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Preface

Confined at the nanoscale level, soft matter reveals a fascinating behavior, strongly
deviating from what is observed in macroscopic samples. Shifts in phase transition
temperatures by almost 100 K, impressive increases in elastic moduli, tremendously
longer lifetimes of amorphous compounds—these are just a few examples of the
confinement effects which, for more than 20 years have been fascinating a broad
community of researchers.

The classical view of the deviation from bulk behavior focuses on the balance of
finite size effects and interfacial interactions in systems at thermodynamic equi-
librium. For example, thin films (thickness typically below 100 nm) are treated as
slabs where the bulk molecular dynamics is locally perturbed by the presence of
free surfaces (~2 nm layer at the interface with air, other gases, or vacuum) and
adsorbing interfaces (proximity of non-repulsive wall). A reduction in the glass
transition temperature is commonly imputed to the faster dynamics of free surfaces,
while the presence of an adsorbing interface is considered as a source of slower
molecular modes.

Such a picture, although very intuitive, cannot describe the peculiar features of
soft matter under confinement, including exotic phenomena like the increase in
glass transition temperature, T, at the free surface of star-shaped polymers and the
reduction in T, of capped films (no free surfaces), in several nanocomposites and in
adsorbed layers. It is obvious that one or more key parameters are still missing in
our understanding of confined systems.

A solution to this problem could come from the large and growing experimental
evidence remarking the presence of ultraslow relaxation processes manifesting at
timescales exceeding by several orders of magnitude the bulk equilibration time.
These observations aliment the idea that the commonly used preparation protocols
(deposition of a solid phase upon rapid solvent evaporation) lock molecular
conformations into non-equilibrium states. The deviation from bulk behavior
should thus be treated as the manifestation of non-equilibrium phenomena.

In this book, collecting the results of experiments and simulations, we provide the
first comprehensive coverage of the impact of non-equilibrium structure
and dynamics on the properties of soft matter confined at the nanoscale level.
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The 12 chapters of this volume are grouped into three main parts, providing a broad
overview of the state of the art in the field. Equilibration and Physical Aging:
treating non-equilibrium phenomena via the formal methodology of statistical
physics in bulk, the analysis of the kinetics of equilibration permits shedding light on
the physical origin of the non-equilibrium character of thin polymer films. Both the
impact of sample preparation and that of interfacial interactions are analyzed using a
very large set of experiments, including dewetting and spinodal decomposition.
A historical overview of the investigation of the non-equilibrium character of thin
polymer films is also presented. Furthermore, the discussion focuses on how inter-
faces and geometrical confinement perturb the pathways and kinetics of equilibra-
tions of soft glasses (a process of tremendous technological interest, commonly
known as physical aging). Irreversible Adsorption: the formation of stable adsorbed
layers occurs at timescales much larger than the time necessary to equilibrate soft
matter in bulk. It is questioned whether this process could be considered as the
driving force of equilibration. Recent work showed, in fact, a strong correlation
between the behavior of polymers under confinement and the presence of a layer
irreversibly adsorbed onto the supporting substrate. This correlation furthermore
hints at the possibility to tailor the properties of ultrathin films by controlling the
adsorption kinetics. In this section, the investigation of the physics of irreversible
chain adsorption is accompanied by a detailed analysis of the molecular dynamics,
structure, morphology, and crystallization of adsorbed layers. Glass Transition and
Material Properties: the discussion covers a broad range of non-equilibrium phe-
nomena affecting different family of soft materials—polymers, low molecular glass
formers, liquid crystals. In these systems, geometrical confinement induces the
formation of non-equilibrium phases, otherwise not achievable via processing of
bulk samples. For example, ferroelectricity is unexpectedly observed in thin films
and nanotubes of a polymer being paraelectric in bulk, while the interfacial phases of
OH-bonded liquids and of discotic liquid crystals present a remarkable increase in
structural order, not achievable via processing of macroscopic samples; an efficient
example of chemical engineer at the nanoscale level, where nanopores are employed
to obtain stress-free products, is also introduced. These examples show how
non-equilibrium phenomena could be exploited as innovative processing parameters
to fabricate novel nanomaterials with improved performance.

Finally, the differences between experiments performed under equilibrium
conditions (e.g., a frequency sweep at constant temperature) and temperature scan
from equilibrium to non-equilibrium states (e.g., differential scanning calorimetry
or ellipsometry) at the nanoscale are discussed here.

I sincerely hope that this book can contribute to the progress of understanding
soft matter and stimulate the discussion on non-equilibrium phenomena at the
nanoscale level.

Bruxelles Simone Napolitano
May 2015
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Chapter 1
History Dependent Temporal Changes
of Properties of Thin Polymer Films

Giinter Reiter

Abstract Despite an extensive number of investigations, it is becoming increas-
ingly obvious that a clear understanding of thin polymer film properties has not yet
been reached. The origin of (some of) the puzzling behavior of thin polymer films is
still not satisfactorily unveiled. At present, we are still missing a consistent
understanding of how film preparation and confinement affect film properties, in
particular on approaching the glass transition temperature. While it may be dis-
putable if the change from the initial solution to a dry glassy film introduces a
“conformational state” with its “own” properties, we will present various findings,
mainly observed in dewetting experiments, which demonstrate the influence of
sample preparation and of the thermal history these films have undergone. We
conclude that thickness is not the only parameter defining the properties of thin
polymer films, i.e., they depend in addition on what happened to a film before a
particular measurement was performed.

1.1 Introduction and General Aspects

Polymers represent one of the most important, versatile and strongest growing classes
of materials for constructing functional systems. Polymers are thus included in a wide
range of applications, e.g., as structural elements (deformable parts, lightweight
matrix for composite materials, fiber materials, ...) or as functional units (organic
electronics, photovoltaics, optical and mechanical meta-materials, ...).

Two key aspects are performance and processability. To meet future challenges in
energy production and storage, medical technology, information technology and
sustainable development we therefore require significant advancements in improving
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4 G. Reiter

the performance of polymeric materials. At the same time, fast and efficient
processing conditions are required for the production of such innovative and
advanced polymeric materials. These conditions can, especially when the intrinsic
molecular relaxation times are longer than the processing time, i.e., Weissenberg
numbers larger than 1, determine the final properties of these materials and thus their
suitability for various applications (a few examples are given in: [1-6]). Accordingly,
influencing material properties by processing conditions allows to widen the range of
applications as these properties may become adaptable to the needs of the applica-
tion. Thus, it is essential that concepts for polymer processing change from empir-
ically optimizing processing parameters to a rational and predictive strategy in
designing the desired properties. In the here presented experimental studies on
varying properties of polymers of thin films, we aim to develop some preliminary
concepts for tuning properties of polymers via processing steps.

Polymers are entropy-dominated systems. During processing, these systems can
evolve through different sequences of states, corresponding to different topological
pathways of similar energy [3]. These pathways may involve structure formation by
self-assembly, phase separation, phase transitions, etc. Small free-energy differ-
ences between these states offer the possibility to select pathways to desired mor-
phologies that may not correspond to equilibrium. Fast processing of polymers
unavoidably introduces out-of-equilibrium chain conformations because polymers
cannot fully relax during the limited time allowed by processing conditions [1-6].
A multitude of possible non-equilibrium states can be established, mainly due to the
chain-like structure of polymers, which allows for a vast number of possible
arrangements of the monomers without risking to loose connectivity between these
segments. Here, in the context of thin polymer films, we mainly concentrate on
non-equilibrium states introduced by different ways of thin film preparation from
rather dilute solutions and show how properties of such thin polymer films can be
affected by such states.

Processing of polymers often involves a sequence of physical operations such as
evaporation, temperature change or shear which will generate forces acting on the
polymer chains. Under the influence of such forces, polymer chains can change
their conformations, i.e., the arrangements of the connected monomers, and are thus
able to exist in different states of order. Polymer conformations sensitively affect
mechanical, rheological, optical, electronic properties. Taking advantage of this
molecular flexibility and adaptability, even a single component polymer system
may become functional and adaptable.

Recently, several research groups have begun to investigate how polymer con-
formations and structures topologically evolve and how this evolution could be
guided during typical processing situations [1-6]. However, we still need to
undertake significant efforts to identify fundamental steps during polymer pro-
cessing to finally be able to actively guide structural evolution of appropriate
designed materials to realize the desired functions and properties.

We may hope to improve material performance by strategically exploiting
non-equilibrium preparation pathways for the formation of these complex
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macromolecular systems, which includes possibilities to reduce processing time
through ultra-fast processes and high throughput approaches. In addition, the
long-term stability (slow aging behavior) may be enhanced through the identifi-
cation and implementation of long-lived metastable non-equilibrium structures.

Thin films are often prepared from a dilute solution. Spin-casting is one of the
most frequently applied techniques [7-9], yielding extremely smooth and appar-
ently homogenous films with a thickness down to ca. 2 nm within seconds [10-14].
By varying the concentration of the solution, the process of spin-casting allows to
vary easily and controllably the film thickness. In the course of spin-casting, the
solvent evaporates rapidly. Due to evaporation, the concentration of the polymer
within the solution increases and eventually the film vitrifies. Often, vitrification
occurs already at a point when there is still a significant amount of solvent within
the film. Due to the short processing time and the increasing polymer relaxation
time, it is questionable if the initially swollen and significantly separated polymers
are able to sufficiently interpenetrate and equilibrate in the course of film
preparation.

During such processing, often significant forces are acting on a polymer chain
which may respond via changes of its conformation. For a given length of a
polymer, the magnitude of these changes will depend on the value of the acting
force and the time scale on which this force is acting. Often the time scale of
processing is much shorter than the relaxation time scales of macromolecules,
which can be quite long due to the large size and a correspondingly low mobility of
macromolecules. Thus, one has to expect a large spectrum of non-equilibrium
states.

Presently we do not have detailed and systematic studies on how acting forces
change polymer conformations and we are consequently lacking fundamental
understanding for a rational design of processing steps in terms of
modifying/adjusting macromolecular conformations or controlling of macromo-
lecular conformations of non-equilibrium states. We do not possess a theoretical
framework for describing non-equilibrium states of macromolecules.

A large number of studies on thin polymer films revealed that various physical
properties exhibited characteristics strongly deviating from their bulk behavior [10—
47], with major implications for most technological applications based on such
nanoscopic films. Diverse measurements have shown anomalous irreversible and
reversible density changes after annealing below the bulk glass transition temper-
ature, unexpected instabilities of these films, unusual aging, deviations in mobility,
deformed chain conformations, dewetting processes independent of molecular
weight and much faster than suggested by bulk visco-elasticity, clear indications for
residual stresses within these spin-coated thin polymer films, a thickness but also
history dependent glass transition temperature, and fast relaxation processes. The
cause of these deviations is a matter of ongoing debate.
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1.2 “Historical” Remarks on Thin Polymer Films

As mentioned above, the consequences of non-equilibrium chain conformations of
the polymers on film properties are not yet well understood. But we may speculate
that sample preparation represents a possible cause for the anomalous behavior in
glassy thin polymer films. Film preparation may have an influence on measure-
ments of visco-elastic properties, film stability, glass transition temperature, diffu-
sion coefficient, etc. In particular, we have to examine if fast evaporation of the
solvent during the widely used process of spin-casting [7-9] can potentially affect
the properties of polymer thin films.

In this context, it is instructive to have a look at some previous studies on
spin-cast thin polymer films [10-13, 15-18, 47]. Being able to prepare smooth thin
polymer films of variable thickness allowed to study questions related to the
chain-like nature of macromolecules. In particular, it has been speculated that
polymer properties like viscosity, chain orientation, interdiffusion rates, or
mechanical properties and the glass transition temperature may change once the
thickness of the film decreased below the diameter which Gaussian polymer coils
have in bulk samples.

In Fig. 1.1 we show observations on changes in film thickness published already
in 1993 [10]. There, annealing freshly spin-cast thin polymer films well below the
glass transition temperature of the bulk system (7 ;) for one hour under vacuum,
followed by a quench to room temperature, showed significant increase in film
thickness, i.e. a decrease in film density by X-ray reflectometry. It has to be
emphasized that at these low temperatures well below Ty, no dewetting was
observed. It also has to be noted that such films, when annealed (or aged) at
temperatures well below T, »,;x, showed a reversible behavior in the change of film
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Fig. 1.1 Maximum relative change in thickness normalized by the initial thickness /i of the film
as a function of hy for a polystyrene of M,, = 28 kg/mol (PS28 k) and b polystyrene of
M,, = 660 kg/mol (PS660 k). The density of these films was lower than in the bulk and decreased
with decreasing k. This change in density caused an increase of the mobility of the molecules with
decreasing hg. It was suggested that these effects resulted from an enlargement of the number of
inaccessible sites caused by segregation of the molecules as h, decreased. The figure is adapted
from Ref. [10]
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thickness with temperature. The observed values of the relative change in film
thickness decreased as h increased. In addition, the observed thickness changes
showed an influence of molecular weight.

From these observations, published in 1993 [10], it has been concluded that
“sufficiently thin films show, compared to the bulk, a lower density and an
increased mobility. The latter corresponds to a reduction of the glass transition
temperature which, in turn, can be related to the lower density.” As a tentative
answer for the question “Why is the density of polymers confined in a thin film
lower than that in the bulk?” it was speculated that “chains do not significantly
interpenetrate each other due to high entropy losses [48), the density of these
swollen chains has to be lower than in the bulk. One might call the empty sites
within the chains the <inaccessible volume>".

Reflectometry studies of spin-cast thin polymer films [10-13, 20, 21, 23, 24]
provided rather detailed information on changes in film thickness and interfacial
roughness of the film/air interface. In particular, it was found that thin polymer films
“shrink” by large amounts when annealed in the glassy state at temperatures even
well below Tgp. Changes in film thickness by more than 10 % have been
observed at temperature well below Ty ., €ven at room temperature when storing
these films for days or months. This is not compatible with the assumption that
polymer films are incompressible. Consequently, one has to anticipate that right
after the film has been prepared by spin-casting, i.e. by rapid evaporation of the
solvent, polymer films contained a large amount of unoccupied volume.
Tentatively, one may assume that this then unoccupied volume was previously
taken up by the solvent molecules which have evaporated from an already vitrified
film. These observations of anomalously large thickness changes in ultra thin films
of glassy polystyrene polymers have been summarized in [18] through a cascade of
metastable states. There, also some (tentative) interpretations of these states,
schematically shown in Fig. 1.2, have been suggested.

Unexpectedly, in several cases these films were not stable, i.e., dewetted and
transformed into droplets, when annealed above Ty j,x. Even more surprisingly, the
thinnest films were unstable even below T, [10]. Stability, however, is a pre-
condition for investigating specific properties as a function of film thickness.

increasing temperature
room temperature g P —p

increasing time

; E I_: _&_ | P p

r 4 rd rard s
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Fig. 1.2 Schematic presentation of some typical states of a spin-cast polymer film. While some
initial processes may take place within seconds, subsequent relaxation and aging processes, in
particular at temperatures below the glass transition temperature, may involve significantly longer
times. The figure is adapted from Ref. [18]
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For somewhat thicker films annealed at higher temperatures, but still well below
T, puik» simple inspection of these thin films by optical microscopy made it clear that
the instability of the film was related to a retraction of the film from the substrate,
i.e. the film dewetted the substrate [49]. The dewetting process provides profound
insight into rheological properties of thin polymer films [32]. Polymers have neg-
ligible vapor pressure (polymers are non-volatile) which ensures mass conservation
in the course of dewetting. Their typically rather high viscosity assures that dew-
etting is slow enough to allow for simple, time resolved measurements. Moreover,
the possibility to tune the film thickness in the nanometer range allowes for testing
the influence of short and long range intermolecular forces on film stability and
dewetting dynamics [50-52]. Dewetting allows to investigate kinetic effects like
friction (energy dissipation) at an interface. Dewetting experiments are attractive
because of their simplicity, sensitivity and rapidity.

We conclude by stating that dewetting allows to link static and kinetic molecular
and interfacial properties with macroscopically easily observable parameters like
dewetting velocity and shape of the rim [47]. Despite its simplicity with respect to
experimental observation, dewetting turned out to be extremely sensitive to even
tiniest changes in the system under investigation. Thus, dewetting has proven to be
a highly successful and time-efficient tool for obtaining time-resolved information
on a molecular scale, allowing to determine interfacial properties and their changes
in real time and in situ. Finally, dewetting experiments can provide information
about relaxation and aging processes of polymers in the film.

1.3 Dewetting: Some Basic Features and Theoretical
Considerations

In general, if a substrate has a lower surface tension than a fluid, this fluid will not
form a stable film when deposited onto such a substrate. Consequently, such an
unstable fluid film will retract from this substrate by a dewetting process [49, 53—
57]. Capillary forces resulting from intermolecular interactions are responsible for
this retraction of the fluid film [53]. The process can be described by the balance of
driving forces, which try to remove the fluid, and dissipative processes, which
reflect the resistance of the fluid to its removal. In particular, the temporal evolution
of the dewetting process is controlled by this balance of forces.

In this context, it is an advantage that we are investigating thin films. Under such
conditions, we can neglect gravity (because the mass of the film is extremely small)
and inertia (because we investigate cases where the dewetting velocity is com-
paratively small). While many geometries and interfacial conditions can be con-
sidered, we concentrate on the simple case of a visco-elastic fluid on a smooth
substrate. Accordingly, we assume that the fluid is completely characterized by its
viscosity and elastic component. Moreover, we assume that the substrate is inert
and does not generate hysteretic behavior, i.e., we exclude contact line pinning and
chemical reactions at the substrate.
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In Fig. 1.3, we define the central parameters, which have to be measured
systematically in a dewetting experiment. The changes of the dewetted distance
(this is either the radius R(¢) of a hole, when dewetting is initiated by a point, or the
distance L(¢) to an initiating straight contact line) are controlled by the balance of
acting forces, for example related to frictional properties at the film-substrate
interface. The parameters W(¢) and H(¢), which characterize the rim, reflect infor-
mation on the rheological properties of the fluid film.

As mentioned above, on non-wettable substrates, capillary forces are responsible
for the retraction of a fluid film. These forces will also act if the film is vitrified or
highly viscous, characterized by an elastic or visco-elastic behavior. Thus, one may
expect that dewetting of visco-elastic films is following similar laws [58, 59].
Dewetting, however, may be slow or quasi-stopped on experimentally accessible
time-scales if the acting forces are weak. In the following, we will discuss how
visco-elastic properties of a film, and in particular stresses within the film, affect the
dewetting process. For thin PS films the time-scale of such dewetting experiments is
expected to be extremely long, especially at temperatures not too far above Tg px
[19, 56, 57]. Furthermore, it may be questioned if capillary forces of the order of 10
mN/m are strong enough to provoke dewetting. In order to be able to observe
dewetting within acceptable times, and to emphasize the consequences of driving
forces, we have reduced interfacial friction by using low friction surfaces like
silicon substrates coated with polydimethylsiloxane (PDMS). This allowed us to
follow the process of hole growth in polystyrene (PS) films in detail across many
length- and time-scales.

As one may have guessed, elasticity of the film is affecting characteristic features
of the dewetting morphology. The dynamics of dewetting, i.e., the temporal

§
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Fig. 1.3 Typical 3D view (measured by atomic force microscopy), compared with the observation
by optical microscopy, of a section of a typical rim around a dewetting hole obtained in a PS film
on a PDMS-coated substrate at temperatures close to the glass transition of PS. H(r) is the
maximum height of the rim which depends on dewetting time . A is the initial height of the film, L
() and R(r) represent the dewetted distance for dewetting from a straight line or for the opening of
a hole, respectively. W(r) is the width of the rim. While i, and H(?) are in the nanometer range, all
other lengths are of the order of micrometers
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Fig. 1.4 3D-view (measured by atomic force microscopy) of a typical hole obtained by dewetting
a polystyrene film on a PDMS-coated substrate at temperatures close to the glass transition of PS.
The focus is on the evolution of the cross-section of the rim, which changes from an asymmetric
shape at early stages to a more symmetric shape at late stages

evolution of the shape of the rim or the hole diameter is differing from purely
Newtonian liquid films [58, 59]. For long dewetting times, however, even poly-
styrene films switch from an initially highly elastic behavior to a purely viscous
fluid [60]. Visco-elastic fluids behave elastically at short time-scales and show
viscous flow at long times. This change in rheological behavior becomes clearly
evident in the dewetting features, e.g., represented by the shape of the rim, as can be
seen in Fig. 1.4. Of course, the time of this transition depends on the characteristic
relaxation time of the visco-elastic fluid, which typically decreases with increasing
temperature.

1.4 Dewetting Experiments with Polystyrene Films
at Temperatures Slightly Above the Glass Transition

A surprise and thus representing a significant result concerns dewetting of ca. 10—
20 nm thin PS films of widely different molecular weight at temperatures around
T pur [19]. Like for dewetting at high temperatures, these films ruptured upon
annealing. Here, we concentrate on the probability of hole formation and how these
holes evolve with time at temperatures above ca. 103 °C. Complementary experi-
ments indicated, however, that hole formation was possible at even lower tem-
peratures [27].

In Fig. 1.5, we present typical atomic force microscopy (AFM) results for early
stages of dewetting in very thin films. Many holes of similar size were formed
within the small area detected by AFM [19]. Most holes were formed within a
narrow time interval at the very beginning of annealing at 105 °C. At such early
stages, the material displaced from the dewetted areas was not collected in visible
rims around these areas but it was distributed evenly within the whole film in
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Fig. 1.5 Typical atomic force micrographs showing the consequences of annealing thin PS films
on PDMS coated Si-wafers at a temperature close to the glass transition of PS. Rimless holes of
some 100 nm in diameter were formed within minutes. Two different molecular weights are
compared as indicated in the figure. First row: 16 nm polystyrene of M,, = 125 kg/mol (PS125 k);
second row: 13 nm polystyrene of M,, = 3900 kg/mol (PS3900 k). First column: the as-prepared
samples; second and third column: measured after annealing for 1 and 10 min at 105 °C,
respectively. The size of the images is 3 x 3 um?. The figure is adapted from Ref. [19]

between the holes. Thus, imposing mass conservation, the film thickness between
the holes had to increase, as was verified by AFM by measuring the depth of the
holes.

The surprising aspects are twofold: First, independent of how long the polymers
were, the rate of hole opening was almost identical. This implies that the viscosity
of the polymer, which increases significantly with molecular weight and differed by
many orders of magnitude for the two polymers investigated, was not the key
rheological parameter characterizing the rate of hole opening. This result rather
indicated that the plateau shear modulus of PS, which does not depend significantly
on chain length, was the essential control parameter for the growth rate. Second, the
initial opening velocity of the holes was of the order of 100 nm/min. For temper-
atures close to the glass transition with reptation times of the order of years, we
cannot interpret the observed dewetting by viscous flow of the polymer. In addition,
as could be deduced from the asymmetric shape of the rim observed for larger holes
obtained in thicker PS films, the film behaved mainly like an elastic sheet.
However, assuming a purely elastic material, the acting capillary forces, derived
from known values of interfacial and surface tensions, would not be sufficient to
lead to such an unexpectedly high dewetting velocity. Thus, it became obvious that
an additional driving force was required.

Based on these experiments of 2001, it was concluded that a thin film does not
need to be purely liquid in order to allow for dewetting. Also, thin solid films of low
elastic modulus and large deformability can be dewetted, given that intermolecular
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Fig. 1.6 A typical example showing the influence of aging at 50 °C on the probability of film
rupture. The consequences of aging well below T, were visualized by subsequent dewetting at
125 °C. Clearly, the number of holes and the diameter at a given time of dewetting decreased with
aging time. The size of the images is 310 x 210 um? The figure is adapted from Ref. [47]

forces are strong enough. Furthermore, it was stated in [19] that “phenomena like
changes in film morphology or apparent thickening may also occur below the glass
transition temperature (7,) and can therefore not be taken as a criterion for deter-
mining 7,.”

Some time later [28], the required additional driving force was identified through
aging experiments (see Fig. 1.6): holes formed less rapidly and less frequently in
films which were stored for some time (days up to years) at room temperature.
Thus, it was speculated that polymers within a thin spin-cast film experience
internal tensions (residual stresses) which relaxed during aging. It was assumed that
these residual stresses were induced during sample preparation and attributed to the
fact that the polymers were confined to thin films, which sometimes were even
thinner than the size of the unperturbed coil.

Intriguingly, as e.g. clearly shown by the diameter of the holes after one hour of
dewetting, aging for only a few hours at temperatures well below T, caused dra-
matic changes in the dewetting behavior. Thus, even in the glassy state the induced
stresses were able to relax, at least partially. This reduction of stresses occurred at
an unexpectedly fast rate, given that no long range movements of the polymers are
possible in the glassy state.

1.5 Consequences of Transient Residual Stresses in Thin
Polymer Films

The relaxation process of residual stresses can also be followed indirectly by
studying dewetting of spin-cast thin viscoelastic polymer films on soft elastic
substrates [33]. There, the transient contribution of residual stresses leads to a
nonmonotonic, two-stage dewetting behavior (see Fig. 1.7). The magnitude of the
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Fig. 1.7 Optical micrographs showing dewetting of a 40 nm PS film (M,, = 1.0 Mg/mol) on a
200 nm PDMS layer at 180 °C for increasing time. The size of the images is 58 x 58 umz. The
graph at the end represents the hole diameter (for uneven holes, a mean diameter of the enveloping
perimeter of the hole was taken for a hole starting to grow immediately (labeled by a gray arrow)
and a hole (labeled by a dark arrow) starting to grow with a delay of several times the reptation
time. The figure is adapted from Ref. [33]

residual stresses, introduced by out-of-equilibrium molecular conformations, can
amount up to several times the capillary force [31, 61, 62]. In these dewetting
experiments, part of the corresponding energy of the residual stresses is temporarily
stored in the form of deformation energy of an elastic substrate. The size of this
deformation is thus making the magnitude of these stresses visible.

Due to the formation of an elastic deformation of the substrate (the trench),
achieved after only few minutes of annealing at 140 °C (see Fig. 1.8), hole opening
came to an apparent standstill. The forces resisting dewetting due to the elastic
trench remained until polymer diffusion and viscous flow were able to equilibrate
the trench. This equilibration needed times of the order of the reptation time and led
to the formation of a much shallower “viscous trench” caused by the normal
component of the capillary force. At that point, most resistance due to deformation
of the rubbery PDMS film was removed and the PS film slipped on the PDMS
substrate.

The substrate depression (D), measured inside the hole (see Fig. 1.8f), was
considered as a direct indicator of the local strain in the PDMS layer, from which
the total dewetting force exerted on the film was estimated [28, 32, 58, 59].
D reached a maximum value within relatively short time and slowly started to
decrease afterward (see Fig. 1.8g). The maximum value of D, but also the size of
the maximum (quasistatic) hole diameter, which also was reached rapidly in times
much shorter than the reptation time (z,.,), were found to be largely independent of
molecular weight for the high molecular weight samples studied.

In conclusion, at times shorter than the relaxation time of the polymer (i.e.,
t<7,yp), dewetting generated deep trenches in the soft rubbery substrate which, in
turn, almost stopped dewetting. At later stages (f > 1,,,), dewetting accelerated,
accompanied by an unstable rim. However, when holes were nucleated only after
the relaxation of residual stresses, they never caused large deformations of the soft
substrate. There, no significant elastic trench was formed and equilibration of the
trench was fast. The transition to a viscous dewetting behavior occurred soon after
hole nucleation. Thus, the observation of two stages in the dewetting process is
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Fig. 1.8 Atomic force microscopy dewetted holes in a 55 nm PS film (M,, = 1.0 Mg/mol) on a
360 nm PDMS layer, dewetting at 140 °C (z,, = 160000 s) for a 300, b 1500, ¢ 20 000, d 800 000,
and e 950 000 s, respectively. f Cross sections indicated by white lines through holes (b) and (d).
The surface of the unperturbed PS film has been set to zero depth level. Accordingly, the level of
the unperturbed PDMS surfaces is at 55 nm below the unperturbed PS surface. The trace through
the hole (b) represents the transient depression of depth D in the soft substrate. g Depth of the
depression within the hole versus dewetting time for the sample shown in a—e. h and i: Schematic
representation of the shape of the rim and the trench of a dewetting hole in a PS film deforming the
soft rubbery PDMS layer underneath. Because of elastic deformation of the PS film at early stages
the corresponding elastic trench is digging into the soft PDMS under-layer quite deeply. At late
stages, after the relaxation time ., only a small deformation (viscous trench) due to the normal
component of the capillary force at the three phase contact line is left in the PDMS layer. The
figure is adapted from Ref. [33]

attributed to large elastic deformations in the substrate which are caused by tran-
sient residual stresses within the film.

If stresses would not relax and the elastic deformation of the substrate could be
maintained indefinitely, holes would never grow beyond a maximum diameter
determined by the balance of forces driving dewetting and the counteracting elastic
force resulting from the induced elastic deformation of the rubbery substrate. Thus,
the slow disappearance of such elastic behavior in the course of time demonstrates
the existence of long-lasting, but nonetheless transient metastable states within
spin-cast thin polymer films.
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1.6 Aging and Relaxation Processes of Residual Stresses
in Thin Polymer Films

The non-equilibrium properties of spin-cast polymer films manifest themselves also
in the hole-opening kinetics [38, 45]. Because the effects introduced by film
preparation may change with time, special care must be taken when conducting
hole-opening experiments: Since PS films are known to change their properties
when stored at room temperature (aging), the time elapsed between film preparation
and the beginning of the dewetting experiment must be taken into account. When
brought to the dewetting temperature (above Tg), holes nucleate at various times
during annealing. Dewetting of holes nucleated after some incubation time are thus
reflecting the behavior of an already (partially) annealed film with no or with
reduced residual stresses. As can be seen in Fig. 1.9a, we can follow simultaneously
the temporal evolution of several holes, nucleated after different incubation times.
While all holes show qualitatively a similar behavior (see Fig. 1.9b), the super-
position of these curves as a function of the time for which they actually grew (see
Fig. 1.9¢) shows significant slowing down of growth with incubation time,
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Fig. 1.9 a Optical micrograph (size: 143 x 106 um?) of a PS film (M,, = 16800 kg/mol, thickness
is ca. 40 nm) cast from toluene at 23 °C, after heating for 53 min at 125 °C. Smaller holes were
nucleated after longer incubation times compared to the bigger holes nucleated at earlier times.
b Growth of the three holes marked 1, 2, and 3 in a, which were nucleated 90, 1275, and 2950 s
after the film was brought to 125 °C. ¢ Growth of the same holes where the ordinate is the time that
each hole has grown since it was nucleated, rather than the time elapsed since the film reached
T =125 °C. d Plot of the hole radii of the three holes after a growth time of 2000 s (vertical line in
(c)), showing an exponential decay with a time constant of 1000 + 500 s. The figure is adapted
from the doctoral thesis of Mithun Chowdhury (2012)
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following approximately an exponential decay (see Fig. 1.9d, yielding a charac-
teristic decay time of 1000 + 500 s). This clearly demonstrates that in the course of
annealing the contribution of residual stresses to the driving force has decayed,
indicating that the out-of-equilibrium chains in the films (partially) relaxed during
annealing in the course of the dewetting process. Note that the decay time deduced
in Fig. 1.9d is much smaller than the bulk reptation time at the dewetting tem-
perature (T, ~ 2 - 103 s [32] for the high molecular weight PS used here).

Obviously, non-equilibrated films will evolve towards equilibrium causing a
change in film properties with time. However, when films are kept at temperatures
below the glass transition, it is not clear whether significant and detectable changes
can occur on experimentally accessible time scales. Under such conditions of aging,
relaxations on the level of entire chains are not expected. Rather, local motion at the
level of chain segments are possible, characterized, e.g., by the f-relaxation [63,
64]. This raises the question, whether such segmental relaxations have an impact on
static and dynamic properties of polymers observed at a macroscopic level, for
example, through changes in film thickness or the dynamics of dewetting.

Furthermore, it is not clear whether the presence of residual stresses, caused by
strong deviations of chain conformations from equilibrium, accelerate or slow down
relaxations at the segmental level. Thus, we have investigated the consequences of
physical aging in thin spin-cast polystyrene films through detailed dewetting studies
[38, 45], focusing on the relaxation dynamics during aging of the glassy film. We
detected changes induced by aging below T, 4, through systematic variations of
the duration and the temperature of aging. A simultaneous study of different
observables (diameter of the dewetting hole, and shape and size of the rim formed
during dewetting) enabled us to exclude purely interfacial phenomena and to relate
the relaxations to changes occurring within the entire film. From these observations,
we were able to deduce the relaxation dynamics, i.e., the decay time of residual
stresses inside the film as a function of aging temperature.

The temporal evolution at the early stages of hole formation was followed in real
time by optical microscopy and, after quenching the dewetted films to room tem-
perature, height profiles of the rim were measured by atomic force microscopy
(AFM). We note that only holes detectable immediately after initiating dewetting
were investigated. Thus, the opening of all holes was subject to the same residual
stress. Figure 1.10a displays typical images characteristic for the influence of aging
on the dewetting dynamics. For a fixed dewetting time for each sample, the hole
radius R, the width W, and the height H of the rim decreased upon physical aging at
80 °C with increasing aging times. As shown for aging at 25 °C in more detail in
Fig. 1.10b, R increased more slowly the longer the film was aged. This effect was
more pronounced, i.e., less time was needed to achieve the same amount of
changes, at high aging temperatures. From such aging experiments we thus can
deduce a temperature dependent decay time 74, simultaneously for the evolution of
R, W, and H. The values of 75, deduced from the exponential decay of the dew-
etting velocity, the width, and the height of the rim with aging time were found to
be rather equal. Independent of aging-temperature, the determined values of 74,
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Fig. 1.10 a Section of dewetting holes in nominally identical PS films (thickness 40 + 2 nm,
M,, = 4060 kg/mol) that have been aged at 80 °C for varying periods ranging from 2 to 96 h, taken
after dewetting at 125 °C for ca. 1 h. The size of the optical micrographs is ca. 14 x 60 um? each.
b Temporal evolution of the radius of dewetting holes, nucleated immediately upon heating to
125 °C in PS films (40 + 2 nm, 4060 kg/mol) that have been aged at 25 °C. At any fixed dewetting
time (for example at 1000 s), both the hole radius and its growth velocity (derivative of the radius
with respect to dewetting time) exhibited a decrease with aging time. The figure is adapted from
Ref. [45]

characterizing the relaxation of residual stresses inside the film caused by
out-of-equilibrium chain conformations induced by the spin-casting process
[28, 32], were smaller than 7.

In an analogous series of experiments, we measured the characteristic decay time
with aging time at room temperature for thin films cast from solutions of strongly
differing quality of the solvent. We used trans-decalin as solvent which has a
®-temperature of ~21°C. In Fig. 1.11a, we schematically indicate how the coil
diameter in solution varied with the temperature of the solution from which the
films were cast. As can be seen from Fig. 1.11b, varying the temperature of the
spin-casting solution has a substantial effect on the room temperature relaxation
times of these films. Comparing both, the variation of the relaxation time and the
coil diameter as a function of spin-casting temperature, clearly shows that both
follow the same trend.

While the coil diameter changes only little as the solution is becoming more
concentrated in the course of solvent evaporation, the coil volume is increasingly
interpenetrated by other chains. The segmental mobility is, however, simulta-
neously reduced and is arrested when the solution reaches the glass transition
temperature. With a lack of segmental mobility, further solvent evaporation leads to
a collapse of the chains onto themselves. In a thin film, this collapse is restricted to
one dimension, resulting in oblate coil structures. The deformation of the coil
structure gives rise to an in-plane stress, while the reduction in entanglements lower
the elastic modulus and the melt viscosity [37].
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Fig. 1.11 a Schematic of polymer coil conformations upon spin-coating for temperatures above
and below O-temperature. The open circle indicates a fully entangled chain in equilibrium.
b Relaxation times 74 as a function of the temperature of the solution from which the films were
spun. The curve represents the result of the calculation of the coil diameter (end-to-end distance of
the polymer coil) as a function of temperature with respect to @ of PS in trans-decalin (indicated
by the vertical dotted line), with the concentration as a fitting parameter. The variation of the
solution temperature thereby provides control over the swelling of PS chains in the solution over a
considerable range, given by [65]. The figure is adapted from Ref. [38]

Figure 1.11b shows that the quality of the solvent from which polymer films are
cast plays a significant role in determining the aging behavior of the
non-equilibrium conformations of the chains in the film. Interestingly, the aging
time increases with improving solvent quality, with the strongest effect observed for
the athermal solvent. Faster stress relaxation does, however, not necessarily imply a
faster overall equilibration of the chains. Full equilibration is likely to be of the
same order of magnitude as the bulk (equilibrium) reptation time.

In Fig. 1.12a we show the temperature dependence of the characteristic relax-
ation times (tp) upon aging as extracted from the dynamics of R, W, and H,
demonstrating that all three observables yielded quantitatively similar behavior.
These results clearly indicate that the dynamics of all dewetting observables is
governed by the same physical parameters. As changes in interfacial properties
(friction with the substrate) are not expected to cause a change in H, the similar
decay of all three quantities strongly points to a relaxation process occurring within
the entire film.

The only dewetting parameter which affects all three quantities in a similar way
is the ratio of the total stress acting at the contact line over the elastic modulus of the
film. Thus, the relative decay of H during aging can either be due to a decay of
residual stress (assuming that the capillary stress is constant and interfacial tensions
do not significantly change with aging), or be caused by an increase in the elastic
modulus [32, 58, 59]. The latter requires, however, the formation of a significant
number of new entanglements during the course of aging. Below the glass transition
temperature, chain reptation is suppressed and entanglement formation is extremely
unlikely. Intrachain segmental motions are however still possible. Thus, the
simultaneous and equally fast decay of all three observables can only be attributed
to a decay of residual stress, and consequently, to relaxations at a segmental level.
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Fig. 1.12 a Relaxation times (t5) deduced from the evolution of the hole radius, the maximal rim
width, and the rim height, respectively, vs. inverse aging temperature, of nominally identical PS
films (M,, = 4060 and 4840 kg/mol) prepared by spin-casting from toluene. The solid line is an
Arrhenius fit of all relaxation times, yielding an activation energy E, = 70 £ 6 kJ/mol. The
highlighted area encompassing all data points and their error bars gives rise to a range in E,, values
between 50 and 107 kJ/mol. b Comparison of the results of a (shaded area) with reported relaxation
times derived from the surface relaxations of (i) nano deformations (open hexagons) [34] and
(i1) nano bumps (open circles) [46], including Arrhenius fits to these data (solid lines). The dotted
line represents results from dye probe reorientation measurements [44] and the stars show
relaxation times for PS films spun from trans-decalin [38]. The figure is adapted from Ref. [45]

The results of Fig. 1.12a suggest an Arrhenius behavior for the relaxation time

E,
TA:AOE}XP(K)’ (L.1)

where Ay is a constant, kg is the Boltzmann constant and E,, is the activation energy
of the underlying relaxation process. From a fitting to our results we obtain
E, =70 £ 6 kJ/mol.

It is instructive to compare this value derived from a macroscopic dewetting
study to the f-relaxation process, which is believed to involve non-cooperative
motions at the segmental level of the polymer chain [63, 64]. In the literature,
values of 150 + 80 kJ/mol for the f-relaxation in thin film and bulk PS can be found
[14, 63, 64, 66]. Similar values were also found when measuring the kinetics of
irreversible chain adsorption [67].

Several studies on thin polymer films also indicated a sub-T, Arrhenius-type
relaxation process, which was related to the motion within a distinct surface layer of
higher mobility or to increased heterogeneity [35, 44, 63, 64], yielding
E, ~ 100 kJ/mol [44] and E, = 185 = 3 kJ/mol [14]. Lateral force microscopy
measurements on thin PS films [63] found a thickness dependent surface f-relax-
ation process, with £, = 55 kJ/mol for a 65 nm thick film. Fast sub-T,-relaxations at
surfaces of thin polymer films were measured by AFM, including the relaxation of
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surface dimples (E, = 83 + 16 kJ/mol) [34] and the reduction in the height of
surface bumps in water (E, = 98 + 17 kJ/mol) [46]. Interestingly, within the scatter
of the data, our results exhibit the same order of magnitude in relaxation time as
these surface relaxation processes, cf., Fig. 1.12b.

Dewetting is not a surface sensitive technique. In particular, the height of the rim
is not controlled by a possible high mobility surface layer. Dewetting involves the
displacement of whole polymer chains and takes place across the entire film
thickness. Moreover, at the used dewetting temperature, the film behaved like an
elastic body, as demonstrated by the asymmetric shape of the rim. Stress relaxation
could therefore, only occur by motion on the level of chain segments.

Furthermore, it is illuminating to compare room temperature relaxation times
shown in Fig. 1.11b for aging films spun from different solvents (see stars in
Fig. 1.12b. A reduction in solvent quality gave rise to a decrease in relaxation times,
indicating that the state of polymer chain entanglement in solution was transferred
to the dried film [38]. The change from a good solvent (toluene) to a near-6 solvent
(transdecalin) corresponds to a decrease in chain swelling (radius of gyration) in
solution, leading to reduced chain overlap and thus to a decrease in observed
relaxation times. These results indicate that segmental relaxation depends on the
local chain environment, which is strongly affected by preparation conditions such
as solvent quality and film deposition technique.

In conclusion, the experiments presented here suggest that motion on the level of
chain segments is sufficient to partially relax frozen-in out-of-equilibrium local
chain conformations, which are the cause of residual stresses in thin polymer films.
These relaxations are not expected to fully equilibrate the polymer film, which
would require reptation of entire chains. It is also unlikely that segmental rear-
rangements lead to a homogeneous system on a nanometer length-scale. It is
interesting and surprising to discover that changes in PS surface topography and the
here studied influence of aging on dewetting exhibit similar relaxation times and
rather similar activation energies. This might indicate that segmental relaxations are
responsible for both observations. However, further studies are needed to answer
the question whether local changes at the level of chain segments are responsible
for changes in the surface topography on length-scales which are several orders of
magnitude larger than the size of the relaxing segments. In film dewetting, however,
such local rearrangements have a dramatic influence, revealing the effect of sub-
molecular (segmental) processes on macroscopic length-scales. Our results further
suggest that rearrangements at the level of chain segments are sufficient to partially
relax frozen-in out-of-equilibrium local chain conformations, i.e., the cause of
residual stresses, and they might also be responsible for macroscopic relaxations at
polymer surfaces.

Finally, the strong dependence of the aging behavior of thin films far below T,
on film preparation conditions sheds a new light on the low temperature softening
of thin polymer films (that is their lowered glass transition temperature). While the
deformation of polymer coils as a whole should not modify the solidification
temperature of the film, which is dominated by the segmental dynamics, our aging
experiments indicate that spin-coating perturbs the polymer coils down to the
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segmental length scale. While this needs further experimental verification, our
experiments point towards an explanation for the “abnormal” glass transition
temperature in thin films in terms of non-equilibrium chain conformations caused
by film preparation.

1.7 Concluding Remarks

For achieving functional macromolecular systems with adaptable properties engi-
neered via processing, we need to establish fundamental understanding of generic
processes of polymer (re-)organization and rearrangements during the various
processing steps, all causing potentially chain conformations (far) beyond ther-
modynamic equilibrium, characterized e.g. by a Gaussian chain statistics repre-
senting the minimum of free energy. Based on such insight, a rational design of the
processing steps will be possible and so macromolecular systems can be achieved
which have unprecedented and adaptable (improved) mechanical, optical, surface,
... properties.

Non-equilibrium states are often anisotropic and consist of preferentially
oriented/aligned polymer chains. Thus, under appropriate processing conditions,
these non-equilibrium states represent, or evolve into, ordered structures and
metastable states, which exhibit properties not achievable under equilibrium con-
dition. For example, changes at the conformational level of polymers may lead to
macroscopic changes in behaviour, e.g. represented by changes in the glass tran-
sition temperature.

The difference in energy of various non-equilibrium states is often extremely
small which enables large deformability of polymers at rather low energetic costs.
For example, by changing their conformation from a coiled state to a largely
extended state, macromolecules are highly suitable to flow under extreme condi-
tions (high shear rates, large deformations) without leading to macroscopic disin-
tegration. Corresponding low molecular weight systems would often not be
homogeneously processable under such extreme conditions. The dynamics of the
resulting non-equilibrium states can deviate strongly (by many orders of magni-
tude!) from the behavior of the same polymers in the equilibrium state.

An equilibrated system, which is “dead” in the sense that, after a small pertur-
bation, it will always try to return to a stable and well defined equilibrium state of
lowest free energy. By contrast, non-equilibrated systems can explore a large
variety of energetically similar non-equilibrated states: Switching between such
states provides a possibility for adaption. For example, a semi-crystalline polymer
material may respond to a mechanical deformation not only be relaxing back to the
initial state but may alternatively form crystalline nuclei facilitated by a
shear-induced reduction of the nucleation barrier. In such a case, the growth of
crystalline domains (lamellae) will be in the direction orthogonal to the direction of
the applied force. Thus, as an attempt to avoid e.g. damage through the applied
force, such materials may potentially exhibit a self-enforcing capability of their
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mechanical properties, in some sense similar to biological (plant) systems.
Crystallization is also a well suited example for how changes at the level of the
monomer (e.g. through variations in side-groups) can affect order and the thereof
derived properties. Taking advantage of the high degree of polymerization, changes
at the level of a monomer are “multiplied” by the number of monomers connected
in the polymer chain. Thus, by synthesizing/designing appropriate monomers one
may achieve a massive amplification and control of the above-mentioned structure
formation processes during processing.
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