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Abstract

Semi-crystalline polymers are a class of polymeric materials that have been heavily
studied and used in both consumer products and high-tech applications for decades. This
is due to the many beneficial characteristics that semi-crystalline polymers exhibit,
including attractive mechanical properties, solvent resistance, optical opacity, as well as
biodegradability and biocompatibility. These properties are due to and dictated by the semi-
crystalline state of the macromolecules, or the way in which these polymers are able to
form varying amounts of well-ordered domains. It is this interplay between completely
crystalline and completely amorphous regions that drive physical properties that in turn
allow these materials to be used in so many applications.

More specifically, much research has been done to study the way that the geometry
in which these polymers exists affects these factors, such as degree of crystallinity, chain
orientation, morphology, and other characteristics. Whereas semi-crystalline polymers in
the bulk have no driving force leading to preferred chain orientations, the substrate and the
confined geometry encountered in thin films have a wide variety of effects on the semi-
crystalline state, both in homopolymer systems and in polymer blends. This confined
geometry is further complicated when studying new, non-linear architectures such as cyclic
and star polymers. While synthetic challenges have caused the comparison of linear and
cyclic PCL in thin films to lag behind bulk studies, advances in synthetic methods has
allowed us to begin to better understand the interplay of confinement and chain architecture
on the phenomena exhibited in these systems.

In this dissertation, | discuss a few research areas where we have tried to better

understand semi-crystalline polymers confined in thin films. This work focuses most often



on linear and cyclic polycaprolactone, but some work has compared polycaprolactone to
other semi-crystalline polymers like polyethylene glycol. This dissertation has three main
focus areas. First are the phenomena exhibited by semi-crystalline polymers when blended
with a second, non-crystalline component. The cooperativity of phase separation,
interfacial effects, and crystallization cause interesting and insightful morphologies to
form. | also discuss the discovery that spectral reflectance, a method typically used to
measure film thickness, can be used to detect thermal transitions in semi-crystalline thin
films and furthermore for isothermal crystallization studies that used to require more
complicated calorimetry or X-ray scattering techniques. Finally, this dissertation discusses
the work done so far in comparing linear and cyclic polycaprolactone confined to thin film
geometries. Our first major observation is the enhanced stability exhibited by cyclic
polycaprolactone, but there are many additional differences, such as the orientation
assumed by the polymer chains, crystallization kinetics, and morphology.

Overall, this work aims to further some of the unexplored areas of semi-crystalline
polymer research, especially as it pertains to thin films. As the techniques for characterizing
and monitoring crystallization improve, we will find ourselves with an enhanced insight
into the fundamentals of polymer crystallization, which will in turn allow us to tune
polymer crystallinity and enhance the many applications that rely on semi-crystalline

materials.
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Chapter 1

INTRODUCTION

Crystallinity forms the basis of and leads to most of the beneficial and unique
properties of materials ranging from snowflakes to diamonds. In the simplest sense,
crystallization refers to the process of a material’s constituent parts forming an ordered
structure. This ordered structure can range from simple cubic structures to more
complicated hexagonal and other polygonal packings. Regardless of what order the form
takes, that the material’s constituent atoms can arrange themselves in an ordered structure
or crystal lattice is what makes a material crystalline. Crystalline materials can be found in
every facet of life. In addition to the well-known crystalline materials mentioned above,
many plastics, the revolutionary class of materials that have transformed the world in the
past century, are also capable of crystallization. Some of the most heavily used commodity
plastics, such as polyethylene (PE), polypropylene (PP), and polyethylene terephthalate
(PET), belong to a class of plastics known as semi-crystalline polymers®=. Like the
crystallization that differentiates diamond from coal, it is the crystallization in these plastics
that leads to the favorable mechanical and optical properties that they exhibit and which
have helped them become and remain multi-billion dollar commodities. Importantly, they
are known as “semi-crystalline” because polymers are macromolecules and not small

molecules, and as such are unable to form completely crystalline materials. However, the



degree of crystallinity (Xc), defined as the mass or volume fraction of crystalline regions
in the material, dictates most of the important properties of semi-crystalline materials®.
Because the crystallinity is what dictates the mechanical and optical properties of
these materials, the basis for most research focusing on semi-crystalline polymers has
focused on better understanding the fundamental crystal structure and morphology, ways
to manipulate the crystal structure on an atomic scale and macrostructure morphology, and
the effects that external factors have on crystallinity! >22, These external factors range from
polymer architecture” 12 17. 23-28 'how the polymer is processed (such as extrusion or
drawing processes)> & 1> 1° plending with other crystalline and non-crystalline polymeric
and non-polymeric components® 1% 16. 2021, 2933 “and the geometry in which the semi-
crystalline polymer exists, such as thin films or spherical nanoparticles® 10-11: 15, 20-21, 33-35,
Fundamentally, if we can better understand what affects crystal structure and morphology,
we can use that understanding to enhance and tune the properties of these materials that

will in turn enhance the numerous applications that depend on semi-crystalline polymers.

1.1 Crystal Structure and Unit Cell

As alluded to above, polymer crystals have many similar characteristics to metallic
and small molecule crystals. That is, polymer chains are able to form domains that exhibit
positional and orientational order. However, the long-chain structure of a polymer
complicates the crystal system. Unlike small molecules and metallic crystals, one polymer
chain can participate in multiple crystal unit cells due to the size of unit cell and length of

the chain (see Figure 1.1)*.
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Figure 1.1. Unit cell diagram showing dimensions of polyethylene. Reproduced with
permission from Gonzélez-Vifias, Wenceslao, and Héctor L. Mancini. An introduction to

materials science. Princeton University Press, 2015%

Related, the constituent parts of the unit cell (typically the monomer) are not independent
of one another due to the covalent linkage between monomer units. These are the
restrictions leading to the inability of complete crystallinity in polymers. For the polymer
chain to assume a completely crystalline state, it has to have a perfectly regular structure,
and be oriented in such a way that it can participate in constituent unit cells without
discontinuities due to bulky groups leading to steric hindrances®’. The flexibility of the
chain itself also plays a significant role. Considering these factors, it becomes clear why

certain polymers are able to crystallize while some cannot. Crystallizing polymers typically



have compact monomer units without bulky side chains®. This is why polymers such as
polyethylene, polypropylene, polycaprolactone, and polyethylene glycol are able to
crystallize. Their simple structure allows them to assume compact conformations much
more easily. In the case of polymers with more bulky monomer units, crystallizability is
typically only observed when there is sufficient stereoregularity. This can be observed in
the difference between atactic polystyrene (amorphous) and isotactic polystyrene (semi-
crystalline)®.

The determination of polymer crystallization at the molecular level is conducted
via a number of techniques. The most fruitful of these techniques is X-ray scattering, where
researchers can study the powder diffraction of polymers to resolve unit cell dimensions
and orientations based on the scattering peak positions in Q% 442 Q is called the

“scattering vector” or the “wave vector transfer”, and is defined as:

Equation 1.1
where “d” is the real domain spacing of the ordered part of the material, such as a crystal
lattice dimension. Grazing incidence (see Chapter 2) can be used to study the orientation
and unit cell of semi-crystalline polymers confined in thin film geometries. Also used to
study the degree of crystallinity as well as the enthalpies of melting is differential scanning
calorimetry (DSC)?> “*47, By measuring the heat flow into or out of the polymer in relation
to a reference pan, these and other quantities like the heat capacity can be calculated, which
are closely related to the crystal structure and chain packing. Finally, much work has using

computational tools to model crystallization at the molecular level® 8,



1.2 Crystalline Lamellae

The crystallization that occurs at the molecular level in turn leads to crystalline
nano-structures called crystalline lamellae' 3* 8, Several hypotheses claim that lamellae
are formed by polymer chains that fold back on themselves to form closely packed stems
(adjacent reentry) (see Figure 1.2a)% *8. They can also form via many independent polymer
chains stacking together, sometimes referred to as the “switchboard” model®. (see Figure

1.2b)
(a)

i S

Figure 1.2. Diagrams of the hypothesized structures of crystalline lamellae in the a)
adjacent re-entry model; and b) “switchboard” model. Reproduced with permission from
Dargazany, Roozbeh, et al. "Constitutive modeling of strain-induced crystallization in

filled rubbers." Physical Review E 89.2 (2014)8

Regardless, it has been established that these semi-crystalline lamellae are approximately
10 nm in thickness, depending on polymer, molecular weight, and crystallization
conditions®®. This has been found through multiple experiments over the years, such as
etching away the amorphous regions with acids and studying the remaining crystalline
material via AFM?°, or via small angle X-ray scattering (SAXS) which reveals the domain

sizes (and therefore thicknesses) of the lamellag!: 1% 494, Through thermodynamic study,



it was hypothesized that 10 nm corresponds to the smallest stable crystal that can nucleate,
having a free energy slightly lower than the polymer melt®®. The lamellar thickness can be
most easily affected by the crystallization temperature, or rather, the degree of supercooling
(AT). The degree of supercooling is the temperature difference between the experimental
isothermal crystallization temperature (Tc) and the equilibrium melting temperature (Tm,o)*.
T is any temperature below the experimental melting temperature where crystallization is
favored over the system remaining in the melt state. The equilibrium melting temperature
is taken as the melting temperature of an infinite collection of extended chain crystals such
that surface effects are negated®®. The equilibrium melting temperature is not to be
confused with the experimental melting temperature (Tm), or the temperature at which the
crystals melt under ambient conditions. At high supercooling, the speed of crystal growth
creates lamellae that are relatively small. At low supercooling, the opposite has been found.
Waunderlich et al. found that melt-crystallizing polyethylene at 110 °C vs 130 °C generated
lamellar thicknesses of 10 nm and 20 nm, respectively®t. Comparatively, the molecular
weight of the polymer has only been shown to have an effect on lamellar thickness in

oligomeric and very low molecular weight polymers®,

1.3 Spherulites

The crystalline lamellae, along with amorphous sections of the polymer chain
existing alongside each other form semi-crystalline macrostructures called spherulites in
bulk materials, especially at low crystallization temperatures®: 11 48:525¢ Figure 1.3a shows

the progression of polymer crystals from the molecular scale to the final spherulite



structure. As the name suggests, spherulites are spherical macrostructures (see Figure

1.3b).
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Figure 1.3. a) Diagram of the hierarchy of polymer crystal structure from the basic unit
cell to lamellae and finally to a polymer spherulite. Reproduced with permission from
Milner, Scott T. "Polymer crystal-melt interfaces and nucleation in polyethylene." Soft
Matter 7.6 (2011): 2909-2917°"; and b) Spherulitic structure showing alternating layers of
crystalline lamellae and amorphous regions. Reproduced with permission from

DolITPoMS, University of Cambridge

After a crystal nucleus forms, growth of the crystal face propagates in all three dimensions,
and since the growth rate of polymer crystals is constant, spherical structures are formed.

Spherulites are often tens of microns in diameter. While they are most often observed and



discussed in bulk materials, spherulites are also able to form in thin and ultrathin films at
thicknesses greater than approximately 50 nm® 1153334 ‘Here, they are known as “two-
dimensional” spherulites®°, as their width is hundreds of times greater than their
thickness. Spherulites can be observed via multiple microscopy techniques, including
optical microscopy and atomic force microscopy. However, the greatest evidence of the
existence of spherulites is found via polarized light optical microscopy, where the
birefringence of polymer crystals creates what are commonly called Maltese Cross
extinction patterns if spherulitic macrostructures are present (extended discussion of
polarized light optical microscopy (PLOM) can be found in chapter 2)* . Different
Maltese Cross types are generated based on the direction of the chain axis in relation to the

radial direction as well as the refractive index differences based on orientation.

negative positive

Figure 1.4. Maltese cross extinction patterns exhibited by polymer spherulites when
studied via polarized light optical microscopy (PLOM). Reproduced with permission
from Crist, Buckley, and Jerold M. Schultz. "Polymer spherulites: A critical review."

Progress in Polymer Science 56 (2016): 1-63.%8

Spherulites are important not only because they are the largest macrostructure that

are able to be formed by semi-crystalline polymers, but also because their characteristics



define many of the mechanical and optical properties of the materials*®. For example, it has
been shown that changes in the size (and therefore density) of spherulites has a large effect
on mechanical properties. Specifically, Atkinson and Nutting® found that the yield stress
at failure for isotactic polypropylene decreased dramatically with an increase in spherulite

size (see Figure 1.5).
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Figure 1.5. Yield stress measured a a function of spherulite size in isotactic polystyrene.
Reproduced with permission from Way, J. L., J. R. Atkinson, and J. Nutting. "The effect
of spherulite size on the fracture morphology of polypropylene.” Journal of Materials

Science 9.2 (1974): 293-299.

Similar effects have been found with tensile strength, toughness, and yield stress. These
effects have to do with the surface area of interaction between the spherulites. As the

volume of the spherulite increases, so too does the surface area of the spherulitic



boundaries. Thus, a large amount of work has been done to try and better understand the
ways we can manipulate spherulite morphology*" 4% 5 The two main methods of
increasing or decreasing spherulite size has been either via crystallization kinetics?? 61-62
(i.e. crystallization temperature) or via the use of additives known as nucleating agents that
increases the density of nucleation sites, and therefore decreases the size of individual
crystalst 1°,

Semi-crystalline polymers are also able to form other macrostructures such as
hedrites grown at high temperatures** 83 and single multi-faceted crystals grown from
dilute solutions. Hedrites are similarly spherical like spherulites, however the chain
orientation of the crystals that comprise hedrites tend to be flat-on, and these structures
lack the birefringence that spherulites exhibit®. Crystals grown from very dilute solutions
(typically < 1 wt.%) are used to study lamellar thickness and the dimension and growth

direction of specific growth faces?” %6-%, An extended discussion of those structures is

beyond the scope of this thesis.

1.4 Ultrathin Film Structures

As discussed above, spherulites can be found in films ranging from multiple
millimeters down to approximately 50 nm?% 3% 8 Therefore, one might ask: what occurs
in films thinner than this? Obviously, the film thickness eventually reaches a critical value
such that spherulitic formation is no longer possible. At these film thicknesses, the system
turns into a collection of randomly oriented lamellae and regions of amorphous polymer’®-
I, The lamellae have been shown to have a preferential orientation at certain film

thicknesses®*. For example, in sufficiently thick films (tr > 100 nm) the preferred
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orientation is for the lamellae to orient “edge-on” to the substrate, i.e. with the chain axes
normal to the surface of the substrate. When the film thickness drops below a critical value
that is polymer, molecular weight, and crystallization condition dependent, the lamellae
prefer to orient themselves “flat-on” to the substrate with the chain axis parallel to the
surface of the substrate. A schematic of the edge-on to flat-on transition is shown in Figure
1.6. This confinement-driven transition is an important phenomenon that is the leading
driver of morphology in thin and ultrathin films, as the chain orientation is a function of

the direction of crystal growth and polymer chains as they attach to the growing crystal*®
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Figure 1.6. Diagram illustrating the edge-on (left) to flat-on (right) transition in ultrathin
semi-crystalline polymer films. Reproduced with permission from Liu, Yi-Xin, and Er-
Qiang Chen. "Polymer crystallization of ultrathin films on solid substrates.” Coordination

chemistry reviews 254.9-10 (2010): 1011-1037%,

In thin and ultrathin films where flat-on orientations are preferred, the system exhibits
“diffusion-limited” growth where “dense branching,” “dendritic,” “seaweed,” and “fractal”

crystals can form®. Because the film thickness is very near that of the lamellar thickness,
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growth can only occur parallel to the substrate. Whereas in spherulitic structures where the
crystal can grow by amorphous polymer chains attaching to the growing crystal in all three
dimensions, growing crystalline nuclei in these ultrathin films rely on the diffusion of
amorphous polymer chains to the growth front parallel to the substrate surface only, leading

to flat, branching morphologies such as the one shown in Figure 1.7:

Height Sensor 5.0 ym

Figure 1.7. Atomic force microscopy image of 12 nm 45 kDa PCL as cast from toluene.

This film exhibits a dense branching morphology (DBM).

This leads to two main phenomena: First, the speed of crystal growth in these ultrathin
films is greatly reduced due to the longer time it takes the polymer chains to diffuse to the
much smaller growth faces. Second, the morphology observed in these films are dendritic
or fractal in nature, having multiple independent branches that are comprised of the

growing two-dimensional crystals.

1.5 Crystallization Kinetics
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Because the crystallization of semi-crystalline polymers is a continuous growth
process, the kinetics of crystallization can be better understood on the basis of a few key
steps. In fact, the overall crystallization process can be broken up to two main events:
nucleation and growth® 17386272 primary nucleation is the formation of the first seed of a
domain where order is higher than the surrounding medium. In homogeneous nucleation,
which is typically driven by temperature, the system reaches a point at which two polymer
molecules are close enough together and oriented in such a way such that they are able to
be attracted to each other and form a densely-packed initial nucleus. While temperature
provides the energetic effects necessary such that forming a stable crystal is as likely as not
(i.e. at the melting temperature, Tm), the homogeneous process is very much stochastic®,
That is, two systems at the same external conditions (temperature, pressure, etc.) will
undergo nucleation at different times due in part to the entropy in the system and the
necessity for there to be two polymer molecules in the right place and oriented in the right
way. On the other hand, heterogeneous nucleation is the nucleation of ordered polymer
domains driven in part by an external surface such as a dust particle or some other impurity.
Heterogeneous nucleation is far more likely to occur due to the rarity of having a
completely pure system. Secondary nucleation refers to crystal nucleation due to the
presence of already-formed crystal nuclei that lower the driving force for crystallization
and spur multiple nucleation sites.

Naturally, the secondary nucleation process is also a growth process. This growth
process is controlled by two main albeit conflicting characteristics. The first is the change
in free energy necessary to form a secondary nucleation event. The other is the energy

barrier of chains diffusing to the nucleus so that the growth front may progress. The
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prevailing theory of polymer crystallization kinetics was done by Lauritzen and Hoffman
(hence why it is now known as Lauritzen-Hoffman growth theory)®? >4 Their main
finding was that secondary nucleation and crystal growth can be described in terms of three

main “regimes:”

1 11 II

Figure 1.8. Diagram showing the three regimes of Lauritzen-Hoffman growth theory.

Reproduced with permission from “Hoffman nucleation theory,” Creative Commons.

Regime | growth can be found at crystallization temperatures close to the melting point. At
these temperatures, the dynamics of chain movement are very slow, and as such, chains are
more likely to grow parallel to the growth face of the crystal to completely cover the crystal
plane than continue nucleating outwards. Regime 1l can be found at temperatures farther
away from Regime Il growth. Here, the likelihood of growing laterally is approximately
equal to nucleation and growth outwards. In Regime 111, at temperatures significantly far
away from the melting point, Nucleation is sporadic across the face of the crystal such that
multiple new layers are formed before a complete plane is filled in. These findings form
the basis of how crystal growth at different conditions is understood, especially on the

foundation of different crystallization temperatures.
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1.6 Thesis Significance & Overview

This work focuses on the unique characteristics exhibited by semi-crystalline
polymers confined in thin film geometries. Specifically, polycaprolactone (PCL), a
biocompatible and biodegradable polyester is used as a model system. This is due to several
factors. For one, polycaprolactone is a semi-crystalline polyester with a simple chain
structure like that of polyethylene, one of the most widely-used commodity semi-
crystalline polymers®® 16. 19,29, 31, 75-76 - aqditionally, polyethylene and polycaprolactone
have similar crystal structures, having comparable a and b dimensions, but a larger ¢
dimension due to the ester group in PCL?°. However, PCL crystallizes orders of magnitude
more slowly than polyethylene, which eases the study of crystallization kinetics, especially
growth rate. Furthermore, PCL exhibits a melting point (Tm) around 60 °C, which makes
melting and crystallization experiments simple to conduct without a need for significant
heating over ambient conditions. Finally, polycaprolactone exhibits better solubility in
commonly used casting solvents such as toluene and THF, especially as compared to other
semi-crystalline polymers like polyethylene, polypropylene, and polyethylene glycol.
These favorable characteristics alongside the large body of research into PCL in bulk
systems make PCL a very attractive model system for thin film studies.

Additionally, there is valid reasoning behind the study of the effects that thin film
confinement has on polymer crystallization. Many studies in the past few decades have
studied the phenomena exhibited in thin films because this geometry is advantageous for
numerous applications, such as thin film transistors’’-"8, photovoltaics’®®°, solar cells*® 8!,
and for surface-mediated drug delivery®284. Additionally, the large body of research into

semi-crystalline polymers in the bulk, including studies on thermal properties elucidated
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via calorimetry or structure elucidated by X-ray scattering provide us a solid basis on which
to compare our results and comment on the unique advantages of thin films. Studies in thin
films allow us to more closely monitor the phenomena exhibited by individual crystals and
lamellae, and when compared to the averaged information obtained in the bulk, provides
us a clearer picture of crystallization. For example, these studies allow us to better
understand the way that the orientation of crystals on a lamellar scale affects film stability,
the direction and speed of crystal growth, nucleation density, crystal size, and thermal
transitions, and other factors. Control over the extent of confinement means some level of
control over the polymer characteristics. Taken one step further, this means we can enhance
the applications that rely on semi-crystalline polymers, including electronics, optics, and
solar cell technology, via control of the geometric confinement. While much of the work
contained in this thesis leans towards the study of some of the more fundamental
characteristics of semi-crystalline polymers, such as morphology, film stability, thermal
transitions, and kinetics, the insight we gain from these studies is what is eventually used
to tune applications since their characteristics rely on these fundamental factors.

This thesis is broken into seven sections. Chapter 2 focuses on the methods used to
characterize the polymers both synthesized in our lab as well as once they are processed
and confined in a thin film geometry. This is done from a fundamental viewpoint as well
as through commentary on the useful information these techniques provide for thin film
studies.

Chapter 3 discusses our discovery of a new nano-structured polymer blend
morphology we named the “nano-rose” morphology for its resemblance to a bouquet of

roses. This study illustrates that certain non-crystalline blend components allow us to affect

16



the direction of crystal growth under controlled confinement conditions. Therefore, it
allows us to discuss the blend factors that affect crystal growth and those that do not.

Chapter 4 describes the discovery and development of a new, simple method for
measuring thermal transitions in semi-crystalline polymer thin films. By studying film
thickness, we can detect melting and crystallization temperatures as well as study crystal
growth under isothermal conditions. Because many of the techniques used to study thermal
transitions in thin films require removal of the film from the substrate, this technique allows
study of substrate effects on thermal transitions in an accessible and simple manner.

Chapter 5 describes our first major observation in the study of the significant
differences between linear and cyclic PCL confined in thin and ultrathin films, specifically
that cyclic PCL exhibits a resistance to dewetting compared to its exact linear analogs.
Despite the expectation that cyclic should be less stable than the linear architecture, we
find the opposite to be true. This study brings into question, among other things, the effects
that chain orientation and chemistry have on film stability. Furthermore, the possibility that
the cyclic architecture affords significantly enhanced stability over the linear has
significant implications on applications using polymers confined in thin films, especially
those involving lithography or some thermal treatments where dewetting is likely and a
barrier to using certain materials.

Chapter 6 discusses further observations of the differences in morphology and
especially the kinetics of crystal growth in linear and cyclic PCL. Specifically, it is shown
that linear and cyclic PCL exhibit different crystallization kinetics in thin and ultrathin
films. Furthermore, blending the two architectures together allows modulation of both the

crystal growth rate as well as nucleation density and crystal size. Thus, we can affect these
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factors without introducing non-polymer additives, which is attractive for drug delivery
and cell studies where the purest material possible is extremely attractive.

Finally, Chapter 7 concludes the work described in this thesis with an outlook to
the future of semi-crystalline thin film studies, both in the short and long term. This chapter
includes commentary on each of the five project areas. Specifically, we would like to have
a better understanding of how transferable the findings we have made on PCL are to other
semi-crystalline polymers. This is especially important in areas where we find very
intriguing properties, such as unique crystal growth and blend phenomena, enhanced film
stability due to different architectures, and control over crystal growth kinetics. In the end,
these studies must be taken one step further to additional semi-crystalline systems since
that will allow us to comment further on PCL itself as well as semi-crystalline phenomena
due to thin film confinement. Because of the decades of work that have been done already
and the continuing use of semi-crystalline polymers in various applications, this body of
research will continue to be an exciting and important one, especially as the techniques

used to monitor and study crystallization improve.
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Chapter 2

CHARACTERIZATION TECHNIQUES

The chemical and physical characterization methods available for polymers
confined in thin film geometries can be divided into a few focus areas. First are the methods
for characterizing synthesis, such as molecular weight, dispersity, and end-group
modifications as done by gel permeation chromatography (GPC) and matrix-assisted laser
desorption/ionization (MALDI). Next are the methods for characterizing thermal behavior,
such as the glass transition temperature and melting point, which is typically done via
differential scanning calorimetry (DSC). Finally, thin-film specific characterization
techniques aim to quantify film thickness, morphology, and molecular-scale crystal
structure, including spectral reflectance, optical and atomic force microscopy, and X-ray
scattering. This chapter will also discuss spincoating and flowcoating, the two film casting

techniques used in this work.

2.1 Gel Permeation Chromatography (GPC)

One of the most important characteristics of a polymer is its molecular weight
distribution or dispersity. In fact, the molecular weight of the polymer will dictate virtually
every important characteristic of the final material, especially how it behaves in thin films.
Namely, molecular weight affects casting solution viscosity, diffusion, crystal growth rate,

film stability, annealing kinetics, degradation rate, and phase separation behavior, to name
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a few. Therefore, measuring and reporting the molecular weight of every synthesized
polymer is vital. One of the favored techniques for characterizing the molecular weight of
polymers is gel permeation chromatography (GPC), part of the characterization techniques
that falls under the umbrella of size exclusion chromatography (SEC)*2 8% In a typical
GPC setup, there is a collection of columns in series filled with beads of a porous gel with
varying pore geometry. The polymer sample, dissolved in a carrier solvent (typically
tetrahydrofuran or toluene for hydrophobic polymers), is injected into the columns. The
dispersity in the molecular weight of the individual polymer molecules leads to a range of
hydrodynamic radii in solution. The porous gel beads are able to trap and slow down
material with smaller hydrodynamic radii®®®!. Therefore, the higher the hydrodynamic
radius (and therefore molecular weight), the quicker it will complete the path through and
out of the column(s). Once the molecule leaves the column, their concentration can be
measured via several techniques, typically through a refractive index detector (as was used

in these studies) (see Figure 2.1) or via other techniques such as UV absorption.
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Figure 2.1. GPC chromatogram showing the elution times of linear and cyclic
polycaprolactone using a refractive index detector. “a.u.” is the absorbance intensity
measured by the detector and te is the elution time. Here, cyclic PCL exhibits a longer

elution time due to the smaller hydrodynamic radius caused by the collapsed ring structure.
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By measuring the differential refractive index of the polymer solution leaving the column
and comparing it to the refractive index of the pure solvent, we can determine a
concentration distribution which is directly related to the molecular weight of the polymer
in the solution. This observed concentration distribution is compared to a set of
monodisperse polystyrene standards that are also run through the columns. For many
polymer systems, there are calibration equations relating the elution times of the polymer
with the unknown dispersity with that of the polystyrene standards. Furthermore, in
studying the concentration distribution, if we find that the concentration distribution is
broad, it is indicative that there is a broad distribution of molecular weights in the sample
tested®. Additionally, the ability to detect differences in hydrodynamic radius also
provides us a tool to confirm the synthesis of non-linear architectures such as cyclic
polymers (as shown above). For example, cyclizing a polymer will significantly decrease
its hydrodynamic radius, which can be detected using GPC. Since the goal is to synthesize

polymers with the lowest dispersity possible, the narrowest distribution possible is ideal.

2.2 Matrix Assisted Laser Desorption/lonization (MALDI-TOF)

One of the pitfalls of GPC is its reliance on the porous crosslinked polystyrene gel
or surface treated silica gel as a packing material, as well as the use of polystyrene standards
to compare elution times of the polymer studied. Because the hydrodynamic phenomena
exhibited by every polymer is unique, this creates a non-negligible amount of error in the
reported molecular weight. To combat this, polymer scientists and engineers have studied
and developed the use of mass spectroscopy for measuring the molecular weight of

polymers and other macromolecules. Specifically, the discovery and commercialization of
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matrix-assisted laser desorption/ionization — time of flight (MALDI-TOF) has enhanced
the ability to measure molecular weight in low to mid-molecular weight materials (<50

kDa)*%". A diagram of the general operation of MALDI-TOF is shown in Figure 2.2:
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Figure 2.2. Diagram showing the basic operation of MALDI-TOF. A high-power laser is
directed onto the matrix containing the polymer and ion. This laser treatment causes the
mixture to ablate, generating free-floating polymer in the gas phase that is then directed to
the time-of-flight detector due to differential charge along the path to the detector. Based
on the mass to charge ratio (and therefore the molecular weight), the species will reach the
detector at different time points. Reproduced with permission from Singhal N, Kumar M,
Kanaujia PK and Virdi JS (2015) MALDI-TOF mass spectrometry: an emerging

technology for microbial identification and diagnosis. Front. Microbiol. 6:791%

Polymer sample is mixed in very dilute conditions with a metal ion in a low molar mass
crystalline material (the matrix). When this solid mixture is exposed to short pulses of a
high energy laser in vacuum, the matrix ablates, and the polymer enters the vapor phase.
Concurrently, the polymer complexes with the metal ions that were part of the matrix. The

path length between the matrix and the detector contains an ion accelerator and a system
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for modulating electric and magnetic fields. Because the extent of ionic charge is directly
related to the number of molecules available for ionization, different molecular weights
will have different mass-to-charge ratios, and when under constant magnetic/electric fields,
the polymer molecules will move through the flight path at different velocities, and
therefore encounter the detector at different time points. Thus, the molecular weight
distribution of a polymer sample can be detected. However, because MALDI operates
behind the principle of mass-to-charge ratios, it offers exceptional resolution in terms of
molar masses. Therefore, not only can MALDI-TOF offer molecular weight and dispersity
information, but it can resolve repeat unit molar masses and confirmation of end group

modification due to unique molar masses of these chemical functionalities.

2.3 Differential Scanning Calorimetry (DSC)

Similar in importance to the molecular weight of the polymer are the thermal
transitions the polymer exhibits. For amorphous polymers, the key thermal transition is the
glass transition temperature (Tq). The glass transition temperature is the temperature at
which polymer goes from a “glassy” or thermally trapped state where motion is minimized
to a “rubbery” state where segmental motion is greatly enhanced. This is the point at which
thermal annealing can occur as is used in block copolymer thin film work. For semi-
crystalline polymers, the more pertinent thermal transitions are usually the crystalline
melting point (Tm) and equilibrium crystallization temperature (T¢,0). The melting point is
the temperature at which the crystalline domains melt, and the entire system becomes
amorphous. Correspondingly, the equilibrium crystallization temperature (Tco) is the

temperature at which the chains overcome thermal motion and begin to form locked-in
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ordered domains during the temperature ramp. These values have been shown to be
dependent on the heating or cooling rate®®. Of course, as is observed in isothermal
crystallization experiments, the system can crystallize at any isothermal crystallization
temperature (Tc) below the melting point given sufficient time.

The preferred method for measuring these thermal transitions is differential
scanning calorimetry (DSC)*% 1% This technique works by measuring the heat flow
required to maintain the sample at a predetermined temperature ramp, either up or down
and comparing it to a reference sample (typically an empty sample pan). When the system
reaches a thermal transition, the material requires a greater heat flow in or out to maintain
the temperature, which is different than that of the reference cell. Thus, the thermal

transitions can be easily measured and reported.

.
I T M
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Temperature [°C]

Figure 2.3. Sample DSC data showing the three main thermal transitions determined by
DSC when a semi-crystalline polymer is first rapidly cooled to below its Ty from the melt
and then heated (temperature increased from left to right); one method for determining
thermal transitions in semi-crystalline polymers via DSC: glass transition (Tg),

crystallization temperature (Tc), and melting temperature (Tm). Reproduced from a DSC
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operation manual, “Investigation of Polymers with Differential Scanning Calorimetry.”

Humboldt Universitat Zu Berlin

As shown in Figure 2.3, the data generated by a DSC experiment can be interpreted by
studying the heat flow in our out and the characteristic transitions at the glass transition
(Tg), crystallization (T¢), and melting (Tm) temperatures, because each one has a well-
defined increase or decrease in the amount of heat flow needed to keep the polymer at the
same temperature ramp as the sample cell. For semi-crystalline polymers, DSC has also
been used to determine enthalpies of melting, crystallization kinetics, and degree of
crystallinity?? 27 47 101-102 " however the methods for those analyses are not applicable to
thin and ultrathin films. This is because DSC study requires milligrams of material, and in

any case, would require complete removal of the polymer from the substrate.

2.4 Spectral Reflectance

Any studies which aim to describe the effect of thin film confinement on any
polymer phenomena are dependent on a very precise technique for measuring the film
thickness. Generally, this is accomplished via a few techniques, ranging from generating a
hole in the film and measuring its depth using atomic force microscopy (the so called
“scratch test”) to X-ray reflectivity (XRR) as part of small angle X-ray scattering
experiments. Less destructive techniques rely on the refractive index and reflectivity of
light, which is material-dependent. Such is the basis behind techniques such as
ellipsometry'®-197 and spectral reflectance!®1%°, Based on the refractive index and

reflectivity of the substrate, reflected light can be measured and compared to an optical
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model to determine a very precise film thickness. Because it was the most widely used film
thickness measurement technique used in this thesis, the discussion will focus on the
background of spectral reflectance.

Spectral reflectance is a method used to measure the film thickness of both
polymeric and non-polymeric materials ranging from a few nanometers all the way up to
tens of microns. Unlike ellipsometry, where the reflectance of light is measured at a pre-
determined low incident angle, spectral reflectance measures the intensity of reflected light
normal to the substrate. With knowledge of the substrate material and refractive index of
the material(s) present in the film, spectral reflectance can resolve film thicknesses accurate
to 1 nm or +/- 0.2%, whichever is greater. Additionally, the ability to use light ranging
from 200 nm to 1100 nm paired with measurement times in the millisecond range allows
users a relatively non-destructive technique depending on the UV-sensitivity of the
material. Spectral reflectance can also be used to measure the wavelength dependence of
refractive index (nD) and the extinction coefficient (k). It has been used in countless studies
to very precisely measure film thicknesses in a wide variety of materials, and in Chapter 4,
a method is discussed using spectral reflectance to measure thermal transitions in
crystalline polymer thin films.

The concept of spectral reflectance and how it is used to measure film thickness is
relatively simple. Light is reflected at some magnitude whenever it crosses the boundary
between two materials. In a typical experiment, reflection intensity of a polymer thin film

sample is measured as a function of wavelength (see Figure 2.4).
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Figure 2.4. Reflectance intensity vs. Wavelength for 491 nm 45 kDa PCL studied via
spectral reflectance. The blue and red curves represent the measured and calculated spectra,

respectively.

The magnitude of the reflection is directly related to the optical constants n and k, and the

film thickness:
R =~ A+ Bcos (i—nnd>
Equation 2.1
where A and B are constants that include k, d is the thickness of the film, n is the refractive
index, and A is the wavelength of light. Since the user typically knows what material they
are measuring the film thickness of, the only unknown is the intensity of reflected light. It
IS important to note that n and k show some wavelength dependence (for k, only if the

material is absorbing; k # 0). However, since the measured spectral reflectance is taken at

multiple wavelengths, the n and k can be resolved as a function of wavelength as well.
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2.5 Optical Microscopy/Polarized Light Optical Microscopy (OM/PLOM)

Optical microscopy is one of the key techniques used to observe the surface
structure and morphology of various materials, both polymeric and non-polymeric. This
technique allows for magnification of surface features between 2.5x and 100x, which is
adequate to study the micron-sized spherulites in thin polymer films. Because the films
described in this study are confined to silicon wafers, reflection mode is used since the
substrate does not allow the transmission of light. Therefore, reflection allows the study of
the topography of the surface of polymer films, and since thin polymer films are semi-
transparent, offer the ability to probe somewhat beyond the surface and into the film.
Optical microscopy is also used to study the existence of defects in polymer films due to
impurities on the substrate surface or in the polymer/polymer solution. Overall, optical
microscopy is an excellent technique for studying the global morphology of thin polymer
films.

Additionally, optical microscopy can be modified with the use of several in-line
polarization filters, which is referred to as polarized light optical microscopy (PLOM).
This technique uses the normal microscope reflection mode setup, however adds two
additional polarizing filters: a polarizer situated after the condenser and analyzer situated
after the objective lens. This filter allows only light that is polarized in a specific plane to
enter the lens. Thus, it blocks light polarized in the other planes. If an amorphous sample
is studied, i.e. one that is unable to shift the polarization plane of light entering and
returning, no features can be observed. However, for a semi-crystalline sample with
anisotropic crystals that exhibit birefringence, the reflected light can be rotated in such a

way that it is in the correct plane to pass through the polarizer and analyzer*®, Most
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importantly, polarized light optical microscopy allows us to verify the existence of
spherulitic crystalline macrostructures. This is because spherulitic crystals in polymer thin

films exhibit a characteristic Maltese Cross extinction pattern (see Figure 2.5) when

observed by cross polarizers?*:%3 %,

Figure 2.5. 550 nm 12 kDa linear PCL studied via polarized light optical microscopy
(PLOM). This film exhibits Maltese Cross extinction patterns, indicative of well-formed

2-dimensional spherulites. Scale bar equals 200 um.

The ability to quantify the global morphology of a polymer thin film and the
existence of spherulites is a powerful one. Optical and polarized light microscopy can also
be used in in situ studies of crystal growth. By affixing a well-controlled heating stage to
the microscope, microscopy can be used to observe melting and crystallization, and

quantify crystal growth Kkinetics.
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2.6 Atomic Force Microscopy (AFM)

As described above, for films in the hundreds of nanometers to tens of microns on
reflective surfaces such as silicon, there is enough material in the film such that
morphology can be studied optically. However, as the film thickness goes below
approximately 50 nm, there is a negligible optical contrast due to the small amount of
material present in the film. In film thickness regimes below this critical value, typically
termed “ultra-thin” films, AFM is the favored technique due to its ability to resolve surface
morphology in films as thin as polymer brushes (tens of angstroms)®: # 11, 13-14,20, 33, 110-113
Generally, AFM operates by the interaction between the material surface with a tip that is
rapidly scanning back and forth across the surface. A red laser is focused onto the apex of
the tip which is calibrated to reflect into a photodetector. As the tip scans across the surface,
its movement is tracked via the movement of this laser reflection in the photodetector, thus
creating an “image” of the substrate. The fundamentals of how the tip interacts with the
surface can be chosen and dictates the scanning mode, the most commonly used being
contact mode, tapping mode, and PeakForce tapping mode (pioneered by Bruker).

Contact mode, typically reserved for more mechanically robust materials like
metals, works via the tip remaining in close contact with the surface and therefore directly
tracking the materials surface features. This method is not commonly used for polymeric
materials due to the likelihood of damage to the polymer surface.

In TappingMode, the tip is driven by a piezo element in the AFM unit at or near its
resonance frequency. “Tapping” refers to the fact that this mode requires only intermittent
interactions between the tip and the surface. As the tip gets closer to the surface, the

amplitude of the cantilever oscillations decreases, which can be measured by the AFM
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software. Thus, the feedback control in TappingMode is based on a determined amplitude
set point from which deviations are calculated and corrected for through movement of the
piezo element. This serves two purposes that make TappingMode advantageous: First,
because sample topography will mean that this amplitude will change at different points in
the up-and-down motion, TappingMode is able to precisely record sample topography and
surface features. Second, different materials will affect the tip oscillation to different
degrees. In the case of phase separated polymer blends or nanostructured block
copolymers, this allows AFM to resolve different domains based on mechanical properties
which helps resolve the phase-separated morphology.

In PeakForce Tapping, the probe similarly encounters the surface only
intermittently in a “tapping” fashion. However, in PeakForce Tapping, the tip is not
oscillating at its resonance frequency as in TappingMode. This minimizes the effect of a
resonating system. Additionally, the system can resolve a force curve at every interaction
point. This is because the tip, it its up and down motion, goes through several distinct events

(see Figure 2.6).
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Figure 2.6. Basic operation of PeakForce Tapping showing the generation of force curves
and the steps (A-E) of tip interaction with the sample surface during operation. From
Bruker Application Notes: “Introduction to Bruker’s ScanAsyst and PeakForce Tapping

AFM Technology” by Stefan B. Kaemmer.

First, as the tip approaches the surface (A), it will feel the attraction due to the long-
range Van der Waals forces. This will cause the tip to “snap on” to the surface (B). Force
will then be applied and either the sample or the tip will deform (C), thus reaching the
“peak force” in that spot. Upon retraction, the tip will again feel the adhesion force between
the surface and the oscillating tip (D). Finally, the tip retracts from the surface and is free
to complete another oscillation (E). Here, feedback control is instead based on the peak
force set point and deviations from this setpoint are mapped as differences in height,
mechanical, adhesion, etc. This mode carries with it several benefits. Like TappingMode,

it can very precisely measure the topography of the surface, down to atomic level
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resolution. Because of the intermittent nature of the interaction, sample damage is
exceptionally minimized. Finally, when operated in PeakForce Quantitative
Nanomechanical Mapping (QNM) mode, the program algorithm can use the force curves
generated during contact along with a calibrated probe to not only resolve differences in
the mechanical properties of one or more components, but it can quantify the mechanical
properties, such as modulus, extent of deformation, and adhesion force. Thus, PeakForce
Tapping and PeakForce QNM offer researchers studying thin film materials the best
resource to fully characterize the surface morphology and other characteristics of their

films.

2.7 Grazing-Incidence Wide Angle X-Ray Scattering (GIWAXS)

The aforementioned techniques excel at studying the morphology of the films on a
local (nm to um) and global (um to mm) scale, especially structure at the free surface of
the film. These methods, however, do a poor job of probing the molecular-level structure
and overall crystal organization of the film. For these studies, we require a technique that
can probe both deep into the film, and measure features at a size scale in the angstrom
range. To this end, researchers have developed and used wide angle X-ray scattering
(WAXS) to study the crystal structure and orientation of crystalline materials, both
polymeric and non-polymerict® 442 114 By studying the scattering of coherent X-rays,
users can resolve very important crystal characteristics, namely the orientation and
dimensions of the material crystal faces. However, WAXS is used for bulk materials such
as powder samples or thick, free standing films3®. WAXS cannot be used for substrate

supported thin films due to the impermeability of the silicon substrate and smaller amounts
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of material present in these thin films. Thus, grazing incidence wide-angle X-ray scattering

was developed (see Figure 2.7).
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Figure 2.7. Diagram showing the basic operation of grazing incidence wide-angle X-ray
scattering. Coherent X-rays enter the surface of the film at an incident angle aand are
scattered into the two-dimensional detector. Reproduced with permission from Ashraf, A.,
D. M. N. M. Dissanayake, and M. D. Eisaman. "The effect of confinement on the
crystalline microstructure of polymer: fullerene bulk heterojunctions.” Physical Chemistry

Chemical Physics 17.36 (2015): 23326-2333111

Here, the scattering of X-rays is measured at very low incident angles. By tuning to the
correct incident angle such that the X-rays permeate far enough into the film, the crystal
structure and orientation in thin films can be resolved. This is done by studying the
scattered intensity captured by the two-dimensional detector. If there are no crystalline
domains in the film, there will be effectively no discernible scattering patterns except for

an “amorphous halo” that is seen in completely amorphous materials. However, if
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crystallization is present, this will manifest itself as scattering spots or more commonly,

scattering bands (see Figure 2.8).
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Figure 2.8. Two-dimensional scattered X-ray intensity from a 500 nm 45 kDa PCL film
studied at the Advanced Photon Source (APS) at Argonne National Laboratory. This gz vs
qy representation of scattered intensity exhibits the anisotropy of crystals in different planes

of the film, as well as the unit cell spacing.

Most often seen in thicker films, these scattering bands are indicative of the range of
orientations of the crystalline lamellae due to their radial distribution in the spherulites that
comprise the material (see Chapter 1). In materials with a single or perfect orientation
(more commonly seen in small molecules) the bands would instead be discrete scattering
spots. The location of these bands in g are characteristic to the polymer and are directly
related to the different crystal indices and unit cell dimensions. Furthermore, the relative

intensity of these bands is indicative of the ratio of crystal indices as well as the orientations
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of the crystal groups in the planes of the film. Thus, GIWAXS offers a multitude of
information regarding the crystal structure and orientation in thin and ultrathin films.

One of the main shortcomings of the grazing incidence technique is its inability to
calculate an exact degree of crystallinity due to the lack of a full 360-degree scattering
pattern. However, we are still able to calculate a qualitative degree of crystallinity. This is
done by integration of the two-dimensional scattering data to generate a one-dimensional
intensity vs. g plot of the entire scattering data. This plot can then be used to fit the
individual crystalline and amorphous peaks that comprise the scattering data. The degree

of crystallinity is then the ratio of the crystalline peak area to the entire peak area.

2.8 Spincoating

Spincoating is one of the most widely-used film casting techniques due to the
commercial availability of spincoating systems and their ease of use!!: 20-21 32-33, 105, 111,
Spincoating has been used for decades in academic and industrial research areas ranging
from polymer thin film study to nano-templating and photolithography. As the name
implies, spincoating is the process of casting a thin film via a circular, spinning motion of
the substrate’'®18, After a liquid is deposited onto the substrate surface, the spinning
motion of the substrate generates centrifugal force that thins the liquid, both through the

centrifugal force acting on the liquid, as well as the through a fraction of the liquid leaving

the substrate altogether (see Figure 2.9).
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Figure 2.9. Concurrent events during the spincoating process that cause the film to thin
and dry. Reproduced with permission from Norrman, K., A. Ghanbari-Siahkali, and N. B.
Larsen. "6 Studies of spin-coated polymer films." Annual Reports Section” C"(Physical

Chemistry) 101 (2005): 174-20118

In most polymer thin film studies, this liquid is an organic solution of polymer dissolved
in some chosen solvent. Thus, this thinning will be combined with and followed by the
evaporation of the solvent and formation of a solid polymer layer. Following from the
above, there are a few main variables that dictate the spincoating process.

The motion of the substrate can be broken down into three factors: the rotation
speed [rpm], rotational acceleration to that constant rotation speed [rpm/s], and the amount
of time that the substrate is rotated in total [s]. Obviously, the film thickness is going to be
inversely proportional to the rotation speed, as a higher rotation speed generates more
centrifugal force, and therefore a greater extent of thinning. This speed is the most

important and most easily tunable variable in the spincoating process. The acceleration
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dictates how quickly the substrate goes from immobile to the chosen final rotation speed.
Generally, the acceleration is set such that the film reaches its final rotation speed in 5-10
seconds. Tuning this value is mostly dependent on the viscosity of the solution, i.e. a more
viscous solution should be accelerated more quickly than a less viscous one, so as to
minimize initial non-uniformities that are more likely to occur with a viscous solution that
has more resistance to thinning. If these non-uniformities are not resolved early in the
spincoating process, and the solvent has a sufficiently high vapor pressure, these non-
uniformities can be locked-in to the final film structure. Finally, the amount of time that
the substrate is rotated should be dictated solely by the vapor pressure of the solvent so as
to ensure a solid final film. In other words, the amount of time the substrate is rotated

should be sufficiently long such that it has no effect on the final film thickness.

2.9 Flowcoating

Flowcoating is a relatively new film coating technique that has gained traction in
the last decade?™ 19123, |n a typical flowcoating system, a coating blade, usually a glass
slide, is positioned at a predetermined angle (o) above a mobile substrate stage. The gap
height of the blade (G) (the distance between the coating blade and the substrate) is usually
held at 200 microns. Because of this small gap height, a polymer solution deposited
between the blade and substrate wicks and is confined between the two surfaces. When the
substrate is then moved, capillary and friction forces leave a layer of polymer solution that

subsequently dries into a uniform polymer thin film (see Figure 2.10).
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Figure 2.10. Cartoon showing the basic setup and variables involved in the flowcoating of
thin polymer films. Reproduced with permission from Stafford, Christopher M., et al.
"Generating thickness gradients of thin polymer films via flow coating." Review of

scientific instruments 77.2 (2006): 0239082,

The most important factor in this coating process is the speed at which the stage moves. It
is the instantaneous velocity of the substrate that dictates the thickness of the wet film
coated (H), and therefore the thickness of the final dry film (h). Thus, moving the stage at
a constant velocity will generate a uniform film of a constant thickness. This factor also
leads to one of the well-known of benefits of flowcoating over spincoating: the ability to
create gradient thickness films by moving the substrate with a constant acceleration instead
of a constant velocity. Thus, flowcoating adds another powerful tool to generate uniform
or gradient thickness films which, in the case of the gradient thickness films, allows for

high-throughput studies on the effect of film thickness driven confinement.
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Chapter 3
ULTRATHIN FILM CRYSTALLIZATION OF POLY (e-
CAPROLACTONE) IN BLENDS CONTAINING STYRENE-
ISOPRENE BLOCK COPOLYMERS: THE NANO-ROSE

MORPHOLOGY

We report the discovery of a new nanostructured morphology in ultrathin blend films of
semi-crystalline poly(e-caprolactone) (PCL) and various styrene-isoprene block
copolymers. The nano-rose morphology is visualized by atomic force microscopy as a
monolayer of approximately 500 nm diameter crystalline spirals. Our finding that the nano-
rose morphology occurs in a narrow film thickness window commensurate with the
crystalline lamellar thickness suggests that this distinctive morphology results from
redirection of growing PCL crystalline lamellae due to confinement effects during film
casting. The nano-rose morphology was located in blends with several block copolymers
of various architecture but was absent in blends with the individual homopolymer
components. PCL molecular weight did not affect nano-rose size or film thickness window.
However, solvent choice was an important factor, with nano-rose formation favored in non-
polar and weakly polar solvents. This work supports theories that unbalanced surface

stresses and impurity exclusion cause polymer crystals to grow unconventionally.
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This chapter is based on published work: Kelly, Giovanni M., and Julie NL Albert.
"Ultrathin film crystallization of poly (e-caprolactone) in blends containing styrene-

isoprene block copolymers: The nano-rose morphology." Polymer 117 (2017): 295-305.

3.1 Introduction

A “polymer blend” refers to any system where two (or more) unique polymers are
mixed together. Blends can be comprised of semi-crystalline, amorphous, copolymers, or
any combination of these different polymer types. What is most important about these
systems is the immiscibility of the two polymers. The thermodynamics of mixing can be

described rather simply:

AG,, = AH,, — TAS,,
(Equation 3.1)
Where AGm, AHm, and ASw are the free energy, enthalpy, and entropy of mixing,
respectively. In some cases, due to chemistry and other factors, and if the free energy of
mixing (AGm) is negative, the polymers are called miscible with each other. In this case,
the polymer blend exhibits a single phase and a combination of the characteristics of the
components (such as combined thermal transitions). More often though, the two
components in the polymer blend are immiscible (AGn is positive), that is that they undergo
phase separation from each other. This leads to a polymer blend that contains independent,
phase separated domains of the polymer components.
Similar to the treatment done with polymer-solvent systems, Flory-Huggins theory

can be applied to polymer blends to describe their thermodynamic behavior. Instead of
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having a polymer-solvent lattice system, both polymer chains can be considered on the
same lattice. Thus, a polymer molecule can either interact with itself, or a molecule of the
other component of the polymer blend.

Polymer blending has benefitted society for many years, allowing the advantageous
properties of multiple materials to be combined into a single product. Much work has been
done on the theoretical and experimental aspects of miscibility and phase separation in
polymer blends and the synergistic benefits of polymer blending for a wide variety of
consumer applications. In thin films, research has focused on specialty coatings and the
effect of substrate and free surface interfaces and film thickness on polymer blend and
block copolymer phase behavior 2% 30124127 - These variables may lead to thin film phase
behavior that differs significantly from the bulk. Additional factors like crystallization,
chain architecture, and copolymer sequence may complicate phase behavior but offer
opportunities for tuning material properties and discovering new morphologies.

Polymer crystallization is especially interesting since the kinetics of crystal growth
often lead to unique morphological phenomena. Within this field, several studies have
documented unconventional crystal growth in single-component polymer systems 10 53 55
128129 For example, Keith and Padden observed that polyethylene crystals can undergo
non-uniform lamellar twisting in spherulites, creating s- and c-shaped crystals and banded
spherulites 52 13131 n these studies, the authors found that polyethylene crystals grown
from the melt experience asymmetric surface stresses exacerbated by chain tilt in the
growing half-lamellae that make up the full crystal. These studies led to what is known as
Keith and Padden theory °> 130132 which states that lamellar twisting arises from half

lamellae curving in opposite directions whereas s- and c- shaped crystals result from half
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lamellae curving in the same direction. Kikkawa et al. studied melt-grown poly(L-lactide)
(PLLA) in 70 nm and 300 nm films and observed s-shaped crystals in the former and s-
and c-shaped crystals in the latter via atomic force microscopy (AFM) 2%, They reasoned
that the origin of curved lamellae was either inclination of molecular chains inside the
crystal as it grew or chain shift along the crystallographic c-axis that exacerbated screw
dislocations during crystal growth, but that this effect was not a consequence of the film
thickness. Mareau and Prud’homme observed that 6 nm poly(e-caprolactone) (PCL) films
isothermally crystallized at 30 °C for 20 hours showed c-shaped crystal growth °, The
authors connected their results to Keith and Padden theory, attributing c-shaped crystal
growth to curvature in half PCL lamellae during growth from the melt. Additionally, the
studies by Kikkawa et al. 1?° and Mareau and Prud’homme ° as well as results from Vancso
et al. * show that the forces applied during in situ AFM measurement can alter the
dynamics and direction of crystal growth. Another cause of non-linear crystal growth
observed by Bassett and coworkers 133135 and modeled by Schultz ¢ is the presence of
“impurities” in the form of non-crystallizable material. In polyethylene systems, the
growing polymer crystal reorients itself to avoid a high concentration of non-crystallizable
material, which would serve as an impediment to crystal growth. In the work by Bassett
and coworkers, the growing crystalline lamellae avoided impurities by branching or
nucleating crystals with slightly altered directions 4%, In contrast, Schultz’s model
predicted lamellar twisting due to the impurity effect, and these model results were
consistent with other experimental data *°. An indispensable and exhaustive review of the
causes and observations of lamellar twisting and other unconventional crystal growth

phenomena was written by Lotz and Cheng **2. Analyzing and describing the origin of
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lamellar twisting and non-linear crystal growth remains challenging due to difficulties in
observing crystal growth at the molecular level. To the best of our knowledge, there is still
no widely accepted cause for these growth phenomena, but they are instead thought to be
a complex interplay of surface stresses, crystal structure, chirality, non-crystallizable
impurities, and crystal growth characteristics 1.

Herein we report the discovery of a new semi-crystalline polymer morphology,
which we refer to as the “nano-rose” morphology for its resemblance to a bouquet of roses.
This morphology occurs in thin film blends of poly(caprolactone) (PCL) with various block
copolymers containing polystyrene and polyisoprene (SIS) (Figure 3.1). The nano-rose
morphology contains features that curl outward and upward in a regular manner, creating
a relatively monodisperse collection of 500 nm diameter spirals. Correlation length

analysis of Figure 3.1 using the program GTFiber 1%

provided additional verification of
the nano-rose diameter (see Appendix A, Figure Al). Selectively removing the SIS
component by washing the films with cyclohexane showed no change in the morphology
(see Appendix A, Figures A2 and A3). Therefore, we attribute nano-rose formation to PCL
crystallization after film casting. Line cuts across the nano-rose features of the washed
sample showed that the lamellar spirals have a height of 7.65 + 0.31 nm, which is close to
the lamellar thickness of PCL %27, We find the nano-rose morphology remarkable not only

for its novelty, but also for its potential to add to our understanding of crystallization in

thin films.
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Height Sensor 1.0 ym
Figure 3.1. AFM height image of 12 nm thick blend film of 45 kDa PCL and SIS vector
4293A containing 50 wt % SIS, spin coated from toluene. This film exhibits the “nano-

rose” morphology.

Ours is the first blend system that we know of to exhibit this form of crystal growth,
and it does so in the ultrathin film regime commensurate with the crystalline lamellar
thickness of PCL. Compared to prior studies, we have a two-component blend instead of a
single component system, we observe extensive lamellar spiraling rather than twisting or
scrolling, and we find that curved crystals form during film casting as opposed to
recrystallization from the melt state. The PCL/SIS system forms features with more regular
and much smaller radii than previously reported curved morphologies 3% 137-138 and
because the films are fully crystallized prior to imaging by AFM, the morphology cannot
be attributed to shear forces imparted on the sample during AFM. In the current study, we
focus on identifying the crystallization environment that gives rise to deviating lamellar
growth directions. Specifically, we investigated the dependence of the nano-rose

morphology on film thickness, block copolymer architecture, blend ratio, substrate surface
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energy/chemistry, PCL molecular weight, and casting solvent. Our results show that
confinement effects may give rise to unbalanced surface stresses that form the foundation

for curving of lamellar crystals.

3.2 Experimental Section

Materials. Three commercially available hydroxyl-terminated linear poly(e-
caprolactones) (Sigma Aldrich, M, = 10 kDa, B = 1.4; Mn = 45 kDa, B = 1.5; M, = 80
kDa, B = <2) were used as received. Three block copolymers containing polystyrene and
polyisoprene blocks (collectively referred to as “SI1S”) of various architectures were kindly
supplied by TSRC Dexco, and also used as received. Vector 4211A is a linear SIS triblock;
vector 4215A is a linear SIS triblock/SI diblock blend; and vector 4293A is a 4-arm star/SlI
diblock blend in which the arms of the star contain polyisoprene midblocks (core) and
polystyrene endblocks. All three SIS species have a 30 wt % polystyrene fraction and a
molecular weight slightly above 100 kDa. Comparable linear SI diblocks were purchased
from Polymer Source (P2208-Sip, M, = 117 kDa, b = 1.07; P3868-Sip, Mn =47 kDa, b =
1.08). Polystyrene and poly(cis-isoprene) homopolymers (Myw = 20 kDa and 35 kDa,
respectively) were purchased from Sigma Aldrich and used as received.
Benzyldimethylchlorosilane (benzyl silane) was purchased from Gelest, Inc. and used as
received.

Film Preparation. All ultra-thin films were cast via spin coating or flow coating.
Briefly, spin coating is a method of film casting where the rotation of the substrate is used
to thin and dry a deposited polymer solution. Flow coating uses the capillary forces of the
polymer solution entrenched between the substrate and a coating blade paired with drag

forces induced by a moving substrate to coat a thin polymer film 1121 While both film
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casting methods are excellent for creating polymer films at a discrete film thickness, flow
coating is beneficial for creating gradient thickness films to facilitate high throughput
studies on thin film confinement effects & 122-123.139-143 ' gpin coated films were cast using
0.5 wt % solutions at speeds of 10,000 RPM and an acceleration of 2,500 RPM/s. Flow
coated films were cast using 1 wt % solutions at a stage velocity of 10 mm/s and
acceleration of 1.67 mm/s?. For substrate modifications prior to film casting, benzyl silane
was pipetted directly onto clean, UV-ozone treated silicon wafers and left to react for 2
hours to form a monolayer. Excess silane was rinsed off with toluene, and the sample was
blown dry with nitrogen.

Characterization. Film thicknesses were quantified by spectral reflectance over a
wavelength range of 400 nm to 1100 nm (Filmetrics F20). Spin coated samples were
characterized by taking the average of five film thickness measurements from different
spots on the sample. Gradients were characterized by taking the average of five film
thicknesses measurements perpendicular to the flow coating direction. This data was used
to create film thickness [nm] vs. position [mm] maps to assign film thicknesses to images
acquired by AFM (see Appendix A, Figure A4). Static water contact angles in air were
quantified using a Ramé-Hart goniometer to verify successful substrate modification with
benzyl silane.

Thin film morphology was characterized via atomic force microscopy (AFM)
(Bruker Dimension ICON AFM) operating in PeakForce Quantitative Nanomechanical
Mapping (PF-QNM) mode and using ScanAsyst-Air tips (k = 0.4 N/m; resonant frequency
= 70 kHz). All films were fully crystallized prior to AFM characterization except in the

case of the in situ temperature and growth studies. In the in situ temperature study, thin

47



films were placed on a heating stage, and the temperature was increased in 5 °C increments
from 25 °C up to the temperature at which melting or motion was observed. These samples
were allowed time to equilibrate for at least 3 minutes at each temperature before images
were acquired. The in situ growth study was conducted by taking AFM images
immediately after flow coating to capture images of nano-rose growth. To probe the
molecular-level structure of the nano-rose morphology, as-cast thin film samples of pure
PCL and a blend exhibiting the nano-rose morphology were studied via grazing incidence
wide-angle X-ray scattering (GIWAXS). GIWAXS measurements were performed at
beamline 8-ID-E of the Advanced Photon Source at Argonne National Laboratory %2, An
X-ray wavelength of 1 = 1.1417 A (energy 10.86 keV) was used. The sample was
measured under vacuum and the scattering measured for an incident angle 6 = 0.14° and
exposure time of 5 s. To quantify the domain spacing (Lo) of the block copolymers used,
pure block copolymer films (thicknesses ~ 125 nm) were studied via grazing incidence
small-angle X-ray scattering (GISAXS). GISAXS measurements were performed at
beamline 8-1D-E of the Advanced Photon Source at Argonne National Laboratory %2, An
X-ray wavelength of 1= 1.1364 A (energy 10.91 keV) was used. The sample was
measured under vacuum and the scattering measured for an incident angle ¢ = 0.14° and
exposure time of 1 s. The acquired GIWAXS and GISAXS data (as two-dimensional

images) were further treated and analyzed using GIXSGUI software package **4.

3.3 Results and Discussion

Our first discovery of the nano-rose morphology occurred in a blend of 45 kDa PCL

and SIS vector 4293A (4-arm star/Sl diblock blend, TSRC Dexco) containing 50 wt % SIS
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spin coated from toluene solution to produce a film 12 nm in thickness (Figure 3.1). This
morphology presents itself as a monolayer of circular crystalline structures that bears no
resemblance to the thin film morphologies of the individual components. PCL
homopolymer films exhibit crystalline dendrites or dense branches that grow parallel to the
substrate and radially outwards from the nucleation point (see Appendix A, Figure A5).
SIS vector 4293A exhibits a poorly ordered cylinder nanostructure with a domain spacing
of = 30 nm (see Appendix A, Figure A6). Traces of the morphologies associated with
typical polymer-polymer phase separation via nucleation and growth or spinodal
decomposition are also absent. Instead, the growing crystals appear to be impeded by the
block copolymer component causing crystalline lamellae to curl and grow upwards instead
of laterally outwards. The chains curl both clockwise and counterclockwise, and the nano-
roses are relatively monodisperse, with an average diameter of approximately 500 nm. In
the context of polymer crystallization, this narrow feature size distribution and symmetry
of features is intriguing given the polydispersity and anisotropy of crystal grains typically

seen in bulk and in thin films.
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Molecular Structure

Although AFM is the primary technique used to characterize thin and ultrathin film
morphologies, we aimed to better understand the molecular level structure of this
morphology using grazing incidence wide-angle X-ray scattering (GIWAXS). The 2D
spectra as well as the scattering profiles along the gy axis for thin film samples of pure PCL
and the nano-rose morphology are compared in Figure 3.2. Both films exhibit peaks
corresponding to (110) and (200) growth faces at gy-values of 1.5 A and 1.7 A%,
respectively. These growth faces are characteristic to PCL ! and verified that while the
nano-rose morphology exhibits a curling morphology, crystal organization at the molecular
level is unchanged. However, the 2D GIWAXS images indicate a difference in lamellar
orientations between the pure PCL and nano-rose films. While the 2D GIWAXS pattern
from the pure PCL film has distinct diffraction spots that can be interpreted as near-perfect
alignment of lamellae flat-on with respect to the substrate, the banding present in the
pattern from the nano-rose film shows that this film has a broader distribution of lamellar
orientations. Thus, our GIWAXS data analysis supports the idea that confinement effects

in the nano-rose system cause reorientation of the growing crystalline lamellae.
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Figure 3.2. GIWAXS 2D spectra and intensity vs. gy plots for samples of (a) pure PCL and
(b) nano-rose, both exhibiting characteristic crystalline peaks at gy-values of 1.5 A and

1.7 A corresponding to (110) and (200) growth faces, respectively.

To locate each of the two components in the nano-rose morphology, 1 um scan size
AFM images were taken of the nano-rose morphology before and after washing with
cyclohexane to remove the SIS component (Figure 3.3). Comparison of these images
revealed that the majority of the nano-rose spiral consists of crystalline material (PCL),
with some of the amorphous SIS integrated into the rose “petals” but the majority

segregating to the areas in between individual nano-roses. This lateral segregation is
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similar to what was described by Bassett and coworkers, who postulated that impurities
and other non-crystallizable materials would be laterally displaced by growing crystalline
lamellae *3+135, The SIS component within the nano-rose showed no evidence of nanoscale
order, unlike 14 nm thick films of pure SIS, which exhibit a poorly-ordered nanostructure

(see Appendix A, Figure A6).

20.0 nm

Height Sensor 200.0 nm

Figure 3.3. AFM height images of 45 kDa PCL/SIS Vector 4293A blend exhibiting the
nano-rose morphology (a) as cast from toluene and (b) after washing with cyclohexane to

selectively remove the SIS component.
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Melting and Recrystallization

We suspected that the nano-rose morphology was non-equilibrium so we conducted
melting and recrystallization experiments to test this hypothesis. Upon melting a film
exhibiting nano-roses at 75 °C and recrystallizing the film at 25 °C, the nano-roses
completely disappeared (see Appendix A, Figure A7). This result was surprising; we had
expected that at this temperature the SIS component (highest Tg, bui = 100 °C due to the
polystyrene block) would be able to lock in the blend structure and force PCL (Tm, buk= 65
°C) to recrystallize in the form of nano-roses. However, the thermal transition temperatures
of both components are significantly depressed due to the ultrathin film geometry 45-147,
In studying morphology as a function of temperature in nano-rose, pure PCL, and pure SIS
films, we observed that nano-roses began melting at approximately 45 °C. Pure PCL and
pure SIS films exhibited an onset of thermal transition around 55°C (see Appendix A,
Figures A8-A10). These results highlight both the vertical and lateral confinement effects

in this blend.

Effect of Film Thickness on Morphology

Because the nano-rose morphology was discovered in spin coated films, we first
verified that its formation is independent of casting method (compare Figure 3.1 (spin
coated) and Figure 3.4d (flow coated)). This result allowed us to cast gradient thickness
films via flow coating to study the effect of film thickness on the nano-rose morphology.
Gradients were flow coated in the thickness range of 5 nm to 20 nm. At 6 to 7 nm, the

system has a dendritic morphology (Figure 3.4a). Increasing slightly in film thickness
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revealed that the roses first appear at the crystal nucleation points (Figure 3.4b and
Appendix A, Figure Al11) and then increasingly cover the surface until they occur over the
entirety of the film from 9 to 14 nm (Figure 3.4c-3.4d). Increasing film thickness further
causes the roses to fill in, and the morphology evolves into a larger dense branching

structure (Figure 3.4e-3.4f).

20.0 nm

Height Sensor 1.0 ym

Figure 3.4. AFM height images of 45 kDa PCL/SIS vector 4293A blend containing 50 wt
% SIS showing the development and disappearance of the nano-rose morphology as a
function of film thickness: (a) 6 - 7 nm; (b) 7 - 8 nm; (c) 8 - 9 nm; (d) 9 - 14 nm; (e) 14 -

16 nm; and (f) 16 - 18 nm.
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Both the dendritic (6 — 8 nm) and dense branching (16 — 18 nm) morphologies are
associated with lamellae oriented flat-on to the substrate. Unlike the flat-on to edge-on
transition in homopolymer films, the lamellar re-orientation in our blends appears to be

transient and occurs over a thickness range close to the lamellar thickness.

Effect of Block Architecture on Morphology

Prior research by others has shown that block copolymer architecture affects
morphology in asymmetric diblock copolymers, star-branched block copolymers, and
single and double-crystalline block copolymers 2> 148151 Thus, we wanted to understand
whether the star or block architecture of SIS vector 4293A was necessary for the formation
of the nano-rose morphology, or if PCL would crystallize in this form in other polymer
blends as well. TSRC Dexco kindly supplied us with two additional SIS block copolymers
of differing architectures: vector 4211A (linear SIS) and vector 4215A (triblock
SIS/diblock Sl blend). Comparable 118 kDa SI diblock (40k-b-77.5k) (P2208) and 47 kDa
Sl diblock (16.5k-b-30.5k) (P3868) were purchased from Polymer Source. We observed
that blends of PCL with each of the four additional block copolymers exhibited the nano-
rose morphology in a thickness window comparable to that of the original PCL/SIS vector
4293 blend (Figure 3.5a-3.5d). However, the nano-rose morphology did not form in blends
of PCL with polyisoprene (P1) or polystyrene (PS) at 50 wt % PI or PS (Figure 3.5e-3.5f).
The PCL/PI blend exhibited a branching morphology. These branches form an incomplete
layer at low thicknesses (6 - 9 nm) but gradually cover the substrate as film thickness
increases (Figure 3.3d); however, no evidence of curling crystalline features was observed.

The PCL/PS blend exhibited a thick bi-continuous phase separated morphology with PS at
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the free surface and PCL at the substrate, consistent with previous reports 2 124, Thus, the
nano-rose morphology could not be attributed to the polymer architecture (star, diblock,
linear triblock) or molecular weight of the amorphous component, but blending with a
block copolymer rather than another homopolymer was necessary for its formation.
Furthermore, these results show that the nano-rose size as quantified using GTFiber is not
strongly dependent on the block copolymer molecular weight or domain spacing (see
Appendix A, Figure A12; domain spacings from GISAXS: Lo sisa211a = 28.5 nm; Lo sisa215A
= 30.3 nm; Losisa293a = 28.5 nm; Lop22os st = 52.5 nm; Lopssss st = 36.9 nm). The average
nano-rose diameter calculated across all 45 kDa PCL/block copolymer blends is 498.9 +

34.3 nm.

20.0 nm

Height Sensor 1.0 um
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Figure 3.5. AFM height images of approximately 12 nm thick blend films containing 45
kDa PCL and 50 wt % amorphous polymer: (a) SIS vector 4211A; (b) SIS vector 4215A;

(c) P2208 SI diblock; (d) P3868 SI diblock; (e) 35 kDa PI; and (f) 20 kDa PS.

Chemical and physical differences between PS, PI, and SIS may lead to nano-rose
development in blends with block copolymers but not homopolymers. First, PS is glassy
whereas Pl is rubbery at ambient conditions. The styrene-isoprene block copolymers
combine these attributes making them stiffer than Pl due to the PS block(s) and more
pliable than PS due to the PI block. Structural rigidity, or lack thereof, in the non-
crystalline component will dictate how quickly and in what direction crystals can grow *°.
Second, PCL, PS, and PI have surface energies of 43 mJ/m?, 41 mJ/m?, and 32 mJ/m?3 3,
respectively, and the surface energy of SIS is estimated as 33.4 mJ/m? (volume-fraction
weighted average of block components assuming 10% toluene as residual solvent), so the
differences in interfacial interactions between these components and the growing PCL
crystal are non-negligible. Being the lowest surface energy component, Pl or SIS is
expected to segregate to the free surface, while PCL is expected to favor the polar silica
substrate surface. Finally, the mobility of block copolymer chains at different solvent
evaporation conditions may have synergistic effects on PCL crystallization in this blend
system. These factors highlight important differences between homopolymer and block

copolymer blends.

Effect of Blend Composition on Morphology
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Just as the magnitudes of surface interactions between polymer components and
between the polymers and the substrate are principle considerations in morphology
development, the surface area of interaction is equally important. Experimentally, the
interfacial area between blend components is determined by blend composition through its
influence on domain sizes 32 111124148 Tq study and quantify the blend compositions where
nano-rose formation is possible, film thickness gradients of 45 kDa PCL/SIS vector 4293A
blends with compositions ranging from pure PCL (0% SIS) to pure SIS (100% SIS) were
flow coated from toluene. The results for films cast within the original nano-rose film
thickness window are shown in Figure 3.6. Pure PCL at this film thickness exhibits a dense
branching morphology. At 25 wt % SIS, crystal growth parallel to the surface is disrupted
and propagation perpendicular to the substrate is evident from the increased vertical
contrast in the AFM image. From 40 wt % SIS to 45 wt % SIS, the morphologies become
relatively flat again and curls are seen sporadically in the films. The nano-rose morphology
occurs readily at 50 wt % SIS (Figure 3.1) and persists until an SIS fraction of 70 wt %.
Beyond 70 wt %, the crystalline structure transitions to a thick branched morphology that
incompletely covers the surface. At 100% SIS, the block copolymer is phase separated
into a poorly ordered nanostructure. Notably, each of the blend ratio films that exhibits
nano-roses does so in the film thickness range between 8 nm and 14 nm. The complete
morphology characterization by AFM of representative gradient thickness blend ratio films
is provided in the Appendix A, Figures A13-A18. Based on these results, we propose that
a critical SIS content of at least 50 wt % and less than 70 wt % is necessary to cause

curvature in growing PCL crystals.
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The nano-rose blend composition window is centered at a composition slightly
greater than 50% SIS, suggesting that an optimal combination of interfacial interactions
and spatial confinement is needed to create a barrier to PCL crystal growth parallel to the
substrate and cause redirection (curling) and reorientation of growing lamellae. At
sufficiently high SIS fraction, the SIS domains will limit the avenues of supply of PCL
chains to the growth front. The presence of SIS also affects the space and chemical
environment in which the PCL can crystallize. These effects explain why curling occurs
and why the roses are relatively monodisperse. At higher SIS fractions (e.g., 75 wt %), we
believe that partial vertical phase separation of SIS and PCL allows PCL to grow
predominantly outwards and parallel to the substrate without strong enough lateral

confinement to cause the spiraling needed to form the nano-rose morphology.
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Figure 3.6. AFM height images of 45 kDa PCL/SIS vector 4293A blends at 10 - 14 nm

thickness. Inset for 100 wt % SIS shows the presence of block copolymer nanostructure.

Effect of Substrate Modification on Morphology

60



To further support our hypothesis that differential surface stresses are responsible
for the curved nano-rose morphology, we effectively neutralized this imbalance by
modifying the silicon substrate with a benzyl silane monolayer to reduce the substrate

2152 \which

surface energy. A benzyl silane monolayer has a surface energy of 41.3 mJ/m
is much closer in value to the surface energy of SIS (33.4 mJ/m?) >3 as well as toluene
(28.4 mJ/m?) 3 compared to the unmodified silicon substrate (77.4 mJ/m?)1%2. As shown
in Figure 3.7, films cast on substrates modified with the benzyl silane did not exhibit the
nano-rose morphology in the aforementioned film thickness window. We attribute this

result to the removal of imbalanced surface stresses during the growth of crystalline

lamellae.

Figure 3.7. AFM height images of 45 kDa PCL/SIS vector 4293A blends at thicknesses of

(@) 11 nm; and (b) 14 nm cast on substrates modified with benzyl silane.

Effect of PCL Molecular Weight on Morphology

At the nano-rose film thickness of approximately 10 nm, both polymers are subject
to molecular scale confinement. Thus, we hypothesized that by changing the PCL chain
length, we would alter the extent of confinement and possibly change the film thickness at

which the nano-rose morphology occurred, alter the size of the nano-roses, or suppress
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their formation altogether. Since our initial system used 45 kDa PCL, we studied two
additional PCL species: one lower in molecular weight (M, = 10 kDa) and one higher in
molecular weight (Mn = 80 kDa). As shown in Figure 3.8, both 10 kDa PCL and 80 kDa

PCL exhibit the nano-rose morphology.

20.0 nm

A hw Y
Height Sensor m

Figure 3.8. AFM height images of blends of (a) 10 kDa PCL and SIS vector 4211A
containing 50 wt % SIS and (b) 80 kDa PCL and SIS vector 4293A containing 50 wt %

SIS.

Surprisingly, the three systems form roses of indistinguishable diameter,
approximately 500 nm irrespective of molecular weight (see Appendix A, Figure A19).
Accordingly, we conclude that the radius of curvature is independent of the chain length.
Likewise, the nano-rose morphology occurs around 10 nm film thickness irrespective of
molecular weight. This film thickness is commensurate with the typical lamellar thickness
of PCL over a wide range of molecular weights %2’ Therefore, we have evidence that the
confinement effects that give rise to lamellar reorientation and curling seen in the nano-
rose morphology are more closely related to the length scale associated with the lamellar
thickness than macromolecular size. This result is consistent with single-component

systems in which the crystalline lamellae dictate morphological transitions in thin and
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ultra-thin films dependent on free surface and substrate surface energies, degree of

crystallinity, and other factors as a function of film thickness -3+ %,

Effect of Casting Solvent on Morphology

Because the nano-roses form upon casting films from solution, casting solvent is
critical to the morphological behavior of the film. Solvent choice affects solution
characteristics such as viscosity, polymer-solvent interactions, as well as how quickly the
film forms (volatility). In thin film work, one of the most widely used casting solvents is
toluene due to its well-known polymer-solvent interactions, moderate boiling point, and
ability to solubilize many polymers. We chose four additional solvents for comparison:
benzene, which is nonpolar like toluene but more volatile, and three polar solvents: 1,4-

dioxane, chloroform, and tetrahydrofuran (THF).
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Figure 3.9. 45 kDa PCL SIS vector 4293A blend containing 50 wt % SIS cast from (a)
benzene at 12 nm; (b) 1,4-dioxane at 12 nm; (c¢) THF at 14 nm; and (d) chloroform at 14

nm.

We found that the nano-rose morphology appears in films cast from benzene
(Figure 3.9a) and 1,4-dioxane (Figure 3.9b). In both cases, the nano-rose morphology
occurs in the film thickness window of 12 - 14 nm. Surprisingly, the roses formed are still
approximately 500 nm in diameter. Like films cast from toluene, those cast from benzene
exhibit nano-roses everywhere; however, the nano-roses appear slightly less organized and
there is a higher prevalence of film dewetting. Nano-roses in samples cast from 1,4-dioxane
were also approximately 500 nm in diameter but occurred only at the nucleation points of
crystallization, similar to the 7 - 8 nm toluene-cast films. Films cast from chloroform do
not form the nano-rose morphology, but the PCL phase separates into droplets within an
SIS matrix with a diameter = 500 nm, similar to that of the well-formed roses (Figure 3.9c¢).
At film thicknesses around the nano-rose morphology film thickness of 9 - 14 nm, casting
from THF led to a significantly different morphology that appears to be the result of phase
separation by spinodal decomposition with breakthrough crystallization occurring at the
fringes of the SIS domains (Figure 3.9d).

We have shown that films cast from toluene, benzene and 1,4-dioxane form nano-
roses at film thickness around 12 nm. The comparison between toluene and benzene shows
that nano-rose formation is not a strong function of solvent volatility, as the vapor pressures
of these solvents differ by a factor of three at 20 °C (toluene: 2.8 kPa, benzene: 10 kPa)
3, In contrast, solvent polarity appears to have a greater influence on nano-rose formation.

The polar component of the Hansen solubility parameters for benzene, toluene, 1,4-
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dioxane, chloroform, and THF are &, = 0, 1.4, 1.8, 3.1, and 5.7 MPA2, respectively * 3.
We hypothesize that the polarity of the ester group in PCL paired with the polarity of the
solvent causes differences in phase separation for films cast from polar versus non-polar
solvents. Toluene and benzene are essentially non-polar (full nano-rose formation), and
1,4-dioxane (partial nano-rose formation) is significantly less polar than chloroform and

THF (no nano-rose formation).

Proposed Mechanism

Studied independently, our results highlight the cause and effect of a number of
variables on the growth of PCL lamellar crystals in ultrathin films when blended with
styrene-isoprene block copolymers. When the results discussed above are considered as an
ensemble, they begin to illustrate a preliminary mechanism for nano-rose formation. First,
film thickness and blend ratio provide a very specific confinement condition that causes
the growing crystalline lamellae to propagate in a non-linear direction, curling and growing
vertically instead of parallel to the substrate. Second, this phenomenon occurs at a film
thickness commensurate with the thickness of a single lamella and the height of the nano-
rose spirals is commensurate with the lamellar thickness of PCL. These findings coupled
with evidence from GIWAXS that the molecular-level organization of polymer chains is
the same in the nano-rose as in pure PCL films but the crystal orientation distributions are
different between pure PCL and the nano-rose morphology films indicate that we are seeing
a reorientation of the PCL crystalline lamellae as they grow.

AFM images captured immediately after flow coating (approximately 3 minutes)

of blend films containing 45 kDa PCL and SIS vector 4293 with 50 wt % SIS support this
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assessment. While we are unable to expand on precise crystallization kinetics due to the
relatively slow speed of image capture (approximately 45 seconds), the process of
crystallization in this system takes about 30 minutes to reach completion, which allowed
us to collect snapshots of the crystal growth directions. As shown in Figure 3.10, we
observed evidence of an initial curl upward as the growing lamella starts to deviate in
growth direction (Figure 3.10a), formation of the initial nano-rose (Figure 3.10b), and
subsequent nano-rose growth and propagation as new lamellar layers form at the edge of
the nano-rose (Figure 3.10c) and existing lamellae leave one nano-rose, continue curling,

and begin to form new nano-roses (Figure 3.10b-c,d).

Height Sensr 410.0 nm

Figure 3.10. In situ AFM study of nano-roses as they form: (a) initial lamella begins to
curve up due to competing surface stresses; (b) the initial curved lamella grows into a full
nano-rose; (b)-(c) existing lamellae give birth to subsequent lamellae that either continue
curling into the original nano-rose or curve out to spawn new nano-roses; (c) new lamellar
layers form at the edges of existing nano-roses; (d) sustained lamellar curvature continues,

both filling in edges of nano-roses or continuing to crystallize out from the edges of formed
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nano-roses. Arrows show direction of crystal growth. Inset schematics depict dynamics of

a single crystalline lamella; amorphous phase of PCL and SIS not shown.

We propose that the cause of lamellar reorientation in our system is a combination
of two factors: (1) unbalanced surface stresses acting on growing PCL lamellae, and (2)
the SIS component acting as an “impurity” to redirect crystal growth. With respect to
unbalanced surface stresses, we postulate that the PCL lamellae will be trapped by three
interfaces: a high surface energy substrate below (silicon oxide) and low surface energy
amorphous layers above and in plane (SIS and solvent). Surface segregation of SIS is
expected due to its lower surface energy compared to PCL, and blend films tens of
nanometers thicker provide evidence of SIS segregation to the free surface (see Appendix
A, Figure A20); comparison of unwashed and washed nano-rose films (see Appendix A,
Figures A2 and A3) provides evidence for lateral segregation of SIS. Similar to the
phenomena described by Keith and Padden, this arrangement of components in the film
provides a sufficient difference in surface stresses between opposing interfaces of the
lamellae that they turn/curve up (Figure 3.10a). Height sectioning analysis of the AFM
image in Figure 3.10a shows that the initial lamella (grey arrow) has a height of 5.69 *
0.29 nm and as the lamella starts to turn/curve, its thickness increases to 7.77 £ 0.67 nm
(black arrow), which is commensurate with the literature values for the lamellar thickness
of PCL and consistent with the average thickness of the final nano-rose spirals (Figure 3.1).
After the initial lamella has reoriented, it grows laterally within the confinement conditions
imposed by the film thickness and the styrene-isoprene block copolymer, which leads to

lamellar curling (Figure 3.10a-3.10b). These curls continue to propagate with a
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characteristic radius of approximately 250 nm (one half the final 500 nm diameter),
sometimes creating a single multi-curl nano-rose or continuing on to form new, linked
nano-roses (Figure 3.10c-3.10d). Our theory that the nano-rose phenomenon is caused by
an imbalance in surface stresses is supported by our finding that we can effectively turn off
this imbalance by modifying the substrate surface energy. By modifying the substrate with
benzyl silane, we were able to decrease the substrate surface energy from 77.4 mJ/m? to
41.3 mJ/m?. Approximating the surface energy of SIS as 33.4 mJ/m?, this modification
translates to a decrease in the surface stress differential from 44.0 mJ/m? to 7.9 mJ/m?,
However, this imbalance in surface stress is not the only factor that dictates nano-rose
formation. It is important to consider the styrene-isoprene block copolymer not only as a
second component in this system, but also as an impurity to the crystallization of PCL. This
“impurity” plays two roles: First, it provides separation and loose packing to the growing
lamellae; second, the rejection of impurity provides an additional instability to the growing
crystals, as has been shown by Janimak and Bassett in a linear low-density polyethylene
system 1%, As crystals propagate, SIS will build at the growth front of the melt and will be
rejected laterally in the growth direction as the outwardly growing crystal displaces it. This
explanation is consistent with our observation that the amorphous SIS eventually
segregates to the edges of the “rose petals” in the dry film (Figure 3.3). In the film thickness
range of 5 nm to 8 nm, rejection of the SIS impurity and instability in the growing crystal
leads a highly branched dendritic morphology. From 9 nm to 15 nm, the amount of material
in the film remains sufficiently small that exclusion of the SIS impurity results in the
curved, isolated lamellae of the nano-rose (Figure 3.4a-3.4e). At film thicknesses above

this range, there is enough material such that the space between the isolated nano-rose
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lamellae begin to fill in, eventually leading to the larger branched structure (Figure 3.4f).
Altogether, we theorize that the significant imbalance in surface stresses paired with the
rejection of impurity and the instability it provides causes the dramatic curling we see in

the nano-rose morphology.

3.4 Conclusions

In summary, a new polymer blend morphology was discovered in ultrathin films
containing poly(g-caprolactone) and various styrene-isoprene block copolymers. This
“nano-rose” morphology presents itself as a monodisperse collection of spiraling crystals
that are remarkably different from previously observed semi-crystalline polymer
morphologies in bulk or in thin films. We have shown that the nano-rose morphology is
confinement driven (film thickness and blend composition-dependent), is dependent on the
presence of a block copolymer sequence in the non-crystalline component, is reliant on
having a surface energy difference between the substrate and the other blend components,
is independent of the semi-crystalline component molecular weight, and forms only in
films cast from non-polar or minimally-polar solvents. Considering the many theories on
the origin of lamellar scrolling, twisting, and other non-linear crystal growth phenomena,
our results support the ideas that an imbalance in surface stresses causes growing
crystalline lamellae to grow in an unconventional manner and that non-crystallizable
impurities can lead to non-linear crystal growth. The nano-rose features are exceptionally
monodisperse in size and present a large surface area. Thus, the nano-rose morphology
may be useful for applications where the importance of contact area is paramount, such as

biological studies or surface catalysis.
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Chapter 4
THERMAL TRANSITIONS IN SEMI-CRYSTALLINE POLYMER

THIN FILMS STUDIED VIA SPECTRAL REFLECTANCE

Herein we report the finding that spectral reflectance (SR) can be used to identify
thermal transitions in semi-crystalline polymer thin films. By studying film thickness as a
function of temperature, we found that semi-crystalline polymers exhibit characteristic
expansion and contraction profiles during the melting (Tm) and crystallization (T¢)
transitions, respectively. Prior to this discovery, studies on the crystalline Tr, in thin films
have involved more expensive and complex techniques such as atomic force microscopy
(AFM), ellipsometry, and grazing-incidence wide-angle X-ray scattering (GIWAXS). We
correlate Tm and T¢ as measured by SR with differential scanning calorimetry (DSC) in the
bulk and temperature-controlled GIWAXS or AFM in thin films. We show that SR is
accurate for measuring changes in films with thicknesses of 500 nm down to 21 nm and
for detecting melting point depression due to thin film confinement. Thus, we demonstrate
that SR is a powerful tool for measuring thermal transitions in semi-crystalline polymer
films with single-degree resolution. Furthermore, many studies on thin film crystallization
focus on the kinetics observed during isothermal crystallization as well as measuring the
degree of crystallinity. The ability to detect Tm and T beg the question of whether spectral

reflectance can be used to study these additional crystallization characteristics, such as
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isothermal crystallization, growth rates, degree of crystallinity, and other factors. Sections

4.4 and 4.5 discuss some of the experiments conducted thus far to address these questions.

Sections 4.1-4.3 are based on the published work: Kelly, Giovanni M., et al. "Thermal

transitions in semi-crystalline polymer thin films studied via spectral reflectance.” Polymer

(2018).
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4.1 Introduction

Characterization of the physical properties and morphologies of polymers confined
to thin and ultrathin film geometries is an important area of research in polymer science
and engineering 2L 34 126-127, 145, 154-1%5 g6 to the wide applicability of such materials to a
variety of technologies, including lithography 122 127:139. 141,156 ‘\yater purification %718,
fuel cells %°1%° photovoltaics 3 78!, and biological studies 62, The pace of study and
interest in polymer thin films has driven researchers to develop new methods to probe their
many defining physical characteristics. For example, in amorphous polymers, the glass
transition temperature (Tg) dictates the onset of chain mobility, which is an important
physical change that can determine annealing kinetics*%-140 163-164 affect polymer-drug
composite stability!%5-1%7 and govern the ductility of consumer plastics *%8-17°, among other
properties. In substrate-supported thin films, many studies have focused on how the glass
transition is affected by the substrate chemistry. This body of work has shown that
attractive versus repulsive interactions between the substrate and polymer can lead to Ty
elevation or depression, respectively®® 145 171-172 - Semj-crystalline polymers, such as
poly(caprolactone) (PCL), polyethylene, poly(ethylene glycol) (PEG), and poly(lactic
acid) (PLA), have a second characteristic thermal transition, the melting point?” 41146, Most
of these polymers are used at temperatures well above their glass transition where
crystallinity rather than glassiness dictates chain mobility; thus, the melting point (Tm)
rather than Ty determines material stability and applicability for these polymers. In thin
films, much work has been done to understand the effect that blending with both polymeric
and non-polymeric additives, as well as the thin film geometry itself, has on crystallization.

The groups of T. Ogihara 1° , Q. Fu! 2033 T_Nishi'¢, R.E. Prud’homme!® ", and others
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have shown that the interaction between miscible and immiscible components can increase
or decrease crystallization rates and thermal transition temperatures, and that the substrate
and second component have large effects on both overall morphology and substrate
Wettability 1, 6, 34, 38, 69, 111'

There are a number of methods for probing the thermal transitions of polymers.
Differential scanning calorimetry (DSC) has been used for decades to indirectly quantify
thermal transitions in both semi-crystalline and amorphous polymers in the bulk. However,
thin films ranging from tens to hundreds of nanometers do not contain sufficient material
for this technique to maintain accuracy 2 22 43-44, 46, 100-101, 128 " Several companies and
research groups have pioneered and utilized advanced calorimetry techniques, including
“micro-DSC” and “nano-DSC” as well as differential fast scanning calorimetry (DFSC)
units; however, these units come with a significant cost and most prior studies have used
orders of magnitude more material than is available in nanometer thin films 3176, Even
for units that require only nanograms of material, the film must still be removed from the
substrate prior to measurement, as detailed in the experimental work by Balko et al. in
which they studied the crystallinity of poly(3-hexylthiophene) in films down to 26 nm
thickness using DFSC 77, Unfortunately, removal of the film from the substrate prior to
measurement renders studies on the effect of surface interactions on melting and
crystallization transitions in thin films impossible by this method. Alternatively, polymer
can be deposited and melted directly on the measurement cell, as was done by Tardif et al.
in studying the crystallization of polyether ether ketone (PEEK) '8, but this technique
results in micron rather than nanometer thick films. Several groups have utilized

fluorescence, Brillouin light scattering (BLS), and ellipsometry to study the glass transition

73



temperature in substrate-supported and free standing thin films of polystyrene (PS),
PS/poly(2-vinyl pyridine), poly(methyl methacrylate) (PMMA), and cyclic polystyrene!®®
105-106, 145, 147, 172, 119182 ' Kjm et al. used ellipsometry to study melting point depression in
poly[ethylene-co-(vinyl acetate)] thin films, Thermal transitions also can be probed
using shear force modulus (SFM) measurements as was done by Wang et al., although this
can be a destructive and expensive method*4°.

In this work, we describe our finding that spectral reflectance (SR), a technique for
measuring the film thickness of polymeric and non-polymeric materials, can be used to
identify the thermal transitions of semi-crystalline PCL and PEG thin films due to the
thermal expansion or contraction of these films during melting or crystallization,
respectively. PCL serves as a model polymer for crystallization studies due to the
similarity of its crystal structure to that of polyethylene, a widely used commodity plastic
29 jts accessible melting temperature (59-64 °C)!8* and its relatively slow crystal growth
rate (e.g., it is orders of magnitude slower than PEG™), which facilitates study of
morphology development and kinetics. PEG, typically used in biomedical, solution, and
drug delivery applications, was chosen for comparison to PCL because it has a similar bulk
melting temperature (64-66 °C)* but exhibits different thin film properties that highlight
the accuracy of this technique. Spectral reflectance has been used previously by Lu et al.
to investigate the stress relaxation and glass transition temperature (Tg) of polystyrene films
on ionic liquids'®. To the best of the authors’ knowledge, this work represents the first
time that spectral reflectance has been used to probe the melting and crystallization of semi-
crystalline polymers and its first application to identifying thermal transitions in substrate-

supported polymer thin films. Spectral reflectance offers a variety of benefits over the

74



previously discussed techniques. These units are tens of thousands of dollars less expensive
than ellipsometers and advanced calorimetry units, making them much more accessible to
researchers. Unlike calorimetry experiments, spectral reflectance measurements can be
performed in situ without removing the film from the surface, which means that these
measurements will capture the effect of substrate surface interactions on the melting and
crystallization transitions in thin films, if present. Compared to SFM and X-ray studies,
spectral reflectance is less destructive to the sample. The small footprint and equipment
simplicity make spectral reflectometers mobile and easily-modified for non-ambient
experiments such as the ones described in this work. Finally, the resolution afforded by

spectral reflectance makes nanometer changes in film thickness readily quantifiable 1%,

4.2 Experimental Section

Materials
Hydroxyl-terminated linear poly(s-caprolactone) (PCL) (Sigma Aldrich, M, = 45
kDa, b = 1.5) as well as poly(ethylene glycol) (PEG) (Sigma Aldrich, M, = 20 kDa) were

used as received.

Film Preparation

PCL and PEG films were cast via spincoating from dilute toluene or chloroform
solutions, respectively, onto ultra-violet ozone cleaned silicon wafers. Both solvents were
ACS grade and used as received. Solution concentrations ranged from 0.25 wt. % to 7.5
wt. % depending on the final film thickness desired as well as the polymer molecular

weight. After casting, all films were heated to 100 °C for 10 minutes to erase thermal
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history and subsequently quenched to room temperature (25 °C) where they were allowed

to crystallize for several hours prior to performing thermal characterization experiments.

Characterization

Bulk thermal transitions were studied via differential scanning calorimetry (DSC)
(TA Instruments Q200) in an inert nitrogen atmosphere with heating and cooling rates of
1 °C/min. This data was analyzed using the TA Instruments Universal Analysis software.

To probe the thin film melting point on a molecular level, PCL thin films were
studied via temperature-controlled grazing incidence wide-angle X-ray scattering
(GIWAXS). GIWAXS measurements were performed at beamline 8-1D-E of the Advanced
Photon Source at Argonne National Laboratory #? with a heater/cooler stage constructed
in-house. An X-ray wavelength of 2 = 1.1417 A (energy 10.86 keV) was used. The sample
was measured under vacuum at an incident angle = 0.14° and exposure time of 1 s.
Starting from 25 °C, the temperature was increased at a rate of 1 °C/min up to 85 °C and
subsequently cooled at 1 °C/min to 25 °C, with measurements taken every minute. Due to
the overall exposure time (120 seconds total) we observed some radiation damage on the
exposed sample section. However, it is likely that this damage did not occur until the
polymer film reached the melt state (~35 seconds total exposure) based on a systematic
study by Stein and coworkers 8. Additionally, these sections were not used in spectral
reflectance measurements. The acquired GIWAXS data (as two-dimensional images) were
further treated and analyzed using GIXSGUI software package **. The degree of
crystallinity was determined by integrating the 2D GIWAXS data to generate a 1D

Intensity vs. g curve; fitting this curve with four Gaussian peaks, one representing the
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amorphous component and three representing the crystalline peaks ((003), (110), and
(200)) "% 187: and then taking the ratio of the crystalline peak area to the overall area
(amorphous plus crystalline peak fits) as the degree of crystallinity (see Appendix B, Figure
B1). Although GIWAXS is not the preferred method to calculate true crystallinity, this
analysis enabled us to correlate the film thickness trend measured by SR with well-defined
characteristics of the melting transition.

Temperature-controlled atomic force microscopy (AFM) experiments were
conducted on a Bruker Dimension ICON AFM operating in PeakForce Quantitative
Nanomechanical Mapping (PF-QNM) mode and using ScanAsyst-Air tips (k = 0.4 N/m;
resonant frequency = 70 kHz). The temperature was increased manually in 1 °C increments
and rapid (~30 sec) scans were taken after each step change to mimic an approximate 1

°C/min heating rate used in the SR experiment.

Spectral reflectance

Spectral reflectance measurements were taken using the Filmetrics F20-UV system.
This system is able to resolve polymeric and non-polymeric film thicknesses from 1 nm to
40 um (with resolution the greater of 1 nm or = 0.2 %). The instrument measures the
intensity of sample-reflected UV and visible light (200-1100 nm) and the FILMeasure
software is used to determine the film thickness by fitting a calculated optical model
spectrum to the observed reflectance spectrum.  This model is constructed based on the
properties of the substrate, the thin film material, and the measurement medium. The thin
film material properties used in the model include the wavelength dependence for the

refractive index (n) and extinction coefficient (k), which were calculated by the
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FILMeasure software. For both PCL and PEG, the calculated extinction coefficient was
negligible (k < 0.0001) signifying no absorption of light energy which is typical for non-
aromatic, non-conjugated polymers®&18°_ However, because the FILMeasure software can
be used to fit n and k for materials exhibiting strong absorptions in the visible spectrum,%®
the approach described herein is expected to be readily extendable to light-absorbing
polymers. Additionally, the dependence of refractive index on temperature is assumed to
be negligible for PCL and PEG under these conditions, as several groups have shown that
refractive index decreases by less than 1% over the span of many tens of degrees %1%,
We also observed no evidence that the degree of crystallinity or increase in amorphous
fraction through melting affected the calculated refractive index model. Details on the film
thickness models used in this study are provided in the Appendix B, Figure B2. A deeper
discussion of the fundamentals of spectral reflectance is beyond the scope of this
manuscript, and more exhaustive application notes are available from Filmetrics
Inc. Although the full range of UV and visible light wavelengths were used in this study,
measurements can be conducted using only visible light wavelengths (i.e., without the UV
lamp) for samples that are UV-sensitive. Ambient measurements were conducted on a
simple sample stage. Measurements at elevated temperature were conducted with the
sample held on a separate Linkam heater/cooler stage (Linkam THMS600E) so that film
thickness could be measured accurately as a function of temperature.

In a typical melting point experiment, the initial temperature was 25 °C, the heating
rate was 1 °C/min, and film thickness was measured in triplicate every 5 °C from 25 °C to

50 °C, every 1 °C from 50 °C to 65 °C, and every 5 °C from 65 °C to 85 °C. This heating

rate was used to correspond to the heating rate capabilities of both in situ elevated
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temperature GIWAXS as well as DSC. In crystallization experiments, the film was heated
to 100 °C, held for 10 minutes, and then the film was cooled at a rate of 1 °C/min down to
25°C. In these experiments, measurements were taken every 5 °C from 100 °C to 50 °C

and every 1 °C from 50 °C to 25 °C.

4.3 Determination of Tmand T by SR

Tm of thin film PCL via spectral reflectance (SR)

The film thickness as measured by SR during melting of a 500 nm thick film of
PCL is presented in Figure 4.1a (open diamond symbols). Corresponding to the shading in
Figure 1a, the film exhibits three distinct thermal expansion phenomena in different
temperature ranges. From 25 °C to approximately 51 °C, the film expands almost-linearly
due to the thermal expansion of the amorphous regions of the semi-crystalline PCL. During
the melting transition, we observe a large increase in thickness as melting destroys the
dense crystalline lamellae, which leads to a sharp rise in material volume. It is well-known
that there is a substantial increase in the specific volume upon melting 2. In the fully
melted state, the film again expands linearly, as it is entirely amorphous and of uniform
density. The boundary between the melting transition region and the fully melted state is
readily identified by the sharp change in the slope of the film thickness versus temperature
curve and occurs at 61 °C + 1 °C, which is in good agreement with the bulk T observed
via DSC (60 °C + 1 °C) (see Appendix B, Figure B3). Repeated trials exhibit the same
characteristic curve and transition point accurate to within 1 °C regardless of the starting
film thickness (see Appendix B, Figure B4). Additional experiments were conducted at

heating rates of 5 °C/min and 10 °C/min to illustrate the resolution of SR with faster heating
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rates (see Appendix B, Figure B5). With increasing heating rates, the T shifts to slightly
lower values (59 °C at 5 °C/min and 57 °C at 10 °C/min). The phenomenon of decreasing
Tm with increasing heating rate has been shown in polyethylene terephthalate (PET) and is
caused by polymer crystals reorganizing during heating to form higher melting point

crystals with slower heating rates®®.
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Figure 4.1. Melting point determination for a 500 nm 45 kDa PCL thin film: a) Thickness
vs. temperature (open diamond symbols) and degree of crystallinity vs. temperature as

determined from GIWAXS (black X’s). This film exhibits characteristic expansion upon
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melting with a transition at approximately 61 °C. Blue, purple, and red shading indicate
the semi-crystalline, melting transition, and melt state regions, respectively. b) Melting
point studied via elevated temperature GIWAXS showing loss of crystalline order between
60 °C and 61 °C. c) Analysis of slope of the thickness versus temperature curve from (a)
showing a primary peak value at 57 °C. This value corresponds to when the degree of
crystallinity has decreased by half during melting and can be considered the midpoint of

the melting transition region.

We next verified the melting temperature of 500 nm thick PCL films using
GIWAXS (see Figure 4.1b). This technique probes the molecular level organization of
materials making it a highly sensitive technique for detecting the disappearance of PCL
crystals upon melting, and because GIWAXS measurements were taken every minute
during the temperature ramp, we obtained excellent resolution of the melting temperature
from this study. Figure 4.1b shows the intensity versus g plots as a function of temperature
for the sample depicted in Figure 4.1a. As can be seen in Figure 4.1b, the sharp peaks that
are characteristic of the crystalline regions in PCL [72, 73] disappear at approximately 61
°C, which is in good agreement with DSC and our determination of Tr, from SR data.

The above analysis identifies Tr as the temperature above which crystallinity is no
longer detectable in the polymer thin film. However, it is difficult to characterize the onset
of melting from visual analysis of the intensity vs. g curves in Figure 4.1b. Thus, we
calculated the degree of crystallinity as a function of temperature from the GIWAXS data
for comparison with SR data, as described in the Experimental section. This analysis

enabled us to correlate the film thickness trend measured by SR with three additional
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characteristics of the melting transition. First, the most dramatic film thickness increase
(primary peak in the slope of the film thickness versus temperature curve, see Figure 4.1c)
at 57 °C corresponds to where the degree of crystallinity has decreased by half and can be
considered the midpoint of the melting transition. Second, we see that the onset of melting
is gradual from = 50 to 53 °C and then the degree of crystallinity drops off sharply; this
sharp decrease is consistent with the beginning of the melting transition region we would
calculate from SR data (53 °C) based on identification of the end-point (61 °C) and the
midpoint (57 °C). Finally, we observe two distinct peaks in the slope of film thickness vs.
temperature curve (Figure. 4.1c), signifying two sharp increases in the film thickness with
temperature, and therefore two separate melting events during the overall melting of the
PCL crystals. Correspondingly, the melting peak in DSC has a low shoulder (see Appendix
B, Figure B3). The phenomenon of multiple melting in PCL has been observed by Cordova
et al. 7 and can be attributed to partial reorganization of PCL crystals during the slow

heating ramp as described above.

Ultrathin PCL films and PEG

To test the robustness of SR for even thinner films and other polymers, we studied
additional PCL thin and ultrathin films ranging from 107 nm down to 21 nm as well as
bulk film and thin film PEG samples. While melting point depression has been shown to
occur in polyethylene using SFM %¢ and poly[ethylene-co-(vinyl acetate)] thin films using
ellipsometry &, to the best of our knowledge no previous studies have focused on Tm
depression in PCL or PEG thin films. Knowledge of the existence and magnitude of T

depression is vital for kinetics studies, as any deviation from the bulk and equilibrium Tr,
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also shifts the crystallization degree of supercooling, which greatly affects nucleation and
growth phenomena *. From SR measurements on the PCL films, we found that PCL in this
film thickness range did not exhibit appreciable T depression (see Appendix B, Figure
B6). However, our data show that SR is sensitive enough to measure the characteristic
thermal expansion upon melting despite the very low amount of material in these films.
To validate SR as a valuable technique for measuring the thermal transitions of
various polymer systems while retaining the accuracy necessary to examine Tr, depression,
we then studied four PEG films. The bulk film (1130 nm thickness) had a melting
temperature of 64 °C as determined by SR (see Figure 4.2a), which is in good agreement
with the bulk Tm reported in the literature of 64-66 °C 8. Films at 659 nm and 316 nm
exhibited melting points of 63 °C and 58 °C, respectively (see Appendix B, Figure B7).
Finally, the thinnest sample (147 nm) was an order of magnitude lower in film thickness
as compared to the bulk sample (1130 nm) and exhibited a melting temperature of 53 °C
(see Figure 4.2b). To verify the accuracy of the melting point determined by SR for the 147
nm PEG film, we additionally studied this film using elevated-temperature atomic force
microscopy (AFM) (see Appendix B, Figure B8). By capturing images of the PEG film
morphology as a function of temperature, we identified the melting temperature as 53 °C,

the same as determined by SR.
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Figure 4.2. Film thickness vs. temperature for: a) “bulk” 1130 nm 20 kDa PEG film; and
b) 147 nm 20 kDa PEG thin film. This comparison shows that SR can be used to detect Trm
depression in PEG due to thin film confinement. Blue, purple, and red shading indicate the

semi-crystalline, melting transition, and melt state regions, respectively.

As shown in Figure 4.3, by comparing the melting points of PCL (open squares)
and PEG (open diamonds) as a function of film thickness, it is apparent that these two
materials experience different confinement-driven melting point depression. Even in

ultrathin films at thicknesses as low as 21 nm, the observed T, for PCL remains within the
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temperature range measured via DSC in the bulk (60 °C + 1 °C), whereas the T of PEG
begins to decrease at film thicknesses in the hundreds of nanometers. A deeper analysis
and discussion of the possible chemical and physical origins of this difference is beyond
the scope of this manuscript. However, these results verify that the SR technique is
sensitive to quantifying Tm depression (if present) for changes that are greater than 1 °C

and illustrate its extension to another polymer system.
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Figure 4.3. Observed Trm vs film thickness for 45 kDa PCL (red open squares) and 20 kDa
PEG (black open diamonds). This comparison illustrates the confinement driven melting
point depression in these two materials. No appreciable Tm depression is observed in 45
kDa PCL, even in films as thin as 21 nm. In 20 kDa PEG films, the onset of Tr depression
can be seen in the 659 nm film (Tm = 63 °C) and becomes more dramatic as the film
thickness decreases. Error bars represent the £ 1 °C window we report as the uncertainty

associated with determining T from SR data.
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Crystallization temperature via SR

Finally, we aimed to correlate the film thickness vs. temperature data measured by
SR with the crystallization of PCL from the melt. We hypothesized that since there is a
characteristic expansion upon melting, there will be corresponding contraction when
crystallization occurs and more densely packed chains order from the amorphous melt.
Using a cooling rate of 1 °C/min, we again observed three regions in the film thickness
versus temperature plots: first, a linear trend as the amorphous melt contracts; second, a
sharp drop in film thickness through the crystallization transition; and third, a nearly-linear
trend below the crystallization temperature as the amorphous regions of the semi-
crystalline film continue to contract (see Figure 4.4). However, the crystallization transition
does not occur at the observed melting point. Instead, the onset of crystallization as
determined from SR occurs at approximately 47 °C, where the linear decrease in film
thickness through the melt state turns into a sharp drop in film thickness through the
crystallization transition. This temperature value is within a few degrees of the onset of
the exothermic trace observed in DSC (45 °C) (see Appendix B, Figure B3).
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Figure 4.4. Thickness vs. temperature of 500 nm 45 kDa PCL for a 1 °C/min
recrystallization from 100 °C. This film exhibits a sharp decrease in film thickness starting
at 47 °C, which is within a few degrees of the onset of crystallization in the DSC
endotherm. Red, purple, and blue shading indicate the melt state, crystallization transition,

and semi-crystalline regions, respectively.

4.4 Tracking Isothermal Recrystallization by SR

As discussed in Chapter 1, crystallization is a nucleation and growth process. When
the thermodynamic conditions are right, i.e. the system is below its melting temperature,
crystals are energetically favorable and will grow given sufficient time. The kinetics of
crystal growth are dependent on the temperature at which this crystallization occurs.
Crystal growth is based on the degree of supercooling (AT), or how far below the
equilibrium melting temperature (Tmo) the system exists. Of course, we can control the
crystallization process by choosing the crystallization temperature. By doing so, we can
affect the crystal growth rate, nucleation density, crystal size, and morphology. This is
because crystal growth rate increases as degree of supercooling increases, although groups
have shown that there is a maximum growth rate that is approximately halfway between
the melting and glass transition temperatures® 1%, Between the melting point and glass
transition temperature, crystallization is a delicate interplay of nucleation and growth. At
high crystallization temperatures, the system is nucleation limited with very slow growth,
leading to large crystals. This is due to the low thermodynamic driving force of
crystallizing versus remaining in the melt state. At low crystallization temperatures, the

system is instead growth-limited due in part to the higher viscosity of the melt which slows
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polymer chains moving towards and attaching to the growth front. Thus, studies on
crystallization using isothermal conditions are insightful in terms of growth rate as a
function of temperature, polymer chemistry, architecture, etc.

Typically, isothermal crystallization in polymer thin films has been studied via
microscopy techniques; most often optical or polarized light optical microscopy. These
techniques allow researchers to watch the formation of spherulites in real time, track the
nucleation density, and quantify the velocity of the growth front, which is one of the most
commonly reported Kinetics values. However, this method is subjective, and due to the
small viewing area, is more of a locally as opposed to globally precise technigue.
Furthermore, because this method relies on optical techniques, the researcher can only
observe the surface of the film, with less of an idea on what is occurring in the bulk of the
film

Thus, and similar to how spectral reflectance was used to quantify film thickness
as a function of temperature, we have attempted to study the isothermal recrystallization of
PCL via the film thickness as a function of time. Since the film thickness showed a
characteristic expansion and contraction through the melting transition, it seemed as though
it would very likely show a characteristic contraction during isothermal recrystallization.

To conduct these experiments, the spectral reflectance setup was combined with a
well-controlled Linkam hot stage as done previously. All materials and methods used
previously were similarly utilized in these experiments (see Section 4.2). In these
experiments, the films were melted at 100 °C for 10 minutes to ensure that thermal history
was erased. Then, using the liquid nitrogen cooling capability of the Linkam hot stage, the

film was quenched at 50 °C/min to the pre-determined isothermal recrystallization
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temperature, and film thickness was measured at pre-determined intervals (every 10
seconds for 30 °C recrystallization and 20 seconds for 40 °C recrystallization). In our initial
experiments, we studied isothermal recrystallizations at 30 °C and 40 °C. The 10 °C spread
between crystallization temperatures would lead to a very obvious difference in the

crystallization rates. This can be clearly observed in Figure 4.5:

Thickness vs. Time for 96 nm 45 kDa PCL Isothermally Recrystallized at 30 °C &
40 °C
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Figure 4.5. Thickness vs. time of 96 nm 45 kDa PCL films measured during isothermal

recrystallization at 30 °C (blue diamonds) and 40 °C (red squares).

The first significant observation from this experiment is, as expected, the film crystallized

at 30 °C does so significantly more quickly than the one crystallized at 40 °C. This further

confirmed our results from the initial spectral reflectance work that the film thickness is
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very closely related with the crystallization process in the film. If the contraction was
independent of crystallization and was due to normal thermal expansion and contraction,
there would not be this drastic of a difference. As expected, in both cases, the film
contraction eventually leads back to approximately the same thickness regardless of
crystallization temperature.

In the interest of comparing this to tangible crystallization values, temperature
controlled GIWAXS experiments were conducted in parallel to study the degree of
crystallinity as a function of time (see Section 4.2 for discussion on calculation methods).
While GIWAXS is unable to determine exact degree of crystallinity values, we can observe
the trend as a function of time. Importantly, these GIWAXS experiments were conducted
on the same films as the spectral reflectance experiments, and therefore we have sufficient
comparability between the two sets of data. As can be seen in Figures 4.6 and 4.7, the film
thickness trend from spectral reflectance shows exceptional correlation with the degree of

crystallinity from GIWAXS when isothermally recrystallized at 30 °C and 40 °C:
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Figure 4.6. Thickness (measured via spectral reflectance) & degree of crystallinity

(measured via GIWAXS) vs. time for 96 nm 45 kDa PCL isothermally crystallized at 30

°C. t12 for GIWAXS refers to the crystallization half time, or the time it takes the system

to reach 50 % relative crystallinity. ti2 for SR refers to the crystallization half time measured

as the time it takes to reach the midpoint in the thickness decrease. Error bars illustrate the

standard deviation of the SR prediction from three separate isothermal crystallization trials.
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Thickness & Degree of Crystallinity vs Time for 96 nm 45 kDa PCL
Isothermally Recrystallized at 40°C
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Figure 4.7. Thickness (measured via spectral reflectance) & degree of crystallinity
(measured via GIWAXS) vs. time for 96 nm 45 kDa PCL isothermally crystallized at 40
°C. Blue box illustrates the nucleation or induction time prior to crystal nucleation and
growth. ti» for GIWAXS refers to the crystallization half time, or the time it takes the
system to reach 50 % relative crystallinity. ti2 for SR refers to the crystallization half time

measured as the time it takes to reach the midpoint in the thickness decrease.

To try and quantify the correlation between these two methods, we have opted to use the
crystallization half time (t12) which is defined as the time it takes for the system to reach
half relative crystallinity in the case of the GIWAXS data. Because film thickness shows
an obvious correlation with degree of crystallinity, here we have defined ti> as the time it

takes to reach the mid-point in the film thickness decrease. In the 30 °C isothermal
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recrystallization, we calculated half times for GIWAXS and SR of 20.1 seconds and 21.3
seconds, respectively. For the 40 °C isothermal recrystallization, we calculated half times
for GIWAXS and SR of 594.4 seconds and 712.2 seconds, respectively. While it is true
that the GIWAXS results do not match up perfectly with the spectral reflectance results,
especially in the case of the 40 °C isothermal recrystallization. the fact that they correlate
so well is remarkable, considering thin film crystallization studies required long
experiments using optical microscopy techniques or some form of X-ray scattering up until
this point. Furthermore, due of the time it takes to run one experiment on the beamline, we
are unable to quantify the error in the GIWAXS measurements, and therefore our results
very well could be within the standard deviation as measured via GIWAXS. These results
show that spectral reflectance is not only able to map the beginning and end of

crystallization, but it also sensitive enough to track the nucleation time. (see Figure 4.7).

4.5 Determining Degree of Crystallinity from Spectral Reflectance Data

Following from the above, the next logical step in this work is studying whether
spectral reflectance can be used to calculate the degree of crystallinity in semi-crystalline
polymer thin films. As described in Chapter 1, the degree of crystallinity (Xc) is the ratio
of crystalline material to the sum of crystalline and amorphous material in the polymer.
Because most of the important characteristics of semi-crystalline polymers, such as
mechanical and optical properties are dependent on the degree of crystallinity, it is a vital
quantity to be able to quantify. In the bulk, the degree of crystallinity is typically measured
via differential scanning calorimetry (DSC) or wide-angle X-ray scattering

(WAXS/WAXD). There are fewer methods for thin films. Nano-DSC and other methods
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can be used to determine degrees of crystallinity when a small amount of material is
present, but the film typically needs to be removed to utilize this method. In the preceding
sections, we used GIWAXS and the ratio of crystalline peaks to the sum of crystalline and
amorphous peak areas to calculate a qualitative degree of crystallinity with time. However,
because GIWAXS is a grazing incidence method, there is a small amount of scattering data
missing from the full integration of the data, which causes GIWAXS to systematically
underestimate the degree of crystallinity. Thus, GIWAXS is a good qualitative method for
measuring degree of crystallinity, but a poor quantitative one.

Since we found that spectral reflectance is able to track crystallization with time,
we then studied whether or not this method is able to measure and track the degree of
crystallinity. The method is relatively simple. Spectral reflectance allowed us to measure
the film thickness with temperature or time. The film thickness is obviously correlated
with the film volume. As shown in Figure 4.1, the film thickness (and therefore volume)
changes characteristically through the melting transition. After the film melts, the
expansion with time is linear. Thus, by taking the film thickness as a function of
temperature, we can determine the expansion of amorphous PCL with time. We then use
this linear trend and extrapolate to the theoretical thickness and mass per unit area at 25
°C. By using this known trend of amorphous density with temperature paired with the
literature value of the crystalline density of PCL, we can then calculate a degree of
crystallinity based on the instantaneous film thickness.

We used this analysis method and compared it to the degree of crystallinity
calculated using the GIWAXS method from one additional study mimicking the expansion

experiments shown in Figure 4.1 and the two-aforementioned isothermal crystallization

95



experiments and 30 °C and 40 °C. As shown in Figures 4.8 & 4.9, the two methods of X

calculation correlate remarkably well for the expansion experiment:

Degree of Crystallinity vs Temperature calculated via SR & GIWAXS for 96
nm 45 kDa PCL - 1°C/min ramp up
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Figure 4.8. Degree of crystallinity vs. temperature calculated using both GIWAXS and the

spectral reflectance method for 96 nm 45 kDa PCL.
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Xc via Spectral Reflectance vs. Xc via GIWAXS for 96 nm 45 kDa PCL -
1°C/min ramp up

-§ 0.4 ig‘
Q att
5o, }
x WA
] 3 -2
£ B
T 0.2 K
0
ey
Q
-
=
gory |
2 | ¢ -
a | | .-

0.0 ® )

0 0.05 0.1 045 02 0.25 03 0.35 0.4

Degree of crystallinity, GIWAXS

Figure 4.9. Degree of crystallinity via spectral reflectance vs. degree of crystallinity via

GIWAXS for 96 nm 45 kDa PCL. Dotted line represents y = Xx.

However, the degree of crystallinity measured via spectral reflectance and GIWAXS do

not show as close a correlation in the isothermal crystallization experiments (see Figures

4.10-4.13).
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Degree of Crystallinity vs Time calculated via SR & GIWAXS for 96 nm 45 kDa PCL - 30°C
isothermal recrystallization
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Figure 4.10. Degree of crystallinity vs. time calculated using both spectral reflectance and
GIWAXS for 96 nm 45 kDa PCL isothermally crystallized at 30 °C. Error bars illustrate
the standard deviation of the SR prediction from three separate isothermal crystallization

trials.
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Xc via Spectral Reflectance vs. Xc via GIWAXS for 96 nm 45 kDa PCL - 30°C
isothermal recrystallization
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Figure 4.11. Degree of crystallinity via spectral reflectance vs. degree of crystallinity via
GIWAXS for 96 nm 45 kDa PCL isothermally recrystallized at 30 °C. Dotted line

represents y = X.
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Degree of Crystallinity vs Time calculated via SR & GIWAXS for 96 nm 45 kDa PCL - 40°C
isothermal recrystallization
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Figure 4.12. Degree of crystallinity vs. time calculated using both spectral reflectance and

GIWAXS for 96 nm 45 kDa PCL isothermally crystallized at 40 °C.
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Xc via Spectral Reflectance vs. Xc via GIWAXS for 96 nm 45 kDa PCL - 40°C
isothermal recrystallization
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Figure 4.13. Degree of crystallinity via spectral reflectance vs. degree of crystallinity via
GIWAXS for 96 nm 45 kDa PCL isothermally recrystallized at 40 °C. Dotted line

represents y = X.

In the isothermal recrystallization experiments, the degree of crystallinity measured via
spectral reflectance always overestimates the degree of crystallinity determined via
GIWAXS. It is possible that GIWAXS is underestimating the degree of crystallinity as
described previously, however it is bizarre that the melting experiment correlates rather
well. The disagreement between these three experiments could be caused by a number of
factors. It is possible that there are slight errors in the film thickness measurements that
skew the extrapolation of the amorphous density with temperature, either positively or

negatively. Since this is the basis for the Xc calculation, it has significant effects on the
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accuracy of the measurement. In that sense, we very well might be reaching a measurement
precision limitation of the F20 system. Additionally, the material should show a constant
expansion with temperature. However, due to macromolecular effects, there might be some
slight hysteresis between the expansion and contraction of the film. This could explain why
our expansion calculation correlates so well while our crystallization (contraction)

calculations differ from the measured GIWAXS value.

4.6 Conclusions

In this work, we showed that spectral reflectance, a method of determining the film
thickness of polymeric and non-polymeric materials, can be used to detect thermal
transitions and isothermal crystallization processes in semi-crystalline polymer thin films
based on the thermal expansion of the films during melting and contraction of the films
during crystallization from the melt.  One of the novelties of spectral reflectance is its
experimental simplicity. With knowledge of the substrate, film material, and measurement
medium (usually air), the user can easily measure film thicknesses ranging from single
nanometers to many microns.  Through careful temperature studies using SR
measurements, we showed that semi-crystalline polymer thin films exhibit characteristic
expansion and contraction profiles around the melting and crystallization transitions,
respectively, and we correlated these profiles with DSC, temperature-controlled GIWAXS,
and temperature-controlled AFM data. Specifically, we showed that from film thickness
versus temperature curves constructed from SR data, the melting temperature corresponds
to the point at which the thermal expansion becomes linear following the melting transition,

and the midpoint of the melting transition corresponds to a maximum in the slope the curve.
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Similarly, the onset of crystallization as determined by the point at which the thermal
contraction occurs correlates well with DSC measurement. Additionally, we showed that
this method is capable of quantifying the significant melting point depression of semi-
crystalline PEG films due to thin film geometry. Furthermore, we studied how the spectral
reflectance technique can be used to analyze isothermal crystallization processes by
studying the contraction of the film with time and comparing it to similar isothermal
crystallization experiments done via GIWAXS. In doing these experiments, we found the
crystallization half time calculate via GIWAXS correlates remarkably well with the “film
thickness half-time” calculated via spectral reflectance. We have also begun to study how
this method can be used to measure degree of crystallinity in thin films, however more
work needs to be done in this area. Overall, we find that spectral reflectance is a simple,
low-cost, and easily accessible technique that can be used to determine the melting and
crystallization temperatures of ultrathin films in situ, without removal from the substrate,

and for which the small amount of material renders other laboratory techniques infeasible.
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Chapter 5
SUPPRESSION OF MELT-INDUCED DEWETTING IN CYCLIC

POLY (e-CAPROLACTONE) THIN FILMS

This work describes the discovery that cyclic poly(e-caprolactone) (c-PCLek) exhibits
enhanced film stability and resistance to dewetting compared to linear poly(e-
caprolactone) (I-PCLsk). For comparison, a comprehensive study was conducted to
examine how topology affects film stability. Linear PCLs containing triazole groups and
terminated with hydroxy, propargyl, azide, and acetyl groups all exhibit varying amounts
of dewetting despite significantly different end groups and substrate interactions. In
contrast, c-PCLek retains thin film stability and does not dewet under the same conditions.
The reason for enhanced stability of c-PCLek films remains unclear based on previous
work exploring the physical properties of cyclic PCLs and the numerous efforts to
understand dewetting phenomena in thin films. For example, because c-PCLsk has a
lower viscosity than I-PCLek, one would expect c-PCLek films to dewet more readily than
I-PCLsk films. Herein the opposite behavior is reported. Furthermore, the ability to
enhance film stability via the cyclic topology has powerful ramifications in the context of

applications that require film stability in thin and ultrathin film geometries.
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This chapter is based on published work: Kelly, Giovanni M., et al. "Suppression of Melt-

Induced Dewetting in Cyclic Poly (e-caprolactone) Thin Films." Macromolecules (2017).

5.1 Introduction

In the last decade, the pace of research studying cyclic and other non-linear polymer
architectures has increased dramatically due to the development of novel synthetic routes
to control polymer architecture, size, dispersity, and composition while also maintaining
the high purity necessary for phenomenological study. Specifically, advances in
conjugation reactions have led to the use of the copper(l)-catalyzed azide-alkyne

cycloaddition (CuAAC) “click” reactions to efficiently synthesize cyclic

194 195 196

homopolymers, cyclic block copolymers, star polymers, and multi-cyclic

197

topologies.””" It has been known for some time that very small amounts of linear impurities

(0.1%) can significantly alter some cyclic polymer properties,®®

making their study
challenging and some previously reported results difficult to reproduce. Due the
quantitative and highly efficient nature of the CUAAC coupling chemistry, the presence of
linear impurities can be nearly eliminated.'®® These advances have allowed researchers to
begin to better understand the fundamental differences between the linear and cyclic
topology.

Progress in the synthesis of cyclic polymers has taken place alongside significantly
increased interest in studying polymers confined to thin and ultrathin films, which are
relevant to applications in photolithography®®® 2% and nanoscale membranes,57-158 160, 201-

202 However, thin film confinement often produces dramatic and sometimes deleterious

effects on physical properties, such as the depression or elevation of thermal transitions.%>
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106, 145,147, 171-172, 179 Additionally, poor substrate adhesion can lead to film dewetting.'? 2%
33,135,155, 203-212 By contrast, several groups have shown that the cyclic architecture exhibits
unique and useful phenomena, such as a decrease in domain size in cyclic block copolymer
thin films,2%% 213 and a lack of T4 depression in cyclic polystyrene thin films.2* In this note,
we describe our observation that low molecular weight cyclic poly(g-caprolactone) (PCL)
resists thin film dewetting in the melt state better than its linear analog, regardless of linear
PCL end-group chemistry. As research focuses more closely on polymers confined to thin
and ultrathin films, the suppression of dewetting will become necessary as an unstable,
discontinuous layer is impractical for most applications. Our results show that the cyclic

topology may offer a practical solution to the problem of film dewetting.

5.2 Experimental Section

Nomenclature. The following nomenclature will be used throughout: I-PCLsk and
c-PCLsk designate the linear and cyclic poly(g-caprolactone), respectively (see Figure 5.1).
Unless otherwise noted, I-PCLek refers to a-propagyl-o-hydroxy-poly(e-caprolactone).

The subscript “6k” indicates the molecular weight (M, = 6 kDa).
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Figure 5.1. Structures of I-PCLek and c-PCLek. The numbers (1) and (3) correspond to the
synthetic identification of these polymers in the “Synthetic Protocols” section of the

Appendix C.

Synthetic and Analytical Methods. In order to synthesize I-PCLsk, distilled e-
caprolactone (CL) was polymerized in the presence of propargyl alcohol to install the
necessary alkyne moiety. The terminating hydroxy-group allowed for end group
functionalization with an azide-containing carboxylic acid using
ethyl(dimethylaminopropyl) carbodiimide (EDC) based ester coupling chemistry. With the
synthesized o-propargyl-w-azide-polymer, the final CUAAC “click” cyclization coupling

was performed to generate the desired c-PCLsk (See Scheme 5.1).
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Scheme 5.1: Synthesis of cyclic PCL.

Gel permeation chromatography (GPC) was used to quantify relative molecular
weights (M, and Mw) and dispersity (D). GPC also was used to confirm cyclization based
on the increased retention time of the cyclic due to the decreased hydrodynamic volume.?*>
216 Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass
spectrometry (MS) offered complementary results, providing precise molecular weight
information, while simultaneously detailing exact molecular weight values of specific n-
mers to confirm end group modification.®* A more extensive discussion of the analytical
and synthetic methods can be found in Appendix C.

Film Casting and Characterization. Thin films were cast via spincoating from
dilute solutions in toluene onto UV-o0zone treated silicon wafers. Films were melted for 10
minutes at 100 °C and quenched to 25 °C, where they were left to crystallize for at least 24
hours. Although the melting temperature of cyclic PCL has been reported to be slightly
higher than linear PCL (Tm =~ 55 °C and 59 °C, respectively, for 7.5 kDa PCL)’, the films
were melted at 100 °C, which is significantly above both melting temperatures such that
any differences in dynamics due to the slightly higher Tm of cyclic PCL are negligible.

Films were subsequently studied via optical microscopy (Olympus BX53) to examine the
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global morphology as well as via atomic force microscopy (Bruker Dimension ICON) to
examine local morphology and monitor dewetting. Film thicknesses ranged from 106 nm
to 116 nm and were quantified using spectral reflectance (Filmetrics F20-UV). Static water
contact angles (three drops per film) were quantified using a Ramé-Hart goniometer to

study surface energy differences between linear PCL and cyclic PCL.

5.3 Results

Initial characterization by GPC revealed that the PCLs synthesized via the methods
outlined above have low dispersity (see Figure 5.2a, Table 5.1). Successful cyclization was
confirmed by the slightly longer elution time due to decreased hydrodynamic volume of
the cyclic architecture while exhibiting unchanged mass by MALDI-TOF MS. MALDI-
TOF MS analysis also verified low dispersity and provided accurate molecular weights for
all species (see Figure 5.2b-5.2c). Finally, end-group transformations performed to provide
a series of linear controls (see Appendix C, Figure C1) were confirmed by MALDI-TOF

MS.
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Figure 5.2. Molecular weight characterization data for I-PCLek and c-PCLek. a) GPC
chromatograms illustrate the longer elution time for the c-PCLek due to its decreased
hydrodynamic radius. b-c) MALDI-TOF MS spectra of I-PCLek and c-PCLek indicate
exceptional uniformity in both species with respect to end group functionalities and

architectural transformations.
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Table 5.1: Mass determination of I-PCLek and c-PCLsx by GPC and MALDI-TOF MS.

M b

GPC® | GPC* | MALDI| GPC | MALDI

I-PCL,, | 12400 | 6390 | 6360 1.08 1.01

c-PCLg, | 12200* | 6270* | 6420 1.12 1.01

4Calibrated based upon linear polystyrene standards
bCorrected value for PCL,?*" using Ma(PCL) = 0.259M,(PS)*072
“Corrected cyclic Mn values based on retention time and ratios of Mn c-ps/Mn 1-ps reported

by Alberty et al?*® as 0.70 for PSz2000

In order to explore the effect of chain topology on dewetting behavior, thin films
(=110 nm thickness) of 6 kDa PCLs were spincoated and subsequently melted and
recrystallized to study their thermal stability in the melt state. A molecular weight of 6 kDa
was chosen because polymers of this molecular weight can be readily cyclized and because
6 kDa is sufficiently above the entanglement molecular weight of linear PCL (2-3 kDa)
such that dewetting of I-PCLsx cannot be attributed to lack of entanglements.” Furthermore,
several groups have shown that the number of entanglements in cyclic polystyrene and
polybutadiene is two to five times lower than their linear analogues.?'8-2° Thus, one would
expect the I-PCLek film to be more resistant to dewetting than the c-PCLek film due to the
greater presence of entanglements in I-PCLesk and fewer entanglements in c-PClLe;
however, we observe the opposite result. As seen by comparing Figures 5.3a and 5.3d, I-
PCLsk has an as-cast morphology similar to that of the cyclic analog. After melting and

recrystallization, dewetting of the I-PCLek film can be observed optically by substrate
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exposure (tan colored regions) and the raised edges of the dewet film (light blue) (Figure
5.3b). In contrast, the melted and recrystallized c-PCLgk film (Figure 5.3e) showed no
evidence of dewetting by optical microscopy. To verify the dewetting of the I-PCLgk film,
AFM height images were collected of both linear and cyclic species after melting and
recrystallization, and height sections were taken across the regions of interest (Figure 5.3c,
3f). The depression imaged in the I-PCLegk film is broad in width (~10 pm), and its depth
(104.6 £ 7.58 nm) is approximately equal to the film thickness, which is indicative of
dewetting. In comparison, the width of the depression imaged in the c-PCLsx film is narrow
(~1 um) and its depth (64.7 + 6.46 nm) is much less than the film thickness, consistent with

a crystal grain boundary.
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Figure 5.3. Comparison of I-PCLex and c-PCLex before and after melting and
recrystallization: a) optical image of I-PCLexk as cast; b) optical image of I-PCLek melted
and recrystallized; c) AFM height image of I-PCLex melted and recrystallized showing a
section taken across the dewet area (average depth: 104.6 + 7.58 nm); d) optical image of
c-PCLsk as cast; e) optical image of c-PCLek melted and recrystallized; f) AFM height
image of c-PCLex melted and recrystallized showing a section across a grain boundary

(average depth: 64.7 £ 6.46 nm).

Static water contact angle measurements on as-cast films of I-PCLex and c-PCLek
revealed water contact angles of 73.7° £ 0.2° and 79.1° £ 0.7°, respectively. These values
are commensurate with advancing and receding contact angles reported previously for
linear PCL (0a = 78.5° and 6r = 71.6°, corresponding surface tension y = 37.9 mN/m)?%®
and show that the enhanced film stability of cyclic PCL is not due to a difference in surface
tension. These data suggest that the cyclic topology of c-PCLesx may inhibit thin film
dewetting. To support this assertion and eliminate the competing hypothesis that chemical
differences between I-PCLek and c-PClLek (i.e., identity of the I-PCLesk end-groups, or the
presence of the triazole in c-PCLek) could account for the differences in film stability,
several additional control I-PCLs were synthesized with varying end groups (see Figure
5.4; Appendix C, Figure C1), and the same film stability experiments were performed (see
Appendix C, Figure C2). End groups were chosen to address the possible roles of end-
group polarity and presence of the triazole group on film stability. The triazole-containing-
a,w-dihydroxy-PCLek film exhibited partial dewetting during melting and recrystallization,

much like the I-PCLek in Figure 5.3b, albeit with significantly wider dewet regions. Films
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of the triazole-containing-a,o-diacetyl-PCLek and a-propargyl-m-acetyl-PCLek dewet

completely upon melting. Finally, the a-propargyl-m-azide-PCLgk film dewet upon casting.

N=N
N
H
A
HO 0 ¥
Triazole-containing a,w-dihydroxy-PCL (4)
N=N o]
YW\O)J\
n
Triazole-containing a,w-diacetyl-PCL (5)

0]

X
A (o)
\( \H/\/\/\Oyk
O n
a-propargyl-w-acetyl-PCL (¢)

a-propargyl-w-azide-PCL (2)

Figure 5.4. Chemical structures of the additional linear PCL controls. The numbers (2),
(4), (5), and (6) correspond to the synthetic identification of these polymers in the

“Synthetic Protocols” section of the Appendix C.

5.4 Discussion
Dewetting is a complex and important phenomenon that can largely be attributed

to a few important factors, namely, film thickness, polymer-substrate/polymer-polymer
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interactions, temperature, and molecular weight,t%: 20 33, 35 155, 203206, 209, 212, 221 |py
sufficiently thick films (microns and above), molecular forces that drive film instability are
overcome by gravity, which allows the polymer film to resist dewetting.?%* 22! Below a
critical thickness, molecular forces become dominant, and the film may break up into
droplets on the substrate through homogeneous or heterogeneous nucleation and
propagation of dewetting holes.'% 203205 A polymer also may be forced into an unstable
or metastable state by casting onto a highly non-wettable substrate.’®> 222 Because of
unfavorable polymer-substrate interactions, the film will spontaneously dewet upon
casting, or if metastable, any perturbation, such as an increase in temperature above the
thermal transition, will cause rupture of the film and dewetting from the substrate. Finally,
the polymer molecular weight also plays a role in the dewetting rate due to the relationship
between molecular weight and fluid viscosity; thus, a more highly-entangled polymer has
significantly lower mobility and will resist dewetting.20% 205223

In our study, film thickness and molecular weight were held constant and the
melting procedure was standardized so that topology (I-PCLsk versus c-PCLek) and end-
group chemistry (of the control I-PCLs) were the only variables that could account for
differences in film dewetting. The end group chemistries ranged from polar hydrophilic
groups to non-polar hydrophobic groups. Although end groups can affect intermolecular
interactions, all of the linear PCLs and c-PCLek exhibit crystallization upon film casting
(see Figure 5.3a, Appendix C, Figure C2) suggesting that the end groups minimally impact
intermolecular interactions. However, the differences in dewetting behavior show that the
end groups have a substantial impact on the interaction of the polymer chains with the

substrate. For example, hydrophilic polymers and end groups can more easily interact with

115



and wet polar substrates than hydrophobic polymers, potentially improving film stability.
This observation may explain the lesser extent of dewetting exhibited by I-PCLs containing
polar hydroxy end-groups compared to I-PCLs containing only hydrophobic end-groups
(see Figure 5.3, Appendix C, Figure C2). However, dewetting arises even in the presence
of favorable end-group interactions with the substrate. Reiter and others have described the
phenomenon of “autophobic dewetting” which can occur when the confined polymer has
“sticky ends” or end-groups that are more inclined to complex with the substrate than the
rest of the polymer chain,204 207-208, 210211, 224 Rapy|sive interactions between the adsorbed
polymer layer and the bulk polymer layer increase the likelihood of dewetting. Thus, films
of I-PCLs containing polar hydroxy groups to facilitate favorable substrate interactions
may still dewet by autophobic dewetting.

Although the dewetting behavior of the I-PCLek films can be explained based on
analysis of interactions between the end-groups and the substrate, this assessment provides
an insufficient explanation for the dramatic increase in stability afforded by the cyclic
topology. Furthermore, several groups have shown that analogous cyclic polymers have
significantly lower viscosities than their linear counterparts which should enhance their
mobility in thin films.1726-27.215-216 Based on these facts, the cyclic polymer film would be
expected to dewet more readily than films of exact linear analogues due to lack of end-
group stabilization and greater polymer mobility. Additionally, the presence of a triazole
group, which has been suggested may affect PCL crystallization kinetics,?® does not
explain the stability of c-PCLek films, as triazole-containing linear controls readily dewet.

Although there are many factors that dictate film stability, this initial investigation points
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to the cyclic topology as the strongest contributing factor to the greatly enhanced thin film

stability of c-PCL.

5.5 Conclusions

In this work, we described the discovery that low molecular weight cyclic poly(e-
caprolactone) exhibits enhanced thin film melt stability when compared to exact linear
analogs. Although multiple end group chemistries were studied, a stable I-PCLek was not
observed. This finding is intriguing given that the physical characteristics of cyclic
polymers compared to linear analogues (greater chain mobility, lower viscosity, and lower
density of molecular entanglements) are all properties that are known to facilitate rather
than inhibit film dewetting processes. Although the underlying mechanism responsible
for the enhanced stability of c-PCLsx films over I-PCLsk analogues has yet to be elucidated,
this initial investigation provides compelling evidence that the cyclic topology is the
strongest contributing factor. Finally, the ability to enhance film stability via the cyclic
topology has the potential for far-reaching impacts on applications that require film

stability in thin and ultrathin film geometries.
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Chapter 6
MORPHOLOGY AND KINETICS OF CRYSTAL GROWTH IN

LINEAR AND CYCLIC PCL

As discussed in Chapter 5, a great deal of work has been done to better understand
the phenomena exhibited by cyclic polymers. This has mainly focused on the bulk, and
characteristics such as degradation®, mechanical properties??®, rheological
characteristics??’, and thermal properties” ® 17 2. 215 |n the case of semi-crystalline
polymers, work has focused on studying the kinetics of crystal growth in linear and cyclic
polymers such as PCL and PLA" 17:27:225.228229 'Bacause of the significant amount of time
it took to develop adequate synthetic methods leading to pure cyclic materials, the pace of
study into cyclic polymers confined in thin and ultrathin film geometries has lagged behind
that of the bulk materials. However, many high impact studies have been done recently,
including our own described in Chapter 5. The overarching goal of these studies, as in this
thesis as a whole, is to understand how the confinement geometry affects the major
characteristics of semi-crystalline polymers. This chapter outlines the initial work into the
morphology and kinetics of crystal growth in linear and cyclic PCL in thin and ultrathin

films.
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6.1 Thin Film Morphology

The differences between linear and cyclic PCL in terms of molecular-level crystal
structure have largely already been established. For example, Su et al. have shown that
cyclic PCL exhibits a slightly larger lamellar thickness as compared to its exact linear
analog®’. Unsurprisingly, this leads to significant differences in the morphology in thin
films, even when the films are cast using the same conditions. We have studied pairs of
linear and cyclic PCL ranging from 1.2 kDa up to 6 kDa (the system studied in the
preceding chapter) and at a range of film thicknesses. As can be seen in Figures 6.1-6.4, at
multiple film thickness and at multiple molecular weights, the as-cast morphology is
remarkably different between the linear and cyclic species, despite being at the same

confinement and exact same molecular weight:

Figure 6.1. Bright field optical microscopy images of: a) 90 nm 1.2 kDa linear PCL as cast

from toluene and b) 85 nm 1.2 kDa cyclic PCL as cast from toluene.
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Figure 6.2. Bright field optical microscopy images of: a) 79 nm 4 kDa linear PCL as cast

from toluene and b) 80 nm 4 kDa cyclic PCL as cast from toluene.

Figure 6.3. Bright field optical microscopy images of: a) 58 nm 6 kDa linear PCL as cast
from toluene and b) 56 nm 6 kDa cyclic PCL as cast from toluene. Note: Contrast in images

enhanced to better illustrate the morphology.
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Figure 6.4. Bright field optical microscopy images of: a) 117 nm 6 kDa linear PCL as cast

from toluene and b) 106 nm 6 kDa cyclic PCL as cast from toluene.

As cast images were used because melted and recrystallized linear samples at these
molecular weights dewet from the substrate upon melting to erase the thermal history (see
Chapter 5). However, several observations can be made from these as cast samples.

First, in each of the four examples, the cyclic generally exhibits crystals with
smaller radii as compared to its linear analog. Because crystal size is directly related to the
nucleation density, this is indicative that cyclic PCL tends to show an inherently higher
nucleation density. For example, in Figure 6.2, the linear PCL shows 7 crystal nucleation
sites, while the linear exhibits 28 nucleation sites. In some cases, such as Figure 6.1, they
are roughly equivalent (79 linear vs. 73 cyclic). There is obviously a dependence on both
the molecular weight and the film thickness. That the nucleation density tends to be higher
in the cyclic molecules is not surprising considering that the ring structure will lead to a
more compact amorphous structure which will force chains to be in closer contact and thus

generate nuclei more freely.
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Another major observation from this data set is that the morphology of the grain
boundaries is different. As in typical polymer spherulites, the grain boundaries in the linear
samples shows the typical smooth interface. In the case of the cyclic however, the grain
boundaries are jagged, rough interfaces between the impinging crystals. This may also be
due to the more compact nature of the cyclic molecule. Since it can form more compact
crystals as it attaches to the growth face, it creates a more uneven surface.

Finally, the morphology inside the crystals themselves is quite different between
the two. Linear PCL at this range of molecular weights shows a flattened spherulitic
morphology, as expected. In the case of the cyclic, the morphology appears spherulitic, but

with a much rougher spherulite surface.

6.2 Crystal Orientations via GIWAXS

As discussed by Zhang et al.?, much of the dynamics and phenomena exhibited
by cyclic polymers in thin films has been hypothesized to be due, at least in part, to the
orientation these molecules assume in thin films. It is well known that the substrate can
have an enormous impact on the orientation that polymer chains can assume32 34 146 152,204,
230 Thus, we have studied several examples of linear and cyclic PCL thin films via
GIWAXS. By studying the two-dimensional scattered intensity in g, it is obvious that the

architecture of the polymer has a significant effect on the orientation of the crystalline

lamellae:
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Figure 6.5. Two-dimensional scattering intensity measured via GIWAXS for a) 117 nm 6

kDa linear PCL as cast from toluene; and b) 106 nm 6 kDa cyclic PCL as cast from

toluene.

As shown in Figure 6.5, the as cast orientations of both linear and cyclic PCL are similar,
however examined more closely it becomes obvious that there is less of an orientation

distribution in the case of the cyclic. The difference becomes more dramatic once the films

are melted and recrystallized to erase film casting history:
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Figure 6.6. Two-dimensional scattering intensity measured via GIWAXS for a) 114 nm 6
kDa linear PCL melted and recrystallized at 25 °C; and b) 113 nm 6 kDa cyclic PCL melted
and recrystallized at 25 °C. Note: as discussed in Chapter 4, the linear sample suffers slight

dewetting, which contributes to the halos directly above the beam stop.

Figure 6.6 offers an interesting insight, however more work needs to be done to study it
further. By comparing the crystal orientation between the as cast (Figure 6.5b) and melted
and recrystallized (Figure 6.6Db), it appears the cyclic film does not undergo a significant
change in crystal orientation. This could be due to the compact nature of the cyclic
molecule allowing it to find its preferred orientation more readily than the linear.
Alternatively, it could be due to the lack of chain ends, which restricts any large orientation
shifts even in the melt state. It is important to note that the linear film suffers slight
dewetting upon melting, however this effect is largely observed in the periodic banding
directly above the beamstop due to the silicon substrate. This is contrasted with the linear

which has more segmental mobility due to the linear architecture. We found this same
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result in comparing even thinner films of linear and cyclic PCL (see Figure 6.7), however

the large extent of dewetting in the linear creates a significant noise in the GIWAXS data:

a, (A

0 0.5 1 1.5 2
A-1
9, (R")

Figure 6.7. Two-dimensional scattering intensity measured via GIWAXS for a) 58 nm 6
kDa linear PCL melted and recrystallized at 25 °C; and b) 57 nm 6 kDa cyclic PCL
melted and recrystallized at 25 °C. Note: as discussed in Chapter 4, the linear sample

suffers slight dewetting, which contributes to the halos directly above the beam stop.
To study whether this difference in orientations between linear and cyclic PCL was

due to the ultrathin film confinement in films at approximately 100 nm and below (as the

preceding films were), we also studied thicker films of the 6 kDa linear and cyclic PCL.:
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Figure 6.8. Two-dimensional scattering intensity measured via GIWAXS for a) 474 nm 6
kDa linear PCL melted and recrystallized at 25 °C; and b) 502 nm 6 kDa cyclic PCL

melted and recrystallized at 25 °C.

The preceding results lead to two preliminary conclusions. First, in thinner films, it
appears cyclic PCL assumes a preferred orientation when cast from organic solution, and
that this orientation is favored even after the film is melted and recrystallized to erase the
thermal history. This is contrasted by the linear results, which shows an appreciable shift
in crystal orientation once the film is melted and recrystallized. Second, whether studying
the film before or after melting and recrystallizing, it is obvious that the cyclic PCL shows
a different orientation as compared to its exact linear analog. While it is unclear if this
orientation difference contributes to the differences in morphology and film stability
discussed thus far in this thesis, it does show that the cyclic architecture affects the crystal

structure on a molecular and lamellar level.
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6.3 Crystal Growth Kinetics

One of the main areas of study in semi-crystalline polymers, regardless of bulk or
thin film geometry, is the crystallization kinetics. As discussed in Chapter 1, crystallization
is a growth process that is affected by several factors, especially the temperature at which
the crystals grow. We would also like to better understand what effect the substrate has on
crystal growth. To this end, we have begun to study the crystal growth kinetics and the
differences exhibited by linear and cyclic PCL when isothermally recrystallized at different
temperatures. This study lagged the other preliminary studies due to the dewetting of low
molecular weight linear PCL. This dewetting renders the film useless for kinetics studies.
As such, we studied films approximately 500 nm films of pure linear and pure cyclic 6.5
kDa PCL. Additionally, since an eventual goal of this project is to study how blending the
two architectures affects morphology, crystallization kinetics, and stability, we also studied
a 50/50 linear-cyclic blend film. These films were isothermally crystallized at temperatures
ranging from 25 °C to 40 °C after being thermally treated to erase film casting history. As
shown in Figure 6.9, different isothermal crystallization temperatures lead to a significant

difference in crystal growth rates:
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Figure 6.9. Radial growth rate at multiple isothermal recrystallization temperatures for
475 nm linear PCL; 502 nm cyclic PCL; and 350 nm 50-50 blend of linear and cyclic

PCL.

As reported previously in the bulk, cyclic PCL shows a higher radial growth rate
than its exact linear analogues at temperatures of approximately 35 °C and higher’. This
has been explained by the lower viscosities exhibited by cyclic polymers, as well as the
hypothesis that cyclic PCL has a higher equilibrium melting temperature, and therefore at
equivalent temperatures the cyclic is at a higher degree of supercooling.

Interestingly, at lower temperatures, (25°C to 30°C), we observe a reversal of the
crystallization speeds. At these temperatures, the linear PCL grows more rapidly than the

cyclic. Considering the aforementioned studies, this is an intriguing result. To study this
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further, we conducted temperature controlled GIWAXS studies at Argonne National
Laboratory to study the change in the degree of crystallinity as a function of time. Because
this method probes the molecular-level structure of the film, it is a different measure of the
crystallization kinetics as compared to studying growth rates optically, as GIWAXS
combines nucleation and growth into a single degree of crystallinity value. As shown in

Figure 6.10, the growth rate of cyclic PCL when studied via GIWAXS is faster than the

linear:
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Figure 6.10. Increase in degree of crystallinity as a function of time during isothermal
recrystallization as studied via GIWAXS for 475 nm linear PCL (red open triangles), 502
nm cyclic PCL (blue open diamonds), and a 350 nm 50-50 linear-cyclic PCL blend film
(purple open circles). Degree of crystallinity calculations are discussed more thoroughly

in Chapter 4 and Appendix D.
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These results show that cyclic PCL does in fact crystallize quicker at 30°C than the linear
PCL, reaching nearly constant final crystallinity after approximately 60 seconds, while the
linear takes 140 seconds. The blend takes the longest to reach final crystallinity, at
approximately 300 seconds. It also takes longer for the blend film to show any signs of
nucleation/crystallization (approximately 40 seconds). The blend result is in line with our
initial growth rate result (see Figure 6.9) and this effect, where blends of linear cyclic lead
to slower overall crystallization than the two individual parts has been seen by Lopez et al.
and is explained as being due to the linear “threading” the cyclic chains and slowing the
entire system down??. Interestingly, we found that the final crystallinity in the cyclic
sample is lower than that of the pure linear and blend sample, corresponding to other studies
finding that cyclic PCL exhibits higher crystallinity’’. However, as discussed in Chapter 2,
it is important to note that GIWAXS is unable to quantitatively describe crystallinity, and
because orientation differences can affect the crystallinity measurement, we cannot say for
sure whether the significantly lower crystallinity in the cyclic thin films is a true result.
Since GIWAXS experiments combine nucleation and growth into a single quantity
(the degree of crystallinity) whereas nucleation and growth are independent in crystal
growth rate studies, it is obvious that the crystal nucleation is behind the disconnect
between these two studies. This can be better understood by looking at the crystal
morphology of the films crystallized at 30 °C via optical microscopy as shown in figure

6.11:
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Figure 6.11. Polarized optical microscopy images of a) 475 nm 6 kDa linear PCL
isothermally crystallized at 30C; and b) 502 nm 6 kDa cyclic PCL isothermally

crystallized at 30 °C. Scale bar corresponds to 200 pum.

Clearly shown by these results is the significant difference in crystal size between linear
and cyclic PCL, even when isothermally crystallized at the same temperature and within
the same film thickness regime. This, in turn, is related to the nucleation density. As can
be seen in these two images, the nucleation density in cyclic PCL is many times higher
than that of linear. Thus, the linear PCL having a faster radial growth rate still causes it to
crystallize more slowly, since it will take longer for all of the crystals to impinge upon each
other as compared to the cyclic film.

Still, the fact that the cyclic crystals grow significantly more slowly at these
temperatures is a conflicting result in the grand scheme of linear and cyclic crystallization
Kinetics data that have been reported in the literature. Why is it that the cyclic growth rate
is faster at higher temperatures but significantly slower at lower temperatures?
Unfortunately, all of the studies done so far on linear versus cyclic crystal growth rate have

studied temperatures at approximately 35°C and above’ 2°, At this range, it is obvious that
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the cyclic grows more quickly than the linear, and our results verify the results observed
previously. However, to the best of our knowledge, we are the first group to study growth
rates at these lower temperatures. The only work done previously in this area was by Wang
et al?*!. who studied bulk crystallization kinetics using fast-scan chip calorimetry in 2 kDa
linear and cyclic PCL. While they were able to verify previous results showing faster cyclic
crystallization rates at low degrees of supercooling, they found that below 20 °C, the
difference in growth rate between the linear and the cyclic is “insignificant”. We would not
classify the difference we observe as insignificant. Furthermore, since their 2 kDa system
is below the reported entanglement molecular weight, it very well might be a more
pronounced effect in an entangled PCL (as it would be in the case of our 6 kDa system).
While we are fairly certain that the results at higher temperatures are valid, the major
unknown is the trend of growth rate with temperature at lower temperatures. Based on the
theory of spherulitic growth, there is a maximum growth rate at approximately halfway
between the melting temperature (Tm) and the glass transition temperature (Tg), usually
termed “Gmax”1%3. This point is the crossover between the nucleation-limited growth and
diffusion-limited growth regimes. Below this point, crystal growth slows down due to an
increase in the melt viscosity limiting diffusion of amorphous polymer chains to the growth
surface. This has been studied and reported in a variety of semi-crystalline polymer

systems!9%. An example of this phenomena reported previously can be seen in Figure 6.12:
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Figure 6.12. Temperature dependence of crystal growth rate from the melt for a variety
of polymers; rubber, Nylon6, PTMPS, PET, i-PS, PLLA, PESU. Slid and broken lines are
best fitting by Arrhenius and WLF expressions, respectively. Reproduced with
permission from Umemoto, Sususmu, and Norimasa Okui. "Master curve of crystal
growth rate and its corresponding state in polymeric materials.” Polymer 43.4 (2002):

1423-1427'%,

Because we are at the forefront of studying crystallization in cyclic semi-crystalline
polymer thin films, many questions pertaining to the kinetics remain unanswered. In the
case of this bizarre crossover in growth rates, a great deal of work needs to be done to better
understand Gmax, especially the differences in Gmax exhibited by different architectures.

The biggest contribution to this Gmax might be the difference in viscosity between linear
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and cyclic polymers, and very well might lead to a flatter growth curve and lower Gmax for

the cyclic species.

6.4 Conclusions

The most common goals in the study of semi-crystalline polymers, especially when
confined in thin films, is to better understand the thin film morphology, crystal orientations,
and crystallization Kinetics, especially in terms of how they are affected by the substrate.
In this Chapter, we have described some of the work that has been done to study these
factors in linear and cyclic poly(caprolactone). They are especially important given our
initial finding, described in Chapter 5, of the enhanced stability exhibited by the cyclic
species. We have found that beyond having a unique thin film morphology as evidenced
by microscopy techniques, cyclic PCL also exhibits unique and different orientations when
studied via GIWAXS, both as cast from solution and once the thermal history has been
erased by melting and recrystallizing. More work needs to be done on the topic of crystal
morphology, especially in thin and ultrathin films. This will allow us to better understand
crystal growth at a molecular level. However, this study has as yet been delayed due to the
instability of low molecular weight linear PCL. As synthetic methods improve, and higher
molecular weights are more easily synthesized, we will be able to understand better the
equilibrium morphologies of semi-crystalline linear and cyclic polymers in thin and
ultrathin films.

Furthermore, while much work has been done to try and better understand the
crystallization kinetics of linear and cyclic polymers in the bulk, to the best of our

knowledge, we are the first group to begin to study these kinetics in thin films. While we
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have observed that the crystallization kinetics match that of the previously reported bulk
phenomena, we find that the cyclic species grows more slowly at higher degrees of
supercooling, which is a conflicting, albeit very intriguing result.

To better study these observations, the main next steps in this project are twofold:
First, multiple molecular weights should be studied to better understand whether this effect
is isolated to a certain molecular weight. Assuming this crossover is seen in multiple
systems, the next step is to extend the isothermal recrystallization studies in the low
temperature regimes below 25 °C. This is a non-trivial endeavor, however, as
crystallization at even 30 °C occurs very rapidly. Moving to lower and lower isothermal
recrystallization temperatures very well might require higher magnifications, or fast-

scanning capabilities in AFM study.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

The previous four chapters have described several endeavors to better understand
polymer crystallization in thin films. Specifically, we have used polycaprolactone, a
biocompatible and biodegradable polyester as the model polymer system. This is because
of the various advantageous characteristics of PCL that make studying polymer
crystallization simpler, such as low melting and crystallization temperatures and slower
crystal growth. These studies have primarily focused on some of the unique characteristic
that PCL exhibits. They have included the ways that blending with a second, non-
crystalline component can affect the direction of crystallization and morphology, new ways
to detect and quantify thermal transitions due to thin film confinement, and the unique
characteristics exhibited by cyclic PCL. While the data and interpretation of the data
generated by these studies is insightful in and of itself, it is vital to consider both the short
and long-term outlook in the study of polymer crystallization in thin films, and how our
findings can be used in various applications using PCL as well as other semi-crystalline
and non-crystalline polymers. To keep a level of continuity, the conclusions and next steps
have been broken up into four sections, mirroring the four individual studies contained

herein.
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7.1 Polymer Crystallization in Thin and Ultrathin Film Blends

The nano-rose work, above all else, showed that the direction of crystal growth at
the nanoscale can be affected by blending with the “right” component. Previously, non-
linear crystal growth that led to lamellar twisting and banded spherulites was believed to
be due to the characteristics of the pure polymer component, or in some cases, the
crystallization conditions®?% 130132 Here, we found that the right characteristics in the
non-crystalline component, such as a difference in surface energy and mechanical
properties, can cause bizarre, non-conventional crystal growth. At a high level, this
signifies that we have some level of control on the direction and overall morphology of
crystal growth. This is powerful, because crystal morphology had typically been based on
either the kinetics of crystal growth (temperature, degrees of supercooling, etc.), outside
mechanical treatment (such as drawing or shear), or, in two-component systems, Flory-
Huggins dependent phase separation. There are a few next steps that would further
elucidate our understanding of the phenomena that lead to the nano-rose and other non-
linear crystal growth morphologies, as well as our ability to control it.

There was something obviously advantageous about the styrene-isoprene block
copolymer that was characteristic to the block copolymer architecture itself, since the nano-
rose morphology was not observed with PCL blended with styrene or isoprene
homopolymers. Was it the mechanical properties of styrene-isoprene-styrene, a glassy-
rubbery-glassy block copolymer? Could it be a function of the volume fraction of the
components? This factor would affect the nano-structured phase separated block

copolymer morphology itself, however we did not find evidence of phase separation via
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GISAXS. Is it the chemistry of the styrene-isoprene block copolymer? These are all
important follow-up questions worth asking and attempting to answer.

The easiest way to approach this problem is to use synthetic techniques already in
progress in our lab to synthesize a new, modular block copolymer system that can test some
of these questions. Based on previous work done in our lab, the ideal candidates for these
studies are styrene-vinylmethylsiloxane and methyl methacrylate-vinylmethylsiloxane
block copolymers. These two block copolymer systems will shed light on the above-
mentioned questions. First, thin film studies of PCL with PS-PVMS block copolymers can
show whether the styrene-isoprene chemistry leads to the nano-rose morphology.
Furthermore, the ability to synthesize PS-PVMS-PS vs PVMS-PS-PVMS block
copolymers and study their blend morphology in thin films with PCL can show whether it
is the mechanical properties of the block copolymer that leads to the nano-rose
morphology. Obviously, a logical step would also be to study how altering volume
fractions of the individual blocks affects blend morphology.

Of course, there are also questions regarding the semi-crystalline component in the
nano-rose blends. Our initial study focused solely on blends using PCL. We did, however,
study the molecular weight dependence of nano-rose formation and observed the nano-rose
morphology using a wide range of PCL molecular weights (10 kDa to 80 kDa). A more
important factor might be the chemistry of the semi-crystalline component. To this end, it
would be worth studying similar blends containing styrene-isoprene block copolymers and
other semi-crystalline polymers such as poly(lactide) or poly(ethylene). The challenge in
conducting studies with the latter component is the low solubility in common casting

solvents such as toluene at ambient conditions.
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7.2 Spectral Reflectance to Examine Thermal Behavior of Semi-Crystalline Polymers

In our initial study on the use of spectral reflectance to detect the thermal transitions
of semi-crystalline PCL, we found that by studying the expansion phenomena of these
films as a function of temperature, we were able to easily pinpoint the melting and
crystallization temperatures that we could then correlate via methods such as DSC, AFM,
and GIWAXS. We then carried this one step further and did various isothermal
crystallization studies where we correlated the film thickness observed via spectral
reflectance with the degree of crystallinity measured via GIWAXS. Of course, this means
that spectral reflectance is one of a few methods that can detect thermal behavior in semi-
crystalline thin films when still confined on solid substrates. Additionally, it is a more
accessible method than AFM, X-ray scattering, and calorimetry. There is, however, a trade
off when it comes to the information that is possible to gain with calorimetry methods, such
as the heats of crystallization, degree of crystallinity, etc. The question then becomes: can
we fine-tune the thermal transitions and kinetics studies, including degree of crystallinity
over time, to justify spectral reflectance as one of the first choices for thin film
crystallization studies?

As discussed in chapter 1, the degree of crystallinity dictates many of the favorable
characteristics of semi-crystalline polymers as well as how and why they are used in a
variety of applications. Therefore, it would be advantageous to be able to detect and
describe the degree of crystallinity as a function of crystallization conditions, polymer, etc.
Unfortunately, the typical methods for measuring the degree of crystallinity, such as DSC
and WAXS, are only applicable to thick, bulk materials. Nano DSC and other methods

where calorimetry is done on small amounts of polymer always require removal of the
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polymer from any substrate it started on. Thus, the situation is more complicated for thin
films confined to solid substrates. Since one of the goals is to comment specifically on the
effect of the substrate, the ability to measure the film on the substrate is vital.

As discussed in Chapter 4, despite the conflicting results when trying to calculate
the degree of crystallinity using spectral reflectance, it is remarkable that we can use a
relatively simple and accessible method that provides us so much insight into the
crystallization in these thin and ultrathin films. Through our comparisons so far between
spectral reflectance and either DSC or GIWAXS, we feel as though we have validated the
technique in the general sense of being able to qualitatively observe the crystallization
process. The ultimate goal, and one which would be hugely impactful, is being able to more
precisely measure crystallization and the degree of crystallinity using the spectral
reflectance technique. Doing so will allow researchers to definitively correlate degree of
crystallinity values with various characteristics exhibited by semi-crystalline polymers in
thin films and due to the thin film confinement geometry. Planned additional experiments
using nano-DSC techniques and further beamline study will provide further clues into the
strengths and weaknesses of our model. Specifically, it would be useful to be able to more
accurately measure the crystalline and amorphous densities of PCL.

Put together, fine tuning the physical characteristics that go into our mathematical
model while also having more precise techniques to compare our results to will allow us to
improve the use of spectral reflectance for both thermal behavior and degree of
crystallinity. Because the pace of study into semi-crystalline polymers in thin films is
increasing, a new technique for monitoring crystallization and crystallinity will have

significant impact.
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7.3 Thin Film Stability of Cyclic Polycaprolactone

Our finding that low molecular weight cyclic polycaprolactone resists dewetting in
thin films as compared to exact linear analogs was some of the first commentary on the
phenomena exhibited by cyclic polymers in thin films, and certainly one of, if not the first
study on thin film cyclic crystallization. Since it was a very preliminary study where we
aimed only to study one factor, in our case the chemistry of the end groups, we did find a
very unexpected albeit very powerful result in the stability of cyclic PCL. It was especially
interesting how drastic the differences were by simple chemical changes to the end group
of the linear PCL. More work remains to be done, because although the cyclic architecture
was the only common denominator in that study, we still have not answered all the
questions regarding why cyclic PCL remains stable.

Most of the prior studies on the dewetting and film stability used amorphous
polymers such as polystyrene. When these materials are heated above their glass transition
temperature, it was found that systems at low molecular weights, on non-wetting substrates,
or at low film thicknesses readily dewet either via the opening of dewetting holes or by
complete spinodal dewetting. This was found to be due to the film undergoing a phase
transition from glassy to rubbery, and the enhanced motion caused the film to become
unstable and rupture. Given the combination of these findings and our findings, it would
be worth studying if the stability exhibited by cyclic PCL is inherent to a) PCL itself, or b)
semi-crystallinity. There are two worthwhile follow-ups that may shed light on these
considerations.

First, a similar study on the stability exhibited by linear and cyclic polystyrene can

be conducted. Given the synthetic expertise of our laboratory and our collaborators, the
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synthesis should pose little issue. In this study, a comparison between exact linear
analogues of linear and cyclic polystyrene will be insightful, because if it similarly shows
that the cyclic architecture lends stability to the mobile rubbery state of polystyrene, it will
support the idea that the cyclic architecture itself is causing the stability. Furthermore, it
will answer the questions of whether the stability is inherent to PCL or semi-crystallinity.

If it is instead found that the cyclic architecture does not offer stability to cyclic
polystyrene over the exact linear analog, the situation becomes somewhat more
complicated. The question then returns to whether the stability of cyclic PCL is inherent to
the semi-crystalline state or the chemistry of PCL. To study these factors, we would instead
opt to synthesize and study a different linear and cyclic semi-crystalline polymer. Mueller
et al. recently discussed their findings on the kinetics of linear and cyclic poly(lactide)??®,
Therefore, the synthetic methods are established, and poly(lactide) is an excellent semi-
crystalline candidate for this purpose.

In the end, we would like to better understand the factors that lead to film stability
in cyclic PCL, cyclic semi-crystalline polymers, and cyclic polymers in general. As we
gain a better understanding of the factors that lead to film stability in each of these
examples, we can then focus our efforts on where this characteristic can be used from an
applications standpoint. This is especially important in more hydrophobic or unstable
polymer films where film dewetting and other instabilities have become a dead end or road
block when it comes to using these materials in applications where they are otherwise

significantly advantageous.
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7.4 Thin Film Morphology and Kinetics of Cyclic Polycaprolactone

As described in Chapters 5 and 6, we have positioned ourselves on the forefront of
studying cyclic polymer crystallization in thin films. Besides the bizarre and intriguing film
stability results outlined in Chapter 5, we have taken a deeper look into the morphology
and crystal growth of cyclic PCL and how it compares to its exact linear analogue.
Primarily, we have concluded that not only is the morphology of cyclic PCL different on a
global level, such as its higher nucleation density, significantly smaller crystal size, and
rough grain boundaries, but through GIWAXS studies we can confidently state that the
cyclic PCL assumes a preferred orientation upon casting that is not appreciably changed
when melted and recrystallized. Furthermore, this orientation is unique to cyclic PCL when
compared to its exact linear analog. Thus, the crystallization of cyclic PCL in thin films is
unique on a molecular, lamellar, and spherulitic scale.

Additionally, through detailed experiments into the crystal growth rate via optical
microscopy, we have shown that as reported previously, the crystallization rate of cyclic
PCL is faster than that of its linear analog when studied via GIWAXS. However, cyclic
PCL shows a crossover in growth rate with linear PCL and is slower than linear PCL when
studied via optical microscopy at temperatures of 30 °C and below. Mueller et al. saw a
similar effect when studying linear and cyclic PCL crystallization via fast scan chip
calorimetry, albeit they commented that the difference between the two was negligible?3!,

Further work must be done in this specific area, looking into the crystallization
differences at the entire temperature range. This includes the differences in kinetics at
different temperatures, film thicknesses, and in multiple molecular weights. The reason for

this is simple: from an applications standpoint, our goal is to show that linear and cyclic
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PCL have unique crystallization characteristics, and therefore we can control them by
blending them together. By gaining a better understanding of how each of these variables
affects the final state of the crystallized system, we can see the true level of control we
have over the final “product” so to speak.

From a thin films standpoint, this is important because we would like to have a
better understanding about how the substrate affects different architectures. We have
already shown the way that the architecture affects film stability, but subtle changes in
orientations in thin films very likely lead to significant differences in kinetics, morphology,
etc. that will affect if and how these polymers are used for the various applications that
utilize thin film semi-crystalline polymers.

All in all, this work is significantly non-trivial, and will take many years. This is
because a proper commentary on the differences between linear and cyclic PCL as well as
their blend behavior will require experiments that span multiple molecular weights. This
means that the project will require significant synthetic optimization, as well as physical
characterization into growth rate, orientation via X-ray scattering, thermal behavior via
spectral reflectance and calorimetry techniques, and likely some form of neutron scattering
to more closely monitor the effects of the linear end groups. However, filling in this gap in
knowledge of how linear behaves differently from cyclic is undoubtedly necessary. As
stated multiple times, applications using these materials do and will continue to rely on
precise control over the many characteristics of semi-crystallinity, which will require

precise knowledge on the factors that affect those characteristics.
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Appendix A

SUPPORTING INFORMATION FOR ULTRATHIN FILM
CRYSTALLIZATION OF POLY (e-CAPROLACTONE) IN BLENDS
CONTAINING STYRENE-ISOPRENE BLOCK COPOLYMERS:

THE NANO-ROSE MORPHOLOGY
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Figure Al. Nano-rose size distributions as quantified using the GT Fiber program (N.
Perrson et al. Chem. Mater. 2017, 29, 3—14) for 45 kDa PCL/SIS Vector 4293 A blend
containing 50 wt. % SIS. The following parameters were used in the GT Fiber
processing: Gaussian Smoothing 10; Orientation Smoothing 30; Diffusion time 5 s; Top
Hat Size 30 nm; Adaptive Threshold Surface; Global Threshold 0.3; Noise Max Area

2500 sq.; Skeletonization Fringe Removal 40 nm; Grid Step 400 nm; Frame Step 200 nm.
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Height Sensor 1.0 um

Figure A2. AFM height images of 45 KDa PCL/SIS vector 4211A blend containing 50 wt %
SIS. This film exhibits the nano-rose morphology: as cast (top) and washed with

cyclohexane to remove SIS component (bottom).
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Figure A3: 3-dimensional AFM height images of: (a) 45 kDa PCL/SIS Vector 4293A SIS

containing 50 wt. % SIS; and (b) 45 kDa PCL/SIS Vector 4293A containing 50 wt. % SIS
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washed with cyclohexane to remove SIS. Both films exhibit the nano-rose morphology.

These images correspond to the AFM data in Figure A2.
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Film Thickness vs. Position
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Figure A4: Calibration curve for film thickness as a function of position for a representative
gradient blend film of 45 kDa PCL/SIS vector 4293A containing 50 wt % SIS. The zero
position was defined 1-2 mm from the start of the film so that it was beyond the startup region of
flow coated film. From the zero position, 5 mm increments were marked on the film using a
scribe. These markings were used to identify position during spectral reflectance measurements
to generate the calibration curve. The markings were used again to identify position during AFM
measurements so that morphology could be accurately correlated with film thickness through use

of the calibration curve.
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Figure A5. AFM height image of 12 nm thick 45 kDa PCL film exhibiting the dense

branching morphology.
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Figure A6. AFM height image of 14 nm thick SIS vector 4293A film exh

cylindrical block copolymer nanostructure.
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Height Sensor 1.0 ym
Figure A7. AFM height image of 45 kDa PCL/SIS vector 4293A blend containing 50 wt % SIS after

melting at 75 °C for 5 minutes and recrystallizing at 25 °C. This film exhibited the nano-rose morphology

prior to melting and recrystallization.
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Figure A8. Morphology evolution as a function of temperature showing the melting transition starting at

45°C in 45 kDa PCL/SIS vector 4293A blend film exhibiting the nano-rose morphology.
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20.0 nm
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Figure A9. Morphology evolution as a function of temperature showing melting transition starting around
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55°C in a 13 nm thick film of 45 kDa PCL.
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Figure A10. Morphology evolution as a function of temperature showing enhanced mobility starting around
55°C in a 14 nm thick film of SIS vector 4293A. Bulk films of SIS have expected mobility around 100°C,

close to the glass transition temperature of polystyrene.
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Height Sensor 5.0 ym

Figure A11. AFM height image of 45 KDa PCL/SIS vector 4293A blend containing 50 wt % SIS exhibiting
a partial nano-rose morphology at ~7 nm shown here to illustrate nano-roses forming at the nucleation

points of crystallization.
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Figure A12. Nano-rose size distributions as quantified using the GT Fiber program (N. Perrson et
al. Chem. Mater. 2017, 29, 3—14) for: (a) 45 kDa PCL/SIS Vector 4211A blend containing 50 wt.
% SIS; (b) 45 kDa PCL/SIS Vector 4215A SIS blend containing 50 wt. % SIS; (c) 45 kDa

PCL/P2208 Sl blend containing 50 wt. % Sl diblock; (d) 45 kDa PCL/P3868 Sl diblock blend
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containing 50 wt. % Sl diblock. The following parameters were used in the GT Fiber processing:
Gaussian Smoothing 10; Orientation Smoothing 30; Diffusion time 5 s; Top Hat Size 30 nm;
Adaptive Threshold Surface; Global Threshold 0.3; Noise Max Area 2500 sq.; Skeletonization

Fringe Removal 40 nm; Grid Step 400 nm; Frame Step 200 nm.
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Figure A13. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector 4293A
blend containing 25 wt % SIS at film thicknesses (a) 6 nm, (b) 9 nm, (c) 10 nm, (d) 15 nm, (e) 16 nm, and

(f) 17 nm.
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Figure Al4. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector 4293A
blend containing 40 wt % SIS at film thicknesses (a) 11 nm, (b) 12 nm, (¢) 13 nm, (d) 14 nm, (e) 15 nm,

and (f) 16 nm.
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Figure A15. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector 4293A
blend containing 45 wt % SIS at film thicknesses (a) 8 nm, (b) 9 nm, (c) 9 nm, (d) 10 nm, (e) 13 nm, and

(f) 15 nm.
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Figure A16. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector 4293A
blend containing 60 wt % SIS at film thicknesses (a) 8 nm, (b) 10 nm, (¢) 11 nm, (d) 12 nm, (e) 13 nm, and

(f) 15 nm.
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Figure A17. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector 4293A
blend containing 70 wt % SIS at film thicknesses (a) 8 nm, (b) 11 nm, (¢) 12 nm, (d) 15 nm, (e) 15 nm, and

(f) 14 nm.
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Figure A18. Morphology evolution as a function of film thickness for 45 KDa PCL/SIS vector
4293A blend containing 75 wt % at film thicknesses (a) 9 nm, (b) 11 nm, (c) 12 nm, (d) 13 nm,

(e) 14 nm, and (f) 15 nm.
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Figure A19. Nano-rose size distributions as quantified using the GT Fiber program (N.
Perrson et al. Chem. Mater. 2017, 29, 3—14) for: (a) 10 kDa PCL/SIS Vector 4211A
blend containing 50 wt. % SIS; (b) 80 kDa PCL/SIS Vector 4293A SIS blend containing
50 wt. % SIS. The following parameters were used in the GT Fiber processing: Gaussian
Smoothing 10; Orientation Smoothing 30; Diffusion time 5 s; Top Hat Size 30 nm;
Adaptive Threshold Surface; Global Threshold 0.3; Noise Max Area 2500 sq.;

Skeletonization Fringe Removal 40 nm; Grid Step 400 nm; Frame Step 200 nm.
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Figure A20. AFM height images of a 75 nm thickness blend of 45 kDa PCL/SIS vector 4211A
SIS containing 50 wt % SIS as cast from toluene at scan sizes of (a) 75 um (b) 25 um and (c) 2
um. The morphology is a phase separated combination of spherulitic PCL at the substrate surface

with a poorly ordered SIS layer at the free surface.
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Appendix B
SUPPORTING INFORMATION FOR “THERMAL TRANSITIONS
IN SEMI-CRYSTALLINE POLYMER THIN FILMS STUDIED VIA

SPECTRAL REFLECTANCE”
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Figure B1. Grazing incidence wide-angle X-ray scattering data for a 500 nm film of 45

kDa PCL: a) 2D GIWAXS spectrum at 55 °C during the 1 °C/min heating ramp; b)
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Corresponding intensity vs. g generated from (a). Degree of crystallinity is calculated by
fitting this curve with four Gaussian peaks: one representing the amorphous component
and three representing the crystalline peaks ((003), (110), and (200)) "® ¥ and then taking
the ratio of the crystalline peak area to the overall area (amorphous plus crystalline peak

fits).
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Spectral Reflectance Measurement and Model Settings
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Figure B2. Spectral reflectance data and model fit generated for a 500 nm PCL thin film.
The Filmetrics F20-UV instrument measures the intensity of sample-reflected UV and
visible light (200-100 nm) and the FILMeasure software is used to fit a calculated optical
model spectrum to the data based on the properties of the substrate, thin film material, and
measurement medium. The specific FILMeasure Model Settings for PCL are provided
below, including the Film Stack, Analysis Options, and Material File. The Film Thickness,

Roughness, and Non-uniformity are treated as fitting parameters in this model.
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FILMeasure Model Settings

PCL Film Stack:

Author: | SB

ENHRBHE|
Recipe Name: ﬁf‘ﬁ_slﬁia

Last Modified: ' 8/17/2017 12:37:27 PM

Film Stack | Analysis Options | Alarms | Acquisition Settings

Units: :‘l‘iummutnm] v:

Composition Thickness Nonuniformity
- in tk Meas Grading Meas i Nominal {nm) Range (‘HB)H Refine via i [ru'nT Meas )
= 100 i
= O [ o%0O 500 2 100 ¥ Gid vl 2
53 O [ ewoO | 2+ 0 O None v o O
Il o
OK Cancel Apply

PCL Analysis Options:

Author: [S8

EGOHE A
Recipe Mame: |PCL stant {v.l
Data Selection
Wavelength Range
© Displaved data
® Fixed range
From | 200 | nm
To | 1100 | nm

Smoothing
Optical thickness:

5 pm
Source Data
Analyze using (if present).
oA
[« Reflectance 0°
[] Transmittance 0*
[T Reflectance 70°

Analysis Method
FFT (thickness only)
® Spectrum matching
Robust (adaptive; thickness only)

® Exact

Compensate for:
¥ Unmodeled backside reflections
(] Tilted sampla/Lost light

LLock together layers with identical:
(] Thickness.
] Composition

Last Modified: |8/17/2017 12.37:27 PM_




PCL Material File:

The “PCL — Tulane” material file contains a measured wavelength-dependent refractive
index profile and the extinction coefficient, k, equal to zero for all wavelengths. This data
was fit to a PCL film exhibiting semi-crystallinity at room temperature, and was used for

all data presented in the manuscript.
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We additionally fit the refractive index profile for a fully amorphous PCL film at 85 °C:
Comparison shows that the refractive index profile is negligibly affected by temperature
and crystallinity over the range of conditions studied (ne32.8 nm = 1.4653 at 25 °C and

1.4505 at 85 °C; 1% difference)

For PEG, the following Film Stack was used with the same Analysis Options as PCL.:
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Medium

Air

Roughness 5% of estimated film thickness
[nm]

PEG Generic,n =1.460; k=0

SiO; 2nm

Substrate: N/A

Silicon
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Heat Flow vs. Temperature from Differential Scanning Calorimetry — 500 nm 45 kDa PCL
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Figure B3. Differential scanning calorimetry (DSC) endotherm for bulk 45 kDa PCL,
measured in inert atmosphere with a heating rate of 1 °C/min. A melting peak can be
observed at 60 + 1 °C, which is in good agreement with previously measured melting points

of PCL [3]. The onset of crystallization occurs at 43 °C, witha Tcof 34 °C £ 1 °C
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Thickness vs. Temperature —45 kDa PCL
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Figure B4. Film thickness vs. temperature plot for 500 nm 45 kDa PCL measured in three
distinct trials. The dotted bar represents an approximately 1 °C window between the lowest
and highest observed transition points. This highlights the accuracy as well as

reproducibility of this method of determining Tm.

188



500 nm 45 kDa PCL - Effect of Heating Rate
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Figure B5. Film thickness vs. temperature plots for 500 nm 45 kDa samples measured
using three different heating rates. The blue, green, and red dotted bars represent the
melting temperature detected at 1 °C/min (61 °C), 5 °C/min (59 °C), and 10 °C/min (57
°C), respectively. The decrease in Tm with increasing heating rate can be attributed to

polymer crystals reorganizing prior to melting during slower heating ramps.

189



a) Thickness vs. Temperature - 107 nm 45 kDa PCL b) Thickness vs, Temperature - 48 nm 45 kDa PCL
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Figure B6. Film thickness vs. temperature plot for: a) 107 nm PCL film showing a melting
transition at approximately 60 °C; b) 48 nm PCL film showing a melting transition at
approximately 61 °C; ¢) 33 nm PCL film showing a melting transition at approximately 60
°C; and d) 21 nm PCL film showing a melting transition at approximately 61 °C. Regions
shaded in blue, purple, and red shading indicate the semi-crystalline, melting transition,

and melt state regions, respectively.

190



Thickness vs. Temperature for 316 nm PEG Thin Film

345

3

w
w
W

w
w
(=]

w
N
v

Thickness [nm]

w
]
o

315

310

60

o

i
o

7

o
8
i

7

Thickness [nm]
g

670
660

SRR SR
650 r

Temperature [°C]

Figure B7. Film thickness vs. temperature plot for: a) 316 nm PEG film showing a melting
transition at approximately 58 °C; and b) 659 nm PEG film showing a melting transition
at approximately 63 °C. Regions shaded in blue, purple, and red shading indicate the semi-

crystalline, melting transition, and melt state regions, respectively.
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Figure B8. AFM height images showing the melting of a PEG film when heated at
approximately 1 °C/min. The film completely melts between 52 °C and 53 °C, in good
agreement with our SR study (see Figure 4.2). Scan size was increased between 48 °C and
49 °C and between 51 °C and 52 °C to ensure scans did not miss remaining isolated

crystalline material.
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Appendix C
SUPPORTING INFORMATION FOR “SUPPRESSION OF MELT-
INDUCED DEWETTING IN CYCLIC POLY(E-CAPROLACTONE)

THIN FILMS”
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Analytical Protocols:

Gel permeation chromatography (GPC) data were acquired from a Waters model 1515 isocratic
pump (Milford, MA) with THF as the mobile phase, a 1 mL/min flow rate, and columns heated at
a constant 30 °C by a column oven. This system was operated with a set of two columns in series
from Polymer Laboratories Inc. consisting of PSS SDV analytical linear M (8 x 300 mm) and PSS
SDV analytical 100A (8 x 300 mm) columns. A Model 2487 differential refractometer detector
was used as a refractive index detector. The instrument was calibrated with Polystyrene ReadyCal

Standards from Waters.

Mass spectral data were collected using a Bruker-Daltonics Matrix Assisted Laser
Desorption lonization Time-of-Flight (MALDI-TOF) Autoflex Il mass spectrometer in
reflector mode with positive ion detection. Typical sample preparation for MALDI-TOF
MS data was performed by making stock solutions in THF of matrix (20 mg/ml), polymer
analyte (2 mg/ml), and an appropriate cation source (2 mg/ml). The stock solutions were
mixed in a 10/2/1 ratio (matrix/analyte/cation), deposited onto the MALDI target plate and
allowed to evaporate via the dried droplet method. trans-2-[3-(4-tert-Butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) and sodium trifluoroacetate were used as
matrix and cation, respectively. MALDI-TOF MS data were calibrated against SpheriCal
dendritic calibrants from Polymer Factory (Stockholm, Sweden). My and D of the resultant

spectra were calculated using Polytools software.

Optical microscopy images were taken using an Olympus BX53 optical microscope

operating in bright field mode. Atomic force microscopy images were taken using a Bruker
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Dimension ICON AFM operating in Peak Force Quantitative Nanomechanical Mapping

(PFQNM) mode and using ScanAsyst-Air tips (k = 0.4 N/m; resonant frequency = 70 kHz).

Synthetic Protocols:

Synthesis of a-propagyl-m-hydroxy-PCLsk (I-PCLsk) (1):

Tin(IT) ethylhexanoate (Sn(Oct)2) was dried under vacuum overnight. The g-caprolactone
(eCL) was stirred overnight with calcium hydride, and freshly distilled prior to
polymerization into a flask containing activated molecular sieves. Note that all flasks used
in this synthesis of polymer (1) were flame dried and place under inert atmosphere to
reduce water and air content. The propargyl alcohol was dried over MgSO4 and activated
molecular sieves directly prior to polymerization. In a representative polymerization, all
reagents were dried as mentioned, followed by the syringe-addition of propargyl alcohol
(12 mg, 0.21 mmol, 1.1 eq) and eCL (4.4 g, 38 mmol, 200 eq) to a flame dried 2-neck
round bottom flask. The reaction mixture was inserted into an oil bath at 130 °C, followed
by the immediate addition of tin(ll) ethylhexanoate (Sn(Oct)2) (8 mg, 0.020 mmol, 0.1 eq).
Depending on the desired molecular weight, the polymerization could be stopped by
exposure to air and dilution with dichloromethane. Alternatively, aliquots could be taken
at various time points to have a series of different molecular weights. However, if at any
point the stir bar slowed, due to increased solution viscosity, the polymerization would be
stopped immediately in order to ensure control over dispersity. The crude solution of
polymer in DCM was precipitated into diethyl ether, filtered, and dried in vacuo prior to

characterization.
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Synthesis of a-propargyl-m-azide-PCLek (2):

Polymer 1 (100 mg, 16 mmol, 1 eq) was dissolved in 10 mL of dichloromethane. 6-
azidohexanoic acid (5.1 mg, 32 mmol, 2 eq), N-(3-(dimethylamino)propyl)-N'-
ethylcarbodiimide hydrochloride (EDC) (5.0 mg, 32 mmol, 2.0 eq), and 4-
(dimethylamino)pyridine (DMAP) (0.10 g, 0.81 mmol, 0.05 eq) were added to the reaction
flask. The reaction was stirred until MALDI-TOF monitoring indicated the reaction was
complete (typically within 24 hours). The crude reaction mixture was washed with
saturated aqueous NaHSO4 (3 x 5 mL), saturated aqueous NaHCOs (3 x 5 mL), and brine
(5 mL). The organic layer was dried over anhydrous MgSQsg, filtered, and dried in vacuo.

The product was isolated in a 90% yield.
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Synthesis of cyclic-PCLsk (c-PCLask) (3):

A 0.22 mM solution of the hetero-bisfunctional polymer 2 was prepared in 50 mL of DCM
and placed under N2, and underwent two freeze-pump-thaw cycles. In a separate flask,
N,N,N’,N"”,N"-pentamethyldiethylenetriamine (PMDETA) (100 mg, 16 mmol, 1 eq) was
dissolved in dichloromethane (100 mL) and degassed with two freeze-pump-thaw cycles.
The PMDETA solution was refrozen, followed by the addition of CuBr (0.159 g, 1.1 mmol)
and the final pump-thaw cycle. Upon thawing, a syringe and syringe pump were used to
transfer the polymer (2) solution to the stirring CuBr/PMDETA solution at a rate of 2
mL/hour. After the complete addition of the polymer 2 solution to the reaction mixture,
reaction continued to stir for an additional 2 h. The crude reaction mixture was then washed
with saturated ammonium chloride several times, until the blue color was gone. The
organic layer was then washed with saturated aqueous NaHSO4 (3 x 10 mL). The organic
layer was dried over anhydrous MgSOQs, filtered, and dried in vacuo. The product was

isolated (80% yield) via filtration and dried in vacuo.

Additional linear controls:

Synthesis of triazole-containing-a,o-dihydroxy-PCLek (4):

Polymer 1 (100 mg, 16 mmol, 1 eq) was dissolved in DCM (5 mL). 3-Azidopropanol (3.3
mg, 32 mmol, 2 eq) and PMDETA (70 mg, 403 mmol, 25 eq) were added to the reaction
mixture. The reaction mixture underwent two freeze-pump-thaw cycles, followed by an
additional freeze. CuBr (57 mg, 403 mmol, 25 eq) was added followed by an additional
pump-thaw cycle. The reaction was then stirred for 24 hours was then washed with

saturated ammonium chloride several times, until the blue color was gone. The organic

197



layer was then washed with saturated aqueous NaHSOs (3 x 10 mL). The organic layer
was dried over anhydrous MgSOs, filtered, and dried in vacuo. The product was isolated

via filtration and dried in vacuo.

Synthesis of triazole-containing-a,m-diacetyl-PCLsk (5):

Polymer 4 (100 mg, 16 mmol, 1 eq) was dissolved in DCM (5 mL). Acetic anhydride (7.1
mg, 0.070 mmol, 4.1 eq) and 4-(dimethylamino)pyridine DMAP (0.10 mg, 0.81 mmol,
0.05 eq) were added to the reaction mixture, which was then stirred overnight. The crude
reaction mixture was concentrated in vacuo and then redissolved in dichloromethane. The
solution was washed with saturated sodium bicarbonate (1 x 5 mL), water (2 x 5 mL), and
1 M HCI (1 x 5 mL). The organic layer was collected and dried with sodium sulfate.
Finally, the organic solvent was removed in vacuo yielding the acetylated product for

MALDI-TOF MS analysis.

Synthesis of a-propargyl-m-acetyl-PCLsk (6):

Polymer 1 (100 mg, 16 mmol, 1 eq) was dissolved in DCM (5 mL). Acetic anhydride (3.3
mg, 32 mmol, 2 eq) and 4-(dimethylamino)pyridine (DMAP) (0.10 mg, .81 mmol, 0.05 eq)
were added to the reaction mixture, which was then stirred overnight. The crude reaction
mixture was concentrated in vacuo and then redissolved in dichloromethane. The solution
was washed with saturated sodium bicarbonate (1 x 5 mL), water (2 x 5mL), and 1 M HCI
(1 x 5 mL). The organic layer was collected and dried with sodium sulfate. Finally, the
organic solvent was removed in vacuo yielding the acetylated product for MALDI-TOF

MS analysis.
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Figure C1. MALDI-TOF MS data illustrating the molecular weight distribution and
purity of the four additional linear PCL controls: a) a-propargyl-o-azide-PCLek, 5901 Da;
b) triazole-containing-a,w-dihydroxy-PCLek, 5887 Da,; c) triazole-containing-o.,m-

diacetyl-PCLsk, 5971 Da; d) a-propargyl-m-acetyl-PCLek, 5942 Da.
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Melted and Recrystallized
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Figure C2. Optical microscopy of linear PCL control films before and after melting and
recrystallization: a) triazole-containing-a,o-dihydroxy-PCLek exhibited a crystalline
morphology as-cast but partially dewet during melting; b) triazole-containing-a,m-
diacetyl-PCLek exhibited a crystalline morphology as cast but dewet completely upon
melting; ¢) a-propargyl-m-acetyl-PCLek exhibited a crystalline morphology as cast but
dewet completely upon melting; d) a-propargyl-m-azide-PCLek exhibited dewetting

immediately after spin coating.
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Appendix D
ACQUIRING CRYSTAL ORIENTATION AND DEGREE OF

CRYSTALLINITY FROM GIWAXS AND GIXSGUI

Introduction

As discussed in Chapter 2, grazing incidence wide-angle X-ray scattering
(GIWAXS) is a technique that is used to probe the crystal structure and orientation in thin
films on a molecular level. This technique excels at determining the range of crystal
orientations and extent of order but can also be used to qualitatively study the degree of
crystallinity in semi-crystalline thin films. This section will describe the methods by which
this data can be extracted and interpreted using the GIXSGUI software created by Zhang
Jiang at beamline 8-1D-E at the Advanced Photon Source (APS) at Argonne National
Laboratory (ANL)* 144 Note: The GIXSGUI software package and supplementary
information can be found on the Advanced Photon Source website:

https://www.aps.anl.gov/Sector-8/8-1D/Operations-and-Schedules/Useful-Links/Sector-8-

GIXSGUI. These resources also include methods for adding the software package to

MATLAB.
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Raw Data

GIWAXS (and GISAXS) studies done on a synchrotron X-ray source such as the
one at APS involve measuring the scattering of coherent X-rays off a sample and into a
two-dimensional detector in the beamline. This two-dimensional data is a representation of
the three-dimensional Ewald sphere, which is a geometric construct that relates X-ray
reflections to the crystal structure of the material. Therefore, the flattened three-
dimensional signal is indicative of the crystal unit cell and orientation of crystals in the
polymer. Therefore, the unique placement of discrete high intensity spots or bands at
various gy and gz values are unique to the polymer. Furthermore, the existence of discrete
spots vs gradual bands is indicative of discrete orientations or a mix of orientations,
respectively. Thus, the first insightful piece of information can be gleaned from this data,
i.e. whether there is a preferred or mixed orientation of crystalline features and lamellae.
This can be done qualitatively by studying the two-dimensional images.

Developing the two-dimensional image from the data acquired on the beamline

requires a couple of simple steps using the GIXSGUI interface (Figure D1):
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Figure D1. GIXSGUI User Interface
Generating a 2D Image:
1. Click “Load Params ...” and select the parameters file created on the beamline
during the experiments at APS
2. Click “Load Path ...” to select the folder containing your data. The data will

populate in the white belox below as shown
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3. Select the file of interest from that selection. The two-dimensional image should

now appear on the screen: (Figure D2)

[ N N ] PCL4SK_‘Ib_OGOC_thOJ40_530001_q_p_002.tif
File Edit View Insert Tools Desktop Window Help ~

ODgde h A0 LEsM-32 0EH O

PCL45K_1b_030C__th0.140_sec001_up_002.tif

100 200 2300 400 500 600 T0O BOO 900
% pixel

Figure D2. 2D scattering map (raw data)

4. Inthe GIXSGUI Ul, under “Plot Settings” change the Axis label to “g”

5. Inthe GIXSGUI Ul, under “Image Orientation” change the mirror to “Left-right”

6. Use MATLAB figure properties editor to change the visual properties of the image
as desired. You can also export your figure to various image types using the figure

properties editor

***For images where the “up” and “down” images were acquired and the gap-filled
image is desired
7. Inthe GIXSGUI Ul, under “Misc Tools” press “Gap Fill ...” This menu will appear

(Figure D3)
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10.

11.
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Figure D3. Gap Fill User Interface

Under “Base Image” click “Load ...” and select the GIWAXS exposure file labeled

up
Under “Vertical Offset Image” click “Load ...” and select the GIWAXS exposure
file labeled “down”

Under “Gap Fill” click “Fill”

Under “Export”, click “To File” and save the combined and gap filled image. If
saved in the same path as the raw GIWAXS data, this file should appear in the file

list in the GIXSGUI Ul
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12. Click the gap filled image to load it in the GIXSUI Ul
13. In the GIXSGUI Ul, under “Mask Tools” click “Load Mask file” and select
gapfilled mask file
a. Note: Using the raw data causes an area to be displayed with full intensity,
causing the curves to be misrepresented. So, uploading the new mask will
be needed instead of displaying the raw data. (gap filled mask will be added
to the Shared Dropbox folder.) Further, if so desired, one can save a new
parameters file with this gap filled mask and flat field correction removed,
in order to speed up the process and not have to perform these steps for each
and every image to be processed.
14. In the GIXSGUI Ul, under “Image Corrections” click “Remove FF”
15. In the GIXSGUI Ul, click “Load FF File ...” to load any desired correction of flat
field files.
16. As previously, the MATLAB figure properties editor can be used to change the

properties of the figure and export it to various file types.

While the two-dimensional image is useful, quantitative information is often
needed, such as more precise high intensity positions as a function of g, or the degree of
crystallinity. For these treatments, the user must use more complicated features of the
GIXSGUI software.

As described in the Introduction, the degree of crystallinity (Xc) is defined as the
mass or volume percentage of crystalline domains divided by the entire mass or volume of

the system. Since the degree of crystallinity has drastic effects on mechanical properties
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such as degradation and solvent permeability and optical qualities such as clarity, the
ability to quantify the degree of crystallinity is indispensable. Unfortunately, techniques
such as DSC and WAXS that are typically used for determining the degree of crystallinity
in bulk materials are not applicable to thin and ultrathin films. Furthermore, because of the
incomplete scattering pattern of GIWAXS that does not capture the full 360 degrees of
scattering, GIWAXS is unable to quantify the exact degree of crystallinity. However, we
can qualitatively study degree of crystallinity by quantifying the ratio of the crystalline
peaks to the entire peak area. While this method isn’t exact, it does allow us to monitor the
trends of crystallization, especially upon heating crystalline material and cooling from the
melt.
To quantitatively determine peak positions, orientation distributions, and a
qualitative degree of crystallinity, the follow steps are followed:
1. In the GIXSGUI Ul, under “Image Information and Data Processing/Analysis

Tools” click “Data Processing ...” The following menu will appear (Figure D4):
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Figure D4. Image Processing/Linecut User Interface

From the “X variable” drop down menu, select the variable you would like to
integrate in

For a constrained line cut, use the “Constraint #X” section to set bounds and the
connected drop-down menu to select the bound variable

For degree of crystallinity measurements, no bounds should be selected. Only the
variable of integration (q) should be selected from the aforementioned drop down

menu
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5. Using the “# of points” box, select the number of data points used in the data
generation

6. Click “Cut.” A linecut such as the one below should appear (Figure D5):

[ X N Figure 2
File Edit View Insert Tools Desktop Window Help E
DEds & #B4-3 O0E Jm
120
80 ‘
. ‘
40 |" I‘|
!
all
] Wi
A
20 |‘, i
o NN

Figure D5. Sample 2D linecut

7. If the line cut is satisfactory, in the Image Data Processing Ul, under the “Export
current linecut to” section, click “File ...” and save the file as a .txt file. This file
can be used in Excel or the “Linefitgui” program to analyze peak positions,

intensities, and other characteristics.

Using linefitgui to determine degree of crystallinity
1. Once a full-q integration linecut has been saved as a .txt file, in the main MATLAB
window, type “linefitgui” and press enter. The following GUI should appear

(Figure D6):
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Figure D6. Linefitgui User Interface

In the linefitgui, under “Data Input” click “Load ...” and select the aforementioned

.txt file containing the intensity vs. q linecut.

The peaks can be modeled using a variety of models. For degree of crystallinity

calculations, we have typically used the Gaussian model, which can be selected

from the drop-down menu

Under “Find Peaks” click “Manual.” Your line cut should appear as below (Figure

D7):
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Figure D7. Sample linecut
5. Using the mouse and cursor, left-click directly on the peak positions in your
spectrum, and then press enter. The GUI will number your peak positions as follows

(Figure D8):
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Figure D8. Sample linecut with user-chosen peaks to fit

6. In the linefitgui, under “Find Peaks”, click “Apply to Params #”
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7. Inthe linefitgui, under “Setup Background Model” select the desired model for the
baseline under “Select Model.” Typically, a Linear baseline model will work for
Intensity vs. g linecuts.

8. Click “Start Fit.” MATLAB will run through its calculations, and the model fit with

individual peaks modeled along with the raw data will appear as below (Figure D9):

00 @ Figure 3
File Edit View Insert Tools Desktop Window Help ]

DEde h ARG 09E«w- 3 0E O
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120 T T T T

Residual

Figure D9. Modeled line fits

9. If satisfied with the fit, peak positions, etc., in the linefitgui Ul, click “Accept Fit”

10. To export the individual modeled peaks, baseline, etc., click “To File ...” and save

as a .txt file. This file can be used for further data analysis.
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Calculating Degree of Crystallinity

Since the degree of crystallinity from GIWAXS is defined as the ratio of the

crystalline peak area to the sum of the area of the crystalline and amorphous peak(s), the

following steps are taken.

1. Copy and paste the aforementioned .txt file data into an excel file. The data should

be arranged in columns as follows:

q

Raw Data
Intensity

Peak
Intensity

1

Peak
Intensity

2

Peak
intensity

X

Baseline
Intensity

2. Using a simple trapezoidal rule calculation, the area under each of the curves can

be calculated.

3. Once the individual curve areas are calculated, they can be set to a ratio of (area of

crystalline peaks/total peak area) x 100, which is equal to the degree of crystallinity

in percent.
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