive hydrogel thin
films are investigated at humidity levels above 80% RH below and above
their LCST. This is why this is also the first contribution in which the ther-
moresponsiveness of hydrogel thin films is genuinely proved to occur as a
change in film thickness and refractive index at different temperatures
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(also) in humid environment. We show that the thermoresponsive transition
(in film thickness and refractive index) only occurs at humidity levels above
80% RH for the investigated system. Toward 100% RH, the film thickness ap-
proaches the values observed in water at the respective temperatures. We
also observed a significant response in low RH (already below 5% RH), with
the moisture swelling the thin film (up to 4%), but mainly replacing air in
the polymeric structure up to ~40% RH.

Kinetically, the investigated p(NVCL-co-DEGDVE) thin films were found to
respond quickly to changes in the environment (i.e., water and different lev-
els of humidity). With the help of calibrating the system by measuring a
thickness-vs-RH curve, in subsequent measurements, the RH was directly
evaluated from these curves after measuring the thickness at a certain tem-
perature. The response in differently humid environments was about twice
as fast as the one of the market-available reference sensor used.

The fast response together with the similar time constants measured for dif-
ferently humid environments make the investigated system particularly in-
teresting for its application in sensor and actuator setups. Such applicability
was successfully demonstrated in flower-shaped double-layered hygro-
morphic devices. The artificial petals bend due to a humidity-driven and
temperature-tunable actuation mechanism, showcasing also a fast mechan-
ical response against gravity in both swelling and deswelling.
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I11.4.7Associated Content

Supporting Information
The Supporting Information 1is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.9b00957.

Sketch of the design and schematics of the bilayered hygromorphic
actuators and the full captions for the videos (PDF)

Video of the hygromorphic actuator while changing the relative hu-
midity (Video S1) (MOV)

Video of the hygromorphic actuator while changing the temperature

(Video S2) (MOV)
y E‘ 3 é laser cutting
thermoresponsive :

hydrogel by iCVD PDMS
(300 nm) (55 pm)

swelling of hydrogel in RH,T

Figure II1.4-S1. Schematics of the flower-shaped hygromorphic device used
for demonstration of the applicability of the hydrogel thin
film in sensor/actuator devices with petals that bend as a
function of relative humidity (RH) and temperature (T).

Video II1.4-S1. Bilayer flower-shaped hygromorphic actuator bending its
petals due to swelling of the thermoresponsive hydrogel thin
film (on top) as a function of relative humidity (bottom left
of video) at a temperature of 25 °C.

Video II1.4-S2. Bilayer flower-shaped hygromorphic actuator bending its
petals due to swelling of the thermoresponsive hydrogel thin
film (on the bottom) as a function of temperature (top left of
video) at a relative humidity of the environment of 35% RH
(measured at 25 °C).
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IVContextualized Conclusions

In this section, the conclusions drawn in the scientific articles presented in
Chapter III are summarized. Furthermore, the individual conclusions are
contextualized with respect to each other and all the background infor-
mation provided in the remainder of this thesis.
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The work presented in this thesis provides a variety of information on ther-
moresponsive hydrogel thin films and their applicability to device setups. In
general, such smart polymers find application in sensor, actuator and bio-
medical setups. Being fragile compounds themselves, they also need to be
fabricated on delicate substrates with complex nanostructures (e.g., nano-
templates, pharmaceuticals), onto which, oftentimes, they are required to
be deposited as conformal coatings. Initiated chemical vapor deposition
(iCVD) as a solvent-free synthesis technique meets these requirements and
allows for the precise tailoring and tuning of material properties via control-
ling the deposition conditions.

Two polymeric (model) systems were synthesized by iCVD and investigated
subsequently: N-isopropylacrylamide (NIPAAm) and N-vinylcaprolactam
(NVCL) cross-linked by di(ethylene glycol) divinyl ether (DEGDVE). While
cross-linked pNIPAAm systems are extensively described in the literature,
as far as polymer synthesis is concerned, the NIPAAm monomer with its low
vapor pressure is not ideal for iCVD. Therefore, novel pNVCL-based copoly-
mer thin films were developed, characterized and applied to device setups
for the first time. Studies demonstrating the nontoxicity and biocompatibil-
ity of both polymers make them particularly interesting for bio-applications;
however, tests in the actual conditions are required to be performed for the
specific biomedical applications in question. The successful polymerization
and deposition of the respective smart polymer thin films was confirmed by
Fourier-transform infrared spectroscopy (FTIR).

IV.1 Thermoresponsiveness in iCVD-Polymers

First of all, the presented work focuses on the fundamental understanding
of the temperature-dependent swelling behavior of smart polymer thin films
deposited by iCVD and how it can be controlled through their synthesis pro-
cess. In such thin-film setups, the thermoresponsive behavior of smart poly-
mers can be observed as a distinct change in film thickness upon ramping
the temperature in aqueous environment. Therefore, the transition between
a swollen state at lower temperatures and a shrunken state at elevated T and
the corresponding lower critical solution temperature (LCST) were, mainly,
investigated by spectroscopic ellipsometry performed in various environ-
ments (dry, humid and liquid at different T). While dramatic changes in re-
fractive index and film thickness (up to >200% increase at low temperatures)
could be observed in water, the response of the samples to ramping the tem-
perature in dry atmosphere is limited to thermal expansion of the polymeric
system (a few percent increase in film thickness at elevated T). At tempera-
tures well above the LCST, where the thermoresponsive transition is already
completed, enhanced thermal expansion can be observed upon further heat-
ing in water.
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In humid environments, the samples were shown to already respond to low
levels of relative humidity (RH below 5%) by swelling up to several percent
in film thickness. However, the water uptake was shown to mainly occur as
by replacing air/voids in the polymeric structure up to ~40% RH. Until 80%
RH, the swelling was observed to be approximately linear, but temperature
independent. Above 80% RH, the thin film samples were demonstrated to
exhibit a thermoresponsive behavior (also) in humid environment for the
first time by observing a distinct behavior/change in film thickness and re-
fractive index as a function of temperature. The film thickness and refractive
index appeared to converge with the values obtained in water at the respec-
tive temperatures, when approaching 100% RH. Overall, to the authors’
knowledge, the respective article comprises the first detailed and compre-
hensive study on the thermoresponsive swelling behavior of hydrogel thin
films in humid environments.

Furthermore, water contact angle (WCA) measurements showed that the
thermoresponsive transition is accompanied by a change in wettability, ac-
cording to a transition in hydrophilicity/-phobicity of the polymeric mesh.
Upon investigating the thermoresponsive transition via nano-indentation
experiments in water, the apparent elastic modulus was observed to approx-
imately double, when ramping the temperature from ~10 °C below to ~10 °C
above the LCST.

Characteristics Linked to Deposition Conditions

In the scientific articles presented in Chapter III, the thermoresponsive be-
havior/transition was shown to depend on parameters controllable in the
synthesis process, i.e., the amount of cross-linking, the film thickness and
the concentration of initiator radicals being delivered to the polymerization
reactions.

Thus, hydrogel thin films exhibiting different amounts of cross-linking were
synthesized. The cross-linker amount was demonstrated to alter the water
uptake; less cross-linked samples swell more. However, samples without
cross-linking were not stable in water. Hypothetically, the mechanical integ-
rity and adhesion to the substrate cannot be preserved by ‘only’ physical
bonding and cross-linking (the entanglement of polymer chains). Addition-
ally, with increasing the amount of cross-linking, the transition temperature
was observed to decrease due to the hydrophobicity of the cross-linker em-
ployed. In WCA studies, the surfaces of less cross-linked polymers were ob-
served to be keener to rearrange. Correspondingly, nano-indentation exper-
iments revealed that the polymeric mesh is less dense and less rigid in less
cross-linked samples. At 25 °C, the apparent elastic modulus ranges from
several to dozens of MPa depending on the amount of cross-linking.
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Furthermore, the transition temperature was found to be thickness depend-
ent in thermoresponsive iCVD films, as also observed in other hydrogel sys-
tems cross-linked in the dry state (photo-cross-linked). The films were
shown to exhibit a minimum LCST at a film thickness of ~70 nm. At higher
(and lower) film thickness, the transition temperature was found to in-
crease; the magnitude of this increase depended on the cross-linker amount
employed. This behavior could be correlated to a corresponding change in
the films’ (mass) density (in their dry states) as observed in X-ray reflectivity
and spectroscopic ellipsometry measurements. Thus, a higher density of the
polymeric matrix correlates with a decrease in transition temperature; nat-
urally, the density in the dry state was higher for more cross-linked samples.

Moreover, the filament temperature (Ts) set during iCVD synthesis is known
to affect the chain length of the resulting polymer. As the thermoresponsive
transition of pNVCL is molar-mass dependent, Ts was successfully utilized
to alter the LCST in a large range of temperatures (16-33 °C for similar cross-
linking). To the authors’ knowledge, such an approach was applied for the
first time to tune the thermoresponsive behavior of vapor-phase-synthesized
smart polymer thin films. In contrast to changing the amount cross-linking,
it has the advantage that the degree of swelling remains comparable, while
the transition temperature can be readily altered.

Even though parts of the interlink between material properties, characteris-
tics of the samples and the employed deposition conditions were examined
and elucidated, there is, definitely, further potential and the need for inves-
tigating and tailoring the complex growth, properties and swelling behavior
of thermoresponsive hydrogel systems in future studies. Regardless, the
work and insights presented in this thesis deepen the understanding of
smart polymer thin films and, simultaneously, should raise awareness about
the delicate influence of growth conditions and behavior on relevant mate-
rial properties and, in turn, mechanisms during swelling of such structures.

Ultimately, smart polymer thin films that are able to swell up to 250% com-
pared to their dry thickness (in N, environment) were successfully synthe-
sized by iCVD. Their wettability, macromolecular structure, promising me-
chanical properties and interesting behavior in various environments (dry,
humid and liquid) were examined. Furthermore, the thermoresponsive
characteristics of these films could be tuned with distinct transition temper-
atures ranging between 16-40 °C being achievable.
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IV.2 Smart Polymers for Device Applications

In a further step, the scientific articles presented in chapter III assess the
applicability of the investigated systems to various device setups: for sensing
of the humidity, humidity-driven and temperature-controlled actuating and
in an encapsulation layer for pharmaceuticals.

Together with the biocompatibility of the investigated systems, the tunabil-
ity and position of the LCST around human body temperature enables their
application to biomedical setups such as for on-demand drug administra-
tion. Therefore, a system for a drug coating consisting of a thermorespon-
sive polymer deposited onto an enteric coating by iCVD was developed and
investigated. Here, the solvent-free character of the iCVD process is advan-
tageous as the underlying layer remains unfazed. Upon iCVD, the layered
structure forms wrinkles. With the thickness of the iCVD film, the thickness
of the underlying enteric coating and the cross-linker amount employed in
iCVD, the morphology of the wrinkles was demonstrated to be readily con-
trollable. In that way, tailored surface morphologies could be achieved rang-
ing from ultrasmooth to strongly wrinkled; the wrinkles exhibited wave-
lengths of up to several um and heights of up to dozens of nm.

In summary, an enteric coating together with a thermoresponsive thin film
synthesized by iCVD was proposed as a promising encapsulation layer for
pharmaceuticals being responsive to multiple external stimuli. Ultimately,
an uncomplicated way to tune wrinkling and, thus, the surface area of such
a system applicable to drug delivery applications was developed. With the
possibility of employing different materials and the further tunability of the
morphology with various parameters in the synthesis process, also other ap-
plications (e.g., light diffusion in solar cells) might become accessible to be
re-engineered and, in that way, to outperform established systems.

As thermoresponsive polymers react to temperature and changes in the H,O
content of their environment, their applicability to the respective sensor and
actuator setups is evident. For this purpose, fast kinetics and, consequently,
short response times to such changes in the environment are essential. Time
constants evaluated for the response to changes in RH were found to be par-
ticularly low for the investigated systems (seconds); the films were observed
to respond to changes in RH approximately twice as fast as a market-availa-
ble humidity sensor used for reference measurements. Furthermore, the re-
sponse times were similar in all investigated levels of RH. A calibration curve
(thickness-vs-RH) can be used to directly evaluate the RH from the film
thickness at a certain temperature in subsequent measurements. Moreover,
a sophisticated setup (e.g., multilayers) of various polymers exhibiting dif-
ferent transition temperatures could potentially be used to directly evaluate
the relative humidity (with its temperature-dependence) from a single
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(thickness) measurement. Together, these features make the investigated
systems particularly interesting for the proposed device setups.

Finally, a sensor/actuator hygromorphic device was developed by coating a
flexible substrate (poly(dimethylsiloxane) - PDMS; 55 pm thick) with a ther-
moresponsive polymer thin film (300 nm thick) by iCVD. This bilayered
structure was laser-cut into flower-shapes, in which each petal acts as a uni-
morph actuator. By changing the substrate temperature and the humidity in
the environment, the thermoresponsive polymer film selectively takes up or
repels out water and, thus, causes the synthetic petals to bend. The (fast)
mechanical response was demonstrated to be feasible against gravity both
in swelling and de-swelling. Such a hygromorphic actuation mechanism
mimics the capability of plants to respond to environmental stimuli. Conclu-
sively, to the authors’ knowledge, this was the first reported demonstration
of macroscopic humidity-driven actuation with temperature-responsive tun-
ing/switching in such synthetic setups.

In summary, several possibilities for the application of smart polymer thin
films to device setups were examined. For instance, these hydrogel layers
can serve as a matrix for applications, for which a specific aqueous environ-
ment is required (e.g., cell encapsulation). The response to environmental
stimuli such as temperate or RH can be utilized to employ these materials as
switches that change their properties as a function of an external parameter
(e.g., on-demand drug delivery). The biocompatibility of such materials ap-
pears to be promising but needs to be tested in the actual applications. Fur-
thermore, their applicability to sensor setups is interesting due to their fast
response and the possibility of directly evaluating the RH (with temperature)
from a single passive response. Besides being a distinct passive response,
the mechanical motion of a thermoresponsive polymer thin film upon swell-
ing is highly promising for future applications in soft robotics (e.g., soft grip-
ping); actuation of such a ‘soft’ setup can, likely, aid the development of a
new generation of smart devices.
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A Appendix

This section provides further documents that were prepared within the
framework of the doctoral program. In Appendix I, a list of scientific contri-
butions with publications and oral as well as poster presentations at interna-
tional conferences is presented. In Appendix II, a cover art prepared for a
supplementary journal cover published in volume 2, issue 3 of the journal
‘ACS Applied Polymer Materials’ in March 2020 together with the article pre-
sented in section II1.4 is depicted. In Appendix III, a report of the work and
project conducted at Drexel University in Philadelphia, USA, during a re-
search stay from September 2019 to March 2020 funded by the Marshall Plan
Foundation, is provided.
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AIIT Marshall Plan Scholarship Paper

AIII.1 Preface

The following sections were reproduced from the Marshall Plan Scholarship
Paper submitted to the Marshall Plan Foundation, which will be published
online on the foundation’s website. The work presented in this paper was
conducted at the Department of Chemical and Biological Engineering at
Drexel University, Philadelphia, PA, USA, in the laboratory of Prof. Kenneth
K. S. Lau during a research stay funded through a Marshall Plan Scholarship
awarded to the author of this thesis by the Marshall Plan Foundation. The
author of this thesis developed the idea of the project, prepared and charac-
terized the samples, evaluated the data and wrote the research paper. Ken-
neth K. S. Lau supervised the project, supported the data interpretation and
the manuscript preparation. Anna Maria Coclite aided in the development
of the project, the data interpretation and the manuscript preparation. The
results presented herein will be summarized in an article to be published in
an international peer-reviewed journal. The text and illustrations are identi-
cal to the published research paper and are reproduced to fit the format and
style of the thesis.
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AIII.3 Abstract

In this study, a novel, fully polymeric setup for piezoresistive sensing was
prepared and tested. For this setup, a monolayer of polystyrene (PS) nano-
spheres (with a diameter of ~580 nm) was assembled on a flexible polyeth-
ylene naphthalate (PEN) substrate. Subsequently, a thin layer (~50-100 nm)
of poly(3,4-ethylenedioxythiophene) (PEDOT) was deposited conformally
around the spheres via oxidative chemical vapor deposition (0CVD). Two
nickel top-contacts with a separation of 0.5 mm were used to characterize
the individual samples. Voltage-current characteristics and direct resistance
measurements were performed to test the electrical properties of the sam-
ples in their unstrained state and their piezoresistive response during bend-
ing. The substrate temperature and deposited thickness during oCVD were
used as parameters to alter the properties of the PEDOT thin film, with in-
creased substrate temperature and thickness leading to samples exhibiting
lower intrinsic resistance. An estimation of the conductivity of the samples
prepared yielded values of up to tens of S cm™. Intrinsically, with the setup
used, the oCVD-PEDOT layer is chlorine-doped. Subsequent dopant ex-
change by putting the samples in 0.5 M sulfuric acid decreased their re-
sistance by ~1/3. Regarding the piezoresistive properties of the devices pre-
pared, lower intrinsic resistance and the acid treatment performed en-
hanced the response of the samples. Thus, in the range of parameters inves-
tigated, acid treatment, higher substrate temperatures and thickness yielded
samples with increased response. As a result, gauge factors as high as 11.4
could be achieved. These results offer a promising basis for further investi-
gations in a novel approach.

AIIl.4 Introduction

The piezoresistive effect is broadly used in various devices such as transduc-
ers, accelerometers, piezo-FETSs, etc. and most prominently in sensors.' Its
basis is a change in resistance caused by a deformation of a material (i.e.,
strain). Thus, bending, pressure or stress acting on a piezoresistive material
can be measured as a change in resistance as a function of strain. In this
work, the objective of strain sensing with a novel, fully polymeric setup is
proposed to serve as a basis, from which further possible applications can
be derived in the future. Up to now, such materials are mostly silicon-based
or involve other inorganic rigid solids. Their rigidity, however, is disadvan-
tageous, if large strains and/or small pressures are of interest. To overcome
this limitation, hybrid setups mainly consisting of inorganic nanostructures
supported by flexible polymers have been investigated. In the last decade,
strain sensors based on solution-processed piezoresistive polymer films
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(e.g., PEDOT:polystyrene sulfonate or PSS) have also been developed.**
However, these setups exhibit lower sensitivity than their inorganic coun-
terparts do. Recently, the integration of nanostructures into the polymers
towards a new generation of strain sensors has been reported.”** This was
reported to enhance the sensitivity by orders of magnitude. Moreover, the
high mechanical flexibility typical for polymers is crucial for the application
in various groundbreaking and growing fields such as wearable electronics.
As the size of the nanostructures used is in the order of tens to hundreds of
nanometers, the prospect in the present project is to use polymeric
nanostructures of similar sizes. Furthermore, the piezoresistivity of PE-
DOT:PSS was reported to depend on the sizes of PEDOT- and PSS-rich do-
mains, when PEDOT is doped with solid state PSS.** The present project aims
to investigate and utilize this fact by conformal deposition of PEDOT thin
films of different thicknesses around PS nanospheres assembled on the sur-
face of a flexible substrate. Monolayers of PS nanospheres deposited onto
flexible substrates serve as a basis for the proposed structure. The data in the
literature suggests that the quality of and even the ability to deposit such PS
monolayers strongly depends on the quality and impurities in the PS nano-
sphere suspension that is used.® The goal is to reproducibly deposit such uni-
form monolayers over large areas. Simple drop casting, spin coating and
doctor blading were proposed, fulfilling this task to a varying extent. How-
ever, deposition of the PS beads onto the air-water interface and subsequent
pick-up onto a substrate appears to yield the most convincing and reproduc-
ible results.®’

Onto the monolayer of PS nanospheres, a PEDOT thin film will be deposited
conformally around the nanostructure. Oxidative chemical vapor deposition
(oCVD) specifically meets this need for conformality without damaging the
substrate and with the advantage of vapor-phase processing (i.e., no swelling
of PS during deposition in solutions). Acid treatment post-oCVD was shown
to lead to a dopant exchange and, thus, altered film properties.® The de-
scribed acid treatment of the entire structure also leads to a sulfonation/dop-
ing of the surfaces of the PS nanospheres.’ Therefore, such acid treatment
can be utilized to further understand the role of the PEDOT-PS interfaces on
the piezoresistive effect of the resulting structure. A contribution of the
doped aromatic units on the surfaces of the PS spheres to the conduction
mechanisms in the material is assumed. Furthermore, parameters such as
the substrate temperature during oCVD, or the flow rates of the individual
chemical precursors used were shown to lead to different properties (e.g.,
conductivity) of the resulting PEDOT thin films."

The piezoresistive response of such samples, when strained, can be esti-
mated by measuring voltage-current characteristics during bending (e.g., cf.
Latessa et al.?). By choosing the right electrode material (i.e., matching work
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functions; ohmic contact), resistance measurements between two top-con-
tacts deposited at a well-defined spacing suffice. Therefore, from calculating
the strain via bending radii, the response of the samples is estimated as the
percentage of the resistance change during bending and normalizing the
value by the resistance value measured in the unstrained state. The response
of the individual samples is investigated as a function of substrate tempera-
ture during oCVD, PEDOT thickness and acid treatment.

AIIl.5 Methods

Sample Preparation

Silicon wafers (University Wafer) were used as test substrates for the depo-
sition of polystyrene (PS) nanospheres and poly(3,4-ethylenedioxythio-
phene) (PEDOT) thin films. Polyethylene naphthalate (PEN) films (thickness
0.125 pm, Goodfellow) were used as substrates for the final test devices.

Various PEDOT thin films were synthesized by oxidative chemical vapor
deposition (0CVD) in a custom-built reactor described by Smolin & Lau et
al.'»'? 3 4-Ethylenedioxythiophene (EDOT, 97%, Sigma-Aldrich) and vana-
dium oxytrichloride (VOCls, 99%, Sigma-Aldrich) were used as-received, and
placed in separate glass jars as the liquid monomer and oxidant sources, re-
spectively. The glass jar of EDOT was heated to 90°C, whereas VOCl; was kept
at room temperature. For all the depositions described, both flow rates were
set to 1 sccm (standard cubic centimeter per min) via individual low-flow
precision metering valves (Swagelok). Nitrogen (1 sccm each) was used as an
inert carrier gas to promote transport of the monomer and oxidant into the
reaction chamber through individual gas lines. The pressure in the reaction
chamber was monitored and controlled by a pressure controller in a feed-
back loop with a downstream throttle valve and a pressure transducer (MKS
Instruments). During the depositions, the pressure was kept constant in the
range of 100-400 mTorr. For the described depositions, the substrate stage
was held at constant temperatures between 40 and 80 °C. The depositions
were carried out for 30 or 60 min to achieve samples of different film thick-
ness at a certain substrate temperature and pressure.

Polystyrene (PS) nanospheres are deposited onto the respective substrates
from various suspensions. Commercially available dispersions of PS beads
in water were purchased from Polysciences, Inc. (1 um; 2.5 wt.-%, carboxy-
late-functionalized and plain) and from Microparticles GmbH (0.757 um;
5wt.-%). Suspensions in ethanol (EtOH), methanol (MeOH) with and without
addition of a surfactant (Triton X-100, Sigma-Aldrich) were prepared from
the commercial dispersions (cf. Hulteen et al.’®, Trujillo et al.'*). The meth-
ods of drop casting, spin coating and doctor blading were tested for the dep-
osition of monolayers of PS beads from such suspensions. Furthermore, the
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assembly of a monolayer at an air-water interface was tested with suspen-
sions of 1:1 volume ratio of EtOH and the as-received H,O-dispersions of PS
beads (cf. Vogel et al.”). Another dispersion of PS beads in water (580 nm; 5
wt.-%) prepared by surfactant-free emulsion polymerization was kindly pro-
vided by Prof. Vogel’s group in Erlangen, Germany. This dispersion was used
for the assembly of monolayers at the air-water interface as reported in Vo-
gel et al.” The PSbeads were added to the air-water interface in a glass beaker
(8 cm diameter, 4.5 cm height) by dropping several microliters of the PS-
H,O:EtOH dispersion onto the dry end of a plasma-cleaned microscopy glass
slide partially immersed in the water and tilted to ~45°. All the water used in
these experiments was provided by a Milli-Q water purification station yield-
ing deionized H,O with a resistance value of 18.2 M cm. The EtOH used (200
Proof, Decon Laboratories, Inc.) had a purity of 99.2%. All the substrates
were plasma-cleaned under an air-atmosphere in a Harrick PDS-001 plasma
cleaner for 10 min at 30 W.

Acid treatment was performed by placing the samples (PEDOT on PS on
PEN) in a H,SO, solution. For this purpose, concentrated H,SO, (Sigma-Al-
drich) was diluted to a 0.5 M solution with MiliQ-water.

The deposition of Ni top-contacts was performed in a Thermionics VE 90
thermal evaporator with a contact mask creating a spacing of 0.5 mm be-
tween the two contacts. A quartz crystal microbalance (QMB) was used to
monitor the Ni growth rate to achieve a target film thickness of (50 + 2) nm.

Investigation

The individual substeps in the experimental procedure are monitored by in-
vestigating the molecular nature of the thin films by Fourier-transform in-
frared spectroscopy (FTIR) and the structure of the assembled setup by op-
tical and scanning electron microscopy (SEM).

Fourier-transform infrared spectroscopy (FTIR) measurements were per-
formed on a Thermo Nicolet 6700 spectrometer in transmission mode. The
spectra were collected in the wavenumber range 400-4000 cm™ at a resolu-
tion of 4 cm™ using a DTGS detector.

Scanning electron microscopy (SEM) was performed on a Zeiss Supra 50VP
scanning electron microscope with an accelerating voltage of 5 kV. All the
presented images were recorded at a working distance of ~11 mm. The sam-
ples were sputtered with Pt for 40 s before SEM analysis.

Voltage-current characteristics were measured on a Gamry Reference 600
system in the linear sweep voltammetry mode. The ohmic behavior of all the
samples investigated was confirmed by the linear voltage-current character-
istics and utilized so that further measurements could be performed on a
Fluke 112 multimeter, directly evaluating the corresponding resistance
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values. Two different methods were used to connect the Ni contacts to the
measurement device: crocodile clips or test leads. Both are used with a piece
of aluminum foil in between to prevent the ultrathin nickel contact film from
being scratched. Strain was exerted on the devices via bending (longitudinal
to the separation of the contacts). The corresponding strain ¢ (defined as the
change in length normalized by the length of the unstrained device Al/l) can
be calculated via the bending radii r, utilized and the substrate thickness t,,;
(for r, » tgp). Tensile strain is given as a positive value, compressive strain
as a negative one.

Al _ tsub/z - tsub/z

£ =—= ~
l Tb+t5ub/2 Ty

contacts

‘ PEDOT film
PS spheres
| e— —

substrate

change in resistance
\ ) R+AR " [
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Figure AIII-1. Sketch of the device structure proposed and tested for strain
sensing, exhibiting a resistance value R as assembled/un-
strained (top) and changing its resistance by 4 Rwhen strained
via bending (bottom)

The bending experiments were performed at constant temperature (22°C)
and relative humidity (40%). The final device setup, as assembled and when
strained, is sketched in Figure AIII-1.

AIIL.6 Experimental, Results and Discussion

Assembly of Monolayers of PS Nanospheres

In the first step, various methods were tested for the deposition of a mono-
layer of polystyrene nanospheres on various surfaces, including silicon wa-
fers and polyethylene naphthalate (PEN) substrates. The aim was to achieve
monolayers over adequate areas (~cm?) prepared with reasonable reproduc-
ibility. First, this should serve as a basis for the architecture used for testing
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and, subsequently, can ensure the potential for upscaling of the proposed
methods.

At first, commercially available PS beads from Polysciences, Inc. were drop
casted onto silicon wafers, as reported in Trujillo et al.”. Carboxylate-func-
tionalized and plain beads (from Polysciences, Inc.) behaved similarly in the
experiments described in the following. The as-received PS beads
(2.5 wt% in water) were mixed 1:1 in volume with a solution of methanol and
Triton X-100 (500:1 by volume). This solution was applied to the surface in
drops of 1-10 pl and left to dry at ambient conditions until no liquid could be
observed with the naked eye (~5 min). Subsequently, the substrates were
dried for 30 min at 80 °C to remove any residual liquid. The drops smallest in
volume (~1-2 pl) lead to the most promising results. However, optical and
scanning electron microscopy revealed only very small areas (up to ~2 mm?)
of real monolayer coverage. Moreover, small regions showed coverages
lower than a monolayer (i.e., de-wetted). The rest of the area covered by the
applied drop (~1 cm in diameter in total) consisted of multilayers of PS nan-
ospheres at the outermost parts (i.e., coffee ring effect) and in the middle of
the drop. The SEM images shown in Figure AIII-2 depict the structure of re-
gions covered by a monolayer in such a way. Overall (see Figure AIII-2 (a)),
they exhibit a large number of lattice defects and dislocations with areas of
hexagonally close-packed (hcp) nanospheres not larger than 10x10 spheres,
areas of chaotic assembly of the beads (b) and regions of de-wetted struc-
tures with large areas (up to hundreds of micrometers) of bare substrate be-
ing visible between the deposited beads (c). The applied drops spread more
effectively on plasma-cleaned substrates yielding regions of monolayer cov-
erage of up to ~10 mm?, still lower compared to other reports in the literature
(e.g., 0.3 cm?)®®. The plasma-cleaning procedure applied (air, 30 W, 10 min)
lowers the water contact angle on a silicon wafer from ~45° (uncleaned) to
below 5° and, thus, also leads to better wetting of the applied drop. To pro-
mote spreading, different amounts of MeOH were added to the suspension
prior to drop casting. However, more MeOH leads to immediate flow away
from the center of the applied drop towards the edges of the substrate. Once
the edges were reached, the liquid flowed back towards the center of the ap-
plied drop causing very inhomogeneous PS layers. If the substrate was big
enough (no flow back to the center of the applied drop), the coverage of PS
spheres remained well below a monolayer, with large areas exhibiting no
nanospheres at all. Similar results were obtained by using EtOH instead of
MeOH with and without addition of the surfactant Triton X-100. As-received
PEN substrates were observed to exhibit a water contact angle of ~60°,
whereas it could be lowered to ~10° by plasma-cleaning. Thus, using the PEN
substrates as received for the described experiments mostly lead to
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multilayer coverage. However, with the plasma-cleaned substrates, similar
results as in the case of silicon wafers (described above) could be achieved.

(a)

(b)

(c)

XX

Figure AIII-2. Scanning electron microscopy images of regions of monolay-
ers of polystyrene nanospheres assembled on a silicon sub-
strate by drop casting: (a) overview image of such an area, (b)
area showing large numbers of defects, and (c) area showing
de-wetted structures with voids between deposited spheres.

As a second technique, spin coating was applied to deposit a monolayer of
PS beads onto the substrates from the suspensions previously described.
Two cases were tested: High spin speeds (>200 rpm) that lead to the quick
spreading/removal of the drop from the substrate and low spin speeds
(<100 rpm) that move the drop on the wetted surface. Similar to the drop-
casted samples, they were dried for 30 min at 80°C after spin coating to re-
move any residual liquid. In the first case, high spin speeds resulted in very
low coverage. By waiting longer before starting spinning, the coverage could
be increased, however, not to the extent of avoiding blank spots in the tens
of micrometers in size. In the second case at low spin speeds, results similar
to the best results obtained by drop casting could be obtained with regions
of monolayer coverage in the order of 10 mm?® An approach similar to
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Arutinov et al.’® was applied to achieve regions with monolayer coverage
over such areas. Specifically, increasing the spin speed from 80 rpm up to
1000 rpm by 100 rpm steps ca. every 2 min yielded the most promising re-
sults. The resulting PS monolayers exhibited similar structure (i.e., amounts
of defects) as the ones prepared by drop casting, however, with a higher ef-
fort to obtain such results (e.g., need of a spin coater, setting up a routine).

In a further trial, doctor blading was evaluated as a technique to deposit a
monolayer of PS beads on a substrate from the suspensions described above
similar to Yang & Jiang"’. A piece of silicon wafer was pinned down by two
stripes of tape at either side of the substrate, also serving as a guard for the
doctor blade. The drop was applied on one end of the bare region of the sub-
strate and spread by pushing the blade across the substrate at a constant tilt
angle and speed. Metal and plastic blades applying tilts between 10 and 90°
were tested. Furthermore, different speeds (~0.1-10 cm/s) were tested, but
with the disadvantage/unreliability of moving the blade manually. Slower
speeds lead to more reproducible results. However, in all the conditions ap-
plied, inhomogeneous residues of solution remained on the substrate, lead-
ing to a greatly inhomogeneous distribution of PS spheres on the substrate
after drying. Again, the samples were dried for 30 minutes at 80°C after the
point where no residual solvent could be observed on the substrate by eye.
However, all the resulting samples did not meet the requirements stated
above. In the literature, very slow coating speeds (down to 1 pm/s) were re-
ported to yield uniform results; but still, with the parameters and system ap-
plied by Yang & Jiang'’/, monolayer coverage could not be achieved (a mini-
mum of 12 layers of PS spheres were reported).

For all the previously described methods, the substrate plays an important
role as the monolayer is assembled directly on its surface. For both silicon
wafers (for test/investigative purposes) and PEN substrates (for the final de-
vices) to be coated equally, the method described in the following seemed to
be more suitable: namely, the assembly of a monolayer of polystyrene
spheres at the air-water interface and subsequent pick-up on any desired
substrate. Furthermore, large areas (tens of cm?) were reported to be readily
coverable by monolayers of PS nanospheres of different sizes with little ef-
fort (no need for special equipment).” An experimental routine similar to the
one reported by Vogel et al.” was adopted. First, the commercially available
dispersions from Polysciences, Inc. and Microparticles GmbH were each
mixed with ethanol (1:1 in volume). A glass beaker (8 cm diameter, 4.5 cm
height) was half filled with deionized water and a plasma-cleaned micros-
copy glass slide (diamond glass) was partially immersed at a tilt angle of ~45°.
Drops (microliters in volume) of the PS:H,0:EtOH solution were added to the
dry side of the glass slide above the water. The liquid flowed towards the wa-
ter surface, where the PS spheres spread immediately. However, with the
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commercially available spheres tested, no monolayer could be observed on
the surface of the water. Immediately after addition of the spheres to the
water, the solution turned blurry, indicating the sinking of the spheres be-
low the surface. Changing the amount of ethanol in the suspension with the
PS beads was reported to aid spreading of the colloids at the air-water inter-
face.® Also the pH of the subphase in the beaker was altered by adding spe-
cific amounts of acetic acid (~pH 2.5) or sodium hydroxide (~pH 12). Espe-
cially for functionalized colloids, increasing the pH was reported to aid or-
dering of the resulting monolayers.” However, neither of these approaches
aided the formation of a monolayer in case of the commercially available
beads used. Rey et al.® report that part of the reason for such a behavior are
impurities and different chemical residues (e.g., initiator) altering the prop-
erties of the suspension and the surface of the commercially available col-
loids, mainly being a consequence of the preparation/polymerization pro-
cess. Cleaning the beads by multiple centrifugation steps can help to get rid
of some impurities; in case of the beads from Polysciences, Inc., Rey et al.®
reported that even such a procedure did not aid in yielding monolayers of a
satisfactory quality.

On the contrary, as described by Vogel et al.’, the PS spheres obtained by
initiator-free emulsion polymerization (provided by Prof. Vogel's group)
formed a monolayer readily after adding drops of the corresponding solu-
tion to the air-water interface in the described way. Due to the different prep-
aration method, these colloidal solutions exhibit less impurities interfering
with the formation of a monolayer on the air-water interface.® After adding
several drops, a closed monolayer was formed, visible as a continuous inter-
ference pattern covering the entire surface of the water (i.e., different colors
visible at different angles of incidence). The transfer of this monolayer onto
plasma-cleaned PEN substrates and silicon wafers was performed by taking
the substrate with tweezers, immersing it into the water, moving it to an area
at which an unaltered monolayer can be seen and picking it up slowly at
shallow angles with respect to the water surface. Plasma-cleaning was cru-
cial for the PEN substrates, for without it, no pick-up of large monolayers
(areas of cm?) was possible. The silicon wafers could be used with and with-
out pre-cleaning them by the plasma treatment described. The results on a
piece of PEN (a) and on a piece of a silicon wafer (b) are shown in the images
in Figure AIII-3.

The structure of monolayers deposited in such a way is shown in the SEM
images in Figure AIII-3 (c) and (d). Almost no double-layer formation/
spheres on top of the monolayer were observed. The crystallite size of
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Figure AIII-3. Pictures of a ~3x1 cm piece of PEN (a) and a ~2x2 piece of sili-
con wafer (b) covered by monolayers of PS spheres (580 nm in
diameter) via pick-up after assembly at the air-water inter-
face; side (c) and top view (d) image of a corresponding sam-
ple recorded by SEM (on silicon substrate).

hexagonal close-packing within the monolayer (defect-free) is in the order
of 20x20 spheres. As shown by Rey et al.¢, this value can be greatly increased
by cleaning the beads (i.e., centrifuging), fine-tuning the ethanol content in
the solution of the PS beads or changing the pH of the subphase used for the
assembly of the colloids in the beaker. In the present project, a process yield-
ing reproducible monolayer coverage with a comparable structure was suf-
ficient. Thus, further efforts for tuning the structure and amount of defects
of the monolayers were not pursued.

PEDOT Thin Film Deposition by oCVD

In the second step, the deposition of PEDOT films by oxidative chemical va-
por deposition (0CVD) was investigated for the task in question. Since a con-
formal deposition around 3D-nanostructures is needed, the reactions were
run with VOCI; as the oxidant. VOCI; is liquid at room temperature and ex-
hibits a vapor pressure high enough in the pressure conditions applied in
oCVD for sufficient flow to the reaction chamber. The high volatility of VOCls
yields a low sticking coefficient and, thus, ensures a high conformality for
the resulting coatings.'® Only few, recent (2019) publications on the deposi-
tion of PEDOT films by oCVD with liquid oxidants are available (e.g., with
VOCI; in Gleason’s group®®, with SbCls and VOCI; in Nejati’s group™).
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In the beginning, suitable reaction conditions were determined. Overall, the
following parameters were varied in order to optimize the depositions in
terms of properties of the resulting thin films (as discussed in the further
parts of this report): 100-400 mTorr in working pressure, 40-80 °C in substrate
temperature and deposition times of 30 or 60 min were adopted. The maxi-
mum flow rate of the monomer of 1 sccm (heated to 90°C) achievable with
the setup at hand was kept constant for all the depositions. Correspondingly,
an equal flow rate of 1 sccm for the oxidant was adopted (also in all deposi-
tions) to avoid over-oxidization as reported by Kaviani et al.'’. The resulting
thin films were characterized by Fourier-transform infrared spectroscopy
(FTIR). All the spectra recorded on the different samples showed almost
identical patterns in terms of peak positions and relative intensities. The ab-
sence of a peak at 754 cm™ (attributed to C.-H) confirms the successful
polymerization of EDOT into its polymeric form (PEDOT) during thin film
deposition; the FTIR spectra of all the deposited films are in good agreement
with data on PEDOT thin films deposited by oCVD with the same oxidant in
the literature'. This confirms the successful polymerization for all the reac-
tion conditions applied in the present work. Besides the work of Gleason’s"
and Nejati’s' groups, the present contribution is one of the first reporting on
the successful deposition of PEDOT thin films with VOCI; as the oxidant. Fur-
thermore, the successful deposition of PEDOT thin films onto/around PS
nanospheres was confirmed by measuring and comparing FTIR spectra rec-
orded on samples with only PEDOT, only a PS monolayer and with both the
PEDOT and the PS layer on top of each other (see Figure AIII-4); the individ-
ual absorption spectra recorded on a monolayer of PS nanospheres and on a
PEDOT thin film add up and, thus, can be used to explain all the peaks in the
absorption spectrum of a PEDOT thin film deposited onto/around a mono-
layer of PS nanospheres. A detailed list of peaks assigned to the correspond-
ing molecular vibrations in the structure of PEDOT can be found in the sup-
plementary information to the publication of Kaviani et al.'’. Accordingly,
three main peaks in the spectra of PEDOT recorded within the present work
(cf. Figure AIII-4) can be assigned to C-O-C stretching and occur around 1100
cm™ (1090, 1135, 1180 cm™, respectively).!* Moreover, C-S-C stretching vibra-
tions can be observed between 650 and 1000 cm™ (685, 825, 970 cm™, respec-
tively)." Peaks at 920 and 1050 cm™ can be assigned to C-S and C-O stretching,
respectively, whereas C-C inter-ring stretching bands can be observed at
1320 cm™."

An estimation of the film thickness of the PEDOT layers resulting from oCVD
was performed by SEM of the thin film cross-sections exposed by cleavage
of PEDOT-coated silicon substrates after deposition (see Figure AIII-5 (a)).
However, especially thin layers (below 100 nm) were at the limit of detection
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Figure AIII-4. Absorption spectra recorded by FTIR on a PEDOT thin film,
a monolayer of PS nanospheres and a PEDOT film deposited
onto/around a monolayer of the nanospheres (on silicon
substrates).

for the SEM used, with charging (visible as a white shroud in Figure AIII-5
(a) at the top of the thin film) and lack of contrast blurring the images. How-
ever, the film thickness of thinner layers could be estimated by assuming
constant deposition rate over time and back-calculating from the longer dep-
ositions. All the layers investigated exhibited thickness values between 50
nm and 1 um, with lower pressure, higher substrate temperature and shorter
reaction time leading to thinner films, as expected in most CVD processes.
However, film thickness was not the most crucial parameter, as the main
aim was to deposit uniform and conformal PEDOT layers onto/around PS
nanospheres. Regardless, SEM helped to identify the most promising depo-
sition conditions and resulting structures. The fastest depositions (i.e., high-
est working pressure) developed cracks when taking them out of the reactor,
hinting towards a substantial strain in the films deposited in such a manner.
Regardless, slower depositions yielded thin film samples with excellent uni-
formity, without the presence of any appreciable observable defects (cf. Fig-
ure AIII-5 (a)).

For the deposition onto substrates pre-covered by a monolayer of PS nano-
spheres, the following results can be summarized: the most conformal dep-
ositions around the PS nanostructures were achieved at relatively low pres-
sures (i.e., slow depositions). For thicker depositions (>100 nm), a flat PE-
DOT layer on top of the nanostructures was observed to form, covering all
the nanostructures. The thicker this top layer was, the less structured the
film’s surface looked from the top due to smoothening by the deposited PE-
DOT film with increasing deposited thickness.

The threshold in thickness observed (~100 nm) coincides with the thickness
needed to be deposited for complete filling of the voids of the hcp-structure
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substrate

Figure AIII-5. Representative SEM images of (a) a 160-nm-thick PEDOT thin
film on a silicon substrate (side view), (b) a PEDOT film depos-
ited onto/around PS nanospheres (angled view) and (c) a
close-up image (side view) of a sample with a thin PEDOT
layer deposited onto/around PS nanospheres to demonstrate
the conformality of the deposition.

between the flat substrate surface and the nanospheres. From geometrical
considerations, the point last filled by a conformal and constant growth both
from the substrate and the nanosphere surfaces can be estimated (see Figure
AIII-6). Geometrically, this point must lie equidistant between the surfaces
of the three surrounding spheres and the substrate surface. Therefore, as
evident from a projection from top or bottom (see Figure AIII-6 (b)), this
point has to lie exactly on the line perpendicular to the substrate that passes
through the center of the triangle formed by the centers of the three sur-
rounding spheres (marked as an orange line in (a) and an orange x in (b) of
Figure AIII-6). The distance d,, of each point on this line relative (perpen-
dicular) to the surface of one of the spheres with radius r can be written as a
function of the angle ¢ from the plane formed by the centers of the sur-
rounding spheres, which reads as follows:

dsph :r(\/§COS(p_ 1)

The distance d,,,;, on this line from the substrate surface can be written as a

function of the same angle ¢ as follows:

2tang
V3

By equating the distances from the surface of one of the spheres (d,,,) and
from the substrate surface (d,;,), the exact thickness t can be calculated, at

deyp =7 (1 — )
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which a conformal and equal growth from all the surrounding surfaces
would meet last. Solving for the angle ¢ in the first quadrant yields ¢ = /6.
Inserting this value into one of the equations for dg,, or dg,, with
r = (580 nm/2) yields t * 97 nm. However, when including the fact that new
molecules for film growth need to arrive at each spot on the surface from
top, the path is blocked earlier; this happens exactly, when the smallest voids
between the spheres (i.e., at half the height of the spheres) are closed. This
point in thickness can be estimated by calculating the distance between the
surface of a sphere at half the height of the sphere to the center of the trian-
gle formed by the three centers of the surrounding spheres (see Figure AIII-
6 (b)); it is visualized as the line labelled s in green. For spheres with a diam-
eter of 580 nm, s ~ 45 nm. Furthermore, the fact that the growth is not per-
fectly conformal and effects such as capillary condensation, altering the
growth in small voids, need to be considered. In the present work, we aim at
minimizing the growth of PEDOT in a flat layer above the PS nanospheres

bottom view

|
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Figure AIII-6. Side view (a) and bottom view (b) sketches of 2D-projections
of parts of the hcp-structure of nanospheres (with radius ) on
a substrate surface aiding to explain the geometrical consid-
erations behind the estimation of the point (at thickness 7) last
filled by a conformal growth of a film on the substrate and the
nanosphere surfaces; dashed lines give shapes that need to be
seen through to observe the sketched structures (nanosphere
in (a) and substrate in (b)).
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because the interfaces between PEDOT and PSS were reported to play an im-
portant role in the piezoresistive behavior. Therefore, slow depositions (i.e.,
low working pressure of 200 mTorr) between 50 and 100 nm in thickness (on
a flat silicon substrate) were evaluated to yield the most promising results on
the nanospheres by SEM (also in terms of uniformity (b) and conformality
(c); see Figure AIII-5). Therefore, these conditions were adopted for the dep-
ositions on the PS spheres for the further device fabrication. Overall, this
contribution is among the first to report on the conformal and uniform oCVD
of conducting polymer thin films around nanospheres.

Regarding deposition conditions influencing material properties possibly al-
tering the electrical and piezoresistive properties of the resulting thin films,
the conductivity of oCVD-PEDOT films was reported to increase with in-
creased substrate temperature during deposition.”” To not damage the PS
spheres thermally (i.e., glass transition temperature of polystyrene at
~100-107 °C)*®, substrate temperatures of 60 and 80 °C were applied for the
deposition of PEDOT on the nanospheres. The two temperatures were also
chosen to investigate the effect of the conductivity on the piezoresistive
properties of the samples.

Assembly and Testing of Devices

For the fabrication of the actual piezoresistive devices, a monolayer of PS
nanospheres was deposited onto PEN substrates (3x1 cm) via pick-up of the
monolayer assembled at the air-water interface. Subsequently, PEDOT thin
films were deposited onto the nanospheres at different substrate tempera-
tures and thicknesses. Various samples were acid-treated by placing them in
a 0.5 M H,S0, solution for 10 min. This procedure is performed to achieve a
dopant exchange process in the PEDOT layer such as described by Howden
et al.® and a sulfonation of the surfaces of the PS spheres as reported by Nu-
cara et al.’. Two 50-nm-thick nickel contacts were evaporated onto the PE-
DOT via physical vapor deposition (PVD). The two contacts were prepared
with a separation of 0.5 mm via masking during deposition. Nickel was cho-
sen due to its work function (4.9-5.2 eV in films)*, matching the estimated
work function of PEDOT (5.1-5.2 eV in oCVD films)?, yielding ohmic behav-
ior. The piezoresistive properties of these samples were investigated by de-
termining their resistance as a function of straining. Initially, voltage-cur-
rent measurements (see Figure AIII-7) were performed. All samples showed
straight voltage-current characteristics, confirming the ohmic behavior of
the devices (with nickel contacts). For the sake of usability, further measure-
ments of the resistance were performed directly with a multimeter.

The resistance values of the unstrained devices (as-deposited and with
10 min H,SOs-treatment) measured directly with a multimeter are given in
Table AIII-1. In accordance with literature (e.g., Kaviani et al.'?), the
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Figure AIII-7. Representative voltage-current characteristics (from -0.1 to
2 V) measured on a strained and unstrained device structure
with the respective resistance values calculated from linear
fits of the curves (reciprocal value of the slope); preparation
conditions: Tsu, = 80 °C, 60 min, H,SO,-treated.

conductivity appears to increase with substrate temperature and with depos-
ited film thickness (i.e., deposition time), observable as a decreased re-
sistance value. Furthermore, H,SO,-treatment decreases the resistance by
~1/3. For PEDOTfilms deposited with iron chloride as the oxidant, even
larger increases in conductivity were observed (more than 100%), possibly
due to different species and levels of doping. However, the present work is
among or even the first to report on a dopant exchange in sulfuric acid en-
hancing the conductivity of oCVD-PEDOT films deposited with VOCl; as the
oxidant by ~1/3.

The H,SOstreated sample deposited at 80 °C substrate temperature with a
deposition time of 60 minutes (cf. Figure AIII-7) shows a slightly lower re-
sistance value when calculated from the slope of the voltage-current charac-
teristics (~313 () compared to the value obtained from a direct measurement
with the multimeter (cf. Table AIII-1; 298 Q) in its unstrained state. The
measurement uncertainty and different wire and contact probe resistances
might be possible sources for this difference. All the differences between the
resistance values obtained from voltage-current characteristics and direct
measurement lie within this range. For the remaining results of this contri-
bution, the direct measurements are reported due to their ease in measure-
ment (especially during bending). Regardless, both sets of data show the
same trends.

With the geometry of the samples, their conductivity can be estimated to
range in values of up to tens of S cm™, which is in the range of conductivity
values reported in other studies on oCVD-PEDOT" and especially on films
deposited at relatively low substrate temperatures.' For depositions carried
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Table AIII-1. Resistance measured on device structures as-deposited and
after 10 min of H,SO.-treatment for different deposition condi-

tions.
Resistance []
Deposition conditions as-deposited H,SO,-treated
60 °C;30 min 1,711+ 16 1,056 + 11
60 °C;60 min 448 £ 6 3205
80 °C;30 min 1059 £ 11 717 £7
80 °C;60 min 397+6 298 £5

out at even higher substrate temperatures (e.g., 145°C), conductivity values
of up to several thousands of S cm™ were reported.'>”” Regarding the re-
sponse to bending, Figure AIII-7 gives an idea about the amplitude of the
change in resistance (~4% for an applied strain of 0.37% for the respective
sample). Compressive and tensile strain yield shifts in the opposite direction
but comparable in magnitude. A summary of the response of the different
samples to 0.37% of tensile strain is given in Table AIII-2.

Table AIII-2. Response in change of resistance (percent compared to the un-
strained state) to 0.37% of tensile strain (applied via bending)
measured on device structures as-deposited and after 10 min of
H,SO.-treatment for different deposition conditions.

Response [%]
Deposition conditions as-deposited H,SO,-treated
60 °C;30 min 0.2 0.4
60 °C;60 min 0.5 0.9
80 °C;30 min 0.8 1.6
80 °C;60 min 2.3 4.2

The data in Table AIII-2 shows that the response to 0.37% of tensile strain
(applied via bending) is higher for samples prepared at higher substrate tem-
perature (i.e., more conductive) and longer deposition time (i.e., greater de-
posited film thickness). Furthermore, an increase of the response by a factor
of ~2 is observed after acid treatment, indicating an influence of the dopant
species on the piezoresistive behavior. Howden et al.® hypothesize that acid
rinsing has multiple potential effects on such vapor-deposited PEDOT films:
It could help in removing residual oxidant from the film, in solvating the
structure to allow for optimized morphology and in lowering the film rough-
ness. Furthermore, the solvating effect was expected to allow for the
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incorporation of further dopant ions, observable in a higher doping level
and, thus, conductivity.® Furthermore, the sulfonated PEDOT-PSS interfaces
are expected to contribute to the enhanced piezoresistive response, as re-
ported and hypothesized in the literature on PEDOT:PSS-based piezoresis-
tive devices.>** Overall, a correlation between an increase in conductivity
and an increase in gauge factor were found in the investigated samples.
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Figure AIII-8. Representative data on the change in resistance normalized
by the resistance of the unstrained device (AR/R) as a function
of strain ¢ (in percent); preparation conditions: Ty = 60 °C,
60 min, H,SOs-treated; the dashed line represents a linear fit
to the measurement points.

With bending, different levels of strain (i.e., bending radii) can be applied
on the devices. From such experiments (see Figure AIII-8), the relation be-
tween the change in resistance and the applied strain can be investigated.
Successful fitting of the measured data with a linear function leads to the
hypothesis of a linear relationship between these two parameters in the
range of strains investigated. The uncertainties for the measured resistance
values (cf. error bars in Figure AIII-8) arise from the measurement uncer-
tainty of the multimeter. Despite the large uncertainty, as it is close to being
constant for all the data points plotted, the linearity of the relation described
can be assumed to be valid. Moreover, this relationship is confirmed by volt-
age-current measurements and by all the samples investigated in the present
study exhibiting a similar relationship. This behavior is expected and re-
ported widely in the literature.>®

Furthermore, this relation is widely used to estimate the quality of a piezo-
resistive device. The quantity measuring this correlation is called gauge fac-
tor k. It relates the measured resistance change normalized by the resistance
of the unstrained device (AR /R) to the applied strain € as the change in length
normalized by the length in the unstrained state (41/[) as follows:

_(4R/R) _(4R/R)
CAyn e
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Thus, with the values from Table AIII-2, the gauge factors can be calculated,
yielding values of as high as 11.4. Furthermore, the Poisson’s ratio of the pol-
ymer (v), describing the transverse change in length resulting from longitu-
dinal straining, can be estimated to be ~0.35.2 This can be used to subtract
the factor merely resulting from the geometrical change upon straining the
device as follows:!

1Ap
k=1+2v+——=1+2v+kp
ep

This yields an estimation of ~9.7 to be the value for the corresponding ‘true’
gauge factor (k,) resulting from the change in conductivity (p) of the poly-
meric structure. Still, this value lies well above gauge factors of conventional
metal strain gauges (k<5).! Considering the values of other polymer-based
materials, the measured kvalue compares well to gauge factors determined
on PEDOT:PSS-based structures measured in similar configurations (e.g.,
0.48,% 17.8%. In conventional semiconductors (e.g., silicon, germanium),
gauge factors of >100 have been reported.?* However, these materials bear
the disadvantage of a trade-off between their rigidity connected to the disa-
bility to sense large strains and/or small pressures and a high gauge factor.
Furthermore, in a more sophisticated sandwich geometry (top-bottom con-
tacting), very large responses to pressure (changes of the resistance of up to
~3 orders of magnitude) were reported for PEDOT:PSS films containing gold
nanoparticles.* However, these devices exhibited a very large intrinsic re-
sistance in their unstrained state (~10* Q). Furthermore, very high gauge fac-
tors (55-396), depending on the range of strains applied, were reported for
an electrospun PEDOT:PSS-PVA nanofiber material; also for this material,
low conductivities were reported (10°-10® Scm™).’

Regardless, it should be mentioned that the magnitude of the gauge factor is
not the only parameter relevant for piezoresistive devices. For instance, the
mechanical flexibility, elasticity, compatibility with biological systems and
low-cost of fully polymeric setups makes them particularly interesting for
future applications. Thus, structures like the proposed one here show great
potential and exhibit a set of properties that is crucial for various different
applications such as in biosystems or wearable electronics.

In the present work, a simple approach for testing a novel set of materials
was adopted. It must be mentioned that the results published in this work
should be regarded as preliminary. Herein, the materials and the measure-
ment geometry have not been optimized to their full potential. For instance,
different read-out geometries (e.g., sandwich) could be promising ap-
proaches. Optimizing the set of materials and structures used yields further
opportunities of improving device performance. On the one hand, the pos-
sibility of changing the size of the polystyrene nanospheres represents a
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knob to tune the interfacial contact area between PEDOT and PS(S). On the
other hand, especially, the oCVD process yields great potential of tailoring
and tuning material properties of the PEDOT layer such as conductivity and
conjugation length,'>" directly influencing the piezoresistive behavior of the
resulting material. As an increased conductivity was found to correlate with
an increased gauge factor, a very promising outlook are the remarkably high
conductivity values (thousands of S cm™) reported on oCVD PEDOT in the
literature.'>*” Besides substrate temperature and film thickness, the working
pressure and the nature and flow rates of the individual chemicals used
within the process were shown to alter the microstructure and the material
properties of the resulting thin films further.''* As the conductivity of the
PEDOT film depends on doping, the oxidant species used within the oCVD
process may be an interesting knob to play with (e.g., SbCls as used by
Nejati’s group™). Moreover, the acid treatment (e.g., different acids) can be
used to alter the resulting chemical nature of doping. Compared to regular
PEDOT:PSS-based structures, the methods applied in the present work open
up a vast number of tunable parameters, potentially enabling the structures
to outperform conventional architectures. Moreover, the reported results
broaden the impact and possibilities of applications of oCVD films.

AIIl.7 Conclusions

In this work, a novel, fully polymeric composite material for piezoresistive
devices was proposed, prepared and tested. The deposition of a monolayer
of polystyrene nanospheres onto flexible polyethylene naphthalate (PEN)
substrates over large areas (several cm?) was achieved by the assembly of the
monolayer at the air-water interface and subsequent pick-up with the
plasma-cleaned PEN substrates. A thin layer (~50-100 nm) of PEDOT was de-
posited conformally around the PS nanospheres via oxidative chemical va-
por deposition (0CVD). The successful polymerization and deposition were
confirmed by scanning electron microscopy and Fourier-transform infrared
spectroscopy. The intrinsically chlorine-doped nature of the oCVD-PEDOT
layers was altered by a treatment in sulfuric acid post deposition. During
deposition of the PEDOT thin film, the substrate temperature and deposited
thickness were used as parameters to alter film properties in terms of con-
ductivity and piezoresistive response.

Two nickel top-contacts were evaporated on top of the assembled
PEN/PS/PEDOT-structure with a separation of 0.5 mm to allow for the elec-
tric characterization of the individual samples. The ohmic nature of the con-
tacts and the entire device structure were confirmed by the linearity of their
voltage-current characteristics (also when strained). Resistance measure-
ments revealed that preparing the samples at higher substrate temperature
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and increasing the deposited thickness yield structures exhibiting lower re-
sistance. The dopant exchange performed by acid treatment in sulfuric acid
decreased the samples’ resistance by ~1/3. Conductivities were estimated to
range as high as tens of S cm™. To test the piezoresistive properties of the
samples, resistance measurements during defined bending (i.e., strain)
were performed. All samples prepared were confirmed to exhibit piezore-
sistive behavior by changing their resistance as a function of applied strain.
Lower intrinsic resistance (i.e., samples prepared at higher substrate tem-
perature, samples with increased thickness) enhanced the piezoresistive re-
sponse of the samples. Furthermore, the acid treatment applied increased
the piezoresistive response of the samples by a factor of ~2. Besides perform-
ing dopant exchange, additional doping and optimizing the morphology
of/in the PEDOT layer, this treatment is thought to sulfonate the surfaces of
the PS spheres, contributing to the piezoresistive behavior of the final de-
vices. From the relationship of the applied strain to the change in resistance
measured, gauge factors as high as 11.4 were determined.

Overall, the results presented in this contribution serve as a promising basis
for the optimization and development of the investigated structures for their
application in piezoresistive devices. Further investigation on the perfor-
mance of the proposed structures are needed and an optimized setup for the
application of the investigated architectures is sought. Regardless, already
the combination and substeps of the methods applied yielded novel insights
into the capabilities of the investigated systems.
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