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ABSTRACT
The quest for increasing complex film architecture and multiphase systems and the
continuous demands for enhanced performance, require a reliable assessment of stress on a
submicron scale from spatially resolved techniques. Despite enormous efforts on production
of well-controlled polymer nanostructures using direct focused methods such as multistage
e-beam, no clear relationship among preparation parameters, rheological and morphological
properties has been found. Further, there is inadequate information on the rheological
properties of polystyrene (PS) when a nonpolar methyl group is introduced to the phenyl
ring of styrene monomers to give rise to poly(para-methylstyrene) (PpMS) yet these
monomers have advantages of strength and stability in comparison to styrene. The study
investigated the influence of preparation parameters, dewetting temperature (𝑇dew ) and
isotactic PS (iPS) blending dynamics on rheological properties of isotactic PpMS (iPpMS)
films spin-coated on slippery silicon substrates via dewetting. Based on its simplicity and
effectiveness, dewetting of a thin polymer film has gained attention as a feasible process for
improving the scalability and productivity. Further characterization on the spin-coated films
was done by optical microscopy (OM), atomic force microscopy (AFM), X-ray
diffractometer (XRD) and differential scanning calorimeter (DSC). No characteristic peaks
were observed on the XRD spectroscope, implying that iPpMS films were dominated by
amorphous properties. However, a weak peak was noted at ~23 ° as an indication of onedimensional chain – chain processes taking place in iPpMS films. Thinner films ( ≤
140 nm) exhibited high residual stresses accompanied by shorter relaxation times compared
to thicker films (> 140 nm). The amount of residual stress was not affected by 𝑇dew at
which dewetting was performed. Correspondingly, the shear modulus of iPpMS films was
found to decrease monotonically with increasing temperature which might be related to the
reduction of the activation energy for molecular relaxations. An activation energy ranging
from 60 ± 10 kJ/mol (pure iPpMS) to 90 ± 10 kJ/mol (pure iPS) was obtained. It is clear
that the activation energies characterizing the relaxation of preparation-induced residual
stresses seem not to be affected by the size of the side groups. However, in comparison to
iPS, iPpMS exhibited reduced energy barrier for flow indicating that presence of transient
clusters of monomers have a short lifetime in iPpMS. The experiments suggest that
preparation-induced residual stresses affect material properties such as elastic modulus and
viscosity of iPpMS as a function of temperature. The results of this study will be useful in
production of advanced nanophotonics such as biosensor chips and nanoantennas.
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CHAPTER ONE
INTRODUCTION
1.1 Background
The demand for nano-structured polymer surfaces for production of device structures that are
scalable, sensitive, reproducible and cost-effective for new photonic nanostructures in
functional devices (coatings, sensors, optoelectronic devices, electronic chip technology,
photovoltaics, fuel cell electrodes and smart adhesives) has led to advanced research on
ultrathin polymer films on solid substrates (Atwater, & Polman, 2010; Koenderink, Alù, &
Polman, 2015; Makhlouf, 2014). In most cases, such ultrathin films disclose features that differ
from their bulk counterparts with major implications in nanotechnology (Osswald, & Rudolph,
2015, Reiter, 2013).
Polymer materials have unique characteristics that can be monitored and controlled such as
lightweight and mechanical flexibility (Bower, 2003; Cho, Robinstein, & Colby, 2003).
However, polymers used in industrial applications (e.g., structural engineering) are often
subjected to appreciable stresses (Boyd, & Smith, 2007). Consequently, an understanding of
preparation-induced residual stresses, changes in morphology and blending dynamics on
rheological properties of thin polymer films is important. While previous studies on thin films
of atactic polystyrene (aPS) and isotactic polystyrene (iPS) show enhanced viscoelastic
properties over a wide range of temperature, they show low impact strength, experience poor
crystallization speed, inhomogeneity and the inability to predict temperature and thickness
dependence on the microstructure and mechanical properties (Majumder et al., 2018; Poudel
et al., 2018a). Previous studies on non-equilibrium dynamics of thin polymer films has also not
been well understood due to inconsistent changes in glass transition temperature, 𝑇g (Forrest,

& Dalnoki-Veress, 2001; Kanaya, 2013; Malhotra et al., 1980), unexpected instabilities (Reiter,
2005, 2013; Reiter et al., 2009; Schäffer, 2001; Schäffer et al., 2002), unusual ageing (Raegen
et al., 2010), deviations in mobility (Reiter, 1993, 1994), dewetting dynamics (Marquant, 2013;
Redon et al., 1991; Reiter et al., 2009; Ziebert, & Raphaël, 2009), deformed chain
conformations (Chandran et al., 2019; Fetters, Lohse & Graessley, 1999) and changes in
relaxation processes (Al Akhrass et al., 2008; Bodiguel, & Fretigny, 2006; Brochard-Wyart et
al., 1997; Vilmin et al., 2006 ). Despite an increase in literature on dynamics of thin polymer
films, the source of these puzzling properties of thin polymer films is still unclear (Chandran,
& Reiter, 2016, 2019; Reiter, 2020). At the moment we are still missing a consistent
understanding of how rheological properties are affected upon film preparation and
confinement (Chandran et al., 2015; Reiter et al., 2009, 2013, 2020; Röttele et al., 2003). As a
consequence, a deeper understanding of the processes governing the dynamics and equilibrium
statics of a thin film on a fundamental level is needed.
It has been found from previous studies that a possible cause for the non-equilibrium behaviour
in thin polymer films originate from sample preparation (Chandran et al., 2017; Chandran, &
Reiter, 2019). For instance, rapid solvent evaporation during spin-coating introduces deviations
in chain conformations, yielding residual stresses. These stresses, if left unchecked, can
severely reduce materials’ performance and reliability by inducing mechanical instabilities
(Damman et al., 2007; Reiter et al., 2005; Sharma, & Reiter, 1996). There are many factors
(i.e., processing routes, thermal history, molecular weight, film thickness, substrate surface
energy, temperature and viscoelastic properties of films) that contribute to the generation of
residual stresses in thin polymer films, and therefore, understanding and controlling residual
stresses is a complex undertaking (Reiter, 2013, 2020).
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Although various experimental approaches such as curvature (Kanaya, 2013), sum frequency
generation (McGraw et al., 2014; McGraw, Jago, & Dalnoki-Veress, 2011), studies of crazing
(Chung et al., 2009) have been used to measure the preparation-induced residual stresses, the
required infrastructure is costly in addition to their limited measurement resolution. Moreover,
due to the small sample volume, probing the viscoelastic properties of non-equilibrated
polymer films in a traditional rheometric device is not a trivial task. In this study, we aim to
quantify these residual stresses through dewetting. Dewetting, which is a process of retraction
of a fluid from a non-wettable surface it was forced to cover, is a simple technique that can
probe rheological properties of polymer materials in thin film form (Al Akhrass et al., 2008;
Reiter, 1993, 1994, 2013; Reiter et al., 2005; Reiter, & Tikhomirov, 2001).
Dewetting starts with nucleation and growth of holes, which coalesce to form a tessellation
pattern, before breaking into droplets (i.e. from non-equilibrium to equilibrium states) (de
Gennes, Brochard-Wyart, & Quéré, 2004). The process of dewetting provides the possibility
to measure the response of the molten polymer film to an applied force, generated directly and
intrinsically by the film itself. In addition, taking advantage of the fact that dewetting is not
initiated at the same time everywhere on a single sample, it allows to follow the evolution of
non-equilibrium properties in time, providing for example a means for determining the
equilibration time. The biggest advantage of dewetting is that no external input (no externally
applied force) is required, eliminating a potential source of uncertainties in measurements.
Since the pioneering work of Reiter on dewetting in thin polymer films two decades ago, there
has been an increase in research on dewetting in non-crystallizable polymers providing timedependent information (i.e. elastic modulus, viscosity) in thin polymer films (Kchaou et al.,
2018; Reiter, 2005, 2013; Reiter, & Tikhomirov, 2001; Vilmin et al., 2006). However, many
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open questions regarding the symmetry breaking of thin films during dewetting still remain
unanswered (Reiter, 2020).
Introducing a nonpolar methyl group to the position 4 (or para-position) of the phenyl ring of
styrene monomers, leads to formation of poly(para-methylstyrene) (P4MS or PpMS)
(Callaghan, & Paul, 1993; Thomas, Grohens, & Jyotishkumar, 2015; Utracki, Leszek, &
Wilkie, 2014). Methylstyrene as opposed to styrene monomers have the ability to improve the
performance of polymer materials in terms of material strength, chemical modification and
stability (Chang, & Woo, 2003a, 2003b). Whereas most of the previous studies focused on
dewetting dynamics in atactic or isotactic polystyrene (aPS or iPS) (Chandran et al., 2015;
Chandran, & Reiter, 2019), there are few reports on atactic and isotactic PpMS (Gunesin, &
Gustafson, 1989; Li et al., 2012; Wu et al., 2019). Available reports on aPpMS or iPpMS films
and corresponding blends concentrated on glass transition, miscibility/immiscibility and
activation energy dynamics at the expense of rheological behaviour (Wang, Shyong, & Porter,
1995).
Although dewetting studies on aPS and iPS films display excellent mechanical and structural
properties, time-temperature dependence of elastic and shear moduli did not come out clearly
(Chandran, & Reiter, 2016, 2019; Reiter, 2013). To understand these concepts well, there is
need for independent and complementary experiments that may decouple the effects of elastic
modulus and preparation-induced residual stresses in thin polymer films. Further, some of the
results from previous experiments performed at temperatures less than or slightly above the 𝑇g
on aPS or iPS films have shown relaxation times that are much less than the reptation time,
𝜏rep (longest relaxation time), suggesting that the experiments carried out for the preparationinduced residual stresses may not have relaxed completely and the polymer films may not yet
be fully equilibrated (Chandran et al., 2015; Chandran, & Reiter, 2016; Kchaou et al., 2018).
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Consequently, different experiments need to be performed at elevated temperatures to properly
account for the effects of preparation conditions on polymer properties.
Despite the importance of crystallizable and semi-crystallizable polymers in thermo-forming
processes in which polymers are subjected to large deformations, inadequate studies have been
done on the non-equilibrium rheological dynamics on these kinds of polymers. For instance,
although Glück investigated dewetting dynamics in iPpMS films and obtained promising
results, no details of rheological properties were discussed (Glück, 2016). At this point, we
may ask the following questions: Can the non-equilibrium states in iPpMS films widen the
spectrum of its viscoelastic properties? Is it possible to deduce molecular events underlying the
relaxation dynamics in thin iPpMS films from relaxation time spectrum? Can the relaxation
dynamics be much more pronounced for some relaxing variables than for others? If so, are the
differences systematic in any way? Extending these efforts further, we quantitatively determine
residual stresses and related preparation-induced changes in material properties (i.e., the elastic
modulus, viscosity and activation energy) in spin-coated iPpMS films.
Even though polymer blends exhibit property profiles superior to those of individual
homopolymers as well as saving material and production costs (Colmenero, & Arbe, 2007;
Harismiadis et al., 1996; Thomas, Grohens, & Jyotishkumar, 2015), there is limited
information available on the dewetting dynamics on the resulting blend films’ stability,
morphology, mechanical performance, and composition distribution into one another. One of
the reasons could be issues to do with compatibility and equilibrium of solution mixtures in
blends which is a challenge (Harismiadis et al., 1996; Wang, Lin & Tseng, 2006). For instance,
though faster dewetting was observed for the atactic PpMS (aPpMS) layer than for the
deuterated PS (dPS) layer in the dPS/aPpMS blend system, to some extent, dewetting process
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had to compete with phase separation (Müller-Buschbaum, Gutmann & Stamm, 2000; MüllerBuschbaum et al., 1998).
Despite the fact that polymers of different tacticity in molten states are expected to show similar
dynamics, it has been established through dewetting that the viscosity of iPS is higher by orders
of magnitude than that of aPS (Chandran et al., 2017; Kchaou et al., 2018). Moreover, the same
authors observed an enhanced activation energy for iPS films, which they alluded to the
possibility of transient clusters of monomers exhibiting cooperative dynamics in iPS (Chandran
et al., 2017; Kchaou et al., 2018). However, the role of tacticity in the dewetting dynamics of
iPS films did not come out clearly and it would be interesting to find out the effect of tacticity
on the miscibility and dewetting behaviour of the resulting iPS-iPpMS blends. Compared to
aPS and iPS polymer films, PpMS films have been found to exhibit low activation energy due
to presence of the nonpolar methyl group on the aromatic ring and it would be motivating to
find out how the resulting activation energies will be affected by mixing iPS and iPpMS
polymers (Colmenero, & Arbe, 2007; Shu, & Woo, 2006; Thomas, Grohens, & Jyotishkumar,
2015). Further, we set out to investigate if the already observed induced transient cooperative
process on other monomers within a cluster of oriented segments in iPS exist in the blend of
iPS-iPpMS system.
In this study, we performed dewetting experiments to investigate the influence of iPS (of
different molecular weight and dispersity) concentrations in the iPpMS matrix and to probe the
consequences on the viscoelastic properties of the resulting blends. The blend dynamics
between iPS and iPpMS is interesting since it has been established that compared to iPS, iPpMS
does not have a clearly identifiable melting temperature (Wu et al., 2019). Furthermore,
compared to other polymers, flow in iPS requires cooperative movement of a higher number
of segments (Chandran, & Reiter, 2016). Thus, the iPS-iPpMS blend system is expected to
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create compositional and configurational disorders compared to pure individual polymer films
resulting in relatively better stable structures allowing to widen the range of applications.

1.2 Problem statement
The advancement in electronic chip technology and photonic nanostructures require materials
with high dielectric constants, great mechanical strength and ease of processing (Makhlouf,
2014). Although ferroelectric ceramics have high dielectric constants, they are brittle and
require high temperature during processing, posing a hindrance to the current integrated circuit
technologies (Ye, Zuev & Makarov, 2018). Despite the intensive research on dewetting
dynamics in thin polystyrene (PS) films, investigation of the dewetting behaviour when the
phenyl ring is substituted with methyl group to give rise to poly(para-methylstyrene) (PpMS)
films and the influence of tacticity, preparation and post deposition conditions on the
viscoelastic properties of PpMS and its blend has not been given attention. Therefore, this study
investigates rheological properties of thin isotactic PpMS (iPpMS) films with respect to chain
conformations, microscopic compositions, preparation conditions and blending on the
dewetting dynamics. This will lead to understanding the basics of their behaviour by
influencing and modifying their properties to produce materials which are adaptable to specific
applications.

1.3 Study objectives
1.3.1 General objective
To probe the rheological properties of non-equilibrium polymer films via dewetting based on
thin isotactic poly(para-methylstyrene) (iPpMS) films on slippery silicon wafers prepared by
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spin-coating technique to realize the corresponding morphologies and structures for application
in nanophotonics.

1.3.2 Specific objectives
i.

To determine the influence of spin-coating speed and solution concentration on the
preparation-induced residual stresses, their relaxation and corresponding viscoelastic
properties of thin iPpMS films.

ii.

To analyze the influence of dewetting temperature on the relaxation dynamics in thin
iPpMS films.

iii.

To determine the influence of iPS content on the rheological properties of iPpMS-iPS
blend system.

1.4 Justification of the study
The increasing interest in thin polymer films requires new approaches in order to improve the
functional properties for more demanding applications like in electronic chip technology
(Makhlouf, 2014). The large molecular weight of most polymers renders them unique
properties such as toughness, entanglement and viscoelasticity (Ferry, 1980). In addition, when
two or more chemically distinct monomers are used to form the polymers, different properties
arise for different applications (Harismiadis et al., 1996; Utracki, 2003)
Although poly(alpha-methylstyrene) (PαMS) and poly(para-methylstyrene) (PpMS) isomers
can be produced by the same synthetic routes, the synthesis of para (p-) isomer is preferred
due to its greater accessibility and compatibility of the functional groups on the produced
polymers and that the copolymerization process in which p-isomer is involved is extremely
clean (i.e. end products are all gases) (Utracki, 2003; Utracki, Leszek, & Wilkie, 2014). In
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addition, p-methylstyrene is preferred as it leads to production of rigid polymers of pendant
methyl repeating units with attractive thermal, mechanical, high-glass transition temperatures,
low density, low viscosity and dielectric constants (Stroeks, Paquaij & Nies, 1991)
Despite enormous efforts in understanding the rheological properties in atactic polystyrene
(aPS) and isotactic polystyrene (iPS) probed by dewetting process, inadequate information is
available on the PpMS system (Wu et al., 2019). Additionally, even though there have been
considerable efforts to characterize the mechanical properties of nanometre-sized polymer
films over the past decades, unfortunately, consensus on the thickness-dependent elastic
modulus of polymer films has not been found within the reported results (Damman et al., 2007;
Reiter, 2013, 2020; Sunthar, 2010; Vilmin et al., 2006). Therefore, there is need to investigate
tinnier details of thin PpMS films in terms of production, blending and characterization to help
tune the properties to current technological trends. Blending iPpMS with available polymers
saves money, energy, time and produces blend films whose profiles are complimentary to the
useful characteristics of each individual polymers and superior to those of its single
homopolymers (e.g. light weight, increased roughening, enhanced ozone resistance, extended
service temperature range, improved modulus and hardness) (Thomas, Grohens &
Jyotishkumar, 2015).

1.5 Significance of the study
Next generation electronic chip technology in telecommunication and related applications rely
on the development of polymer systems with optimized physical properties that are compatible
with miniaturized packaging requirements (Sunthar, 2010; Young, & Lovell, 1991). This
requires appropriate considerations as to material choice, stability, and long-term ageing
behaviour. According to the recently published work by Reiter (Reiter, 2020), the variation
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between non-equilibrium and equilibrium state properties of thin polymer films provides
polymers with capacities for responding and adapting to changes in environmental conditions
and to external stimuli. The author suggests that the deviation represents the ‘memory’ (ability
to establish a link between the past and future in terms of material properties) of the polymer
films. In this regard, it is important to carefully examine polymer processes (which can help in
information encoding!) such as shearing, temperature variations, ageing dynamics, blending,
structural modification, relaxation behaviour to tune thin polymer films for future memory chip
technology, phase change memory and semiconductor devices.

1.6 Assumptions of the study
To derive viscosity, the following assumptions were considered: The polymer has negligible
vapour pressure, exhibit high viscosity, is incompressible, the melt flow is fully developed,
steady, isothermal and laminar to ensure mass conservation for the dewetting process to be
slow enough to allow simple, time-resolved measurements (Cho, Robinstein, & Colby, 2003;
Sunthar, 2010; Reiter, 2013). In addition, the total deformation was considered to consist of a
sum of independent elastic and viscous components.

1.7 Limitations of the study
The isotactic poly(para-methylstyrene) (iPpMS) polymers used in this study were synthesized
in the laboratory. Thus, we could not analyze iPpMS polymers of higher molecular weight (>
608 kg/mol) (increase in entanglement) as they had not been synthesized by the end of the
experimental work. Highly entangled polymers would have led to decreased dewetting
dynamics of iPpMS films.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
In the following sections, basic description of polymer materials, viscoelasticity and
corresponding viscoelastic models, fundamentals of dewetting, review of previous studies and
nanophotonics in thin polymer films is provided to set the stage for the current study.

2.2 Basic information about polymer materials
Polymers are macromolecules (consisting of long, flexible, chain-like molecules) made by
linking a number of repeating subunits (monomers) through covalent bonds (Cho, Rubinstein
& Colby, 2003). The number of monomers (degree of polymerization) can range from ~ 10 up
to ~ 10 000 for a typical polymer chain. The length of a chain consists of numbers of monomeric
units per chain which when long enough to entangle (interpenetrate neighbouring coils) causes
topological constraints responsible for the viscoelastic nature of polymers (de Gennes &
Deutsch, 1991; Ferry, 1980). The origin and the nature of entanglement in thin polymer films
are still poorly understood (Reiter, 2013, 2020). A flexible polymer chain can acquire many
conformations depending upon the interaction between the monomers on the chain, interaction
with surrounding chains and how flexible the chain is (Osswald & Rudolph, 2015).
Based on the type of monomers, we can categorize polymers as homopolymers (single species
of monomers) (e.g. polystyrene: PS) and copolymers (mixture of species of monomers) (e.g.
polystyrene-block-poly(methylmethacrylate): PS-b-PMMA) (Utracki, 2003; Harismiadis et al.,
1996). Factors that can lead to changes in the chemical, optical, electrical, structural and
physical properties of polymers include but not limited to control of the degree of
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polymerization, variation of molecular weight, chemical structures and chain conformations.
For instance, some polymer properties may strongly depend on molecular weight (𝑀w ) (e.g.
melt viscosity), while others like density are only weakly dependent on 𝑀w (Utracki, Leszek,
& Wilkie, 2014; Young, & Lovell, 1991). Polymer melts can be classified into semi-crystalline,
glassy, elastic or viscous depending on their intermolecular interactions.
Polymer tacticity decides between semi-crystalline (i.e., isotactic or syndiotactic) and
amorphous (i.e., atactic, characterized by the absence of all the crystalline order)
conformational states (Sunthar, 2010; Utracki, 2003). Semi-crystalline polymers include linear
polyethylene (PE), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), isotactic
polypropylene (iPP), isotactic polystyrene (iPS) and isotactic poly(para-methylstyrene)
(iPpMS). Semi-crystalline polymers exhibit benefits in strength, stiffness, chemical resistance
and stability compared to amorphous polymers (Bower, 2003). Macroscopic properties of thin
polymer films depend on the morphological structures and dynamics, influenced by external
conditions such as preparation pathways, temperature, pressure, deformation, physical ageing
and blending.
The glass transition temperature 𝑇g , marks the crossover from the equilibrium melt state to the
out of-equilibrium glass. Physical aging, that is the recovery of equilibrium of the glass, in
nanoscale confinement has been deeply investigated in recent years (Reiter, 2005, 2013; Reiter
et al., 2009; Schäffer et al., 2002). This phenomenon is intimately linked to the thermal glass
transition. A 𝑇g decrease indicates the ability of the glass to equilibrate more efficiently. Hence,
if confinement dependent 𝑇g is observed, it is obvious to expect deep effects also in the physical
aging behaviour (Raegen et al., 2010). It has been established that at higher temperatures than
𝑇g , the diffusive motion of polymer chains takes place. According to Flory (Flory, 1942), when
the chain length of a polymer increases, the internal friction between chains sliding past each
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other increases. For polymer chains whose molecular weight (𝑀w ) ≥ entanglement molecular
weight (𝑀e ), the chains start to entangle, and consequently the motion of the chains decreases
due to topological constraints around the chains (resembling a tube) which hinders their
transverse motion. Subsequently, the chains have to reptate out of the tube. In this case, the
viscosity (𝜂) of most polymers has been found to scale linearly with molecular weight such
3.4
that 𝜂~𝑀w
(Damman et al., 2007).

In the following sub-sections, we establish polymer rheology, viscoelastic mechanical models,
dewetting dynamics in thin polymer films and a review of literature on what has been done as
regards the viscoelastic properties of dewetted polymer films.

2.3 Rheology and mechanical properties of polymers
Rheology is the science of deformation and flow dynamics in materials. It involves the study
of stress-strain relationship of materials. The response of polymers to an applied stress or strain
is distinct from elastic solids such as metals and ceramics as it depends upon the rate or time
period of loading. This is in contrast to elastic materials which, at low strains, obey Hooke’s
law and the stress is in most cases proportional to the strain and independent of loading rate
(Boyd, & Smith, 2007; Rauscher et al., 2005; Young, & Lovell, 1991). For viscous liquids,
their behaviour is best described by Newton’s law in which the stress is proportional to the
strain-rate and independent of the strain. Behaviour of most polymers lies between elastic
solids and viscous liquids. As a result, at low temperatures and high rates of strain they display
elastic behaviour whereas at high temperatures and low rates of strain they behave in a viscous
manner, flowing like a liquid. Hence, polymers are referred to as viscoelastic materials (Ferry,
1980; Young, & Lovell, 1991). Polymers used in engineering applications are often subjected
to stress for prolonged periods of time, but it is not possible to know how a polymer will
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respond to a particular load without an understanding of its viscoelastic properties (Ferry, 1980;
Gabriele et al., 2006).
In Physics, stress and strain parameters are related by a constitutive law whose relationship can
be sought experimentally by measuring how much stress is needed to stretch a given material.
Here, the more a material is pulled the more it deforms and for small strain values, this
relationship is said to be elastic linear (Hooke’s law) consisting of both elastic and viscous
components and that the deformation in the polymers can be described by a combination of
Hooke’s and Newton’s laws (Ferry, 1980; Gabriele et al., 2006). The slope of the elastic linear
relationship give rise to Young’s elastic modulus (𝐸) which is a property of the material. We
know that for a linear elastic system obeying Hooke’s law, the stress (𝜎) is directly proportional
to strain (𝜀) such that (Sunthar, 2010; Young, & Lovell, 1991):
𝜎 = 𝐸. 𝜀

(2.1)

Differentiation of equation (2.1) with respect to time leads to equation (2.2)
𝜎̇ = 𝐸. 𝜀̇

(2.2)

Newton’s law describes the linear viscous behaviour through equation (2.3)
𝜎 = 𝜂. 𝜀̇

(2.3)

where 𝜂 is the viscosity and 𝜀̇ = 𝑑𝜀/𝑑𝑡 is the strain rate. It should be noted that the equations
outlined above apply only at small strain. To clearly formulate elastic and viscous behaviour
in polymers, use of viscoelastic mechanical models such as Maxwell, Kelvin-Voigt, Standard
linear solid models are important. In this case, the elastic spring of modulus 𝐸 obeying Hooke’s
law (eqn. (2.1)) and a viscous dashpot of viscosity, 𝜂 obeying Newton’s law (eqn. (2.3)) are
used.
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2.3.1

Maxwell model

In polymer science, the mechanical response of polymer systems is poorly represented by either
the spring or the dashpot. To better approximate the relaxation behaviour of viscoelastic
materials, Maxwell suggested a combination of the spring and the dashpot in series leading to
what is currently referred to as the Maxwell’s spring-dashpot model (Bodiguel & Fretigny,
2006; Cho, Robinstein, & Colby, 2003; Young, & Lovell, 1991). Consider a spring and a
dashpot in series (Fig. 2.1(a)).

𝐸
𝜂

c

b

a
Spring

𝐸1

𝐸

𝜂

Dashpot

𝐸

𝜂

Fig. 2.1: Mechanical models’ arrangement representing viscoelastic
behaviour of polymers:(a) Maxwell model, (b) Kelvin-Voigt model and
(c) Standard linear solid model.

The arrangement in Fig. 2.1(a) is such that the spring and the dashpot are both subjected to the
same stress but their deformations are additive (Fleming, & Bower, 2003);
𝜎 = 𝜎s = 𝜎D

(2.4a)

𝜎s = 𝐸. 𝜀s

(2.4b)

𝜎D = 𝜂. 𝜀Ḋ

(2.4c)

𝜀 = 𝜀s + 𝜀D

(2.5)

where 𝐸 is elastic modulus, 𝜂 is viscosity; 𝜎s , 𝜎D ; 𝜀s , 𝜀D are stress and strain with respect to
spring and dashpot, respectively.
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The spring element models time-independent elastic behaviour whereas the dashpot element
models time-dependent viscous behaviour. Elastic behaviour in polymer materials is due to
strong covalent intramolecular bonds, while viscous behaviour is due to weak intermolecular
Van der Waals bonds (Cho, Robinstein, & Colby, 2003). If we differentiate the tensile
deformation (eqn. (2.5)) with respect to time once, we obtain:
𝜀̇ = 𝜀ṡ + 𝜀Ḋ

(2.6)

In terms of stress term (after dropping the subscripts), eqn. (2.6) becomes:
𝜀̇ = 𝜎̇ /𝐸 + 𝜎⁄𝜂

(2.7)

Equation (2.7) is a linear combination of the deformation rates of the perfectly elastic behaviour
of the polymers as given in the time derivative of Hooke’s law (first term on the right hand
side) and perfectly viscous behaviour as stated in the Newton’s law (second term) (Young, &
Lovell, 1991). The first term represents the short-time changes in the strain whereas the second
term represents the long-time changes in strain. If the deformation is held constant (𝜀 = 𝜀0 )
during the experiment for the total time 𝑡 ∈ (0, 𝑡E ), then the deformation rate is zero (𝜀̇ = 0).
The body will respond to this compression by a change in stress. Therefore, integration of eqn.
(2.7) by separation of variables under the above conditions yields (Ferry, 1980):
𝜎 = 𝜎0 . exp[−(𝐸 ⁄𝜂)𝑡] = 𝜎0 . exp[− 𝑡⁄𝜏]

(2.8)

where 𝜏 = 𝜂⁄𝐸 is a constant for each Maxwell model and is referred to as relaxation time (the
time at which the stress is reduced to ~37 % or (1/𝑒)th of the original value), 𝑡 is the time and
we can identify 𝜏/𝑡 as the Deborah number (De = 𝜏/𝑡) (Ferry, 1980). Deborah number is used
to account for the non-uniform stretch history of a given fluid under flow. If De ≪ 1, then it
means the polymer under consideration relaxes much faster than the fluid packet transverses a
characteristic distance, i.e. the fluid packet is said to have ‘no memory’ of its state at time 𝑡
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earlier. Further, if De~1, then the polymer has not sufficiently relaxed and the state at time 𝑡
earlier can now influence the motion of the fluid packet. From the foregoing, it is clear that the
Maxwell model predicts an exponential decay of stress (stress relaxation).

2.3.2

Kelvin-Voigt model

Kelvin-Voigt model consists of a spring and a dashpot just like in Maxwell model but the
elements are in parallel (Fig. 2.1(b)) (Boscheti-de-Fierro et al, 2007; Cho, Robinstein, & Colby,
2003). As a consequence, the strains of the spring and the dashpot are uniform (𝜀 = 𝜀s = 𝜀D )
and the stresses are additive:
𝜎 = 𝜎s + 𝜎D = 𝐸. 𝜀𝑠 + 𝜂. 𝜀𝐷̇

(2.9)

Re-arrangement (and dropping the subscripts) of eqn. (2.9) yields:
𝜀̇ = (𝜎 − 𝐸. 𝜀)/𝜂

(2.10)

The Kelvin-Voigt model is useful in describing the behaviour during creep where the stress is
held constant at 𝜎 = 𝜎0 . Hence eqn. (2.10) changes to eqn. (2.11):
𝜀̇ + 𝐸. 𝜀/𝜂 = 𝜎0 /𝜂

(2.11)

The differential eqn. (2.11) has the following solution:
𝜀 = 𝜎0 . [1 − exp(− 𝑡⁄𝜏)] /𝐸

(2.12)

From eqn. (2.12), it is clear that the strain rate decreases with time and 𝜀 → 𝜎0 /𝐸 as 𝑡 → ∞,
representing the correct form of behaviour for a polymer undergoing creep. On the other hand,
the model is unsuccessful in predicting the stress relaxation behaviour of a polymer since it
fails to show instantaneous response or continued flow under equilibrium stress.

2.3.3

Standard linear solid model

We have observed that Maxwell model describes the stress relaxation of a polymer to a first
approximation whereas the Kelvin-Voigt model describes creep. To obtain a combination of
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these two phenomena, the standard linear solid model (Fig. 2.1(c)) is considered (BrochardWyart et al., 1997; Young, & Lovell, 1991). This model consists of Maxwell model in parallel
to an additional spring. Let elastic moduli 𝐸1 and 𝐸 represent the spring in Maxwell model
and the additional spring, respectively (Ferry, 1980). For the Maxwell model;
𝐸1 . 𝜀̇ = 𝜎̇1 + 𝜎1 ⁄𝜏

(2.13)

with 𝜏 = 𝜂⁄𝐸1 . For the additional spring (𝜎 = 𝐸 . 𝜀), we have;
𝐸 . 𝜀̇ = 𝜎̇

(2.14)

The total stress is 𝜎 = 𝜎1 + 𝜎 and the constitutive equation will be the sum of equations (2.13)
and (2.14):
𝜀̇. (𝐸1 + 𝐸 ) = 𝜎̇1 + 𝜎1 ⁄𝜏 + 𝜎̇

(2.15)

If we add 𝐸 . 𝜀/𝜏 on the left hand side and 𝜎 /𝜏 on the right hand side of (2.15), we obtain:
𝜀̇. (𝐸1 + 𝐸 ) + 𝐸 . 𝜀/𝜏 = 𝜎̇ + 𝜎⁄𝜏

(2.16)

Equation (2.16) is the differential equation for the standard linear solid model of Fig. 2.1(c).
To obtain relaxation function from eqn. (2.16), we take Laplace transform of the differential
equation and the fact that the stress and the strain histories are assumed to begin after time zero
which may be considered to occur in the remote past (Mainardi, & Spada, 2011; Thomas et al.,
2011). Therefore, the relaxation function for the standard linear solid is a decreasing
exponential of the form:
𝐸(𝑡) = 𝐸 + 𝐸1 . exp(− 𝑡⁄𝜏)
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(2.17)

To successfully describe relaxation dynamics in thin isotactic poly(para-methylstyrene)
(iPpMS) and corresponding blends, the study is based on Maxwell model in which the stress
is uniformly distributed throughout the system (the spring and the dashpot elements) but the
macroscopic strain being the sum of elastic and viscous deformations.

2.4

Fundamentals of dewetting dynamics of thin polymer films

When a large amount of a liquid is dropped onto a solid surface, the liquid can completely
cover the surface even if the liquid ‘does not like’ the surface (hydrophobic). In this case, the
thick liquid will remain stable due to the effects of gravity. However, when the thickness of the
liquid gets thinner (< 100 nm), the spreading of the liquid on the solid surface will be
determined by the surface energy and the interfacial energy (between the liquid and the solid
surface) (de Gennes, Brochard-Wyart, & Quéré, 2004; Ferry, 1980). The spreading coefficient,
𝑆, describes the ability of the drop to spread on or to dewet (retract) from a surface and is
related to an imbalance of surface forces such that (Bower, 2003; de Gennes, 1990);
𝑆 = 𝛾S − (𝛾LS + 𝛾L )

(2.18)

where, 𝛾L (liquid-vapor), 𝛾LS (liquid-substrate) and 𝛾S (substrate-vapor) represent the
interfacial tensions which act at the three-phase contact line of a drop, i.e., the line where
substrate, film, and environment (e.g., air) meet (Brochard-Wyart, & de Gennes, 2003). For
𝑆 > 0, a liquid spreads on the (solid) substrate. When 𝑆 < 0, the liquid wets the surface only
partially as characterized by a finite contact angle , 𝜃. Using Young’s equation
(𝛾S = 𝛾LS + 𝛾L . cos(𝜃eq )) (Brochard-Wyart et al., 1994, 1997; McGraw et al., 2017) equation
(2.18) leads to 𝑆 = 𝛾L (cos𝜃 − 1). The contact angle is a quantitative measure of the partial
wettability of a substrate by a liquid. In general, if a film is forced to cover a non-wettable
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substrate, it is at best metastable, also due to residual stresses (Bäumchen, & Jacobs, 2010;
Brochard-Wyart et al., 1997).
Dewetting experiments have previously been used to probe velocity-dependent information
from a polymer film such as friction (Reiter, 1993, 1994, 2013). In dewetting, the polymer
film tries to minimize the contact with the substrate due to balance of driving forces (residual
and capillary forces) and dissipative forces (linear frictional forces between fluid and the
substrate) leading to a retraction of the film from the substrate at a solid substrate – polymer
interface once the film is annealed at a temperature higher than the glass transition temperature
(𝑇dew > 𝑇g ) (Christensen, & Freund, 2010). Such annealing results in the growth of circular
holes exposing the substrate (Fig. 2.2(a)).

c

Fig. 2.2: Optical micrographs (200 × 200 μm ) of typical dewetting patterns developing in a 200 nm
isotactic poly(para-methylstyrene) (iPpMS) film, showing (a) nucleation and growth of dewetting holes,
(b) coalescence of dewetting holes, (c) straight lines of materials formed between the coalesced holes
and (d) formation of droplets.

Since we are dealing with films of very small thicknesses and whose dewetting velocities are
comparatively small, gravity and inertia are assumed to play minimal role in the dewetting
process (de Gennes, Brochard-Wyart, & Quéré, 2004). Wetting is an important process for
many applications including adhesion, lubrication, painting, printing, and protective coatings.
However, for most applications, dewetting is an unwanted process, because it destroys the
applied film (Blossey, 2012).
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During the process of retraction of fluid from a substrate there is relative movement of
molecules past each other giving rise to viscous dissipation within the fluid. Interfacial friction
between the substrate and the fluid leads to accumulation of removed material from the
growing hole around the hole (rim formation-Fig. 2.3(a)) characterized by two contact angles
𝜃dyn and 𝜙 (Fig. 2.3(b)).
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Fig. 2.3: (a) Optical micrograph (100 × 100 μm ) of a typical dewetting hole developing in a
200 nm isotactic poly(para-methylstyrene) (iPpMS) film, showing the dewetted distance (2R(t))
and the rim width (𝑤(𝑡)). The different interference colours represent the differences in thickness
(height). (b) Schematic cross-sectional profile of the rim surrounding a dewetting hole. 𝜃dyn is
the dynamic contact angle at the front 𝐴 and 𝜙 is the contact angle at the rear position 𝐵; ℎ0, 𝑤(𝑡),
𝑅(𝑡) and 𝐻(𝑡) are the film thickness, rim width, radius of the dewetting hole and height of the
rim plus the film thickness, respectively: 𝐻(𝑡) = 𝐻max (𝑡) + ℎ0 ; 𝐻max (𝑡) is the maximum height
of the rim with respect to the film surface (Vilmin et al., 2006).

The rims form due to mismatch between the rates at which the polymer gets dislodged from
the substrate and the rates (which are slower) at which the dislodged polymer gets redistributed
to other intact parts of the film. This is a signature of localized accumulation (Marquant, 2013;
Reiter, 1993, 1994, 2005, 2013). The morphological details of the rim and its temporal
evolution can provide much insight into the slip boundary conditions. For instance, during rim
build up, surface tension is only effective on a small part of the rim, thus allowing unusual
morphologies and dynamics such as viscoelasticity. The concept of contact angle reflects the
balance of cohesive forces (between the liquid molecules) and adhesive forces (between the
liquid molecules and the substrate surface) (Chandran et al., 2015; Röttele et al., 2003). Polar
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(hydrophilic) surfaces decorated with hydroxyl groups often involve strong adhesive forces
and low contact angles. Non-polar (hydrophobic) surfaces like most polymers are characterized
by strong cohesive forces and high contact angles (Brochard-Wyart et al., 1994, 1997).
Therefore, measurements of the contact angle represent a quick and simple way of obtaining
qualitative information about the chemical nature of surfaces.
In dewetting of a viscous fluid, the height profile of the rim is mainly governed by capillary
forces acting at the contact line, Laplace pressure and energy dissipation inside the rim,
reflected in part by the dynamic contact angle, 𝜃dyn (Brochard-Wyart & de Gennes, 2003). In
addition, the changes in size (width and height) of the rim reflect mass conservation, i.e., the
dewetted material is collected in the rim (Chandran, & Reiter, 2016, 2019; Reiter, 1993, 1994,
2013). During dewetting, 𝜃dyn ≠ 𝜃equ , with 𝜃equ being the contact angle at equilibrium, i.e.,
for the case where the dewetting velocity is zero. Thus, there exists a net force per unit length
of the contact line (uncompensated Young’s force) such that FYoung   S   LS   L . cos dyn
(Brochard-Wyart, & de Gennes, 2003). At equilibrium, we find that 𝛾S = 𝛾LS + 𝛾L . cos 𝜃equ .
Hence,

FYoung   L .(cos dyn  cos equ ).

For

small

values

of

𝜃dyn ,

we

can

approximate cos 𝜃dyn ≈ 1 − (𝜃dyn ⁄2) (de Gennes, Brochard-Wyart, & Quéré, 2004). Thus:
𝐹Young = (1⁄2). 𝛾L . (𝜃equ − 𝜃dyn )

(2.19)

If 𝑣 is the mean velocity of the contact line and 𝜂 the viscosity of the liquid, assuming that the
shape of the rim is governed by Laplace pressure and that viscous forces inside the rim are
sufficiently low to allow for rapid equilibration of possible pressure fluctuations, we can
approximate the shape of the cross-section of the liquid rim by a circular segment. Here, the
Laplace pressure is given by 𝑃L = 2. 𝛾L . 𝜅 (𝛾L is the surface tension of the liquid and 𝜅 is the
curvature of the circular segment). Further, in the case of a no slip boundary condition, the total
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viscous force per unit length of the contact line during dewetting is given by (Al Akhrass et al.,
2008; de Gennes, Brochard-Wyart, & Quéré, 2004).
−1
𝐹visc = 3𝜂𝑣 ∙ 𝜃dyn
∙ ln(ℎmax ⁄ℎmin )

(2.20)

with ℎmin and ℎmax being the minimum and maximum thicknesses of the rim with respect to
the contact line, respectively. At the moving contact line (dewetting front) we have a balance
of the driving Young’s force and the viscous force 𝐹visc such that 𝐹Young = 𝐹visc (Peshcka et
al., 2019):
−1
(1⁄2) ∙ 𝛾L ∙ (𝜃equ − 𝜃dyn ) = 3𝜂𝑣 ∙ 𝜃dyn
∙ ln(ℎmax ⁄ℎmin )

(2.21)

If dissipation is due to viscous flow generated in the core of the dewetting rim, then the total
dissipated energy per unit time and unit length of the contact line (𝐷diss ) during dewetting is
given by (Brochard-Wyart, & de Gennes, 2003; Reiter, 1993, 2013);
−1
𝐷diss = 3𝜂𝑣 ∙ 𝜃dyn
∙ ln(ℎmax ⁄ℎmin ) = 𝐹visc · 𝑣

(2.22)

If we suppose that the Laplace pressure is the same everywhere within the rim, we obtain for
large rims 𝜃dyn ≅ 𝜙 . In addition, for R >> w, both boundaries of the rim (indicated by the
positions 𝐴 and 𝐵 in Fig. 2.3(b)) advance at approximately the same dewetting velocity 𝑣.
Using 𝐿A = ln(ℎmax ⁄ℎmin ) at point 𝐴 of Fig. 2.3(b) then we obtain for the force balance at
position 𝐴 (with a dewetting velocity 𝑣 ):
𝛾L · (𝜃equ − 𝜃dyn ) · 𝜃dyn = − 𝐿A · 𝜂 · 𝑣
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(2.23)

Further, the equilibrium value of the contact angle at point 𝐵 is zero since the rim is in contact
with the film of the same liquid and hence with 𝐿B = ln(ℎmax ⁄ℎmin ) at point 𝐵 (de Gennes, &
Deutsch, 1991)
𝛾L · 𝜙 3 = − 𝐿𝐵 ∙ 𝜂 · 𝑣

(2.24)

The minimum length-scale ℎmin for position 𝐴 is proportional to the size of the molecules and
for position 𝐵 proportional to the thickness of the film. The maximum length-scale ℎmax is
always related to the maximum height of the rim. For very thin films (nanometer range), 𝐿A
and 𝐿B are similar. As a result, a relationship between dynamic and equilibrium contact angles
exist for the case of viscous dewetting such that (Brochard-Wyart et al., 1994, 1997):
𝛾L . (𝜃equ − 𝜃dyn ). 𝜃dyn = 𝛾L . 𝜙 3

(2.25)

and with 𝜙 ≅ 𝜃dyn , we obtain;
𝜃dyn = 𝜃equ /√2

(2.26)

After nucleation of a hole at time 𝑡 = 0, i.e., the formation of a circular contact line, the growth
of the hole proceeds at a velocity 𝑣 ~ 𝑅(𝑡)⁄ 𝑡 , with the retracted liquid collected in the
surrounding rim. According to Redon et al. (1991) for non-slipping fluids, the holes open at a
constant velocity of:
3
𝑣 ~ 𝑣 ∗ ∙ 𝜃equ

(2.27)

with 𝑣 ∗ = 𝛾L /𝜂.
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For 𝑅 ≫ 𝑤 , a constant dewetting velocity (eqn. (2.27)) is observed as long as the assumption
of a non-slip boundary condition applies. However, for the slip case, the velocity is given by
(de Gennes, Brochard-Wyart, & Quéré, 2004):
𝑣s = |𝑆|. 𝑏⁄3𝜂. 𝑤

(2.28)

where 𝑣s is the slip velocity, 𝑏 = 𝜂⁄𝜉 is the slip length, 𝜉 is the coefficient of interfacial
friction between the substrate and the fluid and is related to the linear interfacial force 𝑓 = 𝜉𝑣𝑠 ,
𝑤 = 𝜙s √ℎ𝑅 is the rim width (by volume conservation and self-similarity), 𝜙s is a constant, ℎ
is film thickness and 𝑅 is the radius of the hole. The characteristic growth law for the radius of
a dewetting hole with time for the no slip and slip cases are: 𝑅 ∝ 𝑡 (no-slip) and 𝑅 ∝ 𝑡

/3

(slip) (Brochard-Wyart et al. 1997; Chandran, & Reiter, 2016; Reiter, Castelein, & Sommer,
2003; Sawamura et al., 1998).
Recent experiments and simulations of liquid flow at the microscopic scale have revealed
conditions for slip (non-zero velocity) at the interface between a solid wall and a flowing liquid
(Brochard-Wyart et al., 1994; Damman et al., 2007; Hamieh et al., 2007). In the case of
slippage, as it occurs for polymer melts on “ideal” substrates (Reiter, 2013; Reiter et al., 2005),
energy is dissipated over the whole moving interface which is proportional to the width of the
rim. Thus, for slippery interfaces, the viscous force depends on the slip length, b, which is
defined as the distance below the plane of the substrate, at which the dewetting velocity linearly
extrapolates to zero (Fig. 2.4).
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No slip
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Fluid

Fluid

Full slip

Fluid

b
Fig. 2.4: Boundary conditions for a fluid moving over a surface showing no slip (Poiseuille
flow), partial slip (slip length, 𝑏 = 𝜂 ⁄𝜉, 𝜂 is the viscosity of the fluid, 𝜉 is the coefficient
of interfacial friction between the substrate and the fluid) and full slip (plug flow) (slip
length, 𝑏 = ∞) conditions (Brochard-Wyart et al., 1994).

Accordingly, as the size of the rim increases in time, dissipation increases also. Therefore, for
a constant capillary driving force, the dewetting velocity is decreasing in time. When there is
no interfacial frictional dissipation, a film will rupture without formation of a rim i.e. the
material will be distributed throughout the liquid film resulting in enhancement of the mean
film thickness (Brochard-Wyart et al., 1997). In case of polymers (entangled chains), their
energy of cohesion is higher than the energy of adhesion and therefore, polymers when they
move over an unfavorable surface, experience slippage (boundary condition) (Brochard et al.,
1994, 1997; Reiter, 2005). Boundary conditions play an important role in characterizing fluid
flow profile. Presence of slip is a revelation of the complex interaction of molecules and atoms
at small length scales. Several factors that affect the slip characteristics include the strength of
the interatomic bonds between a solid and the fluid, the surface roughness and the flow rate.
The slip length, 𝑏 = 𝜂⁄𝜉 is the distance inside the substrate at which the velocity extrapolates
to zero for slipping films (Bäumchen, & Jacobs, 2010; Bäumchen et al., 2012; Blossey et al.,
2006).
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For the slipping films, the frictional dissipation (𝐹diss ) at the interface between polymer melt
and substrate is proportional to the velocity (slip velocity) such that:
𝐹diss = 𝜉. 𝑣slip

(2.29)

According to de Gennes, 𝜉 = 𝜂/𝑏 (𝜂 is the viscosity) (de Gennes, Brochard-Wyart, & Quéré,
2004; Vilmin, & Raphaël, 2006; Ziebert, & Raphaël, 2009). Theoretically, 𝑏 = 𝑎. (𝑁 3 /𝑁𝑒 ) (𝑎
is monomer size, 𝑁 is the polymerization index and 𝑁e is the number of segments between
entanglements). For 𝑏 ≫ ℎ0 (film thickness), energy dissipation takes place at the polymersubstrate interface where the highest velocity gradient exist. Consequently, velocity scales as
~𝑡 −1/3 (de Gennes, Brochard-Wyart, & Quéré, 2004; Reiter, 2013).

2.5

Previous studies: Rheological properties of thin polymer films via
dewetting

In the following sub-sections, we discuss some of the previous studies specifically on effect of
preparation parameters, dewetting temperature and blending dynamics in thin polymer films.

2.5.1

Effect of preparation parameters and dewetting temperature

Previous studies on dewetting dynamics in thin polymer films have shown how a simple
technique like dewetting can be used as a rheological probe to reveal the rich dynamic
behaviour of polymers confined in thin films (Reiter, 1993, 1994, 2013). Though segments at
the top of a film on a substrate have enhanced mobility, it is not clear how the excess mobility
propagates deeper into the film (Al Akhrass et al., 2008; Chowdhury et al., 2012; Reiter, 2013).
As a result, preparation conditions such as the spin-coating speed, solvent evaporation rate,
evaporation time, solution concentration, molecular weight are important in analyzing the
rheological properties in thin polymer films. Even though studies have been done on the effect
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of preparation conditions on rheological properties of thin polymer films via dewetting
(Chandran et al, 2017; Makhlouf, 2014; Reiter, 2013), the relationship between preparation
conditions and viscoelastic properties is still unclear. In particular, when film thickness
decreases below the diameter of Gaussian polymer coils in bulk samples, the relationship
between film thickness and polymer properties (such as viscosity, interdiffusion rate,
mechanical properties and changes in glass transition temperature (𝑇g )) is complex.
Chandran et al. (2017) in their work on preparation-induced non-equilibrium behaviour of
polymer films observed that the preparation pathway (appropriate preparation time normalized
by the characteristic relaxation time of the polymer) contributes to non-equilibrium nature of
polymer films. In particular, they revealed scaling relations between preparation pathway and
the amount of preparation-induced residual stresses, the corresponding relaxation time and
probability of film rupture in which films of different thicknesses (obtained by varying solution
concentration and spin-coating speed) exhibited different hole nucleation densities and
subsequent dewetting kinetics. This is an indication that it is possible to tune the properties of
polymer films by preparing films in a specific way (Chandran et al., 2015, 2019, Chandran, &
Reiter, 2016, 2019). Even though the scaled relations give a clear description of dewetting
dynamics in thin polystyrene films, its application in dewetting behaviour in crystallizable
polymer materials is not yet available.
According to Damman et al. (2007), existence of residual stress in thin polystyrene (PS) films
is due to chain conformations and reduced entanglement density resulting from preparation
conditions as confirmed by Reiter (2013). The authors observed a large increase of strain (𝜀)
with chain length which they attributed to large residual stresses (𝜎) or smaller elastic modulus
(𝐸) (since 𝜀 = 𝜎⁄𝐸 ) in line with what was obtained by Vilmin, & Raphaël (2006). However,
they ruled out effects of chain confinements since the observed high strains was uniform for
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all the films considered. Interestingly, the strain was observed to saturate for high molecular
weights (𝑀w > 300 kg/mol) which was alluded to changes in elastic modulus and residual
stress. It is clear from the foregoing that evolution of strain with molecular weight in
equilibrated PS films is a complex undertaking.
Besides being able to characterize the rheological properties of thin polymer films, dewetting
experiments are sensitive tools for determination of relaxation processes, contact angle and
frictional properties of polymer-substrate interface as a function of temperature and molecular
weight (Chandran, & Reiter, 2016; Chandran et al., 2017). High molecular weight polymer
films at temperatures close to 𝑇g exhibit an asymmetric shape of the rim for long times due to
elastic deformation resulting from interfacial friction (Sharma, 2001; Sharma, & Reiter, 1996).
In dewetting thin polystyrene films at temperatures slightly above glass transition temperature,
it is found that for long chain polymers, relaxation rates of residual stresses are faster than the
longest bulk relaxation processes but independent of molecular weight and dewetting
temperature (Chandran et al., 2017; Chowdhury et al., 2012; Reiter, 2013).

2.5.2

Blending dynamics in polymer materials

Blending in polymer materials refers to the physical mixtures of two or more polymers with no
covalent bond connecting the individual component polymers (Utracki, 2003; Utracki, Leszek,
& Wilkie, 2014). Polymer blends exhibit superior properties to those of component
homopolymers and offer opportunities for reuse and recycling of polymer wastes. When two
or more polymers are mixed, the phase structure of the resulting material can be either miscible
(homogeneous) or immiscible (heterogeneous) (Plans, MacKnight, & Karasz, 1984; Utracki,
2003). Due to their high molar mass, the entropy of mixing of polymers is relatively low and
consequently establishing a thermodynamically stable film of a blend of two polymers is often
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a challenge (Flory, 1942). Immiscible systems exhibit polymer segregation due to
incompatibility between the individual homopolymers (Nies, & Stroeks, 1990; Yamaguchi,
Suzuki, & Maeda, 2002). There are three different types of blends depending on the miscibility:
Completely miscible blends exhibiting one glass transition temperature ( 𝑇g ) such as
polystyrene/poly(phenylene oxide) (PS/PPO) blend; partially miscible blends in which a small
part of the blend is dissolved into the other part characterized with a fine phase morphology
but different 𝑇g like polycarbonate/acrylonitrile butadiene styrene (PC/ABS) blend; fully
immiscible blends characterized by coarse morphology, sharp interface and poor adhesion
between the blend phases such as poly(methylmethacrylate)/poly(butadiene) (PMMA/PB)
blend (Stroeks, & Nies, 1990; Utracki, 2003)
Most of the previous studies on polymer blends were of heterogeneous type (immiscible) with
a few homogeneous ones (miscible) (Kojio et al., 2019; Li, & Woo, 2006; Müller-Buschbaum,
Gutmann, & Stamm, 2000; Müller-Buschbaum et al., 1998; Runt, 1981; Taguchi, Miyamoto,
& Toda, 2019; Tanaka, Imai, & Yamakawa, 1970). As observed by Müller-Buschbaum et al.
(1998) the blend between deuterated polystyrene (dPS) and atactic poly(para-methylstyrene)
(aPpMS) was miscible at high aPpMS content with an observed faster dewetting. High
concentration of dPS led to immiscibility characterized by rough surfaces. The authors
observed that one component (dPS) had an affinity for the substrate interface and the other
(aPpMS) for the air interface, favoring phase separation into two layers. In addition, it was
noted that an aPpMS layer dewetted faster than a dPS layer. They also explored if the dewetting
process had to compete with phase separation which is a challenge in any high-tech
applications requiring a stable, homogeneous and uniform films. At the same time,
investigation of miscibility behaviour in aPS and aPpMS blend by Stroeks, Paquaij, & Nies
(1991) observed that the blend was free from interactions with moderate polydispersity effects.
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The authors did not detect any phase separation and their explanation was based on the fact
that aPS and aPpMS are similar in physical and chemical characteristics, the only difference
being the end group (methyl) in aPpMS. Based on the minimization conditions of HolesHuggins (HH) theory (Nies, & Stroeks, 1990), experimentally, there was no observation of
lower critical solution temperature (LCST) in the aPS/aPpMS blend, though, it can occur when
free-volume difference of the pure components exceed a certain value. Shu, & Woo (2006)
found the blend between aPS and syndiotactic PS (sPS) to be miscible through examination of
the interaction parameter from measurement of the equilibrium melting point from
thermodynamic point of view. In addition, Chang, & Woo (2003a, 2003b) in their examination
of miscibility behaviour between isotactic PS, aPpMS and aPS showed that the binary system
iPS/aPpMS was miscible with the rare upper critical solution temperature (UCST).
According to Callaghan, & Paul (1993), properties of blend films are dependent on the
thermodynamic interaction between the component polymers. The authors observed that at low
molecular weight of the constituent polymers, the blend between aPS and atactic poly(alphamethylstyrene) (aPαMS) was miscible with an interaction energy density between 0.011 –
0.050 cal/cm3 according to Flory-Huggins theory (Nies, & Stroeks, 1990). The blends exhibited
a UCST. However, the blend of aPS and atactic poly(methyl methacrylate) (aPMMA) was
observed to exhibit high interaction energy. For the ternary system of aPS/aPαMS/aPpMS,
Chang, Woo, & Liu (2004), noted that the 10/80/10 and 5/90/5 compositions were miscible.
However, it was puzzling to note that the same ternary system showed ultra-small domains in
the homogeneous blend which may have exhibited a phase-in-phase morphology. In other
words, the thermodynamic nature of the system involved a miscibility/immiscibility loop and
a UCST behaviour. Though the authors did not pursue the studies further, it would have been
interesting to find out how the additional polymer, miscibility and the observed loop affect the
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activation energy and rheological properties of any of the aPS/aPαMS and aPS/aPpMS binary
systems. This is because, the addition of the third polymer to any of the binary system would
have led to a decrease in interfacial tension between the two phases and this, to some extent,
improves their penetration according to Macosko et al. (1996).
Except for the blend between dPS and aPpMS that investigated dewetting dynamics on the
rheological properties of the blend, the rest of the blends put more emphasis on miscibility and
glass transition temperature among the blends (Malhotra et al., 1980; Manfredi et al., 1995;
Mitov, & Kumacheva, 1998; Müller-Buschbaum, Gutmann, & Stamm, 2000). At the moment,
understanding of rheological properties of non-equilibrated crystallizable polymers in thin
films is far from complete. Furthermore, it is not clear what kind of role tacticity plays in
miscibility of polymers and how tacticity affects the resulting rheological properties (Huang et
al., 2011; Negash, Tatek, & Tsige, 2018). In a previous dewetting study (Chandran, & Reiter,
2016), it has been shown that tacticity may have a strong impact on polymer properties in spin
coated thin polymer films, in particular with respect to the magnitude of the generated residual
stresses and their corresponding relaxation time. When subjected to large forces and
deformations, in particular, crystallizable polymers like isotactic polystyrene (iPS) develop a
multi-level hierarchical structure involving multistage relaxation processes (Chandran et al,
2015; Chandran, & Reiter, 2016; Reiter et al., 2009) which strongly depend on deformation
and flow history (Poudel et al., 2018b). Unfortunately, the properties of blends of iPS and
isotactic PpMS (iPpMS) have not been investigated yet, neither in thin films nor in the bulk.
Thus, it is indispensable to probe how the resulting (rheological) properties of an as-prepared
film of a polymer blend change as a function of annealing time. Here, we examined the
mechanical properties of spin coated thin films of a blend of two isotactic polymers, iPS and
iPpMS, which have been investigated individually by previous dewetting experiments. The
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miscibility, crystallization, thermal and structural dynamics of iPS and blends of iPS with other
polymers have widely been investigated (Chowdhury et al., 2012; Chandran, & Reiter, 2016,
2019; Kanaya, 2013; Karasz, Bair & O’Reilly, 1965; Reiter, 1993, 1994, 2005; Sommer, &
Reiter, 2005; Sutton et al., 1997; Thomas et al., 2011; Yeh, & Lambert, 1972) but only a few
studies have focused on iPpMS. Although iPpMS can crystallize, its melting temperature has
not been clearly identified (Gunesin, & Gustafson, 1989; Li et al., 2012; Wu et al., 2019).
Previous dewetting experiments on iPpMS films and related works have revealed an activation
energy of molecular relaxation processes that is somewhat lower than the ones observed for
both atactic and isotactic PS (Okada, 1979; Şenocak, Alkan, & Karadağ, 2016).
It is within this context that the study explored how blending iPS with iPpMS at various ratios
affects rheological properties of spin coated thin polymer films. What could be the effect of
mixing two isotactic homopolymers on their rheological properties and the resulting activation
energies? Can transient cooperative processes as observed for iPS (Chandran, & Reiter, 2016)
also be found in iPpMS – iPS blend? To find answers to these questions, we probed the
properties of iPpMS – iPS blend films through dewetting experiments and focused on changes
in relaxation times of residual stresses, activation energy and rheological properties as a
function of time for a systematic variation of dewetting temperatures.

2.6

Nanophotonics in thin polymer films

Industrial applications of advanced nanophotonic structures (e.g. sensors, photovoltaics and
nonlinear optics) require substantial improvement in the fabrication and characterization
processes (Makhlouf, 2014). Nanophotonic devices have a great potential for optical
technologies and are promising replacements for existing microscale devices with precise
control over their size and position (Atwater, & Polman, 2010). Usually, nanophotonic systems
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consist of resonant nanoparticles enabling effective manipulation of light at the nanoscale
(Gentili et al., 2012; Ye, Zuev, & Makarov, 2018). Although, nanophotonics has emerged as a
novel tool for light processing, its production using natural materials with conventional
approaches (e.g. direct focused ion beam milling, nanoimprint lithographies) is unsuitable for
large scale and mass production (Koenderink, Alù, & Polman, 2015; McGraw et al, 2014, 2017;
Müller-Buschbaum, 2003). Based on previous studies, dewetting has been used as a feasible
process (due to its simplicity) for improving the scalability and productivity of thin polymer
films for advanced nanostructures (Atwater, & Polman, 2010). The formation of the surface
structures in thin polymer films can be attributed to the Marangoni effect and the film
thicknesses (McGraw et al., 2010). As a result, it is possible to modify a surface at the nano,
micro and the macro scales to produce unique physical characteristics and chemical
functionality (Koenderink, Alù, & Polman, 2015; Müller-Buschbaum, 2003).
Here, we review the dewetting strategies for production of well-aligned arrays of submicronand nanostructures with great control over their size, shape and arrangement to realise the
industrial-level fabrication of various practical advanced photonic systems (Yang et al., 2011).
According to Gupta et al. (2019), annealing thin films of varied thicknesses leads to formation
of well-dispersed and self-ordered nano-structures. Further, the authors observed that changes
in the substrate surface energy, film texture, film thicknesses and intermolecular forces
between the substrate and the film can lead to different dewetting patterns. At the same time
Ye, Zuev, & Makarov (2018), in their study of dewetting mechanisms and fabrication of
advanced nanophotonic systems, emphasized the importance of fundamental understanding of
the dewetting mechanisms and kinetics which are critical aspects in guiding optimisation of
substrate choice, film thickness and dewetting process conditions. In spite of this, there is
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limited information on the connection between different dewetting mechanisms and the
advanced nanophotonics.
Although most of the previous studies emphasized that film thickness and viscosity plays an
important role in the formation of dewetting structures (Atwater, & Polman, 2010; Koenderink,
Alù, & Polman, 2015; Makhlouf, 2014; Ye, Zuev, & Makarov, 2018), the resulting effect on
the dewetting patterns did not come out clearly. In addition, it was not clear what role molecular
weight of the films involved plays during the formation of final surface morphologies. While
most of the authors have suggested template dewetting as an option to production of wellstructured patterns, the process leads to complexity in the architectures that can be designed
(Mitov, & Kumacheva, 1998). To overcome this challenge, there is need to consider thin films
at nanometre scale which could lead to formation of flexible fine structures. Further, though it
is important to understand the rheological properties of the materials used to produce the films,
this did not come out clearly from the literature.
In summary, the experimental and theoretical dewetting studies of thin polymer films that have
been reported to date have successfully led to significant understanding of the effect of
preparation-induced residual stresses, deviations in polymer mobility and changes in relaxation
processes based mainly on polystyrene (PS) on non-wettable substrates, (Chandran & Reiter,
2016, 2019; Reiter, 1994, 2013). However, this has also led to a number of important issues
and questions. For instance, the role of capillary forces in dewetting of purely Newtonian liquid
films is well-defined, but not for viscoelastic polymer films which are always out-ofequilibrium. The constructive relationship between preparation parameters and dewetting
dynamics is inconclusive. Further, there is a clear molecular weight dependence on viscoelastic
properties for high molecular weight films (indicative of chain confinement effects) but it is
unclear for low molecular weight films. At the same time, it is difficult to describe dewetting
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dynamics for the shortest dewetting time in very thin films (< 100 nm) at very high dewetting
temperatures (𝑇dew ≫ 𝑇g ). As a consequence, there is need for further study of dewetting
dynamics in thin PS films and related blends to understand both their fundamental and the
application characteristics.
In this study, we explored the rheological properties of isotactic poly(para-methylstyrene)
(iPpMS) films and its blends via dewetting. The iPpMS system differs from PS by a nonpolar
methyl group introduced at the para-position (position 4) of the phenyl ring of styrene
monomers (Wu et al., 2019). We lay emphasis on iPpMS film preparation from a dilute
polymer solution to the glassy state by varying solution concentration and spin-coating speed.
The

preparation-induced

residual

stresses

(arising

from

out-of-equilibrium

chain

conformations due to rapid solvent loss), depending on thermal history and ageing time, will
lead to changes in viscoelastic dewetting properties of the iPpMS films deposited on slippery
silicon substrates. Further, we investigate the influence of dewetting temperature, relaxation
time, residual stresses and temporal changes in the stability of non-equilibrated iPpMS films
on the rheological properties as they progress towards equilibrium state allowing to tune their
properties for desired performance in various applications.
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CHAPTER THREE
MATERIALS AND EXPERIMENTAL TECHNIQUES
3.1 Introduction
In this chapter, we describe the polymer materials, solvents and substrates used and the
experimental techniques we adopted to understand dewetting dynamics in semi-crystalline
polymers (isotactic poly(para-methylstyrene) and isotactic polystyrene). Thereafter, we
describe the preparation of thin polymer films using spin-coating technique for our dewetting
experiments. Finally, we discuss how optical microscopy, differential scanning calorimetry,
X-ray diffraction spectroscopy, and atomic force microscopy are used to characterize our
samples.

3.2 Materials
In this study, we used the isotactic poly(para-methylstyrene) (iPpMS) [weight average
molecular weight, 𝑀w = 608 kg/mol, with

polydispersity index, PDI = 2.19, a glass

transition temperature, 𝑇g ≈ 110 ℃, and a nominal melting temperature Tm around
( 220 – 240 ℃)] (Wu et al., 2019) and isotactic polystyrene (iPS) [𝑀w = 400 kg/mol ,
PDI = 2.8, 𝑇g ≈ 95 ℃, 𝑇m = 220 ℃] (Chandran, & Reiter, 2019). The PDI is used as a
measure of the broadness of a molecular weight in a given polymer. All throughout the study
we shall use iPpMS608K to stand for iPpMS of 𝑀w = 608 000 g/mol and iPS400K to stand
for iPS of 𝑀w = 400 000 g/mol.
Our experiments were performed on silicon (Si) wafers which were covered by a native oxide
layer with a typical thickness of about 3 nm. Silicon IV oxide (SiO2) (Sigma-Aldrich,
Germany) wafers were preferred substrates due to their very low roughness and controllable
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oxide layer thickness. In addition, silanol terminated polydimethylsiloxane (PDMS) (𝑀𝑤 =
80 kg/mol, 𝑇g ≈ −125 ℃) was used as a brush on the silicon wafer because of its high
viscosity, low surface tension, elastic deformation ability, versatility and the polymer films do
not adsorb to it (Reiter, 1993, 2013). Toluene was used as a solvent because it is highly reactive
and hydrophobic due to the presence of methyl group in its structure.

3.3 Silicon wafer preparation and properties
The silicon wafers used were disk-shaped, oriented < 100 > of thickness 520 ± 𝜇𝑚, p-doped
with boron, with a specific resistance of 10 − 20 Ω. cm and covered with ~3 nm thick native
oxide layer (Sigma-Aldrich, Germany). To favor a defect free monolayers, and to remove
major contaminations, the silicon wafers were sonicated in succession for 45 minutes into two
baths of ethanol and toluene. The samples were quickly dried by blowing the samples with
gaseous nitrogen of purity 5.0 at the end of each sonication procedure. This process allowed to
remove all superficial dust impinged in the solvent (Marquant, 2013; Schäffer, 2001). The
roughness result measured with atomic force microscopy (AFM) technique showed that the
silicon wafers were atomically smooth.
In order to generate hydroxyl-groups on the surface, the silicon wafers were put for one hour
in an ultraviolet-ozone (UV-O3) cleaner in the presence of distilled water (H2O). The highenergy UV photons broke hydrocarbon bonds of organic contaminants on the wafer surface. In
addition, UV light helped to oxidize the Si-SiO2 surface, prior to hydroxylation in presence of
H2O, which resulted in formation of dangling Si-OH on the treated surface. Immediately after
the UV-O3 cleaning, the silicon wafers were spin-coated at 2000 revolutions per minute (rpm)
for 2 minutes with pure heptane and subsequently heptane solution (10 mg/ml) of silanol
terminated polydimethylsiloxane (PDMS). Immediately after spin-coating, the PDMS-coated

38

wafers were annealed in an oven for 6 hours at 170 ℃ at a pressure of ca. 50 mbar to increase
adsorption of siloxane groups to the silicon surface. This creates an irreversibly adsorbed
PDMS layer. After annealing, the wafers were immersed for one hour in a Petri dish half-filled
with heptane to remove any loosely attached or non-adsorbed PDMS molecules and later rinsed
in heptane via spin-coating. The slippery silicon wafers were subsequently stored in a dry place
(covered in aluminum wafer dish) (Chandran, & Reiter, 2016, 2019; Reiter, 2005). Figure 3.1
shows the procedure used in substrate preparation.

UV-irradiation

60 min

360 min
PDMS

170 ℃
~50 m

3

UV+

Deionized water

1

Si-wafer (Si

)

2

3

Wash for 60
minutes and
rinse in heptane

4

Store for
2 days
before use

2000 rpm

Fig. 3.1: Substrate preparation procedure: (1) spin-coating PDMS solution on silicon wafers, (2)
annealing PDMS coated substrates in vacuum, (3) washing the PDMS coated substrates and rinsing in
heptane, (4) substrate storage.

3.4 Solution preparation
3.4.1 Concentration variation of isotactic poly(para-methylstyrene) (iPpMS)
The dewetting dynamics change when polymer concentration changes. This is because,
polymer concentration is related to film thickness. The higher the polymer concentration the
thicker the film becomes. The solutions (after several trials) were prepared by changing the
polymer concentration (6, 8, 10, 12, 13, 14, 16, 20 and 25 mg/ml) of iPpMS608K in toluene.
Solution concentrations below 6 mg/ml led to very thin films (< 70 nm) characterized by
faster dewetting and above 25 mg/ml, the films produced were very thick ( > 330 nm)
characterized by very slow dewetting dynamics. The solutions were then heated to 60 ℃ with
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stirring for 60 minutes to ensure complete dissolution. The solutions were then filtered by a
0.22 µm polytetrafluoroethylene (PTFE) filter due to its hydrophobic properties (Chandran, &
Reiter, 2016, 2019; Reiter, 2005).

3.4.2 Isotactic poly(para-methylstyrene) (iPpMS) blend solution preparation
Polymer mixtures in most cases are immiscible. As a result, their phase structures are not at
equilibrium and depend on the preparation process. There are different methods used to prepare
polymer blends such as melt mixing, solution blending, latex mixing, and graft
copolymerization (Utracki, 2003). Among the methods, though melt mixing (blend
components are mixed in the molten state in extruders or batch mixers) is the most widespread
method of polymer blend preparation for large scale applications, its infrastructure is
expensive. Latex mixing and graft copolymerization follow a long tedious procedure. On a
laboratory scale, solution blending is often used for preparation of polymer blends. Here, the
blend components are dissolved in a common solvent and intensively stirred. The blend is then
separated by evaporation of the solvent. In this study, solution blending was used because it is
cheap, leads to rapid mixing and avoids unfavourable chemical reactions (Wang, Shyong, &
Porter, 1995)
Two polymer solutions in toluene with a concentration of 14 mg/ml were prepared. The one of
iPpMS608K was prepared at 60 ℃ for 60 minutes and the one of iPS400K was prepared at
170 ℃ for 120 minutes with stirring. To obtain a polymer blend solution, two solutions at
different ratios (100: 0, 95: 5, 90: 10, 85: 15, 80: 20, 75: 25, 50: 50, 0: 100 of iPpMS608K :
iPS400K) were mixed at room temperature. To ensure complete homogeneous mixing, we
stirred the polymer solution at an interval of 30 minutes overnight. Afterwards, the blend
solution was filtered using a 0.22 µm polytetrafluoroethylene (PTFE) filter. The blend solution
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did not exhibit any signs of phase separation, indication that toluene was a common good
solvent for the blend (Müller -Buschbaum, Gutmann, & Stamm, 2000).

3.5 Thin film formation by spin-coating technique
Spin-coating technique was used to deposit thin polymer films on cleaned silicon wafer
substrates (Reiter, 1993). In this method, it is possible to control the dynamics of film
formation through changes in spin speed, concentration of solution, polymer ratio, which are
intrinsically linked to the final structure of the film. Further, rapid solvent evaporation in spincoating introduces deviations in chain conformations, yielding residual stresses useful for the
current study compared to other deposition methods. The spin-coater (WS-650MZ-23NPP,
SPS-Europe POLOSTM) in Fig. 3.2 with a range of spin-coating speed between 100 − 12000
revolutions per minute (rpm) was used.

a

b

Fig. 3.2: The image of the spin-coater used to prepare all the
polymer films under investigation: (a) the body of the spin-coater,
(b) the operating system part of the spin-coater.
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To start the spin-coating process, the spin-coater vacuum system is first switched on and the
working pressure chosen (~15 mbar). On the operating system of the spin-coater, the operation
mode is chosen where the spin-coating speed, acceleration and spin-coating time are selected.
The slippery silicon wafers were cut into pieces of about 1.5 cm by 1.0 cm to fit on the chuck
in the spin-coater. Next, the substrate was placed on the chuck in the spin-coater and fixed in
position by the vacuum underneath. First the substrates were rinsed with toluene by spincoating at 2000 rpm for about 30 seconds. Next, thin polymer films were prepared in ambient
conditions by spin-coating (at a speed of 500 rpm) different concentrations of iPpMS608K
solutions (6, 8, 10, 12, 13, 14, 16, 20 and 25 mg/ml) onto slippery silicon substrates for 2
minutes. Instead of changing the polymer concentration, the iPpMS608K concentration was
maintained at 14 mg/ml but changed the spin-coating speed (500, 2000, 4000, 6000, 8000
and 12000 rpm). A small change in the spin-coating speed or on the concentration of the
solution leads to large changes in the final thickness which leads to different dewetting
characteristics. Finally, the blend mixtures were spin-coated (same concentration of 14 mg/ml)
at 500 rpm. About 1 – 2 ml of solution was enough to cover the substrate completely before
spin-coating.
When a polymer solution is placed on a substrate in a spin-coater, the solution spreads out due
to centrifugal force and covers the substrate (varying thickness), increasing from centre to the
edge of the substrate. During the spin-off stage (early dewetting phase), some solution flows
off the substrate, resulting in a uniform film thickness throughout the substrate. Finally, the
solvent evaporates rapidly (late dewetting phase) solidifying the film (Fig. 3.3).
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Film
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Fig. 3.3: A typical set up for spin-coating process showing how isotactic poly(para-methylstyrene)
(iPpMS) film of uniform thickness was formed.

The thickness of the prepared films can be obtained from the light interference patterns (with
uncertainty of ≈ 10 nm) observed in optical microscope (Fig. 3.4) or measured by atomic
force microscopy (AFM).

Fig. 3.4: Interference colors as a function of film thickness for a polystyrene film on a ~ 15 nm thin
PDMS layer over silicon wafer which are exactly similar to that of iPpMS films. The film thicknesses
changes from left to right (not drawn to scale): 20 nm (light brown), 70 nm (dark brown), 100 nm
(dark blue), 140 nm (light blue), 200 nm (yellow), 250 nm (yellow-orange), 260 − 280 nm
(purple), 290 nm (blue), 310 nm (turquoise), 330 nm (green), 350 nm (dark yellow), 400 nm (light
purple), 420 nm (dark green), 460 nm (yellow), 520 nm (pink), … alternating light green and pink up
to approximately 1.5 µm until it changes to a transparent gray (Schäffer, 2001).

3.6 Experimental methods
To characterize the dewetting dynamics in thin isotactic poly(para-methylstyrene) (iPpMS)
films, optical microscopy (OM), differential scanning calorimetry (DSC), atomic force
microscopy (AFM) and X-ray diffractometer (XRD) were employed. In the following subsections, the description of the techniques is given.
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3.6.1 Thin film dewetting by optical microscopy (OM)
To capture dewetting dynamics in different films (prepared by varying solution concentration
and spin-coating speed), the dewetting temperature varied from 120 ℃ to 280 ℃ above the
glass transition temperature of the isotactic poly(para-methylstyrene) (iPpMS) polymer.
Dewetting process was induced by heating the samples on a nitrogen-purged hot stage
(Linkam) and the process was monitored through the Zeiss optical microscope (Zeiss AxioA1). Spin-coated thin films were cut into pieces of about 0.5 cm by 0.3 cm for use with the
Zeiss optical microscope. The Zeiss optical microscope is connected to charge-coupled device
(CCD) Axio camera so that the images can be taken and the dewetting process monitored
closely (AxioView Program) (Fig. 3.5). The colour balance and exposure time of the CCD
Axio camera were optimized to produce good quality of real time images during the
experiment. Once the substrate stage was heated to the required temperature, the polymer film
was placed on the hot stage and the camera was started simultaneously. The whole sample was
uniformly heated to a controlled dewetting temperature since a relatively large amount of
energy is required to induce dewetting especially for very thick films.

44

c
d

a

b

Fig. 3.5: A set up showing dewetting process in a 200 nm isotactic poly(para-methylstyrene)
(iPpMS) film: (a) Zeiss optical microscope, (b) Linkam (holds the sample under nitrogen flow)
connected to a heating system, (c) CCD Axio digital camera connected to Zeiss optical
microscope, (d) A window on the desktop showing how images are captured as the dewetting
process continues.

3.6.2 Differential scanning calorimeter (DSC) measurements
To find out how a material’s heat capacity (or heat of transformation) is changed by change in
temperature, a differential scanning calorimeter (DSC) is often used. A given sample (of known
mass) is heated or cooled and the changes in its heat capacity are tracked as changes in the heat
flow. As a result, detection of transitions such as melts, glass transitions, phase changes, and
curing are observed. The choice of DSC system has to do with its advantages of simplicity and
speed with which it can be used to see transitions in polymeric materials.
For our studies, the melting and glass transition temperature for the powder samples were
studied using a Perkin-Elmer differential scanning calorimeter (Perkin-Elmer DSC600)
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operated under a nitrogen atmosphere. The specimens (7.5 mg each) were sealed in aluminium
pans and heated from 0.0 to 300.0 °C at a heating rate of 10.0 °C/m n.

3.6.3 Atomic force microscopy (AFM) technique
To measure surface properties such as topography and structure in thin polymer films, atomic
force microscopy (AFM) is used. It is also used to determine the film thickness obtained
through scratches cross the films or in the course of measurement of the height of the rim of a
dewetted hole (for dewetted samples). The AFM (AFM, JPK Nanowizard) system used in this
study consisted of a silicon cantilever with a sharp tip (with a tip radius of curvature on the
order of nanometres) at its end that was used to scan the sample surface. The AFM characterizes
the surface of a sample through three main modes: The tip is in direct contact with the surface
of the sample (contact mode), the tip is never in direct contact with the surface of the sample
(non-contact mode) and the tip oscillates near to its resonance frequency (by a small
piezoelectric element mounted in the AFM tip holder) sometimes getting in contact (taps the
sample and lifts off) with the surface of the sample (intermittent contact mode). In our study,
we set the AFM system in the intermittent contact mode (or tapping mode) since the first two
modes have severe drawbacks. For instance, while in contact mode, the surface of the sample
is likely to be damaged or the tip fails to effectively measure the surface features in non-contact
mode. The tapping mode avoids mechanical deformation of the soft material and minimizes
the inelastic deformation of the sample resulting in high resolution images (Ye, & Makarov,
2018).
The important parameters of an AFM cantilever are the material, the spring constant and the
resonance frequency. For our measurements, AFM cantilevers were made of silicon provided
from Nano-sensors. The silicon resistivity was about 0.01 − 0.02 Wcm. The properties of the
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cantilevers used were given by thickness (7 ± 1 mm), length (225 ± 10 mm), width (38 ±
7.5 mm), height (10 − 15 mm), resonance frequency (146 − 236 kHz) and force constant
(21 − 98 N/m). The cantilevers and tips were not coated. We used contact intermittent mode
imaging (driving frequency: 153.93 kHz, phase shift −380, amplitude: 0.28 V, set point: 570
mV, P gain: 0.003, I gain: 50 Hz, Z range: 15 µm). The AFM image scans were saved in a
JPK file format (*.jpk) and it was possible to post process the images to create common graphic
files like JPEG (*.jpg). Further analysis of the images like creation of different cross-sections
and 3-dimensional (3D) views was done using a JPK data processing software. In Fig. 3.6, we
show (as an example) how the AFM technique is used to measure film thickness (ℎ0 ≈ 200
nm), maximum height of the rim (𝐻max (𝑡)) and contact angle (𝜃) in iPpMS608K (solution
concentration: 14 mg/ml, spin-coating speed: 500 rpm).
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Fig. 3.6: (a) Early stage dewetted hole and (c) final stage of dewetting showing a droplet
and their corresponding AFM 3D images (b) and (d), respectively. (e) is an illustration
showing how the film thickness (ℎ0 ≈ 200 nm) is measured from image (b) (along the
indicated red straight line) by AFM technique. Similarly, (f) shows how the contact angle
(𝜃) is measured from image (d) (along the indicated red straight line) by AFM technique
in iPpMS608K (solution concentration: 14 mg/ml, spin-coating speed: 500 rpm). The size
of images (a)-(d) is 50 × 50 𝜇𝑚 .
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The film thickness (ℎ0 ) (measured from the base of the exposed substrate) in iPpMS608K
(solution concentration: 14 mg/ml, spin-coating speed: 500 rpm) was measured by an AFM
technique as shown in Fig. 3.6. To obtain the maximum height (𝐻max (𝑡)) of the rim, we
measured the height (𝐻(𝑡)) and substracted the film thickness (ℎ0 ) as shown in equation (3.1).
𝐻𝑚𝑎𝑥 (𝑡) = 𝐻(𝑡) − ℎ0

(3.1)

3.6.4 X-ray diffraction (XRD) spectroscopy technique
We used X-ray diffraction (XRD) spectroscopy (Siemens D500, Germany) to identify possible
crystal structure of the isotactic poly(para-methylstyrene) (iPpMS) samples. The 𝜃 − 2𝜃
parallel beam geometry of the scan machine was taken from a film prepared on a silicon wafer
in reflection mode. The range was from 5° to 70° with detector type of continuous scan at a
scan step of 0.5 s and step size of 0.025°. Irradiated length was 12 mm and the specimen
length was 10 mm with a receiving slit size of 0.1 mm. The anode material was Copper (Cu)
and the incident radiation source was 𝐶𝑢𝐾𝛼1 (𝜆 = 1.542 Å). The intensity of the radiation was
provided by the wavelength 𝜆 = 1.542 Å. The generator settings were 30 mA and 40 kV.
The XRD measurements were done at room temperature of 25 ℃.

3.7 Measurement of hole radius, rim width and corresponding velocity
In order to correctly measure the dewetted hole radius (𝑅(𝑡)), the resulting rim width (𝑤(𝑡))
and the corresponding dewetting velocity (𝑣(𝑡)) in the dewetting process of iPpMS films, we
first define the time scales that characterize the dewetting process. (i) The time for which the
sample was kept on the hot stage, measured from the placement of the film on the hot stage, is
called the annealing time (𝑡ann ). (ii) The time, which passes from the placement of the film on
the hot stage until a given dewetting hole was nucleated, is called the incubation time (𝑡inc ).
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(iii) The duration of dewetting, measured from the moment a given hole was nucleated, is
referred to as dewetting time (𝑡dew ). Equation (3.2) shows how 𝑡dew is derived from 𝑡ann and
𝑡inc (Chandran, & Reiter, 2016, 2019; Reiter, 2013)
𝑡dew = 𝑡ann − 𝑡inc

(3.2)

The collected images from optical microscope were later analyzed manually with the help of
analysis software ImageJ. It is possible to convert the pixels of an image taken from optical
microscope into the actual size of the sample by using the resolution of the scope used to
capture images during in-situ dewetting experiment (see the supporting information in the
appendix C). The radius and rim width of dewetted holes nucleated at different incubation
times were measured directly using ImageJ program (Schneider, Rasband & Eliceiri, 2012)
and the graphical analysis done by Origin program (version 2018). Figure 3.7 shows how the
hole radius and rim width were measured using ImageJ program.
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Fig. 3.7: A 100 × 100 𝜇𝑚 dewetted hole in a 200 nm isotactic poly(para-methylstyrene)
(iPpMS) film showing how the hole radius (𝑅(𝑡)) and rim width (𝑤(𝑡)) are measured in
ImageJ. The dewetting temperature, 𝑇dew = 170 ℃, the incubation time, 𝑡inc = 60 s, and
the dewetting time, 𝑡dew = 1400 s. The numbers 1 to 5 is a guide to the eye on how the
measurements were done. The width of the rim is represented by 1 to 2 (left side) and 4 to
5, whereas the radius of the hole is represented by 2 to 3 on the left side and 3 to 4 on the
right side.

The dewetting velocity 𝑣dew (𝑡i ) was determined by taking differences of the radius 𝑅(𝑡i ) of
a dewetting hole at dewetting times 𝑡i−1 and 𝑡i according to eqn. (3.3) (Chandran, & Reiter,
2016, 2019; Reiter, 1994, 2013),

𝑣𝑑𝑒𝑤 (𝑡𝑖 ) =

[𝑅(𝑡𝑖 )−𝑅(𝑡𝑖−1 )]
(𝑡𝑖 −𝑡𝑖−1 )

(3.3)

The rheological properties of iPpMS films are 𝐻𝑚𝑎𝑥 (𝑡) -, ℎ0 -, 𝑅(𝑡) -, 𝑤(𝑡) - and 𝑣dew (𝑡i ) dependent and were obtained from their relationships as discussed in chapter four.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Introduction
The rapid evaporation of solvent in spin-coating technique results in films adopting nonequilibrium conformations. This induces residual stresses within the films (Chandran, & Reiter,
2016, 2019; Reiter, 2013). Dewetting of thin polymer films under controlled environment can
provide a route to cost effective, continuous and large-scale production of functionalised
materials and control of the relaxation dynamics of out-of-equilibrium isotactic poly(paramethylstyrene) (iPpMS) films sheared at rates higher than the reciprocal value of the intrinsic
relaxation time of the molecules (Chandran, & Reiter, 2016). The process of dewetting a thin
polymer film is complex as it is dependent on many interrelated variables. In the following
sub-sections, we discuss the results obtained from a range of systematic dewetting experiments
in thin iPpMS films with respect to variations in spin-coating speed, solution concentration
(film thickness), dewetting temperature and blending dynamics. These variations in multiple
preparation parameters promise a comprehensive preparation-induced residual stress analysis.

4.2 Rheological properties of isotactic poly(para-methylstyrene) (iPpMS)
films
We first discuss the results obtained from atomic force microscopy (AFM) (film thicknesses),
differential scanning calorimetry (DSC) (glass transition temperature and melting temperature)
and X-ray diffraction (XRD) (to check presence of crystal structures) in thin isotactic
poly(para-methylstyrene) (iPpMS) films. In Fig. 4.1, we plotted the results of heat flow as a
function of temperature, intensity of X-ray diffraction (XRD) as a function of 2θ, and film
thickness as a function of solution concentration and spin-coating speed in iPpMS films. On
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heating the sample, a weak step at the glass transition temperature (𝑇g = 110 ℃) and a weak
peak around 230 ℃ which we attributed to the melting temperature (𝑇m ) of the iPpMS material
were observed (Fig. 4.1(a)). The observation is in agreement with what has already been
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Fig. 4.1: Linear plots of (a) heat flow as a function of temperature, (b) XRD intensity as a function
of 2𝜃, and film thickness as a function of (c) solution concentration, (d) spin-coating speed in
iPpMS. Different colours indicate different molecular weight as shown in (a). The spin-coating speed
was maintained at 500 rpm in (c) and in (d), the solution concentration was maintained at 14 mg/ml.
The dashed green line in (d) is the theoretical film thickness-spin-coating speed dependence for
polystyrene for comparison (Schubert, 1997).

In addition, we used XRD to obtain the patterns in Fig. 4.1(b) for the iPpMS powder sample.
Absence of characteristic diffraction peaks implied that the iPpMS polymer is dominated
mainly by amorphous properties. However, according to already published work, the emerging

52

weak peak indicates a certain degree of one-dimensional order due to polymer chain-chain
distance or distance between phenyl groups (Wu et al., 2019). As shown in Fig. 4.1(c), varying
the solution concentration of iPpMS (at constant spin-coating speed) led to production of films
of different thicknesses, increasing with increase in solution concentration. Higher solution
concentration simply means more polymer material to be deposited. Further, film thickness
was found to increase with increase in molecular weight of iPpMS. From Fig. 4.1(d), we
observed that film thickness is dependent on spin-coating speed such that ℎ0 ~

−𝛼

with 𝛼 =

0.59 ± 0.1(Schubert, 1997). The deviation could result from the differences in viscosities and
solution evaporation rates in the iPpMS films. At the same time, we observed that at lower
spin-coating speed ( ≤ 2000 rpm), the difference between the resulting film thickness of
iPpMS films is huge compared to the differences at higher spin-coating speed (> 2000 rpm)
where the film thickness is almost similar. This is due to the fact that at lower spin-coating
speed (at the same spin-coating time), the rate of solvent evaporation is low leading to
formation of thicker films than at higher spin-coating speed.
Despite several reports on the effect of preparation parameters on the relaxation dynamics of
entangled polymers in metastable state (Chandran, & Reiter, 2016, 2019; Reiter, 2013), a clear
relation between preparation parameters and the rheological behaviour probed by dewetting
technique in isotactic polymers in melt is lacking. Particularly for isotactic poly(paramethylstyrene) (iPpMS) films, limited reports are available on its non-equilibrium dynamics
especially with respect to preparation-induced changes in its viscoelastic properties. Therefore,
we closely discuss dewetting dynamics of iPpMS films describing the controlled relaxation of
residual stresses as a function of preparation parameters. In this section, we investigate the
influence of varying the spin-coating speed and solution concentration on the rheological
properties of iPpMS608K films.
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4.2.1 Effect of spin-coating speed and solution concentration
4.2.1.1 Variation of spin-coating speed
Although dewetting thin polymer films is fast at high dewetting/annealing temperature, it is
even more rapid when the film is associated with residual stresses introduced during film
formation (Reiter, 2013). We set to find out if changes in spin-coating speed result in different
relaxation scenarios in iPpMS608K films and if the differences are systematic in any way. In
Fig. 4.2, we show how varying spin-coating speed leads to different dewetting dynamics.
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Fig. 4.2: Optical micrographs showing nucleated holes obtained from spin-coating a 14 mg/ml
of solution at different spin-coating speeds dewetting at 170 °C: (a) 500 rpm, (b) 2000 rpm, (c)
4000 rpm, (d) 6000 rpm, (e) 8000 rpm and (f) 12000 rpm for the first dewetting holes (at
annealing time, 𝑡ann ≈ 100 s) in iPpMS608K films. In (g), the number of nucleated holes are
plotted as a function of dewetting time (𝑡dew ). Each micrograph measures 648 × 648 μm . The
legend in Fig. 4.2(g) shows the spin-coating speed and the corresponding film thicknesses.

In Figs. 4.2(a) – 4.2(f), hole nucleation density is shown through optical micrographs of
iPpMS608K films dewetting at a constant temperature, 170 ℃. It is clear from the micrographs
that increase in spin-coating speed led to different dewetting behaviour in the films due to effect
of residual stresses. At low spin-coating speeds (≤ 2000 rpm), the rate of solvent evaporation
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and the spin-off of the solution from the substrate are very low leading to high film thicknesses.
However, at higher spin-coating speeds (> 2000 rpm), the rate of solvent evaporation and
spin-off of the solution from the substrate is very fast resulting in reduced but almost similar
film thicknesses (Figs. 4.1(d) and 4.2(g)). From Fig. 4.2(g), the number of holes nucleated per
an area of 648 × 648 μm increases with increase in spin-coating speed, an indication that
the preparation-induced residual stresses are higher in films spin-coated at 12000 rpm than
those at 500 rpm.
In Fig. 4.3, we plotted dewetting hole radius (𝑅(𝑡dew )), corresponding dewetting velocity
(𝑣(𝑡dew )) and rim width (𝑤(𝑡dew )) as a function of dewetting time (𝑡dew ) for the first
dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at different spin-coating speeds.
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Fig. 4.3: (a) Linear plot of dewetting hole radius (𝑅(𝑡dew )), (b) logarithmic plot of dewetting
velocity (𝑣(𝑡dew )) and (c) semi-logarithmic plot of rim width (𝑤(𝑡dew )) as functions of
dewetting time (𝑡dew ) for the first dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at a
constant concentration (14 mg/ml) and different spin-coating speeds (legend in (a)) dewetting
at 170 ℃.

The graphs of hole radius as a function of dewetting time were fitted with the power law
relation in order to obtain the incubation time (Chandran, & Reiter, 2016):
𝑅(𝑡dew ) = 𝑎. (𝑡ann − 𝑡inc )𝛼

(4.1)

where 𝑅(𝑡dew ) is the radius of the hole, 𝑡ann is the annealing time, 𝛼 is the power law
exponent, 𝑡inc is the incubation time and 𝑎 is a constant. The radius of the hole increased with
𝛼 = 0.68 ± 0.1 consistent with theoretical value of 2/3 (Reiter, 1994, 2013; Reiter, Khanna,
& Sharma, 2003). However, at higher spin-coating speed, the growth of the hole was very fast.
It is clear from Fig. 4.3(a) that the relative increase in radius decreased with decrease in spin56

coating speed, but after about 20 s of dewetting time, the hole radii were overlapping on each
other. This observation is an indication that the dewetting driving forces are decreasing with
time. Since the residual stresses act as an additional driving force for dewetting, the total
dewetting driving force (𝐹tot ) can be given by (Chandran, & Reiter, 2016, 2019),
𝐹tot = 𝐹cap + 𝐹res

(4.2)

where 𝐹cap is the capillary force and 𝐹res is the residual forces.
Given the spreading parameter |𝑆| = 𝛾S − 𝛾LS − 𝛾L , where 𝛾S is surface tension of substratevapor, 𝛾LS is surface tension of substrate – liquid and 𝛾lV is surface tension of liquid – vapor,
then the capillary force is given by 𝐹cap = |𝑆|/ℎ0 where ℎ0 is the film thickness. The capillary
force depends on surface tension and the contact angle and therefore, at constant temperature,
the capillary force will be constant. However, since the residual stress is a time dependent
variable, it relaxes with time.
A closer examination of Fig. 4.3(b) reveals that the dewetting velocity could be described by a
power law relation 𝑣~𝑡 −𝛼 (𝛼 ≈ −1) (Brochard-Wyart et al., 1997; Chandran, & Reiter, 2016,
2019; Reiter, 2013). The decrease in dewetting velocity with dewetting time is an indication
that the iPpMS608K films under investigation are relaxing. At low spin-coating speeds
(< 4000 rpm), the dewetting velocity was at first constant (𝛼 ~ 0) as the rim started to form.
Later, the dewetting velocity decreased with dewetting time. However, at higher spin-coating
speed, due to fast dewetting behaviour, observation of constant dewetting velocity was
difficult. Increase in dewetting time led to increase in the rim width in the same way as the
observed behaviour for the growth of hole radius with dewetting time (Fig. 4.3(c)). This is
because the material retracted from the hole settled around the same hole forming a rim. The
rim width was observed to follow a relation of the form 𝑤~𝑡 𝛼 (2/3 ≤ 𝛼 ≤ 1/3) (Reiter, 1993,
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2013) and grew in a logarithmic fashion until a maximum value (𝑤max ) was reached then
became constant. This is the point at which the dewetting dynamics change with time in the
iPpMS608K films. The value on the dewetting time axis at 𝑤max (indicated by the dotted
vertical green line of Fig. 4.3(c)) can be related to a transition from a highly asymmetric rims
to more symmetric ones. It also points to the fact that the residual stresses (generated during
spin-coating) in the iPpMS608K films could be relaxing. Sometimes, at higher spin-coating
speed (≥ 4000 rpm from Fig. 4.3(c)), observation of maximum rim width was tricky since rim
instability started earlier compared to films prepared at lower spin-coating speed (Figs. 4.2(c)
- 4.2(f)).
If we consider initial dewetting velocities from each nucleated and grown hole, we can perform
an exponential fit to the data obtained as a function of incubation time. This will enable us to
discuss the relaxation dynamics of the iPpMS608K films. This relaxation process is very
important in dewetting dynamics in thin polymer films and has already been reported on
dewetting dynamics in atactic polystyrene (aPS) and isotactic PS (iPS) films (Damman et al.,
2007; Chandran, & Reiter, 2016, 2019; Reiter, 2013). Consider a plot of initial dewetting
velocity (𝑣i (𝑡inc )) as a function of incubation time (𝑡inc ) as shown in Fig. 4.4(a) for the first
dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at different spin-coating speeds.

58

vi(0)-vi(¥)  A1

1

vi(¥)

0.1
0

sres/scap

(sres+scap)/scap

12
10
8
6
4
2
0
0

800 1600
tinc [s]

vi(tinc )/vi(tinc®8)

10

vi(0)

2400

12

Relaxation time, tv

vi(tinc ) [mm/s]

a

1
0

b

5

4
0
0
4
8 12
speed ´103 [rpm]

c
2 4 6 8 10 12
Spin speed ´103 [rpm]

10 15 20 25
tinc /tv

d

100

8

12000 rpm : 83 nm
8000 rpm : 86 nm
6000 rpm : 89 nm
4000 rpm : 93 nm
2000 rpm : 110 nm
500 rpm : 200 nm

75
50
25
0
0

2 4 6 8 10 12
Spin speed ´103 [rpm]

Fig. 4.4: Semi-logarithmic plot of (a) initial dewetting velocity (𝑣i (𝑡inc )) as a function of
incubation time (𝑡inc ) and (b) normalized dewetting velocity ( 𝑣i (𝑡inc )/𝑣i (𝑡inc → ∞)) as a
function of reduced time (𝑡inc /𝜏v ). The symbols represent spin-coating speed and corresponding
film thickness as shown in (b). The inset in (a) shows how extreme velocities at 𝑡inc = 0 (𝑣𝑖 (0)),
𝑡inc → ∞ (𝑣𝑖 (∞)) and their differences represented by 𝐴i ∈ {𝐴v , 𝐴w } are extracted from (a). In
(c), the ratio of total stress to capillary stress ((𝜎res + 𝜎cap )⁄𝜎cap) is plotted as a function of
spin-coating speed, and in (d) the relaxation time is plotted as a function of spin-coating speed
for the first dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at a constant concentration (14
mg/ml) and different spin-coating speeds dewetting at 170 °C. The inset in (c) show how the
ratio 𝜎res⁄𝜎cap changes with spin-coating speed.

The data from the graph of Fig. 4.4(a) was fitted to the following exponential function:
𝑣i (𝑡inc ) = 𝐴𝑣 . exp(−𝑡inc ⁄𝜏v ) + 𝑣i (∞)

(4.3)

where 𝐴𝑣 = 𝑣𝑖 (0) − 𝑣𝑖 (∞) , 𝑣𝑖 (0) = 𝑣𝑖 (𝑡inc → 0) , 𝑣𝑖 (∞) = 𝑣𝑖 (𝑡inc → ∞) , 𝜏v is the
relaxation time with respect to dewetting velocity. How 𝑣𝑖 (0), 𝑣𝑖 (∞) and 𝐴i are obtained is
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illustrated in Fig. 4.4(a) for the data at a spin-coating speed of 500 rpm. Equation (4.3) can be
re-written as:
𝑣i (𝑡inc )⁄𝑣i (∞) = 1 + 𝐴. exp(−𝑡inc ⁄𝜏v )
with 𝐴 = 𝐴𝑣 ⁄𝑣i (∞) = {[𝑣𝑖 (0)⁄𝑣𝑖 (∞)] − 1} = {𝐵v − 1}, 𝐵v = 𝑣𝑖 (0)⁄𝑣𝑖 (∞)

(4.4a)
(4.4b)

By plotting normalized dewetting velocity (𝑣i (𝑡inc )⁄𝑣i (∞)) as a function of reduced time
(𝑡inc ⁄𝜏v ) (Fig. 4.4(b)) for the first dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at
different spin-coating speeds, we noticed that all the data collapsed into a one master curve.
This is an indication that the dewetting behaviour in iPpMS608K films is characterized by the
same relaxation of residual stress dynamics irrespective of the spin-coating speed at which the
films were deposited. The normalized velocity decays (relaxing of residual stresses with time)
until it reaches the point where 𝑣i (𝑡inc )⁄𝑣i (∞) = 1. This constant point signifies that from
now onwards, all the holes that will nucleate in the given film will evolve with similar velocity
or growth rate, suggesting that the dewetting driving force is constant (only capillary forces are
now responsible for dewetting process) (Müller-Buschbaum, 2003). Further, this is an
indication that despite preparing iPpMS608K films at different spin-coating speed, after
relaxation of internal stresses, they showed similar dewetting velocity. The time at which
𝑣i (𝑡inc )⁄𝑣i (∞) = 1 is reached is taken to be the relaxation time (𝜏v ) of the films.
The extreme velocities (on the inset of Fig. 4.4(a)) are very important in understanding the
relaxation dynamics in thin polymer films. For instance, the total driving stresses in
iPpMS608K films is governed by:
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𝑣𝑖 (0) ⁄𝑣𝑖 (∞) = (𝜎res + 𝜎cap )⁄𝜎cap = [𝜎𝑟𝑒𝑠 ⁄𝜎cap + 1] = 𝐵v

(4.5)

where 𝜎res is the residual stress, 𝜎cap is the capillary stress, 𝑣i (0) is the initial dewetting
velocity of the growing hole at a constant 𝑡inc = 0 and 𝑡dew = cons n , 𝑣i (∞) is a constant
dewetting velocity at 𝑡inc → ∞ and 𝑡dew = cons n . By comparing equations (4.4b) and
(4.5), we obtained 𝐴 = 𝜎res ⁄𝜎cap , which represents the relative contribution of residual
stresses in the polymer films (Chandran et al., 2017). In Fig. 4.4(c), we observed an increase
in the ratio of (𝜎res + 𝜎cap )⁄𝜎cap with increase in spin-coating speed. In particular, an
interesting observation from the inset of Fig. 4.4(c) is that the magnitude of obtained 𝐴 =
𝜎res ⁄𝜎cap is highest for the films deposited at the highest spin-coating speed than for those
prepared at lower spin-coating speed. This is an indication that the presence of residual stress
in the iPpMS608K films under investigation is highly dependent on spin-coating speed and
increases as the spin-coating speed increases. As a consequence, it is clear from Fig. 4.4(d) that
stress relaxation in the films prepared at high spin-coating speed (≥ 4000 rpm) is faster
compared to those films prepared at lower spin-coating speed (< 4000 rpm). The relaxation
times plotted in Fig. 4.4(d) were obtained from fitting equation (4.3) to the data of Fig. 4.4(a).
Accordingly, films spin-coated at lower spin-coating speed allows one to be able to fully
understand their dewetting dynamics than at higher spin-coating speed.

4.2.1.2 Influence of solution concentration
If we change the solution concentration of iPpMS608K and prepare thin films (at constant spincoating speed), will there be any appreciable change in relaxation dynamics in iPpMS films?
Will there be any systematic relations between fast relaxing and slowly relaxing perturbations?
What information about the activation energy do we obtain? In an attempt to find answers to
these questions, we prepared iPpMS608K films of different thicknesses (by changing solution
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concentration) and discussed their effect on the viscoelastic properties of iPpMS608K films.
In Fig. 4.5 we have presented optical micrographs together with a graphical representation
showing the number of nucleated holes per an area of 648 × 648 μm in iPpMS608K films
(prepared at different solution concentration but constant spin-coating speed) as a function of
dewetting time.
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Fig. 4.5: Optical micrographs showing nucleated holes obtained from spin-coating different solution
concentrations at 500 rpm dewetting at 170 °C: (a) 6 mg/ml, (b) 8 mg/ml, (c) 10 mg/ml, (d) 13
mg/ml, (e) 14 mg/ml, (f) 20 mg/ml, (g) 25 mg/ml for the first dewetting holes (at annealing time,
𝑡ann ≈ 200 s) in iPpMS608K films. In (h), we plotted the number of nucleated holes as a function of
dewetting time (𝑡dew ). Each micrograph measures 648 × 648 μm . The legend in (h) shows the
solution concentration and the corresponding film thicknesses.

In Figs. 4.5(a) – 4.5(g), we observed differences in the rate of rupture of the iPpMS608K films
prepared at the same spin-coating speed but different solution concentration and dewetting at
the same temperature. The number of holes decreases with increase in solution concentration
(film thickness). Here, increase in the iPpMS608K solution concentration leads to formation
of thick films, otherwise thin films are formed. The number of holes per an area of 648 ×
648 μm was highest in films prepared from a 6 mg/ml solution (70 nm) and lowest in films
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prepared from a 25 mg/ml solution (330 nm) at constant spin-coating speed. This was clearly
visible from Fig. 4.5(h) depicting the maximum number of holes at a given time (𝑡ann ≈ 200 s)
for a particular film thickness. This is a clear indication that the preparation-induced residual
stresses are higher in films prepared from low solution concentration than those prepared from
higher solution concentration at the same spin-coating speed. To understand the dewetting
dynamics with respect to film thickness, we followed an evolution of a hole from the moment
it was nucleated until it reached the maturity stage and analyzed its growth dynamics as shown
in Fig. 4.6.
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Fig. 4.6: (a) Linear plot of dewetting hole radius (𝑅(𝑡dew )), (b) logarithmic plot of dewetting
velocity ( 𝑣(𝑡dew ) ) and (c) semi-logarithmic plot of rim width ( 𝑤(𝑡dew ) ) as functions of
dewetting time (𝑡dew ) for the first dewetting holes (at 𝑡inc ≈ 0 s) in iPpMS608K films prepared
from different solution concentrations but at constant spin-coating speed (500 rpm) dewetting at
170 °C . The legend in (a) shows the solution concentration and the corresponding film
thicknesses.
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The dewetting hole radii (Fig. 4.6(a)) followed the already discussed power law of equation
(4.1) with 𝛼 = 0.66 ± 0.1 . It was observed that hole growth decreased with increase in film
thickness which is expected because the thicker the film gets the more material is there to push
hence slower hole growth. Correspondingly, the dewetting velocity decreased with increase in
film thickness (Fig. 4.6(b)). The dewetting velocity was first constant as the rim started to build
up (highly asymmetric), an indication that the films were not slipping. During the transition of
rim shape from asymmetric to symmetric, the dewetting velocity started to follow the already
observed power law decay with exponent values (0.35 ± 0.1) ≤ 𝛼 ≤ (1 ± 0.1). A general
decrease in dewetting velocity was observed, a signature of slippage in the iPpMS608K films
under study. The decrease in the dewetting velocity with time is also an indication that the
residual stresses in iPpMS608K films under investigation are undergoing relaxation.
Further, the rim width surrounding the circular hole was also observed to decrease with
increasing film thickness (Fig. 4.6(c)). From Figs. 4.7(a) - 4.7(b), we show how plots of initial
dewetting velocity and maximum rim width as a function of incubation time can be used to
extract the total driving stresses in iPpMS608K films prepared from different solution
concentrations (different film thicknesses).
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Fig. 4.7: Semi-logarithmic plots of (a) initial dewetting velocity (𝑣i (𝑡inc )), (b) maximum rim width
(𝑤max (𝑡inc )) as a function of incubation time (𝑡inc ). The symbols represent different solution
concentration and corresponding film thickness as shown in (b). In (c), the ratio of total stress to
capillary stress ((𝜎res + 𝜎cap )⁄𝜎cap) is plotted as a function of film thickness for the first dewetting
holes (at 𝑡inc ≈ 0 s) in iPpMS608K films at a constant spin-coating speed, prepared from different
solution concentrations dewetting at 170 °C. Closed symbols in (c) represent 𝑣𝑖 (0)⁄𝑣𝑖 (∞) and open
symbols represent 𝑤max (0)⁄𝑤max (∞).

In Figs. 4.7(a) - 4.7(b), we observe that the initial dewetting velocity and maximum rim width
decreased with increasing solution concentration (film thickness). In addition, a general decay
of initial dewetting velocity and maximum rim width with incubation time was observed. It is
a clear indication that stress relaxation in iPpMS608K films is fast in films prepared from dilute
solutions compared to concentrated solutions. This observation supports the presumption of
possibility of out-of-equilibrium chain conformations in iPpMS608K films already observed

65

in atactic polystyrene (aPS) (Al Akhrass et al., 2008; Chandran, & Reiter, 2016, 2019;
Chowdhury et al., 2012; Reiter, 2013). This is because increasing the iPpMS608K solution
concentration leads to an increase in the number of chains, which comes closer to each other
increasing packing density.
To extract relaxation time,𝜏v from Fig. 4.7(a), we fitted the data to equation (4.3). However, to
extract relaxation time, 𝜏w from Fig. 4.7(b), we fitted the data to the equation (4.6) below:
𝑤max (𝑡inc ) = 𝐴w . exp(−𝑡inc ⁄𝜏w ) + 𝑤max (∞)

(4.6)

where 𝐴w = 𝑤max (0) − 𝑤max (∞), 𝑤max (0) = 𝑤max (𝑡inc → 0),
𝑤max (∞) = 𝑤max (𝑡inc → ∞), 𝜏w is the relaxation time with respect to maximum rim width.
How 𝑤max (0), 𝑤max (∞) and 𝐴w are obtained is similar to what has already been illustrated
in Fig. 4.4(a) for the 𝑣i (𝑡inc ) data at a spin-coating speed of 500 rpm. Equation (4.6) can be rewritten as:
𝑤max (𝑡inc )⁄𝑤max (∞) = 1 + 𝐴. exp(−𝑡inc ⁄𝜏w )
with 𝐴 = 𝐴𝑤 ⁄𝑤max (∞) = [Bw − 1], Bw = 𝑤max (0)⁄𝑤max (∞)

(4.7a)
(4.7b)

Applying equation (4.5) on both the data from Figs. 4.7(a) - 4.7(b), we obtained the total
amount of driving stresses whose ratio with respect to capillary stress we plot as a function of
film thickness as shown in Fig. 4.7(c). It is clear from Fig. 4.7(c) that the ratio
(𝜎res + 𝜎cap )⁄𝜎cap decreased with increase in film thickness to almost a constant value for
ℎ0 ≥ 200 nm (contribution of residual stresses varies by a factor of about 8). Therefore, on the
premise of our observation, we can say that iPpMS608K films associated with large amount of
residual stresses will relax 8 times faster than iPpMS608K films with less number of internal
stresses. It simply means that the preparation-induced residual stresses are significantly higher
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in thin films (prepared from low solution concentration) than in thick films (prepared from high
solution concentration). Consequently, dewetting behaviour in thin iPpMS608K films for
which ℎ0 < 200 nm is faster in comparison to those for which ℎ0 ≥ 200 nm. It also alludes
to the fact that thick iPpMS608K films are stable while thin ones tend to be unstable leading to
increased hole nucleation as evidenced from Fig. 4.5(h). Therefore, it is not the thickness that
decides the relaxation dynamics of internal stresses that gets associated with the film but it is
the pathway of sample preparation that matters in line with the work of Chandran, & Reiter
(2019). Generally, this observation leads to further understanding of iPpMS polymers under
non-equilibrium conditions.
From the foregoing discussion, we may ask ourselves the question: What happens to the
activation energy of iPpMS608K films when we vary solution concentration (or film
thickness)? To answer this question, in Fig. 4.8, we demonstrate the effect of changing solution
concentration on the relaxation times, 𝜏r ∈ {𝜏v , 𝜏w } of iPpMS608K films at different dewetting
temperatures (𝑇dew ≥ 120 ℃).
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Fig. 4.8: Logarithmic plots of relaxation times, 𝜏r ∈ {𝜏v , 𝜏w } as functions of 𝑇dew : (a)
for very thin films, ℎ0 ≤ 140 nm (𝑇dew = 120 − 200 ℃) and (b) for very thick films,
ℎ0 > 140 nm ( 𝑇dew = 170 − 280 ℃ ) in thin iPpMS608K films prepared from
different solution concentrations but at constant spin-coating speed (500 rpm). The
dewetting temperature was 𝑇dew ≥ 120 ℃ (393 K) . Closed symbols represent 𝜏v
while the open symbols represent 𝜏w . In (c) we plotted the activation energies as a
function of film thickness in iPpMS608K films.

In Fig. 4.8(a) we plotted the variation of relaxation times with dewetting temperature.
Dewetting in thin iPpMS608K films was characterized by two regimes: for 𝑇dew ≥ 200 ℃
(very thin films, ℎ0 ≤ 140 nm) dewetting was very fast and exhibited many rim instabilities
(Fig. 4.8(a)) whereas for 𝑇dew ≤ 200 ℃ (very thick films, ℎ0 > 140 nm) dewetting was very
slow (Fig. 4.8(b)). We notice from Figs. 4.8(a) and 4.8(b) that the relaxation time of dewetting
iPpMS608K films decreased with increase in dewetting temperature but increased with
increase in solution concentration (or film thickness). At high dewetting temperatures (above
melting temperature of iPpMS608K) the chain mobility in the iPpMS608K films increases and
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the interface becomes more unfavorable leading to fast dewetting behaviour. This means
residual stress relaxation is fast both at high dewetting temperature and low solution
concentration (very thin films). Basically, rapid evaporation of highly concentrated solution
during spin-coating iPpMS608K films does not cause enough quench depth which elongates
main chains. Consequently, only few chains get frozen in out-of equilibrium conformations
making very thick films to take longer time to relax as they are closer to equilibrium.
The characteristic activation energy, 𝐸r ( ∈ {𝑣, 𝑤}) (obtained from the plots of the relaxation
times as functions of 1000/𝑇dew ) followed an Arrhenius-type behaviour (Chowdhury et al.,
2016) with respect to equation (4.8);
𝜏r = 𝜏0 ∙ exp(𝐸r /𝑘B 𝑇dew )

(4.8)

where 𝜏r ∈ {𝜏v , 𝜏w }, 𝜏0 is the proportionality factor, 𝑘B is Boltzmann’s constant.
In logarithmic form equation (4.8) can be written as:
ln𝜏r = ln𝜏o + (−𝐸r ⁄𝑘B 𝑇)

(4.9)

A slight decrease in the activation energy with increase in film thickness was observed (Fig.
4.8(c)).
In Fig. 4.9(a), we plotted the dewetting velocities as a function of dewetting time at longer
incubation times (𝑡inc ≈ 1000 s) for different solution concentration (film thickness) spincoated at 500 rpm and in Fig. 4.9(b), we have a graph of maximum dewetting velocity
(illustrated in Fig. 4.9(a)) as a function of film thickness in iPpMS608K films exhibiting a
general decay possibly due to relaxation of residual stress within the films. Figure 4.9(c)
illustrates how slip length can be estimated from a combined plot of hole radius, 𝑅(𝑡dew ) and
dewetting velocity, 𝑣(𝑡dew ) as a function of dewetting time, (𝑡dew ) especially for the holes
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that nucleated at longer incubation time in comparison with the relaxation time, 𝑡inc ≫ 𝜏rel
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Fig. 4.9: (a) dewetting velocity, 𝑣(𝑡dew ) as a function of dewetting time, 𝑡dew for holes nucleated
at 𝑡inc ≈ 1000 s for different solution concentration spin-coated at 500 rpm and dewetting at
200 °C in iPpMS608K films. (b) maximum dewetting velocity, 𝑣max (𝑡dew ) (from (a)) as a
function of film thickness. (c) a combined logarithmic plot of hole radius (𝑅(𝑡dew )) and velocity
(𝑣(𝑡dew )) as a function of dewetting time (𝑡dew ) for the holes that nucleated at longer incubation
time in comparison with the relaxation time, 𝑡inc ≫ 𝜏rel in iPpMS608K films prepared from 13
mg/ml at 500 rpm dewetting at 200 °C showing how a crossover radius (𝑅co ) and crossover time
(𝑡co ) are estimated in iPpMS608K films. In (d), we plotted the estimated slip length based on (c)
as a function of dewetting temperature, 𝑇dew ≥ 200 ℃ for the indicated thicknesses.

As a result of topological constraints (entanglements) between the iPpMS608K chains, the
lower chains in contact with the slippery silicon substrates can experience slippage (Bäumchen
et al., 2012; McGraw et al., 2014; Peschka et al., 2019; Reiter, 2013). Slippage is the
hydrodynamic extrapolation length into the substrate where the dewetting velocity extrapolates
to zero and can be determined by the ratio of the viscosity to the friction coefficient, 𝑏 =
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𝜂⁄𝜉 as discussed in chapter two. The slip length can be determined at the point where the shape
of the rim changes from asymmetric to symmetric and where the dewetting velocity changes
−0.35±0.0
0
from 𝑣(𝑡dew )~𝑡dew
to 𝑣(𝑡dew )~𝑡dew
(Fig. 4.9(c)). In terms of crossover radius (𝑅co )

and dynamic contact angle (𝜃dyn ) of the dewetting iPpMS608K films
(𝜃dyn ≈ 0.42 ± 0.03

), the slip length is given by:
𝑏 = 𝜂⁄𝜉 = 𝑅𝑐𝑜 ⁄𝜃𝑑𝑦𝑛

(4.10)

0
It is clear from Fig. 4.9(c) that in the regime of 𝑣(𝑡dew )~𝑡dew
, the hole radius initially
−1±0.1
increased linearly such that 𝑅(𝑡dew )~𝑡dew
. Calculated values of the slip length, 𝑏 were

plotted as a function of dewetting temperature, 𝑇dew ≥ 200 ℃ for films prepared from
different solution concentrations. We observed that the slip length increased with increase in
dewetting temperature but a slight decrease with increase in solution concentration (film
thickness). Increase in 𝑏 with increasing temperature which is in conformity with already
published work on aPS and iPS (Chandran et al., 2017; Chandran, & Reiter, 2016, 2019) may
tentatively mean a decrease in time scale of cooperative dynamics or relaxation of cooperative
clusters during dewetting process in iPpMS films. A decrease in slip length with increase in
film thickness is an indication that the dissipation in the iPpMS608K films is also decreasing
with increasing film thickness. In addition, the slip length was found to be much higher than
the film thickness ( 𝑏 >> ℎ0 ), an indication that all the investigated iPpMS608K films
experienced a plug flow (full slip). It actually meant that the dewetting velocity gradient in the
vertical direction was small compared to the horizontal profiles. Consequently, the energy
dissipation happened only at the iPpMS608K - substrate interface (slippage) according to
Reiter (2013).
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For a polymer dewetting over a slippery substrate, the energy is dissipated throughout the
whole moving part of the polymer film. In stress-free films, driving force and opposing force
balances each other out such that (Boyd, & Smith, 2007; Reiter, 2013);
𝐹visc = (3η. 𝑣dew . 𝑤)⁄𝑏 = 0.5. 𝛾. 𝜃 = 𝐹c

(4.11)

where 𝐹c is the capillary force (uncompensated Young’s force), 𝐹visc is the viscous force, 𝑤 is
the rim width, 𝜂 is the viscosity of the polymer melt, 𝑏 is the slip length, 𝛾 is the interfacial
surface tension between solid-polymer, and 𝜃 is the contact angle the polymer melt makes with
the substrate surface. From dewetting experiments, 𝑤 (measured), 𝑣dew (differentiation of
hole radius), 𝜃 (measured), and 𝑏 (obtained as in eqn. (4.10)) in the equation (4.12) are known
and we use the surface tension of atactic poly(para-methylstyrene) (Kempf, Barroso, &
Wilhelm, 2010; Kempf et al., 2013) to calculate viscosity in the form:
𝜂 = (𝛾. 𝜃 . 𝑏)/6(𝑣𝑑𝑒𝑤 . 𝑤)

(4.12)

Viscosities of iPpMS films of different solution concentration were obtained using equation
(4.12) and the plots of viscosity as a function of inverse dewetting temperature is given in Fig.
4.10.
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Fig. 4.10: Calculated viscosity, 𝜂(𝑇dew ) as a function of inverse
dewetting temperature for holes nucleated at 𝑡inc ≈ 1000 s for
different solution concentration spin-coated at 500 rpm in
iPpMS608K films.

All the viscosity data of Fig. 4.10 followed an Arrhenius-type equation of the form (Chandran,
& Reiter, 2016; Chowdhury et al., 2012):
𝜂 = 𝜂0 . exp(− 𝐸𝜂 /𝑘𝐵 𝑇)

(4.13)

where 𝜂 is the viscosity, 𝜂0 is a constant (zero viscosity), 𝐸𝜂 is the activation energy, 𝑘𝐵 is
Boltzmann’s constant and 𝑇 is absolute temperature. Averagely, an activation energy of
67 ± 9 kJ/mol, was deduced.

4.2.2 Dynamics of dewetting temperature
In this section we discuss at length the effect of dewetting temperature on the viscoelastic
properties in thin isotactic poly(para-methylstyrene) (iPpMS) films. Here, we chose a film
thickness of 200 nm and iPpMS608K since we would like to observe dewetting behaviour for
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longer periods of time. For thicknesses below 200 nm, the dewetting behaviour in iPpMS608K
films at elevated temperatures was so fast that it was possible to miss some important dewetting
steps. In addition, for thicknesses above 200 nm, the dewetting behaviour was too slow to
allow a statistical description of what is taking place. Further, since dewetting behaviour in
200 nm iPpMS608K films below 170 ℃ was very slow and above 280 ℃ the dewetting
process was very fast (could have led to chemical degradation in the iPpMS608K films under
investigation), we chose a dewetting temperature range between 170 ℃ − 280 ℃. Consider
the random distribution of heterogeneously nucleated holes in a 200 nm iPpMS film shown in
Fig. 4. 11.

4

1

2

5

3
Fig. 4.11: Random nucleation of dewetting holes at different incubation times (𝑡inc )
in a 200 nm iPpMS608K film at a dewetting temperature of 𝑇dew = 220 °C
(Size: 250 × 250 μm ). Holes numbered 1, 2, 3, 4 and 5 were nucleated at 𝑡inc = 3 s,
6 s, 12 s, 18 s and 34 s, respectively.

From Fig. 4.11, we observed randomly nucleated holes at different incubation times having
different sizes. The differences in the growth of the holes at different incubation times, allowed
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us to probe possible changes in viscoelastic properties of the iPpMS608K films within the same
experiment as a function of 𝑡inc . As time goes by, the holes increased in sizes and formed rims
(accumulation of retracted polymer material around the formed holes) at the three-phase
contact line due to volume conservation and interfacial friction. The rims appeared to be
relatively wide with some color bands, indicating an expansion in the width and height of the
rim during dewetting. The rim formation is attributed to a mismatch in the rate at which
polymer is dislodged from the surface during hole opening and the rate at which it is diffused
to other intact parts of the film (Bäumchen, & Jacobs, 2010). In Fig. 4.12, we show temporal
evolution of a given dewetting hole. At late stages of dewetting at 𝑇dew > 220 oC, the onset of
rim instability (similar to Rayleigh-Plateau-type instability) (McGraw et al., 2010) was
observed (Fig. 4.12(f)). The rim instability could also be due to dynamics of the moving front
during the dewetting process and could be accelerated when there is slippage effect and
increase in dewetting temperature (Peschka et al., 2019)). Formation of rim instability is due
to the fact that the rim is not stationary but continuously expands in width and height as the
dewetting hole grows. In this case, the rim would have broken to form isolated droplets as a
way of minimizing the system’s energy but it was constrained by the undewetted film
surrounding the rim.
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Fig. 4.12: Temporal evolution of a dewetting hole in a 200 nm iPpMS608K film at a dewetting
temperature, 𝑇dew = 220 °𝐶 (Size: 100 × 100 μm ) from the nucleation stage until the rim
becomes mature: (a) hole nucleation stage, (b) early rim formation stage, (c) increase in size of the
rim (evidenced by different interference colours of the rim), (d) several layers (of different
interference colours) of the growing rim and (e) mature rim (characterized by constant rim width),
(f) – (i) show the onset of rim instability, coalescence, ribbons and droplets formation.

In the final dewetting stage, the ribbons formed in Figs. 4.12(g) – 4.12(h) break into polygonal
droplet patterns after quite a long dewetting time, leading to an equilibrium configuration of
liquid droplets (Brochard-Wyart et al., 1994; Brochard-Wyart, Martin, & Redon, 1993).
We present in Fig. 4.13 typical graphs for the radius, 𝑅(𝑡dew ) of a dewetting hole, the dewetting
velocity, 𝑣dew (𝑡dew ) and the width of the rim, 𝑤(𝑡dew ) as functions of dewetting time, 𝑡dew at
different dewetting temperature, 𝑇dew and various values of incubation time, 𝑡inc .
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Fig. 4.13: (a) Radius, 𝑅(𝑡dew ) of dewetting holes on linear scales, (b) corresponding dewetting velocity,
𝑣dew (𝑡dew ) on logarithmic scales and (c) width of the rim, 𝑤(𝑡dew ) on semi-logarithmic scales as
functions of dewetting time, 𝑡dew for different incubation times, 𝑡inc at a dewetting temperature
of 𝑇dew = 220 ℃. (d) 𝑅(𝑡dew ), (e)𝑣dew (𝑡dew ) and (f) 𝑤(𝑡dew ) at different 𝑇dew = 170 − 280 ℃
for the first appearing holes at very short incubation times (𝑡inc ≈ 0) on a 200 nm iPpMS608K films.
The vertical broken lines in (c) and (f) indicate the time (𝜏w(max)) at which the width of the rim reached
a maximum value.

Increase in incubation time led to a decrease in hole radius, corresponding dewetting velocity
and rim width (Figs. 4.13(a) - 4.13(c)). The rim width followed a logarithmic function of
dewetting time and suddenly reached a maximum value (𝑤max ) (corresponds to maximum
height of the rim) and then stayed constant. The rim width was observed to follow previously
observed relation of the form 𝑤~𝑡 𝛼 (1/3 ≤ 𝛼 ≤ 2/3). This scenario reflects presence of
residual stresses at the start of dewetting in the iPpMS608K films. The time at which the rim
width reaches a maximum value ( 𝑡dew = 𝜏w(max) ) is important in the investigation of
dewetting dynamics of iPpMS608K films as it indicates significant decay of the residual
stresses (Reiter, 2013). Since we used thick films (ca. 200 nm) which contained only a
moderate amount of residual stresses, we observed a constant rim width at times longer than
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the relaxation time of residual stresses, which is in accordance with published reports
(Chandran, & Reiter, 2016, 2019; Reiter, 2013; Vilmin, & Raphaël, 2005)
To understand the relaxation dynamics taking place in iPpMS608K films, initial dewetting
velocity, 𝑣i (𝑡inc ) and maximum rim width, 𝑤max (𝑡inc ) (first holes) as a function of the
incubation time, 𝑡inc were plotted (Figs.4.14 (a) - 4.14(b)). Here, an exponential decay of the
initial dewetting velocity and maximum rim width with incubation time was observed allowing
us to be able to estimate the amount of total stress in the iPpMS608K films. We fitted an
exponential decay function (equations (4.4) and (4.6)) to the measured values of
𝑣i (𝑡inc ) n 𝑤max (𝑡inc ) (Chandran, & Reiter, 2016, 2019; Reiter, 2013). Figure 4.4(a) has
already illustrated how to extract initial dewetting velocity and by extension maximum rim
width at both zero incubation time and longer incubation time {𝑣i (𝑡inc = 0), 𝑤max (𝑡inc = 0);
𝑣i (𝑡inc → ∞), 𝑤max (𝑡inc → ∞)} in the course of dewetting in addition to determination of the
relaxation time. In Figs. 4.14(c) - 4.14(d), we have plotted normalized initial dewetting velocity
and maximum rim width as a function of normalized incubation time. It shows how the graphs
collapse into a one master curve to show the distribution of relaxation spectrum.

78

tv = 23 ± 4 s

1
vi (¥)

wmax(tinc) [mm]

24

wmax (0)

b

tw = 44 ± 6 s

12 wmax (¥)
100
tinc [s]

200

170 oC
180 oC
190 oC
200 oC
210 oC
220 oC

2

1

18

0

vi(tinc)/vi(tinc®¥)

a

vi (0)

wmax(tinc)/wmax(tinc®¥)

vi(tinc) [mm/s]

2

230 oC
240 oC
250 oC
260 oC
270 oC
280 oC

c
d

2

1
0

2

tinc /t

4

6

Fig. 4.14: Semi-logarithmic representation of (a) the initial dewetting velocity (𝑣i ) and (b) the
maximum width of the rim (𝑤max ) as a function of incubation time (𝑡inc ) for holes nucleated
progressively in a 200 nm spin-coated iPpMS608K film dewetting at 210 °C. The red lines
represent the result of a fit of eqns. (4.4(a)) and (4.6) to the measured data points, yielding
characteristic values. (c) and (d) represent the corresponding values of 𝑣i (𝑡inc )⁄𝑣i (𝑡inc → ∞)
and 𝑤max (𝑡inc )⁄𝑤max (𝑡inc → ∞) measured at various temperatures as a function of 𝑡inc /𝜏r ,
𝜏r ∈ {𝜏v , 𝜏w }.

The collapse of all data points of Figs. 4.14(c) - 4.14(d) indicated that we observed the same
process at all 𝑇dew . The characteristic relaxation times 𝜏w(max) , 𝜏v and 𝜏w for all measured
dewetting temperatures , 𝑇dew were plotted in Fig. 4.15 and compared with the published
reptation times ( 𝜏rep (𝑀w )) at the corresponding temperatures. To obtain reptation times, the
molecular weight of iPpMS (608 kg/mol) was rescaled based on published atactic PpMS
(aPpMS) results such that (Kempf et al., 2013; Schluze, Handge, & Abetz, 2017);
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𝜏rep (𝑀w ) = 𝜏rep (𝑀iref ) ⋅ (

𝑀w

3.4

ref )

(4.14)

𝑀i

where 𝑀iref = 195 kg/mol or 𝑀iref = 77 kg/mol. The corresponding reptation times were
extrapolated to the dewetting temperature range (170 – 280 ℃) by using the appropriate
Williams – Landel - Ferry (WLF) equation (Kempf, Barroso, & Wilhelm, 2010; Kempf et al.,
2013).
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Fig. 4.15: A plot of characteristic relaxation times 𝜏r ∈ { 𝜏v , 𝜏w , 𝜏w(max) } and (b) 𝜏rep , 𝜏r as a
−1
function of 𝑇dew
for 200 nm spin-coated iPpMS608K thin films. The black, blue, and pink symbols
represent 𝜏v , 𝜏𝑤 , and 𝜏w(max), respectively. The pink line illustrates how an Arrhenius-type fitting
to the data (pink symbols) is done yielding a single activation energy as indicated. The reptation
times in (b) were obtained by employing the WLF equation to our experimental data with respect to
published results in (Kempf, Barroso, & Wilhelm, 2010; Kempf et al., 2013) ( red line) and (Schluze,
−1
Handge, & Abetz, 2017) (green line) as a function of 𝑇dew
. The broken orange line at the highest
temperatures represents an approximation of an Arrhenius-type behaviour with a single activation
energy.

On average, an activation energy of 𝐸𝑎 ≈ (60 ± 10) kJ/mol was obtained for the 200 nm
iPpMS608K thin films under investigation. In contrast to the temperature dependence of the
reptation times, which follows a WLF-type behaviour, the observed temperature dependence
of the stress relaxation times rather followed an Arrhenius behaviour. At the highest
temperatures, similar to the temperature range covered by our experiments, we could
approximate the temperature dependence of the reptation times by an Arrhenius-type
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characteristic with a single activation energy (Fig. 4.15(b)). Interestingly, this activation energy
(ca. 115 kJ/mol) was approximately a factor of two higher than the values that we obtained
from the Arrhenius-type behaviour of the stress relaxation times, an indication that the process
of stress relaxation occurs on a shorter length scale than the reptation process (Chandran, &
Reiter, 2016, 2019). Intriguingly, increasing temperatures to 𝑇dew ≥ 200 ℃, the reptation time
became shorter than our observed stress relaxation times. This is in accordance with previous
observations on polystyrene films (Chandran, & Reiter, 2016, 2019; Reiter, 2013). Given the
similarity of the here observed results on iPpMS608K with that of polystyrene, we conclude
that preparation-induced residual stresses within spin-coated iPpMS608K films may relax also
via concerted rearrangements of segments of non-equilibrated chains.
𝑣 (𝑡

=0)

𝑤

(𝑡

=0)

In Fig. 4.16, we plotted 𝐵𝑣 = 𝑣 𝑖(𝑡 inc→∞) and 𝐵𝑤 = 𝑤 max(𝑡 inc→∞) as a function of dewetting
𝑖

max

inc

inc

temperature, 𝑇dew . Here, 𝐵i (𝑖 = 𝑣, 𝑤) ≡ (𝜎res + 𝜎cap )⁄𝜎cap . Interestingly, the ratio of 𝐵𝑖
was independent of dewetting temperature, in accordance with the expectation that at the onset
of dewetting (both incubation and dewetting times are zero) the amount of residual stresses is
independent of dewetting temperature and only determined by how the films were prepared or
aged.
We noted that 𝐵v was somewhat larger than 𝐵w because the maximum width of the rim was
reached at a later dewetting time (𝑡dew = 𝜏w(max) > 0) than the initial dewetting velocity
(determined at 𝑡dew ≈ 0). From Fig. 4.16, averagely,
̅̅̅̅
𝐵v = (𝜎res + 𝜎cap )⁄𝜎cap = 2.6 ± 0.1 and ̅̅̅̅
𝐵𝑤 = 2.4 ± 0.1, from which we obtained
𝜎res = (1.6 ± 0.1)𝜎cap and 𝜎res = (1.4 ± 0.1)𝜎cap , respectively.
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Fig. 4.16: Representation of the ratios 𝐵v = 𝑣i (𝑡inc = 0)⁄𝑣i (𝑡inc → ∞)
and 𝐵w = 𝑤max (𝑡inc = 0)⁄𝑤max (𝑡inc → ∞) as a function of dewetting
temperature (𝑇dew ) for the earliest appearing dewetting holes in 200 nm
iPpMS608K films. Black and red symbols represent 𝐵v and 𝐵w ,
respectively.

−1
In Fig. 4.17, we present initial dewetting velocity, 𝑣i as a function of 𝑇dew
for holes nucleated

at increasing incubation times ( 𝑡inc ) including both 𝑣i (𝑡inc = 0) and 𝑣i (𝑡inc → ∞). We
observed that all values of 𝑣i increased with increasing 𝑇dew . Intriguingly, at 𝑇dew = 220 ℃
the slope (𝑑𝑣i (𝑡inc = 0)⁄𝑑𝑇dew ) changed from a high value to a much smaller value. As
𝑣i (𝑡inc → ∞) is proportional to the ratio of surface tension of iPpMS and the corresponding
viscosity but also to the driving force represented by the contact angle and the slippage length,
we only may speculate which parameter is responsible for such a change in behaviour as a
function of temperature.
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Fig. 4.17: Initial dewetting velocity (𝑣i (𝑡inc )) as a function of 𝑇dew
for dewetting
holes nucleated at increasing 𝑡inc . Open symbols represent measured values for
different values of 𝑡inc , closed symbols represent the limiting values at 𝑡inc = 0
(black squares) and 𝑡inc → ∞ (purple squares), respectively, in 200 nm iPpMS608K
films.

We may expect that preparation-induced residual stresses affect the viscoelastic properties of
polymer films (Bodiguel, & Fretigny, 2006; Damman et al., 2007; Vilmin et al., 2006). To
quantify these possible preparation-induced deviations in material properties (elastic modulus
and viscosity), we examined how the height of the rim surrounding the dewetting front, a
parameter related to the elastic behaviour of the polymer film, changed with 𝜎res . For dewetting
of a purely elastic film, the height of the rim will reach a maximum value (𝐻max ), which is
determined by the value of the driving forces and the shear modulus (𝐺) of the film (Vilmin,
& Raphaël, 2005, 2006; Vilmin et al., 2006). Assuming that dewetting is driven only by
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capillary stress 𝜎cap = |𝑆|/ℎ0 ( 𝑆 is the spreading coefficient and ℎ0 is the initial film
thickness) acting at the contact line of the dewetting hole, we obtain the following relation:
𝐻max = (𝐻(𝜏w(max) ) − ℎ0 ) = |𝑆|/𝐺

(4.15)

Due to chains trapped in strongly out-of-equilibrium conformations, spin-coated thin glassy
polymer films in general, and the here examined films of iPpMS608K as well, are expected to
exhibit residual stresses. Thus, dewetting is driven by the combined action of capillary stress
and residual stresses, i.e., 𝐻max is given by (𝐻(𝜏w(max) ) − ℎ0 ) =

|𝑆|
𝐺

+

𝜎res
𝐺

ℎ0 . Assuming a

linear response to the applied stress (Hooke’s law), one can define the maximum strain 𝜀max
by 𝜀max =

(𝜎cap 𝜎res )
𝐺

= (𝐻(𝜏w(max) ) − ℎ0 )⁄ℎ0 (Vilmin, & Raphaël, 2005, 2006; Vilmin et

al., 2006; Reiter, 1993). Dewetting of purely elastic films or viscoelastic polymer films at early
stages (i.e., at times shorter than a characteristic relaxation time of the system) will eventually
generate a rim with a well-defined height 𝐻max .
Accounting for mass conservation (assuming constant density of the fluid), we
get 𝑅(𝑡dew ). ℎ0 = 2𝑤(𝑡dew )(𝐻(𝜏w(max) ) − ℎ0 ) . Thus, 𝜀max = (𝐻(𝜏w(max) ) − ℎ0 )⁄ℎ0 =
𝑅max /2𝑤max , with 𝑅max being the radius of the dewetting hole at the time 𝜏w(max) when 𝑤max
is reached.
In Fig. 4.18(a), we plotted the ratio 𝑅(𝑡dew )/2𝑤(𝑡dew ) as a function of 𝑤(𝑡dew ), while in Fig.
4.18(b), we present the measured values at the constant point in Fig. 4.18(a) such that
𝑅max /2𝑤max = 𝜀max as a function of 𝑇dew .
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Fig. 4.18: (a) Ratio of 𝑅(𝑡dew )/2𝑤(𝑡dew ) as a function of 𝑤(𝑡dew ) for the earliest nucleated
dewetting holes in 200 nm iPpMS608K films at various 𝑇dew and (b) plot of 𝜀max as a function
of 𝑇dew .

The graphs in Fig. 4.18(a) exhibited a region of almost constant values of 𝑅(𝑡dew )/2𝑤(𝑡dew )
followed by a strong increase at almost constant 𝑤(𝑡dew ). This transition occurred at 𝜏w(max)
(time at maximum rim width). The value of 𝑅(𝑡dew )/2𝑤(𝑡dew ) at this transition point,
indicated by the horizontal dotted line is identified as 𝑅max /2𝑤max = 𝜀max (maximum strain)
while the one indicated by the vertical line is the maximum rim width, 𝑤(m x)(another way
of measuring maximum rim width). We note that 𝜀max increased with increasing 𝑇dew (Fig.
4.18(b)). Assuming a Hookean relation 𝜀 = 𝜎⁄𝐺 =

𝜎cap 𝜎res
𝐺

and accounting for the

independence of (𝜎cap + 𝜎res ) on 𝑇dew (see Fig. 4.16) allows us to translate 𝜀max (𝑇dew )
shown in Fig. 4.18(b) into (Bodiguel, & Fretigny, 2006; Vilmin, & Raphaël, 2005, 2006;
Vilmin et al., 2006; Reiter, 1993);
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̅̅̅v )⁄𝜀max (𝑇dew )
𝐺(𝑇dew ) = 𝜎cap ∙ (𝐵

(4.16)

Or
̅̅̅̅
𝐺(𝑇dew ) = 𝜎cap ∙ (𝐵
w )⁄𝜀max (𝑇dew )

(4.17)

where 𝐺(𝑇dew ) is the shear stress modulus.
The results for the values of 𝐺(𝑇dew ) as a function of 𝑇dew are shown in Fig. 4.19(a).
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Fig. 4.19: Representation of the values of (a) 𝐺(𝑇dew ) as a function of 𝑇dew (open black and red
−1
symbols are based on 𝐵v and 𝐵w, respectively) and (b) 𝐺(𝑇dew ) ∙ 𝜏(𝑇dew ) as a function of 𝑇dew
(open black, red and blue symbols are based on 𝜏𝑣 , 𝜏𝑤 and 𝜏w(max), respectively) together with
averaged values (green stars). The full red line in (b) represents the Arrhenius-type line fit with a
single activation energy to the averaged values. Data for the bulk modulus curves were obtained
from Kempf et al. (2013). Dewetting experiments were performed on 200 nm iPpMS608K films.

Based on the Maxwell model described by eqn. (2.8) (Ferry, 1980; Young, & Lovell, 1991),
we can further translate 𝐺(𝑇dew ) multiplied by the measured relaxation times 𝜏(𝑇dew ) shown
in Fig. 4.15 into an effective viscosity 𝜂(𝑇dew ) of 200 nm iPpMS608K films:
𝜂(𝑇dew ) = 𝐺(𝑇dew ) · 𝜏(𝑇dew )
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(4.18)

The corresponding results are shown in Fig. 4.19(b) in an Arrhenius-type way, yielding an
activation energy of 83 ± 10 kJ/mol, which represents a value similar to the one observed for
isotactic polystyrene (Chandran, & Reiter, 2016, 2019; Chowdhury et al., 2016; Reiter, 2013).

4.2.3 Analysis of dewetting dynamics in iPpMS –iPS blend system
Mixing isotactic poly(para-methylstyrene) (iPpMS608K) with isotactic polystyrene
(iPS400K) led to different dewetting dynamics in the iPpMS – iPS400K blend system. For
instance, the number of holes nucleated per given area of the substrate varied with the amount
of iPS400K present in the mixture (solution concentration and spin-coating speed remained
constant at 14 mg/ml and 500 rpm, respectively) as shown from the optical micrographs in Fig.
4.20.
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Fig. 4.20: Optical micrographs showing nucleated holes obtained from a 200 nm iPpMS608K –
iPS400K films at different iPS400K content: (a) 0 % iPS400K (100 % iPpMS608K), (b) 5 % iPS400K,
(c) 15 % iPS400K, (d) 25 % iPS400K and (e) 100 % iPS400K (0 % iPpMS608K) for the first dewetting
holes (at annealing time, 𝑡ann ≈ 90 s) at 𝑇dew = 170 ℃. In (f), the number of nucleated holes are
plotted as a function of dewetting time (𝑡dew ). Each micrograph measures 648 × 648 μm . The
legend in (f) shows iPS400K content.

In Figs. 4.20(a) – 4.20(e), hole nucleation density is shown through optical micrographs of
iPpMS608K – iPS400K films dewetting at a constant temperature. It is clear from the
micrographs that increase in iPS400K content leads to increased hole nucleation in the films.
Consequently, we may ask: Could the increase in hole nucleation with increase in iPS400K
content mean that the residual stresses in iPS400K films is greater than those of iPpMS608K?
To find answers to the question, we followed individual hole evolution and analyzed their radii,
velocities and rim width to help us to be in a position to extract residual stresses as iPS400K
content varied. Chang, & Woo (2003a) showed that iPS and aPpMS were immiscible at all
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studied compositions. Only for blends of low molecular weight iPS (𝑀W ≤ 20 kg/mol) with
aPpMS, they observed an UCST ≈ 270 ℃ (Chang, & Woo, 2003b).
According to previous studies, iPS and atactic PpMS (aPpMS) were immiscible (MüllerBuschbaum, Gutmann & Stamm, 2000; Müller-Buschbaum et al., 1998; Xenopoulos et
al.,1994) but no studies on miscibility on iPS and iPpMS have been done so far. Differential
scanning calorimetry did not yield any reliable result. Further, the images obtained from OM
and AFM (Fig. 4.21), neither showed any evidence for the presence of two separate layers of
iPpMS608K and iPS400K nor any signs of phase separation in the films.
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Fig. 4.21: Optical micrographs and AFM images for the 95 % iPpMS608K – 5 % iPS400K binary
system dewetting at 𝑇dew = 240 ℃ and at different incubation times: (a) shows a 200 nm film before
dewetting experiment. (b) – (d) show dewetting process for shorter incubation times and (e) – (h) show
dewetting process at longer incubation times. (i) (2D) and (i*) (3D), (j) (2D) and (j*) (3D), (k) (2D) and
(k*) (3D) are the AFM images of (c), circled section in (g) and circled droplet in (h), respectively. The
graphical representation of the indicated lines in (i), (j) and (k) are also given in (1), (2) and (3),
respectively. The scale for (a) – (d) is 110 × 110 μm whereas for (e) – (h) it is 225 × 225 μm .

We note that toluene was a common solvent for the two polymers which allowed to dissolve
both polymers homogeneously. After spin-coating, smooth and featureless films of a constant
thickness were obtained. These freshly prepared films of non-equilibrated polymers were used
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for our dewetting studies. Interestingly, for films of the blend of the two polymers, we observed
a qualitatively similar behaviour as for freshly prepared films of either pure iPS400K or pure
iPpMS608K. However, the results showed clear quantitative differences. Typical results for
the growth of the radius, 𝑅(𝑡dew ), of dewetting holes, the corresponding dewetting velocity,
𝑣dew (𝑡dew ), and the width of the rim surrounding the dewetting holes, 𝑤dew (𝑡dew ), as a

a
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function of dewetting time, 𝑡dew , are shown in Fig. 4.22.
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Fig. 4.22: (a) A linear plot of 𝑅(𝑡dew ), (b) double logarithmic plot of 𝑣dew (𝑡dew ) and
(c) semi-logarithmic plot of 𝑤dew (𝑡dew ) as a function of dewetting time 𝑡dew in 200
nm iPpMS608K – iPS400K blend films dewetting at 𝑇dew = 240 ℃ for the first
observed dewetted holes starting after the shortest measured incubation time. The
iPS400K content ranges from 0 to 100 %, as indicated in (b) by the different symbols
and colors. The dotted straight line in the lower right corner in (c) is a guide to the eyes
indicating the time when the maximum rim width 𝑤max (𝑡max ) for a pure iPS400K film
was obtained.

90

At a constant dewetting temperature (𝑇dew ), we noticed a slowing down of the dewetting
process as we increased the iPS400K content in the iPpMS608K matrix, visible for 𝑅(𝑡dew )
(Fig.4.22(a)) and for 𝑣dew (𝑡dew ) Fig.4.22(b)). At each 𝑇dew and for each iPS400K content in
the film, at the onset of dewetting, 𝑣dew (𝑡dew ) was approximately constant for a short period
of time (~ 10 s) but decreased roughly according to a power law (𝑣dew (𝑡dew ) ~ 𝑡 −1 ) at later
times, a signature which can be related to stress relaxation in thin polymer films. While 𝑣dew
increased with increasing 𝑇dew , with increasing iPS400K content 𝑣dew decreased. In parallel,
we observed a decrease in the width of the rim 𝑤dew (𝑡dew ) with the increase in iPS400K
content (Fig.4.22(c)). During early stages of rim build-up, 𝑤dew (𝑡dew ) increased with time
approximately logarithmically until the time 𝜏𝑤max , when a maximum value (𝑤max ) of the
width of the rim was reached. At times longer than 𝜏𝑤max , 𝑤dew (𝑡dew ) remained
approximately constant at the value of 𝑤max . The much faster dewetting velocity for
iPpMS608K is surprising as the zero-shear viscosity of iPS400K in equilibrium has been found
to be less than that of iPpMS608K, consistent with the entanglement molecular weight:
iPS400K ( 𝑀e = 28800 g/mol ) (Wu, 1989) is less entangled than iPpMS608K ( 𝑀e ≈
20400 g/mol) (Fetters, Lohse & Graessley, 1999).
In Fig. 4.23, we demonstrate how the initial dewetting velocity 𝑣i (𝑡inc ) (determined for 𝑡dew →
0 ) (Fig. 4.23a)) and the maximum rim width 𝑤max (𝑡inc ) (Fig. 4.23(b)) decreased with
incubation time. A decrease of these parameters with incubation time is an indication for the
relaxation of residual stresses in the films of the blend.
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Fig. 4.23: Semi-logarithmic plot of (a) 𝑣i (𝑡inc ) and (b) 𝑤max (𝑡inc ) as a function of incubation time
𝑡inc for 200 nm iPpMS608K – iPS400K blend films of varying iPS400K content dewetting at
𝑇dew = 240 ℃. The iPS400K content ranges from 0 to 100 %, as indicated in (a) by the different
symbols and colors.

We used the equations (4.3) and (4.6) to fit the data in Fig. 4.23. In addition, 𝜏r ∈ {𝜏v , 𝜏w } were
found from the fitting and represent the characteristic time for the relaxation of residual stresses
in the blend film. Figs. 4.23(a) and 4.23(b) reveal that the decrease in 𝑣i (𝑡inc ) and 𝑤max (𝑡inc )
with increasing iPS400K content is accompanied by an increase in 𝜏v and 𝜏w . From Fig. 4.23,
we can conclude that the relaxation of residual stresses in films of a polymer blend can be
characterized by the two parameters 𝜏r and 𝐴i : The rate of the decay and the amount of the
corresponding maximum changes in the dewetting velocity and the maximum width of the rim.
Both parameters varied monotonically with the content of iPS400K.
Next, we plotted in Fig. 4.24, 𝑣i (𝑡inc )/𝑣i (𝑡inc → ∞) and 𝑤max (𝑡inc )/𝑤max (𝑡inc → ∞) as a
function of reduced incubation time 𝑡 ∗ = 𝑡inc /𝜏r. The plot led to a collapse of all data points
onto a single master curve. This observation is suggesting that at all temperatures the same type
of dewetting process occurs in all the blends.
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Fig. 4.24: Semi-logarithmic plot of (a) normalized initial dewetting velocity 𝑣i (𝑡inc )/𝑣i (𝑡inc → ∞)
and (b) normalized maximum rim width 𝑤max (𝑡inc )/𝑤max (𝑡inc → ∞) as a function of reduced
incubation time 𝑡inc /𝜏r , 𝜏r ∈ {𝜏v , 𝜏w } for 200 nm iPpMS608K – iPS400K blend films of varying
iPS400K content dewetting at 𝑇dew = 240 ℃. The symbols and colors have the same meaning as in
Fig. 4.22. The insets show the same data at short times.

We plot 𝐵v = 𝑣0 ⁄𝑣∞ and 𝐵w = 𝑤0 ⁄𝑤∞ as a function of 𝑇dew (Fig. 4.25). We observed from
Figs. 4.25(a) - 4.25(b) that the values of 𝐵v and 𝐵w did not depend on 𝑇dew . This observation
is in accordance with previous observations for pure iPpMS608K films. As all films for each
blend of a given iPS400K content have been prepared in the same way by spin-coating, we
anticipated that the value of the amount of residual stresses did not depend on 𝑇dew . In addition,
this independence on 𝑇dew may also imply that dewetting was faster than possible phase
separation. All films were characterized by the same type of local and global segmental
relaxation behaviour, independent of iPS400K content (Colmenero, & Arbe, 2007; Okada,
1979).
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Fig. 4.25: Logarithmic plot of ratios (a) 𝐵v , (b) 𝐵w as a function of 𝑇dew for 200 nm
iPpMS608K – iPS400K blend films of varying iPS400K content. The symbols and colors have
the same meaning as in Fig. 4.22. (c) Linear plot of the mean values of 𝐵v (blue stars) and 𝐵w
(red stars) averaged over all dewetting temperatures as a function of iPS400K content. The inset
shows the same data points on a logarithmic scale of the iPS400K content, suggesting that the
amount of residual stresses in the blend films increased with the logarithm of the iPS400K
content.

In dewetting of thin non-equilibrated polymer films, the total driving force, 𝜎tot , is given by
𝜎tot = 𝜎cap + 𝜎res (𝜎cap is the capillary stress and 𝜎res is the residual stress) (Chandran, &
Reiter, 2016, 2019). While residual stresses relax with (incubation) time, the capillary stress
remains constant for a given system at a fixed dewetting temperature. Thus, at 𝑡inc → 0, the
initial driving force is given by 𝜎tot = 𝜎cap + 𝜎res (𝑡inc → 0), which is reflected in the ratios
𝐵v and 𝐵w .
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Another observation from Figs. 4.25(a) and 4.25(b) is that the values of 𝐵v and 𝐵w increased
monotonically by a factor of about 5 when the iPS400K content increased from 0 % to 100 %.
Accordingly, we can conclude that residual stresses in pure iPS400K films were a factor of
about 5 higher than in pure iPpMS films. The values for all blends were in between these two
extreme values. However, the amount of residual stresses did not increase in a linear but rather
a logarithmic fashion with the iPS400K content as can be clearly seen in the inset of Fig. 4.25(c)
for the mean values of 𝐵v and 𝐵w . The mean values ̅̅̅
𝐵v , ̅̅̅̅
𝐵w (for each iPS400K content, we
added the obtained values for all 9 dewetting temperatures and divided this sum by 9) are listed
in Table 4.1.
̅̅̅̅
𝑩𝐯
± 𝟎. 𝟏
2.6
5.0
6.0
7.0
8.1
9.1
10.0
11.1

iPS400K content (%)
0
5
10
15
20
25
50
100

̅̅̅̅
𝑩𝐰
± 𝟎. 𝟏
2.4
4.8
5.7
6.8
7.6
8.7
9.7
10.8

Table 4.1: Mean values of ̅̅̅
𝐵v , ̅̅̅̅
𝐵w for different iPS400K content

From Fig. 4.23, we observed that the relaxation of residual stresses took more time in pure
iPS400K than in pure iPpMS608K films. In order to show how relaxation times vary with
increasing content of iPS400K, we present in Figs. 4.26(a) and 4.26(b), the values of 𝜏v and
𝜏w , deduced from curves like the ones shown in Fig. 4.23 or Fig. 4.24, as a function of
increasing iPS400K content for all measured dewetting temperatures. We noticed that both 𝜏v
and 𝜏w increased with increasing iPS400K content suggesting that relaxation of residual
stresses became slower with increasing iPS400K content. Intriguingly, concomitantly with the
relaxation time 𝜏r also the amount of residual stresses increased with increasing iPS400K
content, i.e., the relaxation time increased approximately linearly with increasing amount of
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residual stresses (Fig. 4.26(c)). Accordingly, for any given 𝑇dew , the ratio of the relaxation
times (𝜏r ∈ {𝜏v , 𝜏w }) relative to the residual stresses (𝜏𝑟 /𝜎res ) was approximately constant but
increased with decrease in 𝑇dew (Fig. 4.26(d))
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Fig. 4.26: Semi-logarithmic plot of (a) 𝜏v , (b) 𝜏w for 200 nm iPpMS608K – iPS400K blend
films as a function of iPS400K content. Different symbols and colors indicate different
dewetting temperatures 𝑇dew (see legend in (a)). Semi-logarithmic plots of (c) relaxation
time, 𝜏r ∈ {𝜏v , 𝜏w } and (d) the ratio 𝜏𝑟 /𝜎res as a function of residual stress for all studied
dewetting temperatures. Closed symbols in (c) and (d) are for values of 𝜏v while the open
symbols are for values of 𝜏w .
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Next we plot in Fig. 4.27(a) relaxation times 𝜏r ∈ {𝜏v , 𝜏w } as a function of reciprocal of
−1
dewetting temperature, 𝑇dew
. The resulting activation energies are shown in Fig. 4.27(b).
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Fig. 4.27: (a) Semi-logarithmic plot of the relaxation time 𝜏r ∈ {𝜏v , 𝜏w } as a function of 1000/𝑇dew
for 200 nm iPpMS608K – iPS400K blend films for iPS400K content ranging from 0 to 100 %, as
indicated by the different symbols and colors (see legend). Closed symbols are for 𝜏v and open
symbols are for 𝜏w . (b) Assuming an Arrhenius-type behaviour of the data in (a), we deduced an
activation energy 𝐸a ∈ {𝐸v , 𝐸w } as a function of iPS400K content (represented as blue and red stars
for the values 𝐸v and 𝐸w deduced from log 𝜏v (1000/𝑇dew ) and log 𝜏w (1000/𝑇dew ), respectively).
The inset shows the same data points on a logarithmic scale of the iPS400K content, suggesting that
𝐸a for the blend films increased with the logarithm of the iPS400K content.

In Fig. 4.27(a), on semi-logarithmic scales the relaxation times as a function of 1000/𝑇dew is
presented. Each data set suggests an Arrhenius-type behaviour represented by a characteristic
activation energy, 𝐸a ∈ {𝐸v , 𝐸w } . Using equation (4.8), the values of 𝐸a were obtained,
presented in Fig. 4.27(b) as a function of iPS400K content. An increase in activation energy
with increasing iPS400K content was observed. At first glance, this may seem surprising as the
key difference between the two polymers consists in the presence of the nonpolar methyl group
on the aromatic ring in iPpMS608K. Furthermore, the glass transition temperature (𝑇g ) of
iPS400K and iPpMS608K are rather similar. However, it has been suggested that, due to the
formation of transient clusters, flow in iPS400K at elevated shear rates requires cooperative
movement of a higher number of segments (Chandran, & Reiter, 2016). Thus, the increase in
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𝐸a may be related to an increased tendency for the formation of transient clusters in blends
with increased iPS400K content.
As can be seen from equations (4.3) and (4.6), the initial and final velocities, 𝑣i (𝑡inc → 0) and
𝑣i (𝑡inc → ∞) play an important role in characterizing the dewetting dynamics in thin polymer
films. For instance, by normalizing dewetting velocity with respect to the limiting dewetting
velocity (at long incubation times) for films of various iPS400K content (Fig. 4.24), qualitative
similar dewetting characteristics for iPS400K and iPpMS608K films as well as for films of a
blend of these polymers were observed. At the same time, the change in dewetting velocity
from 𝑡inc → 0 to 𝑡inc → ∞ is a manifestation of the pathway towards equilibrium, i.e., can be
thought of as a transition from a non-equilibrium state to an equilibrium state reflecting the
relaxation process of residual stresses. In this regard, in Fig. 4.28 as a function of 1000/𝑇dew
the initial dewetting velocity, 𝑣i (𝑡inc ) of the first detected holes and the corresponding
asymptotic velocities 𝑣i (𝑡inc → 0) , 𝑣i (𝑡inc → ∞) was plotted. It was noted that pure
iPpMS608K films, represented by black squares in Figs. 4.28(a) – 4.28(c), are characterized
by a change in slope (generating a “kink”) at 𝑇dew = 220 ℃, already observed for pure
iPpMS60K films. As the amount of iPS400K content increased from 0 % to 100 %, this kink
disappeared (for iPS400K content ≥ 20 %).
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Fig. 4.28: Double logarithmic plot of (a) initial dewetting velocity (𝑣i (𝑡inc )) of the earliest nucleated
dewetting holes, (b) and (c) limiting values of 𝑣i (0) and 𝑣i (∞), respectively, as a function of
1000/ 𝑇dew for dewetting holes at increasing iPS400K content. Here, 𝑣i (0) = 𝑣i (𝑡inc → 0) and
𝑣i (∞) = 𝑣i (𝑡inc → ∞). The different symbols and colors indicate different iPS400K content as
represented in the legend in (b). (d) Ratio 𝑣i (0)/ 𝑣i (∞) as a function of the iPS400K content for the
various values of 𝑇dew as indicated in the legend of the inset. The inset shows the same data points
on a logarithmic scale of the iPS400K content, suggesting that 𝑣i (0)/ 𝑣i (∞) for the blend films
increased with the logarithm of the iPS400K content.

In a purely elastic film, the height of the rim width reaches a maximum height, 𝐻max , at the
time 𝑡max . Assuming linear elasticity (Hooke’s law), 𝐻max is related to the total driving
forces, 𝜎tot , the shear modulus, 𝐺(𝑇dew ), the maximum strain, 𝜀max , and the film thickness,
ℎ0 , as shown in equation (4.11). As already observed earlier, the maximum strain is derived
from the region where the value of 𝑅(𝑡dew )/2𝑤(𝑡dew ) as a function of 𝑤(𝑡dew ) became
(almost) constant (Fig. 4.29(a)). The obtained values of 𝜀max for films of different iPS400K
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content and for dewetting at various temperatures are plotted in Fig. 4.29(b). As a qualitative
trend, a decrease in 𝜀max with increasing iPS400K content was observed (Fig. 4.29(b)). With
increasing 𝑇dew , 𝜀max increased monotonically, the increase being more pronounced for low
iPS400K content.
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Fig. 4.29: (a) Semi-logarithmic plot of 𝑅(𝑡dew )/2𝑤(𝑡dew ) as a function of 𝑤(𝑡dew ) for the earliest
nucleated dewetting holes in 200 nm thick spin coated iPpMS608K - iPS400K films at various
iPS400K content and at 𝑇dew = 240 ℃. The black vertical dotted line in (a) is a guide to the eyes
indicating the maximum rim width, 𝑤max (𝑡max ). The values of 𝜀max are determined at the point
where 𝑅(𝑡dew )/2𝑤(𝑡dew ) becomes almost constant (indicated by the black horizontal dotted line for
an iPS400K content of 0 %). In (b) and (c), linear plots of 𝜀max as a function of iPS400K content and
𝑇dew , respectively are presented. The meaning of the different symbols and colors is indicated in the
legends.
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The amounts of capillary stress, 𝜎cap , residual stresses, 𝜎res , and total stress, 𝜎tot (the way how
these values were determined is described in Appendix D) are shown in Fig. 4.30(a). Notice
that for all studied films, the capillary stress was always lower than the residual stresses.
Intriguingly, the amount of residual stresses increased with increasing iPS400K content. Since
all films were prepared in the same manner and displayed qualitatively similar dewetting
characteristics (confirmed by collapse of all data points in Fig. 4.24), it follows that the increase
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Fig. 4.30: (a) Linear plot of capillary stress (𝜎cap, black squares), residual stresses (𝜎res, red circles)
and total stress ( 𝜎tot = 𝜎cap + 𝜎res , blue up triangles) as a function of iPS400K content for the
averaged values of 𝐵v from Table 4.1. The derivations of the values of 𝜎cap , 𝜎res and 𝜎tot are found in
Appendix D. (b) Logarithmic plot of shear modulus 𝐺(𝑇dew ) as a function of 𝑇dew at different
iPS400K content. (c) Semi-logarithmic plot of effective viscosity 𝜂non−equ (𝑇dew ) as a function of
1000/𝑇dew at different iPS400K content. Different symbols and colors in (b) and (c) are explained in
the legend in (c). In (d), the same data as in (c) in comparison with literature values for the zero-shear
viscosity 𝜂0 (𝑇dew ) of iPS400K (open hexagons) and iPpMS608K (open squares), respectively. In
addition, the shear viscosity values were found from dewetting experiments (Chandran, & Reiter,
2016) on equilibrated iPS400K films (half-filled blue hexagons). In (e) and (f), a comparison between
the literature values for the zero-shear viscosity (open symbols) with the values of the viscosity (filled
symbols) derived from the present experiments for pure iPS400K and iPpMS608K films, respectively
is given. In (f), shear viscosity values found from dewetting experiments (Chandran, & Reiter, 2016)
on equilibrated iPS400K films (half-filled hexagons) are shown.
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From the dewetting experiments performed at various temperatures and under conditions of a
variable driving force (varying total stress), non-equilibrium shear modulus 𝐺( 𝑇dew ) as a
function of strain using equations (4.12) and (4.13) was obtained. The results are plotted in Fig.
4.30(b). Based on available literature data for the plateau modulus 𝐺𝑁0 of PS400K (𝐺𝑁0 =
156 kP ) (Huang et al., 2011) and atactic PpMS ( 𝐺𝑁0 = 145 kP ) (Kempf, Barroso, &
Wilhelm, 2010) the values obtained were comparable. For iPpMS608K, the obtained values
compared to the values of 𝐺(𝑇dew ) were somewhat lower while for iPS400K they were
somewhat higher compared to the literature values of the plateau modulus 𝐺𝑁0 .
The corresponding “non-equilibrium viscosity” is shown in Fig. 4.30(c).
𝜂non−equ (𝑇dew ) = 𝐺(𝑇dew ). 𝜏(𝑇dew )

(4.19)

Notice that 𝜂non−equ (𝑇dew ) increased with increasing iPS400K content. As for the temperature
dependence, 𝜂non−equ (𝑇dew ) followed a kind of Arrhenius behaviour , i.e., 𝜂non−equ (𝑇dew ) =
𝜂0 . exp( 𝐸η ⁄𝑘B 𝑇dew ) (Wang, Shyong, & Porter, 1995) with a characteristic activation energy
𝐸η (energy required to activate flow). Similar to the values of 𝐸a shown in Fig. 4.27(b) derived
from the temperature dependence of 𝜏r ∈ {𝜏v , 𝜏w }, the values of 𝐸η were found to increase
with increasing iPS400K content as shown in Fig. 4.31.
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Fig. 4.31: Linear plot of activation energy 𝐸η as a function of iPS400K content.

Using the bulk plateau modulus ( 𝐺𝑁0 ) and the obtained reptation times (𝜏rep ), the zeroviscosities were calculated from 𝜂0 = 𝐺𝑁0 . 𝜏rep . Furthermore, the temperature-dependence of
𝜏rep was obtained using the Williams-Landel-Ferry (WLF) (Schluze, Handge, & Abetz, 2017)
parameters. As can be seen from a comparison with literature values for the zero-shear viscosity
𝜂0 (𝑇dew ) of iPS400K and iPpMS608K, one can clearly discern differences (see Figs. 4.30(d)
– 4.30(f)). While for iPpMS608K the values of 𝜂non−equ (𝑇dew ) are rather close to the
published values of the zero-shear viscosity, the situation is strikingly different for iPS400K.
For the freshly prepared films, observed values were about four orders in magnitude higher
than literature values for the zero-shear viscosity of iPS400K. Interestingly, as discussed in
reference (Chandran, & Reiter, 2016), the shear viscosity of iPS films after long incubation
times (equilibrated films) was still higher than 𝜂0 (𝑇dew ). This difference in behaviour of
iPpMS608K and iPS400K is correlated with a significantly higher value of the residual stresses
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𝜎res , a higher shear modulus 𝐺(𝑇dew ) and longer relaxation times 𝜏(𝑇dew ) of iPS400K.
Tentatively, this difference might be related to the stronger tendency of iPS400K to form
transient clusters of correlated polymer chains, also reflected in an extremely high nucleation
density of as-prepared (spin-coated) iPS films, as seen in recent crystallization experiments
(Poudel et al., 2018a)
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction
The study demonstrated and discussed the importance of non-equilibrium conformations in
controlling the rheological properties of isotactic poly(para-methylstyrene) (iPpMS) and its
blend with isotactic polystyrene (iPS400K) with respect to preparation conditions and blending
dynamics via dewetting. All the investigated films were prepared through spin-coating
technique. In the following sections, conclusions and recommendations for the usability of the
material and for further research are given.

5.2 Conclusions
In conclusion, the non-equilibrium states of the iPpMS608K films were systematically carried
out by varying the solution concentration (𝑐) (6 mg/ml ≤ 𝑐 ≤ 25 mg/ml), spin-coating speed
( ) (500 pm ≤

≤ 12 000 pm), dewetting temperature (𝑇dew ≥ 120 ℃) and PS400K

blending (0 % ≤ PS400K ≤ 100 %) in order to control their relaxation dynamics. It was
shown that a novel dewetting behaviour of thin iPpMS608K films on slippery substrates
exhibited two distinctly different stages of dewetting. The early dewetting stage and the late
dewetting stage transiting at a point where the rim width had reached a maximum value by
relaxation process. At this late dewetting stage, the polymer behaved like a viscous fluid and
dewetting was controlled by slippage, which induced a Rayleigh-Plateau-type rim-instability
(McGraw et al., 2010) and led to droplet formation. Further, it was observed that the residual
stresses of iPpMS608K films did not depend on film thickness alone but also on spin-coating
speed. Intriguingly, iPpMS608K films prepared at higher spin-coating speed (> 2000 pm)
were associated with large number of residual stresses and could relax 8 times faster than films
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prepared at low spin-coating speed (≤ 2000 pm) (less residual stresses). At the same time,
iPpMS608K films prepared from dilute solutions were associated with more residual stresses
and short stress relaxation times when compared to films prepared from high solution
concentration.
Since (𝜎res + 𝜎cap )⁄𝜎cap did not vary with dewetting temperature, then it means the amount
of residual stresses did not depend on temperature and did not have a chance to change and
thus should depend solely on how the films were prepared or aged. The decrease in the deduced
modulus with increasing dewetting temperature of iPpMS608K films might be a manifestation
of the non-equilibrium chain conformations of spin-coated polymers (Chandran et al., 2017;
Sharma, & Reiter, 1996). Observing a (slightly) temperature dependent elastic modulus might
be related to the same causes which are responsible for deviations in relaxation times and
activation energies from the corresponding values of equilibrated polymer melts (Chandran, &
Reiter, 2016).
The amount of residual stress did not vary with dewetting temperature even after introducing
iPS400K in iPpMS608K matrix, implying that dewetting was so fast that possible phase
separation did not occur during dewetting. It was observed that presence of iPS400K in
iPpMS608K system led to increase in amount of residual stresses, relaxation times and
corresponding activation energy, possibly due to an increased tendency for the formation of
transient clusters in blends with increased iPS400K content. These transient clusters may
require cooperative movement of a higher number of segments. In other words, it is possible
to tune the rheological properties of iPpMS608K system through blending. The observed
difference in non-equilibrium viscosity between iPpMS608K and iPS400K was correlated with
a significantly higher residual stress, a higher non-equilibrium shear modulus and longer
relaxation time of iPS400K. Deduced activation energies from the temperature dependence of
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various characteristic times (stress relaxation times, surface relaxation time and the time
characterizing the adsorption of polymers) can be less than the activation energies observed for
equilibrated melts (Majumder et al., 2018; Poudel et al., 2018a). The activation energy deduced
from temperature – dependence viscosity of 200 nm iPpMS608K was 83 ± 10 kJ/mol
compared to the bulk value of 100 ± 10 kJ/mol. In comparison to iPS400K, iPpMS608K
exhibited reduced energy barrier for flow indicating that the transient clusters of monomers
could have a short lifetime in iPpMS608K. It is believed that the observed difference might be
related to the stronger tendency of iPS400K to form transient clusters of correlated polymer
chains. Thus, the here presented study demonstrates clearly that systematic dewetting
experiments provide a convenient and simple approach for a quantitative determination of
rheological properties of thin polymer films.
Dewetting process in iPpMS608K and its blend with iPS400K has led to production of some
simple patterns such as strips and fingers (ordered or disordered). Patterning by dewetting has
been proved to be an efficient and economic way to fabricate large area, ordered structures for
both scientific investigation and industrial needs.

5.3 Recommendations
5.3.1 Recommendations based on the study
The demand for development of new technologies where miniaturization is required has led to
innovative studies into polymer materials at nanometer scale. However, material structures or
devices at such a scale are always trapped in non-equilibrium conformation states. Residual
stress in polymer materials if left unchecked can severely reduce materials’ performance and
reliability by inducing mechanical instabilities or increase the defect formation or complete
interfacial failure. The study investigated and measured the amount of residual stresses in
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iPpMS608K films and its blend with iPS400K. Consequently, the residual stresses in
iPpMS608K can be monitored and controlled by being very keen with preparation parameters.
Additionally, the residual stresses can be enhanced through blending with other polymers of
high residual stresses like isotactic polystyrene.
Basing on results of the study, it is now possible to control residual stress in iPpMS608K films
by varying solution concentration and spin-coating speed. The residual stresses were found to
decrease with increase in solution concentration or with decrease in spin-coating speed. In
quantifying the amount of residual stress in these films, it was found that the residual stress
gradually decreases with increasing annealing time. Further, blending iPpMS608K with
iPS400K led to increase in the amount of residual stress in iPpMS608K by 5 orders of
magnitude. Consequently, the understanding and control of residual stress could lead to
improved optimization and performance of iPpMS608K polymer film coatings useful in
nanoscale device applications such as sensors.
Controlled dewetting technique of iPpMS608K under varied preparation conditions, and the
tunability of the iPpMS608K through blending, can in general be recommended for production
of inkjet printing applications such as printable optical elements where the Rayleigh-Plateau
instability is desired. Since some patterns generated by dewetting can hardly be achieved by
other techniques like lithography, they can be used as original molds to reproduce the pattern
or to produce even more complex patterns combined with some functional materials, functional
structures and even in nanophotonics where pattern formation (similar to dewetting patterns)
is involved. As most of the dewetting patterns produced by dewetting are on the order of
microns, which is the right length scale for cell, the patterns can be used as biosensor chips,
scaffolds for cell organization and some other bio-techniques. The stress relaxation analysis
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done showed that polymeric samples can be tested at a strain value maintained constant for a
defined time period especially in dynamical-mechanical characterization of polymer
biomaterials which allows studying the viscoelastic behaviour of polymer materials. Keeping
in mind that usually, in biomedical applications, the material is subjected to the same
mechanical pattern at different times, it should be useful to test samples for more than once.
Lastly, faster relaxation of iPpMS608K polymers would interest industries as this method can
save them processing time by a significant factor.

5.3.2 Recommendations for further studies
The dewetting dynamics in iPpMS608K was characterized by a transition at 𝑇𝑑ew ≥ 220 ℃
where the initial dewetting velocity increased at a slow pace (accelerated at a decelerating rate).
What could be the reason(s) for the observation? What kind of non-equilibrium experiments
can be set up to consider the properties of the system at 𝑇dew ≥ 220 ℃? The residual stresses
in iPS400K were a factor of 5 more than those for iPpMS608K films. In addition, the zeroshear viscosity of iPS400K at equilibrium was found to be less than that of iPpMS608K. Why
is it then that iPpMS608K still dewetted faster than iPS400K? What could be the molecular
reasons behind the deviations and the compositional heterogeneities that can be observed for
thin iPpMS608K - iPS400K blend films?
The surface of the polymer film is described as a frozen-in liquid. After annealing above the
glass transition temperature in case of stable polymer films, the surface roughness spectrum is
changed and dominated by the Van der Waals interaction. Can roughness correlation above
entanglement weight have any effect on the relaxation dynamics of iPpMS608K films and its
blend with iPS400K? What happens in case of floated iPpMS608K films on iPS400K films?
What could be the role of substrate on the rate of stress relaxation of iPpMS608K films?
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APPENDICES
Appendix A: Supporting information for chapter one
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Fig. A1: Electrophilic aromatic substitution process exhibiting the (a) ortho [1,2]-, (b) Meta
[1,3]- and (c) para [1,4]-products. The ortho-, and para-products are called major whereas the
meta-product is referred to as minor. The numerals 1 – 4 show how the group (R) changes
position.
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Fig. A2: Molecular structure of iPpMS608K, iPS400K, aPS and PDMS followed by their
chemical formula. Image credits: www.nptel.ac.in and www.sigmaldrich.com
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Appendix B: Supporting information for chapter two
Estimation of strain function from hole radius and rim width

R

Fig. B1: Determination of maximum height of the rim in terms of the maximum
width of the rim and the dewetted distance when this maximum is reached. 𝑅 is the
radius of the dewetted hole and 𝑤 is the width of the rim, 𝐻max is the maximum
height of the rim, 𝜃 is the contact angle and ℎ0 is the film thickness.

Based on volume conservation of an incompressible fluid, the volume of the dewetted hole,
which is 𝜋𝑅 · ℎ0 , has to be identical to the volume of the rim, yielding (Brochard-Wyart et
al., 1994)
𝑅 𝑤

𝜋𝑅 · ℎ0 = 2𝜋𝑅 ∫𝑅
(for small 𝜃,

(𝑥) 𝑑𝑥 ≈ 2𝜋𝑅 · 𝑤 · 𝜃 · 𝑠

(B1)

n 𝜃 ≈ 𝜃)

According to Brochard-Wyart et al. (1994) for strong slippage ( ≪ 𝑏, with 𝑏 being the
slippage length), the value of 𝑠 ≅ 0.1. Approximating the cross-section of the rim by a
rectangle with an area of 𝑤 · 𝐻average ;
𝐻average ≈ 𝜃E . 𝑤. 𝑠

(B2)
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Hence, equation (B1) yields
𝐻average = 𝑅ℎ0 ⁄2𝑤

(B3)

At early times (in the elastic regime), the acting driving forces will deform the rim elastically,
until these driving forces are balanced by the elastic restoring forces. At this point the maximum
height of the rim (𝐻max ) is reached. At that point, the maximum strain is defined (for the current
study) as the ratio 𝐻max ⁄ℎ0 . Setting 𝐻average = 𝐻max gives;
𝜀max = 𝐻max ⁄ℎ0 = (𝐻(𝜏w(max) ) − ℎ0 )⁄ℎ0 = (𝑅ℎ0 ⁄2𝑤 )⁄ℎ0 = 𝑅 ⁄2𝑤
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(B4)

Appendix C: Supporting information for chapter three
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during dewetting

Fig. C1: A sketch showing thin films before and after dewetting (h – film thickness, d –
dewetted distance, w – rim width)

Hole radius and rim width measurements in ImageJ program
ImageJ program was used to measure the hole radius of the dewetted holes for the spin-coated
iPpMS608K and its iPS400K400K blend on PDMS coated silicon wafers. To start the
measurements, the micrograph to be measured has to be opened on the ImageJ window. To set
the scale, one has to go to ImageJ window and click on analyze > set scale. A dialog box pops
up as shown in Fig. C2 (numeral 2) where the distance in pixels is entered. This tells us how
many pixels correspond to 1 inch on the image. Every optical microscope has a different
objective lens magnification as shown with numeral 3.
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Magnification
10X

20X
50X

100X

1

3

Image size (µm2)
698 × 984 : 0.4682 µm / pixel
or 2.1358 pixel / µm
324 × 292 : 0.23410 µm / pixel
or 4.2716 pixel / µm
129.6 × 96.8 : 0.093642 µm /
pixel or 10.6790 pixel / µm
69.8 × 48.4 : 0.0645 µm / pixel
or 15.30 pixel / µm

2R

4

2

Fig. C2: Measurement of the radius of the hole and rim width using ImageJ program

To determine the diameter of the hole, at least three measurements are taken along the middle
of the hole and the highest distance gives the diameter of the hole as shown in Fig. C2 (within
the measurement window – numeral 1). To do this, one clicks on the straight line selection
tool on ImageJ menu and then draws a straight line from one end of the dewetted circular hole
to the other end. To ensure that the line is straight, press and hold on shift button on the
computer keyboard as you draw the line. It should also be noted that the horizontal / vertical
angle along the diameter must be zero to make sure that the line is straight. To take
measurement of the diameter of the hole, press and hold on control + M on the computer
keyboard. A result box pops up displaying the length of the dewetted distance in the final
column (indicated by numeral 4 of Fig. C2). To move to the next point of measurement, press
and hold on shift button + P on the computer keyboard.
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The diameter of the dewetted hole is then divided by 2 to obtain the radius. The rim width is
measured directly using the same procedure. Although the area of the hole can be measured by
ImageJ program and the radius of the hole calculated, some of the graphs reported in the earlier
reports exhibited scattered dewetting velocity data at higher dewetting times. This makes it
difficult to get a clear trend from the scattered data which is important in understanding the
dynamics of the dewetting velocity-time relationship at higher dewetting times. The direct
measurement of radius of the hole yields best results. However, at higher dewetting time, the
rate at which the holes grow is low and therefore, direct measurement of radius is difficult. In
this case, determination of the hole radius by finding the area of the hole becomes useful.

Error analysis in dewetting velocity
=
𝑡𝑖 =
=

=

.
For

𝑅𝑖 − 𝑅𝑖−1
𝑡𝑖 − 𝑡𝑖−1

But

𝑅 − 𝑅1 =

𝑅 − 𝑅1
𝑡 − 𝑡1
𝑅 − 𝑅1
𝑅 − 𝑅1

𝑅

=
𝑡 − 𝑡1
𝑡 − 𝑡1

+

𝑅 − 𝑅1
𝑅 − 𝑅1

.

+

𝑅1 ,

𝑅
+ 𝑅1
𝑅 − 𝑅1

.

Hence,
=

𝑡 − 𝑡1 = 0,

.

𝑅𝑖 + 𝑅𝑖−1
𝑅𝑖 − 𝑅𝑖−1

Steps followed in finding the incubation time
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Fig. C3: Procedure for finding the incubation time and dewetting time through curve fittings.
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Appendix D: Supporting information for chapter four
Activation energy calculations: Blend system
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Fig. D1: Semi-logarithmic plots of relaxation time 𝜏r ∈ [𝜏v , 𝜏w ] as a function of 1000/𝑇dew at
different iPS400K content. The activation energies in both cases were calculated from In𝜏𝑟 =
In𝜏0 + 𝐸𝜂 ⁄ 𝑘𝐵 𝑇𝑑𝑒𝑤 or In{𝜏r )/𝜏0 }= 𝐸𝑎 ⁄ 𝑘𝐵 𝑇𝑑𝑒𝑤 (we set 𝜏r ∈ {𝜏v , 𝜏w }, 𝑘𝐵 𝑇𝑑𝑒𝑤 ≡ 𝑅𝑇𝑑𝑒𝑤 , 𝑅 =
8.314 kJ/mol)

Stress calculations
To calculate stress in the prepared films, the surface energies of both isotactic polystyrene
(iPS400K) and isotactic poly(para-methylstyrene) (iPpMS) polymers are required. Since
rheological properties of both polymers has not been completely done based on literature, the
surface energies of their respective atactic counterparts, aPS and aPpMS have been used.
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According to reference,(Kempf et al., 2013) the surface tension 𝛾L of atactic poly(paramethylstyrene) is 𝛾L = 25.8 mJ/m

at 20°C and that of atactic polystyrene is 𝛾L =

28.3 mJ/m at 20°C. For polymers, 𝛾L decreases with increasing temperature by ca.
− 0.08 mJm− K −1 (Kempf, Barroso & Wilhelm, 2010). For simplicity and as the exact value
of 𝛾L for iPpMS is not known, 𝛾L = 25.8 mJ/m was used and 𝛾L = 28.3 mJ/m as a
minimum value for iPS400K for the purpose of estimating the capillary stresses. Using the
experimentally determined values of contact angles for holes dewetting at 240 °C at different
iPS400K content, Table D1 gives the calculated stresses ( 𝜎cap = |𝑆|⁄ℎ0 , |𝑆| = 𝛾L (1 −
̅̅̅v − 1), 𝜎tot = 𝜎cap + 𝜎res ).
cos 𝜃equ ), 𝜎res = 𝜎cap (𝐵
iPS400K %

𝜽𝐝𝐲𝐧

𝝈𝐜𝐚𝐩 kPa

̅̅̅̅
𝑩𝐯 − 𝟏

0
5
10
15
20
25
50
100

0.37
0.40
0.41
0.42
0.41
0.44
0.43
0.42

17.5
22.1
23.1
24.2
23.1
26.5
25.4
24.2

1.6
4.0
5.0
6.0
7.1
8.1
9.0
10.1

𝝈𝐫𝐞𝐬
kPa
28.0
88.4
115.5
145.2
164.0
214.7
228.6
244.4

𝝈𝐭𝐨𝐭 kPa
45.5
110.5
138.6
169.4
187.1
241.2
254.0
268.2

Table D1: Calculated values of 𝜎cap , 𝜎res , and 𝜎tot = 𝜎cap + 𝜎res in iPpMS and the
corresponding blends at 𝑇dew = 240 °C. The ̅̅̅
𝐵v values were taken from Table 1 of the main
text.
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