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Summary

The thesis aims to understand how the solidification process occurring in
multi-phasic materials affects the behavior of these polymers. It aims to provide
insight into how the initial molecular arrangement of a material can affect the
crystallization Kkinetics, in addition to characterizing and understanding the
changes in the material and its electronic and optical properties. This research
is structured across eight chapters and delves specifically into understanding the
crystallization kinetics of semicrystalline semiconducting polymers PFO and
PBTTT, which exhibit a nematic liquid crystal and a smectic liquid crystal,
respectively. This work establishes reliable thermal protocols to monitor the
crystallization of said materials and characterize the microstructure by a range
of techniques including but not limited to fast scanning calorimetry (FSC), wide
angle X-ray scattering (WAXS), atomic force microscopy (AFM) amongst
others. Our findings reveal that preexisting molecular order significantly
influences the crystallization of PFO, accelerating early-stage crystallization
kinetics but requiring longer times to reach full crystallization than samples
crystallized from isotropic (disordered) states. Analysis with the Avrami model
unveils distinct crystallization mechanisms, impacting semicrystalline
morphology and photoluminescence properties. Additionally, in this thesis, the
thermotropic behavior of PBTTT is explored along the crystallization kinetics;
we find that the preexisting order given by the liquid crystal state promotes
nucleation, accelerating early-stage kinetics, similarly to PFO. Moreover, our
analysis uncovers complex crystallization kinetics in PBTTT, differing from

typical behavior in commodity polymers in the late stages of crystallization.

This thesis also showcases the behavior of newly synthesized
polythioethers with high sulfur content (DMDS-alt-DVE, DMDS-alt-
TEGDVE, and DMDS-alt-BDDVE), presenting multiple phases, from
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characterizing and establishing thermal protocols for the isolation or
combination to exploring the kinetics of some of the different phases. Molecular
dynamic simulations shed light on the diffusion capabilities, flexibility, and
chain mobility among these polythioethers, with DMDS-alt-BDDVE resulting
in the fastest diffusion and crystallization kinetics. These findings enhance our
understanding of how subtle variations in chemical structure influence polymer
behavior. This work contributes crucial insights into the influence of preexisting
molecular arrangements or the existence of multiple polymorphic phases in the

resulting crystallization kinetics and the microstructure.
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%j Chapter 1 — Structure & Objectives
1.1 Background and Objectives

To achieve technological development, it is of utmost importance to
understand the behavior of polymers and how the solidification processes occur
within this specific class of material' 3. For instance, the study of crystallization
of conjugated polymers is essential to understand organic electronic devices,
such as organic field effect transistors or photovoltaic cells* and the study of
non-conjugated polymers such as polypropylene (PP) is essential for the

improvement of packaging materials® °,

While there are numerous approaches to analyzing a particular material,
the main scope of the research presented in this thesis focuses on bulk and thin-
film methodologies. The study of polymers in the bulk polymers is the first step
in analyzing newly-synthesized materials in order to provide a macroscopic
view of the material properties as well as giving insight into the overall behavior
and characteristics. Therefore, bulk polymer analysis serves as a foundational
stage in the development process for subsequent research towards optimizing
material’s performance, functionality, and potential applications. On the other
hand, thin-film architectures are the bases of the majority of organic electronic
devices which are often used in a wide range of technologies including flexible
electronics, organic photovoltaics, electrochemical and thin-film transistors,
photodetectors and sensors'* 3, The thin-film architecture can have an effect in
a material that could not be achieved by the polymer in the bulk form as the
confinement effects occurring in a polymer thin-film can give rise to unique
physical properties due to the restrictive polymer chains conformation, motion
and diffusivity. That is, it can lead to changes in the phase behavior,
morphology, kinetics and crystallization compared to the material in the bulk.
Because of this there is an imperative need to understand how crystallization

and vitrification processes occur in these materials.

-12 -
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Many semicrystalline polymers can present polymorphism which can

give rise to different properties’*°. An added trait to these materials is that they
are often of complex structure making their phase behavior not straightforward
and depending on the processing conditions or thermal pathways they will form
one polymorph or another. These types of polymers have also received attention
in recent years as the ability to form multiple structures will in turn result in

different properties, which could lead to new applications for the same material.

For these reasons, this thesis aims to provide a deeper insight into these
solidification processes and connect the Kinetics of crystallization to the

microstructure of these materials systems.

Devoted to understanding the crystallization of semiconducting polymers,
the work will focus on understanding the crystallization kinetics from a liquid
state, which can be isotropic or anisotropic. That is, the goal is to show how the
initial molecular arrangement of a material can affect the crystallization
kinetics, in addition to characterizing and understanding the changes in the

material and their electronic and optical properties.
More specifically:

e Understand the crystallization kinetics of semicrystalline
semiconducting polymers PFO and PBTTT, which exhibit a nematic
liquid crystal and a smectic liquid crystal, respectively.

e Establish a reliable experimental protocol to monitor crystallization
kinetics of semiconducting polymer thin-films via fast scanning
calorimetry from the melt, an isotropic, and a liquid crystal state.

e Characterize of the inner microstructure of the crystallized materials by
grazing incidence wide angle X-ray scattering (GIWAXS), fast scanning
calorimetry (FSC), polarized optical light microscopy (PLOM) and
atomic force microscopy (AFM).

-13 -
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For the chapters about non-conjugated polymers, in which we will discuss

newly synthesized polythioethers with a high sulfur content presenting multiple
phases, one of the aims will be to gain a deep understanding on how one can
achieve each phase found in each material through thermal treatment.
Additionally, the study will focus on each phase's crystallization kinetics and

characterization.
More specifically,

e Establish and characterize each polymorphic phase of a family of novel

polythioethers.

e Characterize and establish reliable protocols for the isolation or
combination of each phase through techniques such as FSC, AFM,
PLOM, differential scanning calorimetry (DSC), wide angle X-ray
scattering (WAXS), etc.

e Study the crystallization kinetics of each phase and verification of the
underlying physical phenomena using computational methods.

Additionally, in Chapter 2 and Chapter 3, some equations and schemes
are identical to those in Chapters 4 through Chapter 7. However, for clarity and
ease of reference within each chapter, these are reiterated in Chapters 4 through
Chapter 7.

-14 -
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2.1 General Introduction

Polymers are intriguing and versatile materials composed of repeating
subunits known as monomers'2, Due to their large size, the polymer chains
become intertwined with each other, creating a tangled structure. This
entanglement may be completely disordered, without any long or short-range
correlation, or may present crystalline regions between amorphous boundaries.
For this, polymers are often considered to be amorphous or semicrystalline

materials, that is, some regions are amorphous and other regions are crystalline

2

(see Figure 2.1).

Amorphous Semi-crystalline

Figure 2.1. Schematic representation of an amorphous and semicrystalline

material.

Crystallization of a polymer occurs within a specific temperature range,
defined by the glass transition temperature (T,) as the lower limit and the
melting temperature (T;,,) as the upper limit. Below T,, the polymer chains
become less mobile, impeding the crystallization process. On the other hand,
near T,,, the nucleation process is hindered and crystallization does not occur.
Taking this into consideration, typically when cooling from the melt the rate of

crystallization increases (i.e., the polymer crystallizes faster) as the
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crystallization temperature decreases up to a maximum point. This is because
the energy barrier required for the transformation from amorphous to crystalline
region to occur is lower. As temperature decreases, melt viscosity also increases,
and the diffusion of the chains to the crystallization front is hindered, thus
causing a decrease in crystallization rate. As we approach T, the diffusion is
greatly reduced to the point where the rate of crystallization approaches zero.
Thus, when crystallizing from the melt, at first the rate of crystallization will be
slow near T,, due to the difficulty of forming nuclei, as the crystallization
temperature continues to decrease the crystallization rate will increase until a
maximum crystallization rate is reached (thermodynamic control). Lastly, the
crystallization rate will decrease due to the slow diffusion of the chains

(diffusion control).
2.2 Multi-phase Polymers

All materials investigated in the present thesis exhibit an extraordinarily
complex crystallization behavior through the presence of multiple and/or
uniquely ordered or semi-ordered states. The main objective of this work is to
comprehensively investigate the crystallization process and the kinetics and
morphological aspects of these diverse materials. Additionally, the final
properties of the material are directly related to the crystallization process,
which is influenced to different degrees by various factors such as temperature,
cooling rate, molecular weight, polymer composition, and processing
conditions®*. For this, understanding and controlling the formation of each
polymorph or semi-ordered state is essential for tailoring material properties to
meet specific requirements in industries such as packaging, automotive, textiles,

and electronics®®.
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2.2.1 Liquid-Crystals (LC)

Early investigations claimed the observation of flexible and flowing
shapes in nerve fibers under a microscope’®, which seemed to exhibit the fluid
properties of a liquid but the optical properties of solids. However, these works
did specify the reason for the unusual behavior. Hence, the discovery of liquid
crystals is usually attributed to the botanist Friedrich Reinitzer in 1888, as he
observed two distinct melting points in a cholesterol mixture®. However, it was
not until the sixties that the interest in liquid crystals (LC) went from a low level
to exponential field advance and rapid development as technological
applications for liquid crystals were found®°. Nowadays, liquid crystals are
well understood and are used for different commercial uses such as displays
(e.g., calculators, wristwatches, etc.)!%!! or even biomedical applications (e.g.,

drug delivery, bioimaging etc.)*.

Crystalline solids are usually ordered in an orientational and positional
manner and have optical, electrical, and magnetic anisotropy. Liquids, on the
other hand, are isotropic (i.e., all directions in the liquid are equivalent) and
diffuse freely within the available space’. In other words, liquids flow and take
the shape of space, while a crystalline solid has long-range positional and
orientational order in three dimensions. Therefore, a liquid crystal will have
some fluidity while retaining a certain degree of order. This orientational order
that the liquid crystal retains can have a large effect on the electrical and optical
properties of the material due to the anisotropic nature of the liquid crystal. That
is, the main characteristic that all types of liquid crystals possess is their
anisotropy; they are often called mesophases as they are considered to be an
intermediate state between a crystalline solid and an isotropic/amorphous

liquid®. Hence, mesogens are compounds that can form mesophases.

Polymers exhibiting a liquid crystalline state are often composed of

-22 -
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aromatic rings as they must have rigid sections for the mesophase to form. These

materials can retain some order above the melting point instead of having a
completely disordered (isotropic) state, whereas polymers that do not exhibit a
liquid crystalline state, after crystallization, above the melting point (7,,,) will

transition into a disordered (liquid) state.

Three main categories can be used to differentiate the types of liquid
crystals based on their physical parameters that allow the liquid crystal to exist:
lyotropic liquid crystals, thermotropic liquid crystals and amphotropic liquid
crystals. Lyotropic liquid crystals emerge from an amphiphilic mesogens
(hydrophobic group at one end with a hydrophilic group at the other) being
dissolved in a suitable solvent to form a liquid crystal phase under specific
concentration and temperature conditions’°. On the other hand, liquid crystals
obtained by melting a crystalline solid are called thermotropic liquid crystals.
They are stable for a particular temperature interval and will be stable according
to the temperatures submitted to them’°. Finally, those that can exhibit both
lyotropic and thermotropic mesophases are known as amphotrophic liquid
crystals’=°. Many classes of liquid crystal phases are subdivided into nematics,
cholesterics, smectics, and columnar mesophases; however, this thesis will
focus on the nematic and smectic phases distinguished by their structural and
physical characteristics.
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Figure 2.2. Schematic representation of the thermal transitions between a

crystal (solid), a nematic or smectic phase (LC) and a liquid.

The nematic phase comes from the word “thread” in Greek, is the most
widely studied liquid crystal phase”**3, In this phase, the molecules possess a
long-range orientational order along a preferred direction. They retain a
preferred orientational order but no positional order, as seen in Figure 2.2 (the
director is represented by a unit vector, n,.). Additionally, it can often be easily
identified by the birefringent texture under a light optical microscope with
crossed polarizers as the nematic phase is fluid and exhibits a distinct texture

and shine.

For the smectic phase, there are a few subclassifications according to the
positional and directional arrangements of the molecules; they exhibit a type of
polymorphism as different types of phases can be found depending upon
whether the molecules are tilted or not*’. The smectic phase, meaning “soap-

like” in Greek, is more ordered than the nematic phase as it retains both
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orientational and positional order to some degree but no translational

correlation. That is, within the layers, there is no positional order. This thesis
will refer to the smectic phase as presenting a lamellar nature without

considering the layers tilting.

The generation of liquid crystal phases occurs within a defined subset of
materials, often with rigid molecular backbones that define the long axes of
molecules!®. Therefore, having an overview of the relationship between
structure and property is crucial in understanding the importance of liquid
crystals. For instance, the nematic mesophase is considered the most relevant
phase in commercial applications as it is used in mid-size displays. Additionally,
these mesogens often contain n-conjugated segments which can facilitate charge
transport making them organic semiconductors. Some of them can be thermally
activated; depending on the temperature conditions to which the liquid crystal
state is subjected, it could yield different charge carrier mobilities. Generally,
the more ordered the liquid crystal phase is, the higher mobilities will be
obtained. This is why smectic phases, due to their layered arrangement, provide
a transport network beneficial for field-effect transistors and organic solar

cells'*?,
2.2.2 Polymorphism

The ability of a material to solidify in more than one form or crystal
structure is called polymorphism*!81°.  Controlling the crystallization
mechanism is crucial as it can profoundly influence a material’s properties (e.g.,
conductivity or tensile strength) and potential applications*82-22_ polymorphs
are studied in many fields, from material science to chemistry to pharmaceutical
sciences. For instance, in the industrial processing of isotactic polypropylene
(iPP) and polyvinylidene fluoride (PVDF), control over which polymorph forms
has been demonstrated to directly relate to the resulting physical properties of
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the materials, thereby allowing tunability in their characteristics. Therefore, a

comprehensive understanding of how each polymorph is formed and the
intricacies via which thermal or mechanical treatment one can control them is
imperative. A recent shift in perspective has emerged regarding the challenges
of controlling polymorphism thanks to the advancements in the ability to control
the polymorphism exhibited by some materials, as opposed to it being perceived
solely as an unintended result in the desired product?2. Typically, only one of
the polymorphs is stable under equilibrium conditions while the others are
metastable, implying the possibility to transform into more stable ones by proper

thermal treatments?324,

Usually, semicrystalline polymers, during crystallization, can produce
different polymorphs. It is important to note that the exploited form does not
necessarily correspond to the most kinetically stable form and hence, it is
essential to identify that the polymorph with the highest melting point is the
polymorph with the lowest free energy, which is the most thermodynamically

stable polymorph!821,

Upon crystallization or polymorph formation, even though different
polymorphs can crystallize, typically, one of the polymorphs will be the more
thermodynamically stable among polymorphic polymers. In other words, a
more unstable or metastable polymorph will eventually transform into a more

thermodynamically stable form.

These less stable polymorphs are designated as the metastable phases,
which often stems from the kinetic contribution, resulting in the metastable
phase having a faster crystallization rate than the stable phase®. Phase
transitions between one polymorph and another can occur through different
mechanisms such as direct solid-to-solid phase transitions, in which, for

instance, the material could evolve overtime transforming into another phase
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(e.g., isotactic poly(1-butene) (iPB)) or by introducing nucleating agents

(isotactic polypropylene (iPP))%®. Other phase transitions occur during the
thermal treatment of the material, which can be influenced by the heating and
cooling rates and the crystallization temperature, amongst others. On the other
hand, during the crystallization of a polymer, which will be discussed in greater
detail in the sections below, the nucleation and diffusion of polymer chains are
significantly influenced by the degree of supercooling (AT). Supercooling is
defined as AT = T, — T, where T, is the melting temperature at the
thermodynamic equilibrium. Consequently, polymers exhibit diverse
crystallization Kinetics as supercooling or the crystallization temperature (T,)
varies. Under high supercooling, i.e., lower T.s many polymers crystallize
faster, often resulting in the formation of metastable polymorphs. More recently,
experiments using extremely fast temperature ramps have shown that
metastable polymorphs can be isolated and crystallized under significant
supercooling®27.

In this thesis, a combination of such techniques was used to isolate new
polymorphs and analyze the occurrence and Kkinetics of different phase
transitions of metastable and stable polymorphs in various semicrystalline
polymers*181% As mentioned above, this may grant access to unique physical
properties, including thermal and mechanical properties, biodegradability,

kinetics, etc.?®.
2.3 Crystal Structure and Morphology

Polymer crystallization is an intricate non-equilibrium process that
involves the transition of polymers from an amorphous to an ordered state. The
crystal structure, that is, the atomic and molecular arrangement can be
influenced by many factors such as the crystallization temperature, cooling rate,

presence of impurities, etc.; which can significantly influence the final structure
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and the mechanical, physical, optical, and thermal properties of materials. Given

that crystallization can offer precise and direct control over the final properties
of a material as it can have a large effect on the mechanical, optical, and thermal
properties. It is therefore important, to understand the development of the
crystalline structure, the morphology and the crystallization behavior.
Fortunately, this is possible through structural, morphological, and thermal

characterization.
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Figure 2.3. Schematic representation of a lamellar crystal with chain folds (I,
w, x. lamellar thickness, length and width; ¢ and o,: lateral and fold surface

free energies of the lamellae, respectively)?.

Crystallization typically occurs by cooling from the melt state (non-
isothermal crystallization) or by rapidly cooling the sample to a crystallization
temperature (T,) and allowing the material to crystallize over time (isothermal
crystallization). However, crystallization of a polymer can also occur during the
synthesis of the polymer, by mechanical stretching, solvent evaporation or even
in solution?>*, During crystallization from the melt, long macromolecular
chains disentangle from each other, and thin segments called lamellae form
because polymer chains are aligned and folded together with thickness dc
separated by amorphous regions with thickness da. The sum of both is the long

period (L), with a typical size on the order of a few nm (e.g., 10 nm), see Figure
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2.3%,

Flexible polymers have the ability to crystallize, typically forming
spherically symmetric aggregates characterized by radial lamellae, commonly
referred to as spherulites. However, other supramolecular structures such as
axialites or hedrites can also form.

The morphology and size of a spherulite will vary depending on the nature of
the polymer and the crystallization conditions and will highly impact the final

properties of the material.

Ordered Crystalline Region

I_T

% Disordered

= Amorphous
Region

Y

(R

S

Spherulitic Nucleus

Figure 2.4. Radial growth of spherulite in two dimensions.

Figure 2.4 shows a representation of a grown spherulites in which three
distinct regions can be observed: (i) and ordered crystalline region composed of
stacked lamellae (ii) a disordered amorphous region composed of entangled

polymer chains in the interspace between crystalline lamellae and (iii) the
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spherulitic nucleus representing the centre of nucleation from which the

spherulite grows333,

These formations manifest as birefringent spheres, observable through
e.g., polarized light optical microscopy (PLOM), exhibiting distinctive
extinction patterns known as Maltese crosses. These patterns emerge in
alignment with both parallel and perpendicular orientations to the polarization
direction (Figure 2.4 illustrates a representative instance of spherulites).

2.4 Crystallization Kinetics

The rate at which a polymer transforms from its amorphous state to a
crystalline state refers to the crystallization kinetics of a material, which can be
influenced by various factors such as molecular weight, cooling rate,
temperature, and polymer structure. Crystallization in polymers is a thermal
process which can be divided into two processes: primary crystallization and
secondary crystallization. Additionally, primary crystallization can be broken
down into primary nucleation, commonly referred to as nucleation, and
secondary nucleation, commonly known as crystal growth. In this section, the
intricacies of both primary and secondary crystallization in polymers and

exploring their underlying mechanisms will be explained.
2.4.1 Primary Crystallization

Primary Crystallization is the initial stage of crystallization in polymers;
during this process, the polymer chains begin to order themselves in a structured
and ordered manner, forming a three-dimensional lattice, known as a crystallite,
which occurs when a material is cooled from the melt (i.e., amorphous state).
Primary Crystallization can be broken down into two steps: nucleation (i.e.,
primary nucleation) and growth (i.e., secondary nucleation).
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2.4.1.1 Nucleation

Primary nucleation is a fundamental process that plays a crucial role in
the crystallization of polymers. It consists of the formation of small crystalline
structures known as nuclei or nucleation sites. These nuclei serve as starting

points for the growth of larger crystalline structures®.

Primary nucleation can occur through two mechanisms: homogeneous
nucleation and heterogeneous nucleation. Homogeneous nucleation consists in
the spontaneous aggregation of parallel polymeric chain segments; that is,
nucleation takes place uniformly throughout the polymer melt or solution
without the involvement of any foreign particles or nucleating agents. For this
to occur, the polymer chains in the melt or solution reach a critical level of
supersaturation. Supersaturation refers to the state when the concentration of
polymer chains exceeds the saturation concentration required for
crystallization?®. Once the critical supersaturation level is reached, polymer
chains aggregate and form nuclei. If the particle size does not achieve the critical

saturation level the grains disappear®®.

On the contrary, heterogenous nucleation occurs when foreign particles
such as impurities or nucleation agents provide a favorable environment for the
aggregation and orientation of polymer chains, promoting the formation of
nuclei. These impurities reduce the free energy barrier for nucleation, making
the process more efficient and predictable compared to homogeneous
nucleation. Heterogeneous nucleation is more common than homogeneous
nucleation in practical polymer processing scenarios due to the abundance of
foreign particles and interfaces, and it can either occur sporadically or
instantaneously. Sporadic nucleation refers to the formation of crystalline nuclei
as a function of time during primary crystallization within the polymer melt,

whereas instantaneous nucleation occurs when all nuclei appear at the same
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time'3%. This change can be induced by various factors, including temperature

quenching, pressure changes, or the addition of a nucleating agent.
Instantaneous nucleation results in the rapid formation of nuclei, which then

grow into crystalline domains typically occurring during high supercooling.

2.4.1.2 Growth

As it has been established, the crystallization of polymers is described in
terms of nucleation and growth. The growth process, also known as secondary
nucleation, involves the growth of crystalline regions from existing crystal
nuclei. These nuclei act as templates for the attachment and ordering of
additional polymer chains, leading to the enlargement of the crystal structure. It
is considered that primary crystallization ends when the crystals have impinged
on one another, typically at the 50% conversion mark of the entire
crystallization process®®. Commonly, the lamellae grow in a radial manner,
forming, spherulites of 1—100 pm®. The growth rate (G) of secondary
nucleation is influenced by factors such as temperature, cooling rate, the
diffusion of polymer chains, and the alignment or rearrangement of the
amorphous regions. The dependence of G on the isothermal crystallization
temperature or supercooling can be represented as a bell-shaped curve (see
Figure 2.5)% because of the dynamic interaction of two processes: diffusion and
the secondary nucleation term. Additionally, a similar dependence on
temperature can be observed for primary nucleation. On the left side of the curve
(high supercooling), the growth of the crystals is dominated by the slow
diffusion of the chains; hence, G increases as T, increases, whereas the right side
of the curve is controlled by secondary nucleation activation energy; hence, as

T, increases the G decreases as fewer nuclei are generated.

-32 -



Chapter 2 — Multiphasic polymers & Polymer Crystallization

Growth rate (G)

Diffusion
Control

Secondary
Nucleation
Control

T. (°C) T

Figure 2.5 Crystal growth rate (G) as a function of the crystallization

temperature®,

2.4.2 Secondary Crystallization

After the spherulites have impinged on one another, secondary

crystallization continues. During secondary crystallization, interspherulitic

material crystallizes, and lamellar thickening and rearrangement can occur.

Additionally, the nucleation of new nuclei and their subsequent growth can lead

to the formation of new crystalline domains, increasing the overall crystallinity

of the polymer material3®4°,

2.5 Crystallization theories

Numerous theories have been developed over the years to describe the
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phenomenon of polymer crystallization, mainly thermodynamic and kinetic

theories. While thermodynamic theories might offer some insight into certain
aspects such as crystal thickness or the semicrystallinity of polymers. The
consensus amongst experts is that kinetic theories and thus, Kinetic parameters
have a larger hold over determinant features of polymers such as the overall

crystallization rate and morphology.

The kinetics of polymers can be described by different crystallization
theories depending on which step of crystallization we want to study. That is,
the overall crystallization kinetics, the kinetics of primary nucleation or of

crystal growth (secondary crystallization).
2.5.1 Avrami Theory

The Avrami model also referred to as the Avrami theory or the Avrami
equation is a mathematical model developed by Evans, Kolmogoroff, Johnson
and Mehl, and Avrami around the 1930s to describe the Kkinetics of
crystallization in polymers®®#!, The Avrami theory describes the free growth of
objects from random nucleation centers and is based upon the assumption that
the volume remains constant. Moreover, this model is not capable of providing
a complete description of the overall kinetics, i.e., it does not consider the effects
of secondary crystallization. Nonetheless, it provides insight into primary
crystallization rates>*42, The model yields the expression below (Equation
2.1)%:

1 - V. (t—t,) =exp(—k(t—t,)") Equation 2.1

where V. is the relative volumetric transformed fraction to the crystalline
state, t is the crystallization time, t, is the induction time, k is the overall

crystallization rate constant which includes nucleation and growth components,
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and n is the Avrami index. Moreover, V. can be expressed as a function of mass

fraction of the samples (W,) as seen in Equation 2.2.

7
W+ (5) (1 - w)

Ve = Equation 2.2

where W, is the mass fraction of the sample, p., the density of a 100%
crystalline sample, and p,, the density of a 100% amorphous sample. Sometimes
the values of p. and p, are unknown for some polymers and therefore we cannot
apply Equation 2.1 in terms of volume fraction. However, V. is proportional to
W, (see Equation 2.2 and Equation 2.3) and the overall crystallization kinetics
can be fitted to the Avrami equation in terms of the mass fraction of crystals as

an approximation.

From Equation 2.3, A4H(t) is the enthalpy variation at a given
crystallization temperature as a function of time, and AH,,;,; iS the maximum

enthalpy value reached at the end of the isothermal crystallization process®43,

The enthalpies are obtained by integration of the experimental isothermal
data when the mass of the sample is known. However, in cases were the sample
measured is in the nanogram scale these values are given by the specific heat
capacity (C,) as a function of mass. These values are obtained from the
normalized integrated area of each peak divided by the heating or cooling rate
to determine the relative crystallinity mass fraction of the sample at a given t

and describe the kinetics of the material at a constant mass.

_AH@®) Equation 2.3
¢ AHtotal
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To obtain the Avrami parameters, the data obtained from isothermal

crystallization must be fitted to Avrami equation, for this, the equation must be
linearized by applying logarithm in both sides as seen in Equation 2.4, and
plotting log[ — In[1 — V] as a function of log (t — t,). This equation is used
to construct the Avrami plot, from which the linear fit to the fitted range, usually
between 3—20% conversion, the value of n can be obtained from the slope and
k from the intercept. Correlation data (R?) value close to 0.9999 is

recommended to consider it a good fit.

log[ —In[1 — V. (t — t,)]] = log (k) + nlog (t — t,) Equation 2.4

Moreover, Miiller et al. proposed that the Avrami index (n) can be
considered in terms of the addition of two components: a nucleation rate
component (n,) and a growth dimensionally (n;) component (Equation
2_5)37,38

no=n, + ng Equation 2.5

where, nq represents the dimensionality of the growing crystals and can
have values of 1, 2, and 3 depending on the dimensionality of the crystalline
ensembles formed (i.e., needles (1D), axialites (2D), and spherulites (3D)). The
n,, value is proportional to the rate of nucleation with values ranging from 0 to
1, values equal to 1 are due to sporadic nucleation whereas values equal to 0
represent instantaneous nucleation or values in between these twol:32363844 A
summary of the different combination of n; and n, are given below in
Table 2.1, the sporadic nucleation es represented as (S) and instantanous

nucleation as (I).
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Table 2.1. Description of the different combination of n,; and n,,. Note that I is

refer to instantaneous and S to Sporadic growth.

Avrami Index (n) n, ng (S:brtfitnaelsl
1 0 1 Rod (1)
2 1 1 Rod (S)
2 0 2 Axialite (1)
3 1 2 Axialite (S)
3 0 3 Spherulite (1)
4 1 3 Spherulite (I)

Additionally, t, represents the induction time before any crystallization
can be detected by the calorimeter, hence its inverse is proportional to the
primary nucleation rate. Moreover, by applying the Avrami equation, it is also
possible to obtain a theoretical value of the time needed to reach 50% conversion
according to the Avrami parameters obtained i.e., the half-crystallization time
(T509), See Equation 2.6, which can be compared to the experimentally observed
quantity to see if the equation is able to describe the overall crystallization

process until 50% conversion.

—In(0.5) . Equation 2.6
o= (202)

As mentioned above, the range of conversion in which to perform the

fitting when applying the Avrami equation is that recommended to be between
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3 to 20% conversion this is because the Avrami equation provides information

on the overall crystallization rate, that is, until the end of primary crystallization
which is when the crystals impinge on one another at conversion range of
40—-50%. Thus, a range of conversion which ensures the free growth of the
crystals (no impingement occurs) and avoids deviations or errors due to

secondary crystallization effects is of outmost importance to ensure a good fit.
2.5.2 Lauritzen-Hoffman Theory

The Lauritzen-Hoffman theory (LH) proposed by Lauritzen and Hoffman
was developed in the 1960°s*. The theory focuses on the kinetics of polymer
crystallization and has been influential in understanding and predicting the
behavior of polymers during crystallization3233374246 |n recent years the theory
has received some criticism, however it is considered a widely accepted theory,
since it provides a simple and analytical approach to provide insight into the
crystallization behavior of polymer chains from the molten state to the solid

crystalline state.

The LH theory revolves around two fundamental processes: nucleation
and growth. According to the LH theory, the growth rate (G) as a function of

time is described by the following expression24’:

—U” —Ky Equation 2.7
G=G (—) g a |
0P \g(r.—T1,)) P <TCATf>

Where G, is a growth constant, the first exponential term is linked to
molecular diffusion and the second exponential term refers to the secondary
nucleation, R is the universal gas constant, T, is the temperature at which the

movement of the chains is frozen, and it is 30 °C degrees lower than the T, U*
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is the transport activation energy for the chain diffusion of the polymer (a value

of 1500 cal/mol is usually employed), AT is the supercooling (T;5 — T,) f is
a temperature correction factor, and K is a constant proportional to the energy
barrier for the spherulitic growth or secondary nucleation. At the same time, K

is described by Equation 2.8:

K6 = j bo 0.0 Tin Equation 2.8
g k Ay

Where j is dependent on the crystallization regime, b, is the polymer
chain width, o is the lateral surface free energy, oe is the fold surface energy, k
is the Boltzmann constant (1.38 x 10 J/K ) and Ah; is the equilibrium melting
enthalpy of the enthalpy of fusion of a 100% crystalline material.

On another note, there are three possible crystallization regimes

depending on T, and, thus, the supercooling according to LH3%42,

®,

% Regime | (i<<g): the formation of secondary nuclei is slower than

the growth, it occurs at low AT (high T,).

X/

% Regime Il (the same order of magnitude for i and g): the formation
and growth of secondary nuclei is comparable, occurs at

intermediate AT.

K/
L X4

Regime Il (i > g): the formation of secondary nuclei is faster than

growth, occurs at high AT (low T,).

Additionally, the primary nucleation rate (I) has been described by the
Turnbull-Fisher model, the data — i.e., the number of spherulites per cubic

centimetre at different T, — is fitted in the linear region of the following
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expression:

AF* 1600, (A0)TS” Equation 2.9

logl=loglo = 53T 23 kT (T2 (4H,)?

Where AH, is the volumetric equilibrium melting enthalpy, AT is the
supercooling (AT =TJ — T,), AF* term is proportional to the free energy of
the primary nucleation, T;2 is the equilibrium melting point, I, is related to the
diffusion of polymeric chains, 4o is the free-energy difference, and o is the
lateral surface free energy and o, the fold surface energy are both obtained from

the Lauritzen-Hoffman fit.
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This chapter will describe the materials used during the different studies

of this thesis and the techniques, methods, and protocols used throughout the

work.

3.1 Materials

3.1.1 PFO

PFO was donated by the De Mello group and used without further
purification. The polymer had a number-average molecular weight of M,, =
13.04 kDa, and the polydispersity of B = 2.03, as determined by size exclusion
chromatography in combination with multi-angle light scattering (SEC-MALS)
and size exclusion chromatography calibrated with polystyrene (SEC-PS),
respectively. Tetrahydrofuran (THF) was purchased from Sigma-Aldrich and
used without further purification. PFO thin-films were prepared by depositing
20 pL from a 10 mg/mL solution of PFO in THF by spin-coating at 2,000 rpm
for 60 s onto the FSC chip sensor.

3.1.2 PBTTT

PBTTT was obtained from 1—Materials without further purification.
PBTTT had a molecular weight of M,, = 65,000 and a polydispersity of b =
2.5, as determined by size exclusion chromatography in combination with
multi-angle light scattering (SEC-MALS) and size exclusion chromatography
calibrated with polystyrene (SEC-PS), respectively. Chlorobenzene (CB) was
purchased from Sigma-Aldrich and used without further purification. Thin-
films were deposited from 20 pL from 20 mg/mL solutions in CB at 90 °C after
1 h of stirring at 1,000 rpm during 60 s via spin-coating of the sample onto a

FSC sensor chip.
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3.1.3 Polythioethers

DMDS-alt-DVE, DMDS-alt-TEGDVE and DMDS-alt-BDDVE are
polythioethers based on the monomers 2,2’-dimercaptodiethyl sulfide (DMDS),
di(ethylene glycol) divinyl ether (DVE), triethylene glycol divinyl ether
(TEGDVE), and 1,4-butanediol divinyl ether (BDDVE), respectively. The
polymers were synthesized and provided by Institut de Sciences des Matériaux
de Mulhouse (IS2M), from the Université de Haute-Alsace, France.

po/\/o-\/’\ofh\\ HS/\/S\_/\SH » »{’\/O\/\O/‘\/O\/\S/‘\/S\/\Sh
DVE DMDS DMDS-alt-DVE

&\0"‘\/0\/\0"\/0# HS"\/S\/\SH —— »{’\JO\/\ONOWOMS\VAS/\/‘S-I‘
1

TEGDVE DMDS DMDS-alt-TEGDVE
%\Oﬁ\/‘vO\f HS/\’S“/\SH —_— A{’\/O\/\/\Of\xsx/\sf\/s+1
BDDVE DMDS DMDS-alt-BDDVE

Figure 3.1 Chemical structures and reaction for the formation of polythioethers
DMDS-alt DVE, DMDS-alt-TEGDVE and DMDS-alt-BDDVE.

The synthesis of these alternating copolymers was based on thiol-ene
step-growth polymerization following the synthetic process they developed for
the monomers DMDS and diallyl phthalate (DAP)!. This was performed
between DMDS and diene monomers DVE, TEGDVE and BDDVE by Le et

aI 1-4

3.1.3.1 Synthesis of the Polythioethers

A mixture of 2,2'-dimercaptodiethyl sulfide (DMDS, 0.500 g, 3.2 mmol,
1 equiv.) and the diene monomer (diene, 0.516 g, 3.2 mmol) was added to a 20
mL soda-lime glass vial; with respect to the monomers, an aqueous phase
containing a photo-catalyst (eosin disodium, 2 mg, 0.0026 mmol, 0.02% w/w

monomer), a surfactant (sodium dodecyl sulfate (SDS), 35 mg, 3.5 wt%, 13.5
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mM in water) and 9 mL of phosphate buffer 10 mM (pH = 8) was then added to

the monomer mixture. To create an emulsion with an organic phase content of
10% w/w, a homogenizer (Ultra-Turrax, T25, IKA-Werke) was used to
homogenize the mixture at 15,000 rpm for 10 min. Photopolymerization was
initiated immediately after emulsification; the reaction was conducted at room
temperature in a circular photochemical reactor with a green LED strip (530 nm,
3.0 mW-cm2). The vial was continually stirred and irradiated using a magnetic
stirrer (1,100 rpm) for 60 min. Table 3.1 provides information on the molar
masses as reported by Elgoyhen et al.

Table 3.1. Molar masses of DMDS-alt-DVE, DMDS-alt-TEGDVE and
DMDS-alt-BDDVE

M M

1 n w
Polythioether (g/mol) (g/mol) b
DMDS-alt-DVE 9806 21871 2.23
DMDS-alt-TEGDVE 14145 32055 2.27
DMDS-alt-BDDVEa 17400b - -

4 DMDS-alt-BDDVE it is not soluble neither in THF or DMF.
PObtained from NMR measurements.

The molecular weight distribution of purified DMDS-alt-DVE was
obtained by gel permeation chromatography (GPC) in N, N-dimethylformamide
(DMF). The sample was prepared at 1.0 mg/mL and injected into a GPC
(Agilent 1260 Infinity series with a set of three columns Polymer Laboratories
ResiPore). A flow of eluent containing 10 mM lithium bromide was pumped at
0.9 mL/min through the columns controlled at 50 °C. The system was calibrated
using a set of narrow EasiVial poly(methyl methacrylate) standards. The M,,

was calculated using Aligent SEC software.
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3.2 Sample Preparation

The samples were deposited in the chip sensor by either one of two

methods: spin-coating or bulk deposition.

1. Bulk: asmall size of the sample (< 0.5 mm?) is placed on the frontside of

the chip sensor with the tip of hair.

2. Spin-coating: samples were prepared by (1) placing a drop of glucose
solution on the reference part on the backside of the chip sensor and
allowing it to solidify (2) the solution containing the sample is deposited
by spin-coating between 10-20 pl of 20 mg/mL solutions of the sample at
the desired spinning rate and time (the parameters used in this thesis vary
for each material, however the standard parameters used are 2,000 rpm
during 60s) (3) after the solution has been deposited onto the chip, the
glucose dropped is removed carefully with distilled water (4) finally, the
chip is allowed to dry before applying any thermal protocol. Figure 3.2

shows a scheme of the different steps.

Figure 3.2 Thin-film deposition on an FSC sensor. A) Glucose deposition, B)

Spin-coating of the sample C) Removing the glucose®.
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3.3 Thermal Characterization Techniques and

Methods

These analytical methods are essential for understanding how temperature
fluctuations influence the thermal behavior and properties of polymers. These
techniques provide valuable information on various thermal transitions and
properties of materials, including phase transitions such as the melting

temperature (T,), the glass transition temperature (7g), the crystallization

temperature (T,), the cold crystallization temperature (T,.), transitions between
crystalline phases, degree of crystallinity, or the enthalpies associated with these
thermal transitions. These analytical methods are essential for understanding
how temperature fluctuations influence the thermal behavior and properties of

polymers.
3.3.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the heat flow into or
out of a sample as it is heated or cooled under controlled conditions. That is, the
difference in heat capacity (C,) of a sample and a reference is recorded as a
function of temperature. In a typical DSC instrument, a sample and a reference
material (typically an inert substance with known thermal properties) are placed
in separate pans. These pans are subjected to controlled heating or cooling in a
furnace. Two thermocouples control and measure the temperature difference
between the sample and the reference, while a heat flow sensor monitors the

heat flow variation between them®”.

The experiments were performed on a PerkinElmer DSC 8500 connected
to an Intracooler 111 under a nitrogen atmosphere with 20 mL/min flow. The

DSC 8500 was calibrated with indium and tin standards. The samples measured
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were ca. 5 mg. The Pyris software was used to analyze the data.

3.3.1.1 DSC experimental protocols

(1) Heating/cooling ramps: during non-isothermal experiments, the
rates used for this technique can vary between 1 °C/min and 60
°C/min. However, unless specified the samples were heated and
cooled at 20 °C/min (0.33 °C/s). First, the samples were heated from
25°C to a T,, + 30 °C to ensure erasing thermal history for 3 min,
then cooled to a temperature below the glass transition temperature
(Ty) and subsequently heated to T, + 30 °C.

(2) Isothermal experiments: for isothermal  crystallization
experiments, first, the study requires determining the minimum
isothermal crystallization temperature (T nin): Temin 1S the
minimum temperature for which no melting peak is observed in the
latter heating scan, attesting that no crystals were formed during the
cooling scan to T,. Having determined the T, ,,;,, the sample is
heated to its molten state (T,,, + 30 °C) and kept there for 3 min to
erase thermal history. Then, the sample is rapidly cooled down to a
range of crystallization temperatures T, with T, > T, ,nin, and Kept at
this temperature until saturation. Finally, the sample is heated to
T,, + 30 °C.

3.3.2 Fast Scanning Calorimetry (FSC)

Conventional DSC is widely used as a standard method for obtaining
information on the thermal transitions occurring within a sample. However, the

cooling and heating rates in these devices are limited to 1 °C/min to 60 °C/min,
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and often do not allow for the study of other reorganization processes of some

semicrystalline polymers. For this reason, a new type of DSC, known as fast
scanning calorimetry (FSC), often referred to as Flash DSC, was created to
allow for ultra-high cooling and ultra-high heating. It allows us to study both
crystallization and reorganization processes that may occur during heating®1°.

FSC Experiments were performed on a Mettler-Toledo Flash DSC 2+
device. The equipment is connected to a Huber TC-100 intracooler,
permitting scans of up to 40,000 °C/s. The MultiSTAR UFS1 (24x24x0.6
mm?) chip sensors were conditioned and corrected prior to use according to
the Flash DSC 2+ specifications. FSC measures a microchip embedded in a
ceramic support. The chip contains a squared shaped sample sensor and a
reference sensor made of silicon nitride membranes. These are equipped
with 16 thermocouples distributed uniformly along the ceramic plate.
Measurements were carried out under a nitrogen atmosphere, with a
constant flow rate of 80 mL/min. The STARe software was used to analyze
the data. The thermal protocols essentially consisted in recording heat flow
rates during the heating, cooling, or isothermal steps as a function of

temperature.

In general, throughout this thesis, we have employed three different
isothermal step protocols and one non-isothermal protocol that were key to
thoroughly characterize thermotropic behavior of different materials and to
study their crystallization Kkinetics. As stated above, the FSC technique allows
for very fast heating and cooling rates; hence, the thermal quenching of different
phases of the materials could be isolated for their study. More complex
protocols will be discussed and described in the corresponding chapters.
Nevertheless, the general protocols designed and implemented are described

here in detail and can be found in Figure 3.3.
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Figure 3.3. Thermal protocols in FSC. A) Non-isothermal B) Isothermal
protocol for 1 h C) Isothermal protocol from an isotropic state D) Isothermal

protocol from a liquid crystalline state.

(1) Heating/cooling ramps: non-isothermal crystallization experiments
performed at various cooling rates from 1 °C/s to 40,000 °C/s and,
unless otherwise specified at a constant heating rate of 1,000 °C/s.
The sample is heated from a temperature below T, typically —80
°C, to a T,,, + 30 °C to erase any thermal history, then cooled to a

temperature below T, and heated again to temperatures well above

T,. (see Figure 3.3A).

(2) Isochronous experiments: the samples were first heated well above
the highest-temperature transition for 1 s to erase any previous
thermal history while avoiding thermal degradation of the material.

Then, the material was rapidly cooled to a range of isothermal
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3

temperatures (T,) and held at those T, s for 1h. During this time, the
material had time to undergo the physical process that is relevant at
that temperature. Subsequently, the material was cooled to a

temperature well below T,. From there, a heating scan was recorded
up to a temperature above the highest-temperature transition. In
some cases, the material is cooled to a temperature below T, and a
second heating scan was recorded which will serve as a reference
scan. The heating and cooling rates vary according to the material,
for this, the rates used are specified for each material in the

corresponding chapters (see Figure 3.3B).

Isothermal experiments: From an isotropic/melt state, the samples
were first heated well above the highest-temperature transition to
erase the thermal history for a short amount of time of 1s to avoid
degradation. Then, samples are rapidly cooled down (at 4,000 °C/s,
unless otherwise specified) to the selected T, where it is kept for a
variable amount of time so that crystallization progresses. Samples

are then rapidly cooled down to a temperature below T, (at 4,000

°C/s, unless otherwise specified), and lastly, they are heated to well
above the highest-temperature transition (see Figure 3.3C). The
endothermic peak appearing in this heating scan accounts for the
melting of crystals formed during the isothermal step; hence, the
enthalpy of this melting process can be employed to follow the
isothermal crystallization kinetics. It is customary to assume that the
values of melting enthalpy (measured under non-isothermal
conditions, i.e., during the heating scans after isothermal
crystallization) are identical to the values of the crystallization
enthalpy developed under isothermal conditions.
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From a semi-ordered state, for those polymers exhibiting liquid crystalline

phases (i.e., PBTTT and PFO), a protocol was designed to follow the
crystallization kinetics from this semi-ordered state while reducing the
possibility of degradation of the sample by including a first step in which the
mesophase is created. For this reason, the first step was to heat the material well
above the highest temperature transition to erase the thermal history for a short
amount of time of 1s to avoid degradation. Then, samples are rapidly cooled
down (at 4,000 °C/s, unless otherwise specified) to a selected T,, where it is kept
for 30 min, the material is then rapidly heated to a temperature in which the
mesophase is developed and kept there for 1 min. Then, the sample is cooled to
the desired T, and kept there for a variable amount of time. Finally, the

sample is cooled rapidly below T, and subsequently heated above the

highest-transition temperature (See Figure 3.3D).

3.3.3 Differential Scanning Microcalorimetry (u-
DSC)

The measurements were conducted using a Setaram micro-DSC (Micro-
Calvet) connected to an Intracooler Il under a nitrogen atmosphere with 20
mL/min flow. The samples measured weighted ca. 10 mg. The relevant
temperatures to consider are the crystallization temperature (T,), the melting

point (T3,,) and the glass transition temperature (7).

3.3.3.1 u-DSC protocols

(1) Heating/cooling ramps: the samples were heated and cooled at a
rate of 0.2 °C/min (0.0033 °C/s). Samples were heated from 25 °C to
T,, + 30 °C to ensure erasing thermal history for 3 min, then cooled

to a temperature below T, and subsequently heated to T,,, + 30 °C
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3.3.4 Polarized Light Optical Microscopy (PLOM)

Polarized light optical microscopy (PLOM) is a powerful technique used
to study anisotropic materials and their optical properties. The PLOM uses
polarizers, which are filters that selectively allow light oscillating in a specific
direction to pass through while blocking light with other orientations.
Anisotropic materials are those whose optical properties vary depending on the
direction in which light interacts with them. These materials often exhibit
birefringence, which means they can split light into two separate rays, each with
a different refractive index. Thermally induced phase transitions and
crystallization kinetics of different materials were evaluated by PLOM.

Experiments were performed on a polarized light optical microscope,
Olympus BX51 (Olympus, Tokyo, Japan), with an Olympus SC50 digital
camera coupled to the microscope. The PLOM was equipped with a Linkam-15
TP-91 hot stage Linkam, Tadworth, U.K, connected to a liquid nitrogen cooling

system that was used to observe the morphology of the sample.

(1) Heating/cooling ramps: during non-isothermal experiments, the
rates used for this technique can vary between 1 °C/min and 50
°C/min. However, unless specified the samples were heated and
cooled at 20 °C/min (0.33 °C/s). Samples were prepared by heating
a small fraction of the polymer powder from 25°C to a T,,, + 30 °C
to ensure erasing thermal history for 3 min, then cooled to a

temperature below the glass transition temperature (7,) and

subsequently heated to T;,, + 30 °C.

(2) Isothermal experiments: samples were prepared by heating a small
fraction of the polymer powder from 25 °C to a T;,, + 30 °C to ensure

erasing thermal history for 3 min, then cooled to the desired

-60 -



% Chapter 3 — Materials & Methods
crystallization temperature (T.) at 50 °C/min and allowed the

polymer to crystallize at that temperature until saturation and
subsequently heated to T,,, + 30 °C at 20 °C/min. Films of around 10
pm thickness were prepared by melting the sample between two

glass slides.
3.4 X-ray techniques and Synchrotron light sources

The complex structure of materials is often resolved with a combination
of imaging techniques and scattering X-ray techniques. The most common for
the detection of bulk structures in the molecular scale is wide angle x-ray
scattering (WAXS) in transmission geometry. Additionally, due to the different
applications requiring thin-films (e.g., semiconducting polymers), a rise in
interest for techniques able to study those conditions has occurred; the use of
more conventional techniques such as WAXS is less suitable as the sample
volume is significantly reduced. To overcome this, grazing incidence wide angle
X-ray scattering (GIWAXS) is one of the techniques used for the structure

determination in thin-films using synchrotron radiation.

In this thesis, some of the experiments have been carried out in
synchrotron facilities from Elettra (Triestre), HZB (Berlin) and ALBA
(Barcelona). Here a general overview of the basics of the Synchrotron will be
given. However, we refer the reader to the following sources for a deeper

understanding**2,
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Figure 3.4. View of the main parts of a synchrotron radiation facility.

Figure 3.4 shows a scheme with the main parts of a synchrotron facility;
the light generated in the synchrotron is radiated by electrons moving close to
light speed inside the storage ring which are generated inside what is referred to
as the electron gun by heating a metal (typically tungsten coated of barium
oxide). After electron generation, these are accelerated in a linear accelerator
(“Linac”) and then injected into the booster synchrotron in which they are
further accelerated and injected into the storage ring with the aid of magnets.
Finally, the beamlines are the spaces in which the users will be able to place
their samples and conduct their experiments. The beam is channeled through

monochromators, mirrors and slits to obtain the desired wavelength!*-13,
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3.4.1 Wide Angle X-ray Scattering (WAXS)

Light waves interact with matter in different ways. In crystalline
structures, when the incident beam interacts with the regularly spaced atoms the
wave will be scattered in different directions due to interference effects'4. That
is, scattering refers to wave interactions with atoms in which the scattered wave
is redirected in many directions. Additionally, the scattering vector (q)
represents the difference between the incident wave and the scattering wave
which form an 26 angle, also known as the scattering angle. The relation
between the scattering vector, g, and the scattering angle, 26, can be found

below in Equation 3.1.

_ i
q= —sind Equation 3.1

Bragg’s Law'® was formulated by the physicist Sir W.H. Bragg and his
son Sir W.L. Bragg in 1913, this law states the relation between the incident
angle of the X-rays, the spacing between the crystal lattice planes and the

direction of the scattering vector (see Equation 3.2)315-17,

nA = 2dsin Equation 3.2

where d is the distance between the crystal planes (interplanar spacing),
20 is the angle formed between the incident and scattered wave, 4 is the
wavelength, and n denotes the reflection order (an integer number). Hence, a
correlation between the crystal plane distances and the scattering vector can be

found below Equation 3.3.

2 Equation 3.3
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Wide angle X-ray scattering (WAXS) is an x-ray technique that as

mentioned above is often used to determine the crystalline structure of different
materials such as polymeric materials; the short sample to detector distance
allows access to high resolution information in the 5-10 A spatial range. One
thing to note from these experiments is that the samples are often powders
measured in aluminum pans. However, in this thesis, experiments on FSC
sensor chips were also carried out with this technique. Figure 3.5 shows a
schematic representation of an X-ray diffraction experiment where the sample
is irradiated with the beam and the scattered light gives rise to a scattering
pattern.

Scattering
pattern

Sample

B ——

Detector

Figure 3.5. Schematic representation of and X-ray diffraction experiment.

As mentioned above, the crystalline materials will diffract the beam at a
specific angles related to the distances between crystalline planes resulting in
different scattering peaks often referred to as Bragg peaks. In contrast,
amorphous materials will behave differently to crystalline materials and instead
of defined peaks with varying intensity and width they will show a single broad
scattering maximum, often referred to as “amorphous halo”. Figure 3.6 shows

an example of a crystalline pattern and an amorphous pattern.
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Figure 3.6 Scattering profiles material PGA as an example of an amorphous

pattern (red) and a crystalline pattern (blue).

Some experiments in this thesis were carried out in-situ at ALBA
Synchrotron Radiation Facility (Barcelona, Spain) at the beamline BL11 NCD-
SWEET. DSC pans were employed to place samples in the beam path. A THMS
600 Linkam hot stage device was employed to first heat the samples from room
temperature to the melt at 20 °C/min and then from the melt to room temperature
at the same rate, while data was been collected. The X-ray energy source
amounted to 12.4 eV using a channel cut Si (1 1 1) monochromator (A = 1.03
A). The sample-detector distance was 132.6 mm with a 21.2° tilt angle, and
chromium(111) oxide was employed to do the calibration. Rayonix LX255-HS
detector, Evanston, IL, USA, with a resolution of 1920 x 5760 pixels and pixel

size of 44 m? was employed.
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In some of the experiments a synchrotron facility was not used, instead

experiments were performed using a D500 X-ray powder diffractometer
(Siemens, Germany) in reflection mode (6—26 scans) with a Cu-Ka radiation
source (A = 1.54 A) and a scintillation counter at an angular resolution slightly
better than 0.1°. The diffractometer was equipped with an evacuated
temperature-controlled TTK sample chamber (Paar, Austria). To achieve sub-
ambient temperature ranges, the chamber was connected to a liquid nitrogen
reservoir. The polymer powder scattered isotropically and was deposited on an
aluminum plate (fabricated in the lab) and placed on a brass block. The
temperature was varied by resistive heating through controlling the current. The
temperature was measured by a thermometer at the bottom of the heated brass
block. This temperature was calibrated to the sample temperature by measuring
the actual temperature at the surface of the polymer samples in a control
experiment using an external thermocouple (Mini Dual K/J Thermometer, Uni-
T, Munich, Germany). Data points of the XRD patterns obtained from the
polymers were collected over a range of the scattering angle between the
incident beams and diffracted beam (20) from = 1.8 ° to 30 ° at steps (426) of
0.04 °, each measured for 10 s. Changes in position and intensity of peaks of the
diffracted X-rays were measured upon crystallization and melting of the

polymers.

3.4.2 Grazing Incidence Wide Angle X-ray
Scattering (GIWAXS)

Other experiments carried out in this thesis were grazing incidence wide
angle X-ray scattering (GIWAXS). This technique mainly differs from WAXS
in the fact that the samples measured here are deposited over rigid substrates
(e.g., glass or silicon wafers) as thin-films and not in bulk. More importantly,
they differ in the geometry used; WAXS experiments are carried out in
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transmission geometry contrary to GIWAXS where the x-ray beam reaches the

sample at an incident angle, often between 0.12° and 0.4° from the substrate
plane. These angles ensure that the beam can penetrate the thin-film sample but
not the substrate is deposited on. Therefore, the X-ray beam is somehow
confined in the plane of the sample, hence maximizing the scattering signal®’-
20, Below Figure 3.7 shows a schematic illustration of the GIWAXS geometry
where «; is the incident angle, i.e., and the angle between the incident X-ray

beam and the substrate plane of the sample and a is the exit angle®®%.,

Pixel Scattering pattern
q;

e N

Substrat;\"*—* y

Figure 3.7. Schematic representation of the GIWAXS geometry.

GIWAXS measurements were performed at the BL11 NCD-SWEET at
ALBA Synchrotron Radiation Facility (Barcelona, Spain). The incident X-ray
beam energy was set to 12.4 eV using a channel cut Si (1 1 1) monochromator.
2D GIWAXS patterns were corrected as a function of the components of the
scattering vector (q). 2D GIWAXS patterns were corrected as a function of the
components of the scattering vector. The angle of incidence «; was set between
0.1° and 0.2° to ensure surface sensitivity. Data are expressed as a function of
the scattering vector, which was calibrated using Cr.Oz, obtaining a sample-to-

detector distance of 145.6 mm. The scattering patterns were recorded using a
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Rayonix LX255-HS area detector, which consists of a pixel array of 1920 x

5760 pixels (H x V) with a pixel size of 44 x 44 um?. All the measurements

were performed under N2 atmosphere to minimize the damage of the films.
3.5 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a powerful technique that allows the
study of the morphological features of samples at the nanoscale. The technique
consists on scanning the surface of a substrate with an AFM tip, this tip interacts
with the surface via different forces (e.g., Van der Waals) and retracts or lowers
the tip according to the information received which is then translated by the
software into a map of the height surface. This data can be used to identify
different morphological features from spherulites, rods to terrace phases?? 2,

Measurements in Chapter 4 and Chapter 5 carried out in a dimension
ICON with a Nanoscope V controller (Bruker) in a Peak-Force Tapping mode
using ScanAsyst-Air tips by Bruker (nominal tip radius of 2 nm, nominal
frequency of 70 kHz, nominal spring constant = 0.4 N/m) was used to obtain
the images. The thin-films were deposited from a 10—20 mg/mL solution on the
back side of the chip with a glucose cover on the reference cell, which was
removed after deposition with water. The sample was heated above the highest
transition and after melting it was rapidly cooled (at 4,000 °C/s) to the annealing
temperature (T,). Subsequently, the sample was kept at T, for 10h (the time it
reaches maximum saturation), it was rapidly cooled to a temperature below the
glassy state, Ty, and rapidly heated to room temperature and then measured by
AFM.

Some measurements in this thesis, in Chapter 7, were conducted in
collaboration with the CSIC Institute (Madrid,Spain), using a uTA 2990 Micro-
Thermal Analyzer. Topography images were acquired in contact mode with a
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current set point of — 5 nA. A feedback loop was employed to maintain constant

cantilever deflection, which regulated the cantilever deflection to the chosen set
point value during scanning. This was achieved by applying a constant voltage
(50 V) to the Z-piezo. V-shaped silicon nitride probes (obtained from Applied
NanoStructures, Inc., Mountain View, CA, U.S.A.), featuring a cantilever
length of 200 um and a spring constant of 0.046 N-m™?, were utilized. Scanning
rates varied between 10 and 100 pm-s' depending on the size of the images
(ranging from 10 to 100 pm?). Image processing was performed using the
uTALab 1.01 and Gwyddion software packages. To correct for any tilting
effects in height values, software levelling functions were applied. This
involved fitting a surface to the observed topography and subsequently
subtracting the height values of the fitted surface pixel by pixel from those of
the initial image. For this study, a first-order plane was employed. Samples for
observation were prepared by spin coating 20 uL of 5 mg/mL solutions of the
copolymers in chloroform at 1,000 rpm for 60 seconds. Observations have been
performed on samples crystallized in different conditions: (i) after cooling to
room temperature and after heating to a preselected T, that depended on the

sample.

3.6 Computational methods: Simulation and analysis

protocol

The field of computational simulations has become as important as theory
and experiment. In this thesis, in Chapter 7 some simulations were conducted in
collaboration with the CSIC Institute (Madrid,Spain).

3.6.1 Models and molecular dynamics parameters

The simulation setup involves 60 chains, each comprising ten polymer
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monomers that are capped with terminal methyl groups (Figure 3.8). Initial

topologies and structures for the molecular dynamics (MD) simulations were
generated using Polyply software® at a density of 0.750 g/cm?. To eliminate
surface effects and emulate the bulk state, periodic boundary conditions (PBC)
were applied in all three directions. Subsequently, the simulation boxes

underwent minimization with a fixed box length.

a) b)

Ao OSSN S DMDS-alt-DVE10
“10 (Mw=3155 g/mol)

o) 0. S S, DMDS-alt-TEGDVE1L0
‘E/ A R N e P o (Mw-35% g/mol)

DMDS-alt-BBDVE10

8 0. S S ]
) e D 1 T T \41/0 (Mw=2995 g/mol)

~6.5nm

Figure 3.8. A) Chemical structures of the polymer models used in the molecular
dynamic simulations. B) Simulation box of the equilibrated system DMDS-alt-
DVE at 500 K (227 °C), including a detailed chain representation. H, C, O and
S atoms are indicated by white, gray, red and yellow colors, respectively. The

simulation box comprises a total of 25680 atoms.

Further equilibration was conducted through 10 nanoseconds (ns) of NPT-
MD runs at 550 K (277 °C) and 1 bar, employing a time step of 1 femtosecond
(fs). During the equilibration period, temperature coupling utilized the velocity-
rescaling method (zr =2 ps), and the Berendsen barostat (z, =2 ps and
compressibility = 4.5 x 10 bar!) was applied. This simulation duration proved

sufficient for achieving system density equilibrium.
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After equilibration, production NPT-MD simulations were extended to

1,000 ns (1 ps) at different temperatures (350, 400, 450, and 500 K). The bonds

with hydrogen atoms were constrained using LINCS, resulting in a 2 fs time

step. During production simulations, the C-rescale barostat (z,, = 5 ps) was
employed, as the Berendsen barostat is known not to yield a correct
thermodynamic ensemble. Short-range non-bonded interactions were truncated
at a 1.2 nm cutoff using Verlet neighbor lists, and the particle mesh Ewald
(PME) method was utilized for the treatment of long-range electrostatic

interactions. Both energy and pressure dispersion corrections were applied.

All minimizations and molecular dynamics (MD) simulations were
conducted using the GROMACS 2023 package?®, compiled for GPUs.

3.6.2 Force field

The Multiwfn?” and Q-Force?® toolkits were employed to parametrize
the electrostatic atomistic charge (see in the following section) and bonded term
(bonds, angles and dihedrals), see Figure 8.6 and Figure 8.7 in Appendix 2,
located in Chapter 8) parametrization of the polymers, respectively. These
toolkits facilitate the automated derivation of force field parameters through
quantum mechanical calculations. The OPLS-AA force field served as base. To
validate the ad-hoc force field, a specific force field for polyethylene(oxide) was
developed using the same methodology, giving the absence of experimental
information for polythioethers (see Figure 8.8 in Appendix 2, located in Chapter
8).

3.7 Photoluminescence (PL)

Photoluminescence is the emission of light by a material after being

excited with light. It occurs when an electron returns to the ground state from
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an electronic excited state, and the excess of energy is emitted in the form of a

photon of lower energy. This phenomenon is often observed in certain materials
like semiconductors, phosphors, and fluorescent dyes and can be used for

applications such as opto-electronic devices.

In this thesis, the spectra are measured using a Witec equipment. We
excited through a UV high transmission 40x objective using a solid-state laser
with a peak wavelength at 355 nm, with a power of 60 pW. We made 500 pm
x 500 um images of the samples directly on the flash-DSC chips. We took a
total of 2500 spectra per sample. Cluster analysis of the data revealed three
different regions for each chip: (i) the inner part, likely very thick as deduced
from the apparent self-absorption features in the spectra; (ii) the region above
the heating resistance; (iii) the border between both. The data shown in the
manuscript corresponds to the material fraction just over the resistances. Thin-
films deposited from a 10 mg/mL solution on the back side of the chip with a
glucose cover, after deposition, the drop was eliminated with water. The sample
was heated above the highest transition to erase the thermal history, then rapidly
cooled (at 4,000 °C/s) from the melt to the selected isothermal crystallization
temperature. Subsequently, the sample was kept at T, for 10h (the time it
reaches maximum saturation), and it was rapidly cooled to a temperature below

T, and rapidly heated to room temperature.
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4.1 Abstract

Understanding the complex crystallization process of semiconducting
polymers is vital for advancing organic electronic technologies, as the
optoelectronic properties of these materials are intimately connected to their
solid-state microstructure. These polymers often have semi-rigid backbones and
flexible side chains, which results in a strong tendency to organize/order in the
liquid state. Therefore, crystallization of these materials frequently occurs from
liquid states that exhibit — at least partial — molecular order. However, the
impact of preexisting molecular order on the crystallization process of
semiconducting polymers — indeed, of any polymer — remained hitherto
unknown. This study uses fast scanning calorimetry (FSC) to probe the
crystallization kinetics of poly(9,9-di-n-octylfluorenyl-2,7-diyl (PFO) from
both an isotropic disordered melt state (ISO state) and a liquid crystalline
ordered state (NEM state). Our results demonstrate that preexisting molecular
order profoundly impacts the crystallization of PFO. More specifically, it favors
the formation of effective crystal nucleation centers, speeding up the
crystallization kinetics at the early stages of phase transformation. However,
samples crystallized from the NEM state require longer times to reach full
crystallization (during the secondary crystallization stage) compared to
those crystallized from the ISO state, likely suggesting that preexisting
molecular order slows down the advance in the latest stages of the
crystallization, i.e., those governed by molecular diffusion. The fitting of the
data with the Avrami model reveals different crystallization mechanisms, which
ultimately result in distinct semicrystalline morphology and photoluminescence
properties. Therefore, this work highlights the importance of understanding the
interrelationships between processing, structure, and properties of polymer
semiconductors and opens the door for performing fundamental investigations

via newly-developed FSC methodologies of such materials that otherwise are
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not possible with conventional techniques.
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4.2 Introduction

Motivated by the promise of low-cost production of conformable
electronic devices, e.g., organic solar cells (OSCs), organic light-emitting
diodes (OLEDs), thermoelectric modules, and organic electrochemical
transistors (OECTS), etc., semiconducting polymers are attracting significant
interest from both academic and industrial sectors. The operation of these
devices is typically based on the optical and electrical properties of
semiconducting polymer thin-films, which are known to be intimately
connected to their solid-state microstructure. More specifically, properties such
as the mobility of charge carriers (either electronic or ionic) and the absorption
and emission of light are profoundly affected by the presence of molecular
domains with structural order, e.g., crystals, in the material;** simply because
they exhibit a greater overlap of w-orbitals and a reduced energetic disorder
compared to amorphous/disordered domains. Consequently, the control over
optical and electrical properties of polymer semiconductors — and hence,
rational optimization of devices — stems from a precise understanding and

control of their solid-state microstructure.

The solid-state microstructure of many semiconducting polymers is
generated via crystallization in the thin-film deposition step. Thus, gaining an
understanding of how crystallization is developed is of paramount importance
to establishing accurate processing-structure-properties relationships. However,
fundamental investigations of the crystallization process are scarce in the
literature and are limited to congeners of the polythiophene family> 3. As a
result, many important questions about the crystallization of semiconducting

polymers remain unanswered.

Among these, one of the most important is how preexisting molecular

order in the liquid state impacts crystallization and solid-state microstructure
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development. Due to the rigidity of aromatic backbones and their amphiphilic

nature, many high-performing, crystallizable semiconducting polymers exhibit
liquid-crystalline behavior; therefore, crystallization in these polymers likely
occurs via the stacking of polymer chain segments that exhibit a preexisting
order in the liquid state!*’. Moreover, even non-liquid-crystalline polymer
semiconductors are known to exhibit a strong tendency to form aggregates with
local molecular order prior to crystallization!’2!. Therefore, a major
fundamental question in the field remains as to whether or not (and if so, how)
the crystallization process of semiconducting polymers is affected by the

presence of molecular order in the liquid state.

Crystallizable main-chain liquid-crystalline semiconducting polymers
seem ideal materials-systems to investigate this scientific problem, as (i) they
can crystallize and (ii) exhibit both ordered and disordered liquid phases.
However, because the liquid phase that is thermodynamically stable at
temperatures immediately above the crystallization temperature is the liquid-
crystalline mesophase, these materials have a strong tendency to crystallize
solely from the ordered mesophase. Conversely, the crystallization from the
isotropic phase is strongly hampered in these materials. Most likely due to this
experimental difficulty, the effect of the preexisting molecular order of an
isotropic melt on the crystallization of polymers has been largely unexplored,

not just for semiconducting polymers but for polymers in general*?22-2°,

Fortunately, the above-mentioned experimental difficulties in
investigating crystallization from the isotropic phase may be overcome with
advanced thermal characterization methods, such as fast scanning calorimetry
(FSC). The extremely fast heating and cooling ramps (up to ~ 10* °C/s) that can
be applied in FSC are opening a plethora of new possibilities to investigate
materials’ thermal phase transitions, including those previously non-accessible.

For example, potentially, one can design thermal treatments aimed at
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suppressing liquid crystalline mesophases (at temperatures slightly above

crystallization temperature) so that liquid-crystalline polymers can be
crystallized from a disordered, isotropic liquid state.

To explore the hypothesis above, we selected poly(9,9-di-n-
octylfluorenyl-2,7-diyl (PFO) as a model material system. PFO is a well-
known crystallizable semiconducting polymer with relatively low thermal
transition temperatures. Therefore, suitable thermal protocols can be
designed to minimize the risk of significant degradation issues?*. In addition
to — at least — two crystalline forms, PFO exhibits a nematic liquid crystalline
mesophase (hereafter referred to as NEM state) in the temperature range
immediately above the crystalline phase(s) along with an isotropic liquid phase

(hereafter referred to as ISO state) at higher temperatures!!1321:22:30-32

Hence, in this paper, we unravel the impact of the preexisting molecular
order on the isothermal crystallization kinetics of the semiconducting polymer
PFO, which allows us to rationalize the resulting solid-state microstructure and
the optical response (photoluminescence) of the solid material. We discover that
the effect of the molecular order on crystallization is complex: the kinetics of
the early stages of crystallization is faster when crystallization occurs from the
ordered liquid state, likely because the preexisting molecular order facilitates
crystal nucleation. However, liquid-crystalline order seems to slow down the
advance of the later stages of the crystallization, i.e., those governed by
molecular diffusion, likely because the chain segments diffusing to the growing
crystal front must distort the ordered molecular arrangement in the liquid
mesophase, which has an associated free-energy penalty. The different
crystallization kinetics result in a distinct dimensionality of the crystallization,
which yields different crystal morphologies and, ultimately, a different optical

response (photoluminescence) in the semiconducting solid material.
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4.3 Results and discussion

4.3.1 Establishment of Suitable Thermal Protocols
for the Study

Prior to our investigation, we wanted to scrutinize the possibility of
crystallizing PFO from the disordered I1SO state by cooling the melt down from
a temperature above the nematic-to-isotropic transition (T.c_;)*° to the
crystallization temperature, employing cooling rates like those typically applied
in regular differential scanning calorimetry (DSC) or polarized light optical
microscopy (PLOM) experiments, namely <100 °C/min. PLOM experiments
were performed to observe the microscopic morphology of the material as a
function of temperature. PLOM micrographs were taken at different
temperatures during cooling from the melt at 60 °C/min. The representative

micrographs are shown in Figure 4.1.

Cooling at 60 °C/min
TISO state — 300 °C B TNEM state' T 160 °C C

Figure 4.1 Polarized light optical micrographs of PFO during cooling at 60
°C/min. A) 300 °C, IS0 state. B) 160 °C, NEM state. C) 80 °C, crystal phase.

The micrograph shown in Figure 4.1A was taken at a temperature above
the clearing point at 300 °C, and as expected, a fully isotropic melt (ISO state)
was observed, as no light can pass through the crossed polarizers. As the sample

is cooled, the nematic liquid crystalline state (NEM state) can be identified, as
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seen in Figure 4.1B, where a weakly birefringent texture can be observed. When

the temperature decreases to 80 °C, small crystallites in Figure 4.1C were
observed; however, their distinction in the micrograph is rather difficult due to

their size.

This observation of the NEM state during cooling indicates that at a
cooling rate of 60 °C/min, that is, the maximum cooling rate possible when
using conventional PLOM and DSC techniques, the study of the kinetics of the
material from a completely ISO state is not possible as the formation of the
NEM state during cooling is unavoidable. Therefore, our data unambiguously
proved that this range of cooling rates does not suffice to avoid the formation of
the liquid-crystalline mesophase during cooling. Hence, in full accordance with
our initial premises, conventional DSC and PLOM are not suitable for these
studies, and methods enabling faster cooling rates, such as FSC, need to be used

instead as this method enables to cool the sample at significantly faster rates.

Thus, we started our study by investigating the thermal conditions that
allow us to compare crystallizations from the ISO and NEM states. More
specifically, we need first to gain knowledge of the thermotropic phase behavior
of PFO, including phase transition temperatures, and, secondly, to figure out the
temperature range that allows isothermal crystallization from both the
ISO state and the NEM state.

Figure 4.2A shows the FSC thermal protocol used to assess the
thermotropic landscape of PFO. Firstly, PFO samples were heated to a
temperature well above the T, _; transition to erase any thermal history (e.g., at
300 °C). Then, samples are rapidly cooled down (at 4,000 °C/s) to various
isothermal temperatures, T,, ranging from 40 °C to 160 °C, and kept there for
1 h. During these isothermal steps, the PFO material will evolve according to

its thermodynamic nature at that T,,. The evolution suffered by the material at
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each T, is probed in a subsequent heating scan (performed at 4,000 °C/s,

identified as “Analysis scan”).
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Figure 4.2. Thermotropic phase behavior of PFO. A) Thermal protocol
employed for the experiment. Relevant temperatures: annealing temperature,
T,, melting temperature, T,, and nematic-to-isotropic transition temperature,
T.c—; - B) FSC heating traces (at 4,000 °C/s) following the isothermal step of 1
h at temperatures ranging from T, =40 °C to 160 °C. Endothermic peaks
shadowed in purple, cyan, and orange correspond to the enthalpic relaxation of
the glassy phase, the melting of crystals, and the nematic-isotropic transition,

respectively.

Figure 4.2B displays the calorimetric traces corresponding to the
heating scans mentioned above (i.e., “Analysis scans”). The T, applied
in the experiments is indicated on the right-hand side of the curves. Three
different endothermic processes can be distinguished in the heating traces
depending on the T, applied. An aging glass tends to evolve towards an
equilibrium state at temperatures well below their T;. Hence, the area of the
physical aging endotherm will decrease as the annealing temperature, T,,

increases, and approaches T, Based on this, below T, = 80 °C, a broad
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endotherm at low annealing temperatures (7, < 80 °C) is observed. The area of

this endotherm decreases with increasing annealing temperature, indicating
PFO is below T,. That is, the observed endothermic peaks below T, = 80 °C
correspond to the enthalpic overshoot as a physically aged glass undergoes
the glass transition (this peak is shadowed in purple in Figure 4.2B).
Moreover, in cyan color, at temperatures between T, = 80 and 150 °C, the
overshoot due to the physical aging is no longer visible, and instead, a
sharp bell-shaped endotherm associated to the melting process of the

crystallites formed during the isothermal steps is observed3334%,

Finally, the endothermic peaks colored in orange, from T, = 90 °C
onwards, feature the nematic-to-isotropic transition. Hence, this experiment
directly informs about the thermodynamic phase behavior of the material,
including relevant transition temperatures. The experiment above demonstrates
that crystallization of PFO occurs between T, =80 and T, =140 °C.
Interestingly, curves obtained for T,s between 80 °C and below 90 °C feature
solely the peak due to the melting of crystals, suggesting that no nematic phase
is forming during the isothermal steps of 1 h at those temperatures. In other
words, crystallization of PFO at T, = 80 °C occurs from the ISO state when
samples are cooled down from 300 °C to 80 °C at 4,000 °C/s.

However, an isothermal step of 1 h is typically a short period for the
crystallization of polymers to complete at temperatures so close to Tj.
Therefore, to identify a suitable temperature range for our study, i.e., the
temperature range where crystals can develop from the ISO state, longer

crystallization times need to be explored, e.g. 10 h.
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Figure 4.3. Thermal protocols used where T, is the annealing temperature, T, .,
is a temperature at which the liquid crystal develops, T,, is the melting
temperature, t is the annealing time and t,,; is the annealing time when the
degree of crystallization reaches saturation. A) from an ISO state and B) from

a NEM state.

A suitable thermal protocol to investigate the crystallization of PFO
from the ISO state is shown in Figure 4.3A. The samples are first heated
above T, ._, to erase the thermal history for a short amount of time of 1s to avoid
degradation. Then, samples are rapidly cooled down (at 4,000 °C/s) to the
selected T, (between 80 and 85 °C), where it is kept for a variable amount of
time so that crystallization progresses. Samples are then rapidly cooled down to
a temperature below T, (at 4,000 °C/s), and lastly, they are heated to 300 °C (at
4,000 °C/s) for 1 s. The endothermic peak appearing in this heating scan
accounts for the melting of crystals formed during the isothermal step; hence,
the enthalpy of this melting process can be employed to follow the isothermal

crystallization Kinetics.

It is customary to assume that the values of melting enthalpy (measured
under non-isothermal conditions, i.e., during the heating scans after isothermal

crystallization) are identical to the values of the crystallization enthalpy
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developed under isothermal conditions.

Having established the thermal conditions to investigate the
isothermal crystallization of PFO from the ISO state, we determined a
suitable thermal treatment to assess crystallization from the NEM state
between T, = 80 and 85 °C. The NEM state can in principle, develop at
any temperature above the T,,, but the higher the annealing temperature, the
faster the development of the NEM state. However, high temperature also
prompts undesired thermal degradation processes; hence we tried to
minimize the exposure of samples to high temperatures. We found out that
the PFO NEM state was adequately forming when samples were first
crystallized, and then crystals were molten without overpassing T, _;. Thus,
the thermal protocol to study the crystallization of PFO from the nematic
mesophase included two steps (Figure 4.3B): (i) an initial step in which the
mesophase is formed (PFO is crystallized at T, = 80 °C for 30 min and then
taken to 160 °C for 1 min); and (ii) a second step that is equal to the one

employed for the crystallization of samples from the /SO state.

Shown in Figure 4.4 are the calorimetric heating traces after samples
were isothermally crystallized for 10 h at T,;s of 80, 82, and 85 °C from both
the ISO state and the NEM state by applying the protocols described
above (see Figure 4.3). As can be observed, neither of those traces
crystallized from the ISO state (see Figure 4.4A, Figure 4.4C and Figure
4.4E) exhibit the endothermic peak associated with T;_;, proving that PFO
crystallizes solely from the ISO state between T, =80 °C and T, = 85 °C
after being cooled down at 4,000 °C/s from 300 °C.
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illustrated by the color scale inside the arrow. A) For T, =80 °C from
IS0 state. B) For T, = 80 °C from a NEM state. C) For T, = 82 °C from an
IS0 state. D) For T, = 82 °C from a NEM state. E) For T, = 85 °C from an
IS0 state. F) For T, = 85 °C from a NEM state.

4.3.2 Isothermal Crystallization Kinetics from the

Isotropic and the Nematic Liquid States

Once we established the temperature conditions for our crystallization
experiments, we endeavored to investigate the overall crystallization
kinetics from the disordered /SO state and the ordered NEM state.
Because polymer crystallization usually proceeds by nucleation and growth,
it can be readily modeled with the Avrami framework, which describes the
free growth of objects from random nucleation centers. The model yields

the expression below (Equation 4.1) 363
1 - V. (t—t,) =exp(—k(t—t,)™) Equation 4.1

Where V. is the relative volumetric transformed fraction to the crystalline
state, t is the crystallization time, t, is the induction time, k is the overall
crystallization rate constant, which includes nucleation and growth components,
and n is the Avrami index3®*". Moreover, V, can be expressed as a function

of mass fraction of the samples (I/.) as seen in Equation 4.2:

W,
W+ (5) (1 - w)

Ve = Equation 4.2

where W, is the mass fraction of the sample, p., the density of a 100%
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crystalline sample, and p, the density of a 100% amorphous sample. The

values of p. and p, are unknown for PFO, and therefore we cannot apply
Equation 4.1 in terms of volume fraction. However, V. is proportional to W,
(see Equation 4.2 and Equation 4.3) and the overall crystallization kinetics
determined by DSC can be fitted to the Avrami equation in terms of the
mass fraction of crystals as an approximation. From Equation 4.3, AH (t) is
the enthalpy at a given crystallization temperature, and AHtotat is the maximum
enthalpy value reached at the end of the isothermal crystallization process. The
enthalpies are obtained from the specific heat capacity (C},) as a function of
mass. These values are obtained from the normalized integrated area of each
peak divided by the scan rate to determine the relative crystallinity mass
fraction of the sample at a given t and describe the kinetics of the material

at a constant mass.

_AH (0
¢ AHtotal

Equation 4.3

Moreover, Miiller et al.*®3° proposed that the Avrami index (n) can be
considered in terms of the addition of two components: a nucleation rate
component (n,) and a growth dimensionally (n;) component (Equation
4.4).%63

n=n,+ny Equation 4.4

where, n; can have values of 1, 2, and 3 depending on the
dimensionality of the crystalline ensembles formed (i.e., needles (1D),
axialites (2D), and spherulites (3D)). The n,, value is proportional to the rate

of nucleation with values ranging from 0 to 1; values equal to 1 are due to
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sporadic nucleation, whereas values equal to O represent instantaneous

nucleation.

For clarity, the experimental data obtained at a T, of 80 °C is discussed
here, while data for the rest of crystallization temperatures (the heating traces)
employed for the study of the crystallization kinetics (denoted as “Analysis
scan” in Figure 4.3A and Figure 4.3B) are included in Figure 4.4C—Figure 4.4F.
We note here too, that the heating curves of PFO crystallized from the
IS0 state displayed a single endothermic feature associated with the crystal
melting, while those of PFO crystallized from the NEM state exhibited a

further peak associated with T, ~_; transition (see Figure 4.4).
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Figure 4.5. Advance of crystallization (from normalized enthalpy values) with
time at the indicated temperatures and their corresponding Avrami fits. t and ¢,
are the annealing time and the induction time, respectively. A) from an
IS0 state and B) from a NEM state.

In order to study the crystallization kinetics, the crystal melting peaks
were integrated, and the resulting enthalpy (normalized to the final value) was
plotted against the crystallization time (Figure 4.5A and Figure 4.5B) and fitted
with the Avrami model (dashed lines in Figure 4.5A and Figure 4.5B). The
resulting Avrami parameters are given in Table 4.1, Table 4.2 and plotted in
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Figure 4.6.

Table 4.1. Overall crystallization rate parameters (experimental and

obtained through the Avrami theory fit)

T, Initial 1/720% 1/7209 1/T509 1/T509
C) State exp. theo. exp. theo.

(min™1) (min™) (min™) (min™)
80 ISO 0.166 0.169 0.035 0.089
80 NEM 0.223 0.229 0.042 0.077
82 ISO 0.075 0.074 0.017 0.028
82 NEM 0.159 0.160 0.034 0.052
85 ISO 0.049 0.049 0.0056 0.016
85 NEM 0.088 0.089 0.0055 0.027

Table 4.2. Overall crystallization rate parameters (experimental and

obtained through the Avrami theory fit)

T, Initial 1/t, KU/ Ai:lf;';“
(°C) State (min™1) (min™) ()
80 ISO 0.630 0.073 1.7
80 NEM 0.857 0.055 1.1
82 ISO 0.480 0.020 1.1
82 NEM 0.036 1.0
85 I1ISO 0.46 0.011 1.0
85 NEM 2.22 0.019 0.99
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As T, increases, the overall crystallization rate becomes slower. This

is reflected in a shift of the curves to higher crystallization times as T,
increases. In addition, the nucleation rate (1/t,) when crystallizing from an
ISO state decreases with increasing T,. t, represents the induction time
before any crystallization can be detected by the calorimeter; hence, its
inverse is proportional to the primary nucleation rate. Therefore, a decrease in
1/t, indicates that the rate of nucleation becomes slower with increasing T,

(values of 1/t, can be found in Table 4.2).

Interestingly, the comparison of 1/t, values for crystallizations from
the ISO state and the NEM state at the same temperature reveafls that the
preexisting molecular order in crystallizing PFO liquid accelerates the
formation of effective nucleation centers. A faster nucleation process can
explain why a faster overall crystallization rate is observed in the sample
crystallized from the NEM state both at 20% conversion (1/7,4,) and at 50%
conversion (1/7s5q9,) (See Table 4.1 and Figure 4.6A).

It is important to note that samples crystallized from the NEM state
require longer times to reach the fully relative crystallized state in the
sample, likely suggesting that liquid-crystalline order slows down the advance
of the later stages of the crystallization, i.e., those governed by molecular
diffusion, after the crystallites impinged on one another during the growth
process (i.e., during the secondary overall crystallization process that typically

occurs at relative conversions to the semicrystalline state larger than 50%).
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Figure 4.6 Experimental results and Avrami parameters as a function of
crystallization temperature. A) Experimental values of the inverse of
crystallization times (1/t5qo, and 1/7,¢0,) for different conversions. B) Avrami
index (n). C) Specific heat capacity for the longest crystallization time times the
mass (Cp - m) (i.e., a proxy for the final degree of crystallinity because m is
kept constant in the entire experiment). D) Isothermal crystallization rate

obtained from the Avrami model (k/™).

We should consider that in the process of polymer crystallization,
nucleation and mostly free growth from the activated nuclei first take place, and
the overall crystallization Kinetics accelerate with time (during the so-called
primary crystallization). Then, a point is reached at which the kinetics slow

down because the growing superstructures (spherulites or axialites, which are
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semicrystalline entities or lamellar aggregates with 3 and 2 dimensions
containing amorphous (molten) chains in between them) impinge on one
another. This point usually coincides with or is close to 50% conversion to the
semicrystalline state and is close to the time to peak when examining isothermal
crystallization enthalpy values as a function of time. Secondary crystallization
starts at this point when intra-spherulitic (or axialitic) and inter-spherulitic
material that has not yet crystallized. If we crystallize from a pre-ordered state
(i.e., the nematic state), the energy barrier for overall primary crystallization
(which includes both nucleation and growth) will most probably be lower than
that needed to crystallize from the isotropic melt. We argue that the primary
crystallization is dominated by nucleation when it occurs from the nematic state,
and the overall crystallization Kinetics is accelerated thanks to the enhanced
nucleation with respect to the isotropic state. Then, during the secondary
crystallization, as amorphous chains are embedded between the already formed
crystallites, the diffusion rates are usually much lower than during primary
crystallization, and the effect of nucleation at this stage can almost be

neglected.

NEM state exhibits orientational order but lacks the positional order that
the crystalline motif has. Therefore, the crystallization of polymer molecules
within the NEM state must concur with some kind of translational motion that
requires molecular or — at least — segmental relaxation. The slower kinetics is
thus consistent with the fact that chain segments diffusing to the growing crystal
front must distort the ordered molecular arrangement of the NEM state, which
has an associated free-energy penalty. We must highlight, moreover, that our
isothermal crystallization data from in situ wide angle X-ray scattering
(WAXS), see Figure 4.7 and Table 4.3), agree well with the above-mentioned
results and conclusions. Clearly, a realistic dynamic microscopic picture — at

the molecular level — of how a polymer molecule within the nematic mesophase
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transits into the crystalline state is required to fully understand the

crystallization of PFO polymer.

We must note that the Avrami theory is used to describe the primary
crystallization range (during the free growth of crystals without any
impingement of one another), and fittings for large -crystallization
conversions are often unsuitable. Hence, to ensure the free growth
approximation, the conversion range employed for the fittings was 3—20% of

the relative crystallization conversion.

Figure 4.6B shows how the Avrami index (n) varies with T, values
depending on the initial liquid state, i.e., ISO state versus NEM state. The
Avrami index was found to be larger at lower T, values for crystallization from
the ISO state. At T, = 80 °C, there is a significant change from n = 1.7 when
the PFO is crystallized from the melt state to 1.1 when it is crystallized from the
NEM state.

That is, the Avrami parameter is closer to 2 for the crystallization from an
1SO state and to 1 from a NEM state. One way to interpret these results is a
change in the morphology and nucleation of the PFO. An Avrami index of 2 can
be a result of the instantaneous nucleation of axialitic crystals (i.e., two-
dimensional aggregates of lamellar crystals), while n = 1 could be a result of
the instantaneous growth of needle-like crystals. AFM results (see Figure 4.8)
show some morphology changes that could correspond to the change in the
Avrami index. Furthermore, k/™, is a rate crystallization constant whose values
provide information on the overall crystallization rate obtained by the Avrami

model, which correlate to the obtained experimental values.

Finally, as a proxy for the final degree of crystallinity reached in the
samples, the product between the melting enthalpy for the longest crystallization

time and the sample mass (m) was analyzed, where sample mass was constant
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(but unknown) in the whole study (Figure 4.6C). Results indicate that samples

crystallized from an ISO state end up being more crystalline than those
crystallized from a NEM state, especially for the lowest T, analyzed. This,
again, agrees with our interpretation that chain segment diffusion to the crystal
growth front is more impeded in the NEM state during the secondary

crystallization process.

4.3.3 Isothermal Crystallization Kinetics from X-ray

Scattering

In these experiments, the sensor with a previous thermal treatment done
in the Flash DSC was placed perpendicular to the incident beam and in order to
properly measure the sample and ensure a high S/N ratio, it was necessary to
deposit the sample on the FSC sensor in the bulk, contrary to the FSC

experiments which were measured in thin-films.

The kinetics were followed by measuring the relative crystallinity from
the peak increase at ¢ = 15 nm™', indexed to the crystalline plane [530], with
increasing time (see Figure 4.7). The reflections found on the crystallized
sample were able to be indexed to the orthorhombic unit cell of the a-crystal
phase of PFO for both samples®°. Results seen in Figure 4.7 reveal that for both
methods (i.e., FSC and WAXS) similar experimental results are obtained for
both crystallization protocols. In addition, after applying the Avrami theory,
overall crystallization kinetics (k'/™) were significantly different for the two

techniques.
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Figure 4.7. A and B) WAXS profiles after isothermal treatment for varying
times at 80 °C for ISO state and NEM state crystallization, respectively. C
and D) WAXS profiles after isothermal treatment and their corresponding

Avrami fittings for an ISO state and for a NEM state, respectively.

This could be simply explained since the analysis of the kinetics is done
by following a single peak, that is, only one direction of the crystal growth has
been analyzed. or due to different sample shape, that is in the bulk compared to
thin-film. This signal is in the region of n-w stacking (010) so it is possible the
stacking is perpendicular to the growth of the crystal and is inhibited in this
direction and growing in another, which is not able to be observed in that

direction. However, it was found that the Avrami index gives the same pattern
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for each initial crystallization state. That is, an Avrami index of 2 for an initial

IS0 state and 1 for an initial NEM state. In Table 4.3, comparisons between
the two techniques are presented to outline comparabilities and differences in
the results.

Table 4.3. WAXS and FSC Avrami Parameters at T,, = 80 °C.

1/t200 1/Ta0y 1/Tsow 1/Tsow  pam  Avrami

. Initial .
Technique State e>_<p_.1 th_etz.1 e>_<p_.l th_eci.l (min) index
(min™)  (Min™)  (min™) (min™) (n)
FSC I1SO 0.166 0.167 0.035 0.089 0.073 1.7

WAXS ISO 0.056 0.055 0.082 0.085 0.050 2.3

FSC NEM 0222 0.224 0.042 0.077 0.055 1.1

WAXS NEM 0.159 0.158 0.053 0.061 0.12 1.3

4.3.4 Interplay between the crystallization kinetics
and the morphology and the optical response
(AFM and PL)

Having established that preexisting molecular order significantly
influences the crystallization kinetics of polymers, we analyzed whether the
distinct kinetics found, result in structural/morphological differences. Thus,
samples crystallized both from the ISO state and the NEM state — thermally
treated employing thermal protocols developed for Kinetic studies with

crystallization times of 10 h — were inspected by AFM (height images).
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B cCrystallized from NEM state

Height

Figure 4.8. A) AFM-height images of PFO crystallized at T, = 80 °C from an
IS0 state. B) AFM-height images of PFO crystallized T, = 80 °C from a
NEM state.

Tellingly, sample surfaces exhibit markedly different morphology/surface
topography. AFM images (see Figure 4.8) revealed that PFO crystallized from
the ISO state develops round-sized nanoscopic features (i.e., axialitic-like),
whereas the sample crystallized from the NEM state seems to comprise more-

elongated features (i.e., needle-like).

The height histograms for the sample crystallized from the ISO state
exhibit a broad distribution, denoting regions with large height variations, i.e.,
large roughness, whereas histograms for the PFO samples crystallized from the
NEM state exhibit a narrow distribution of heights, corresponding to a more

homogeneous surface (see Figure 4.9).
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Figure 4.9. Height histograms distributions obtained from the AFM data of

Figure 4.8 fitted to Gaussian curves.

Motivated by the aforementioned findings that preexisting order alters the
crystallization and the resulting solid-state morphology, we explored whether
these changes have in turn an impact on optoelectronic properties of the
semiconducting  polymer, e.g., its optical emission properties

(photoluminescence).
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Figure 4.10. Photoluminescence spectra of crystallized FSC thin-film samples
at T, = 80 °C from an ISO state (blue), from a NEM state (green).

Figure 4.10 compares the average photoluminescence (PL) spectrum
excited at 355 nm for the two samples. The two spectra generally show the same
shape: the main 0—0 PL band followed by the first two phonon replicas. The
most significant differences are in the relative intensity of the 00 and 01
transitions, being the ratio smaller for the liquid-crystalline sample and a small
blue shift of the PL peaks of the liquid-crystalline sample with respect to the
isotropic one. Both features suggest a larger fraction of PFO chain segments
with planar conformations, hence a larger degree of energetic order for the
sample processed from the ISO state. This is most likely associated with a
higher degree of crystallinity! in this sample, as semiconducting polymers tend
to crystallize in crystallites in which polymer chains adopt extended

conformations.
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4.4 Conclusions

In this work, we employ fast scanning chip calorimetry to study the
crystallization kinetics from different states of a semiconducting
semicrystalline material, PFO, opening new possibilities to investigate
states of matter that would be otherwise inaccessible through conventional
DSC techniques of other polymers in the field of organic electronics. We
demonstrate that the pre-ordered molecular domains in the NEM state
facilitate the formation of effective nucleation sites for crystallization.
However, they seem to hinder the diffusion of chain segments to the crystal
growth front during the secondary crystallization stage, which slows down
the crystal growth process. We argue that the different balance between
nucleation and crystal growth between polymers crystallized from ordered and
disordered liquids results in distinct solid-state morphologies and different
degrees of crystallinity, which eventually impact the optical emission properties
of materials. Therefore, our investigation clearly demonstrates a correlation
between the preexisting molecular order in the crystallizable liquid, the
crystallization kinetics, and the optoelectronic properties of solid
semiconducting polymers. However, even more importantly, this work
highlights that it is utterly important to conduct more fundamental investigations
to gain full control over the optoelectronic properties of organic

semiconductors.
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5.1 Abstract

Because the electronic properties of semiconducting polymers are
inexorably linked to their solid-state microstructure, it is imperative to
understand their complex crystallization processes fully. For example, Poly(2,5-
bis(3-alkylthiophen-2-yl)-thieno-[3,2-b]thiophene)  (PBTTT), which is
frequently considered a model system for highly ordered semicrystalline
semiconducting polymers, can exhibit two distinct semicrystalline thin-film
morphologies: the so-called terrace-phase, which features high charge carrier
mobility (> 1 cm?/Vs), and the ribbon-phase with much poorer properties. The
achievement of one or the other depends on the temperature at which the
polymer is thermally annealed. Our results evidence that PBTTT is in the liquid
state at those “annealing temperatures” and, therefore, the achievement of the
terrace- or ribbon phases depends, in fact, on the distinct structural configuration
of liquid PBTTT chains at each temperature (before crystallization). Motivated
by this observation, we investigate the complex crystallization kinetics of spun
cast PBTTT thin-films crystallized from those liquid states. We achieve this
using a methodology that combines fast scanning calorimetry, X-ray scattering,
and optical microscopy. We demonstrate that a preexisting smectic order
enhances crystal nucleation rate, speeding up the crystallization kinetics at the
early stages of phase transformation. More interestingly, our analysis reveals a
complex crystallization kinetics in PBTTT, which differs from the typical
crystallization behavior of commodity polymers. These results evidence that the
crystallization of semiconducting polymers occurs quite differently to that of
most commodity polymers, highlighting (once again) the necessity to conduct
more fundamental investigations on the structure development of this important

class of polymers.
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5.2 Introduction

Conjugated polymers possessing semiconducting traits have great
potential for a wide range of applications in the field of organic electronics, such
as thin-film transistors (TFT), organic light-emitting diodes (OLEDs),
thermoelectric modules, or organic solar cells*, due to their easy processing,

low weight, and mechanical flexibility.

Poly(2,5-bis(3-alkylthiophen-2-yl)-thieno-[3,2-b]thiophene)  (PBTTT-
Cu12; hereafter termed PBTTT) is a well-studied conjugated polymer exhibiting
a high degree of crystalline order at room temperature>®. Upon heating, PBTTT
is reported to undergo two main thermal transitions: a low-temperature
transition at T ~ 150 °C and a high-temperature transition at T ~ 250 °C.
Interestingly, a thermal annealing below or above the high-temperature
transition permits tuning its solid-state morphology/microstructure and, more
importantly, its electrical properties. For example, a crystalline ribbon-like
morphology with only moderate charge carrier mobility results when PBTTT is
thermally annealed above the high-temperature transition. In contrast, thermal
annealing PBTTT thin-films at a temperature in between low-temperature and
high-temperature transitions yields a semicrystalline terrace-like morphology®
" that exhibits remarkable charge carrier mobilities, frequently overpassing 1
cm?/ V-s57910 This suggests that the distinct structural configuration of PBTTT
chains (short- and long-range molecular order, conformation, etc.) at the
annealing temperature leads to different structural rearrangement processes in
the material that, eventually, result in solid-state microstructures/morphologies
with different electrical performances. However, from the vast literature on
PBTTT, it is rather unclear how are the structural rearrangement processes in
the material that yield the terrace- and the ribbon- morphologies. On the one

hand, this is motivated by the complex thermal behavior described above and,
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on the other hand, by the fact that PBTTT is known to exhibit liquid crystalline

order. More specifically, it has been proposed that PBTTT can form a smectic
mesophase, i.e., a liquid phase where polymer chains possess orientational and
a certain positional order, which results in the formation of layered
structures''*?, Therefore, it remains unclear whether the ribbon and the terrace
phases result from an actual annealing process of the semicrystalline state, in
which the quality of the crystalline domains is improved (like most of the typical
thermal annealing processes) or whether they result through a crystallization

process from the liquid states.

According to previous works, the kinetics of the crystallization process
seem to have a profound impact on the resulting solid-state microstructure. For
example, Kang et al.'3 reported that the crystallization rate has a severe impact
on the solid-state morphology and the electrical properties of PBTTT
crystallized from the mesophase. Employing X-ray diffraction, VVakshouri et
al.** investigated how structural order developed at 100 and 150 °C. However,
as they mention in the manuscript, those temperatures are above the
crystallization temperature for PBTTT and were chosen to anneal the liquid-
crystal state. Recently, Qu et al. combined Raman spectroscopy and FSC, and
investigated the structural evolution of PBTTT at various isothermal
temperatures via the evolution of calorimetric peaks and Raman modes. The
method is proven to be efficient, however their interpretation of the
thermotropic behavior of the polymer contradicted previous literature®®4, For
example, they claim crystallization of the backbones at 140 °C, while that
temperature is supposed to be above the melting temperature of crystals
(according to most of the literature). Likewise, the associate an endothermic
calorimetric peak showing up at ~30 °C with the melting of side chains, which,
according to our data (shown later on in the manuscript) it is likely due to

physical ageing of glassy material regions.
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Motivated by the apparent discrepancy in the literature related to the

thermotropic phase behavior of PBTTT, in this paper, we first resolve the
thermotropic phase behavior of PBTTT?. Then, we establish that, interestingly,
both the terrace and the ribbon phases develop via crystallization processes from
liquid states with different molecular order (a smectic liquid and an isotropic
liquid). Ultimately, we study the crystallization kinetics of spun cast PBTTT
thin-films from those different liquid states. These results reveal a complex
crystallization Kkinetics that deviates from the typical crystallization behavior of

polymers, being more accentuated in the crystallization from the smectic liquid.

5.3 Results and discussion

5.3.1 Thermotropic phase behavior of PBTTT

We begin our study by resolving the thermotropic phase behavior of
PBTTT. For that, PBTTT (M,, = 65,000; b = 2.5) thin-films (~100 nm thick)
were spun cast onto FSC chip sensors. The thermal protocol applied is shown
in Figure 5.1A. PBTTT films were first heated well above the high-temperature
transition, T, (e.g., 350 °C) for 1 s to erase any previous thermal history while
avoiding thermal degradation of the material. Then, the material was rapidly
cooled (at 4,000 °C/s) to a range of isothermal temperatures (T,) and held at
those T, s for 1 h. During this time, the material had time to undergo the physical
process that is relevant at that temperature, e.g., crystallization, physical aging,
ordering of the liquid mesophase, etc. Subsequently, the material was cooled at
4,000 °C/s to a temperature well below T, (e.g., -80 °C). From there, a heating
scan at 4,000 °C/s was recorded up to a temperature above T; (referred to as
“Analysis Scan” in Figure 5.1A). Finally, the material is cooled to a temperature
below T, at 4,000 °C/s and a second heating scan was recorded (also at 4,000

°C/s), which will serve as a reference scan.
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Figure 5.1. A) Thermal protocol employed for the experiments. B) FSC heating
traces referred to as “Analysis Scans” and “Reference Scans” in A (conducted
at 4,000 °C/s). Endothermic peaks are highlighted in orange, purple, pink and
green. C) Temperature-resolved in situ grazing incidence wide angle X-ray
scattering (GIWAXS) data during heating.

Figure 5.1B displays the calorimetric signals resulting from the heating
traces referred to as “Analysis Scan” and “Reference Scan” for each T, applied.
The corresponding T, s are shown on the right-hand side of each curve. We note
that any significant difference between the “Analysis Scan” and the “Reference
Scan” results from the development of a specific physical process during the
isothermal step at the indicated T,, thereby reflecting the thermal response of
PBTTT at that T,. As a result, the analysis of the differences between the
“Analysis Scan” and “Reference Scan” in the whole range of T, s informs about

the thermotropic phase behavior of the material.
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Our data shows at least four distinct endothermic processes in the

“Analysis Scans” that are absent in the “Reference Scans” (these endothermic
processes are shadowed in different colors). At low T,s, from T, = —70 °C to
approximately T, = 20—30 °C, an endotherm corresponding to the enthalpic
relaxation during the devitrification can be observed (shadowed in orange).
Because enthalpic relaxations are linked to the physical aging of the material
during the isothermal step, it can be concluded that PBTTT is in a glassy state
in the temperature region below 20—30 °C, which corresponds to the T, of the
material. Whether our data includes one or two distinct enthalpic relaxation
processes is a question that needs to be investigated further.

At T,s immediately higher than T, (T, values ranging from 40 °C to 100
°C) PBTTT is a supercooled liquid and, therefore, it should be able to crystalize
during the isothermal steps. The melting of crystals formed by cold
crystallization at T, s between 40 and 100 °C resulted in sharp endothermic
peaks (highlighted in purple). Hence, within this temperature range, PBTTT is
semicrystalline. Temperature-resolved grazing incidence wide angle X-ray
scattering (GIWAXS) results shown in Figure 5.2 support this interpretation as
it clearly demonstrates that the crystallization of PBTTT progresses at 80 °C
(the intensity of the (hk0) and the (010) peaks increase and a new peak centered
at g ~ 16 nm™ appears), which is incompatible with PBTTT being below T, at
that temperature. Interestingly, the area of the crystal melting endotherm in
Figure 5.1B increases until it reaches a maximum at around 7, = 80 °C, which

corresponds to the T, at which the crystallization develops faster.

We associate the endothermic peak located at T = 250 °C (shadowed in
green) with the order-disorder transition of the liquid, i.e., to the smectic-to-
isotropic transition. Therefore, within the T, range where this peak is visible in
Figure 5.1B (i.e,, between T, =110 °C and T, =260 °C), the
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thermodynamically stable phase in PBTTT is the liquid crystalline smectic
mesophase (LC state). Above T, =260 °C; therefore, PBTTT is in the
disordered liquid state or isotropic state (ISO state).
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Figure 5.2. GIWAXS patterns for PBTTT films annealed at T, = 80 °C for 15
min and 120 min.

It should be noted that this endothermic peak (at T ~ 250 °C) has often
been associated with the melting of crystals, and therefore, PBTTT has been
considered to be in the semicrystalline below 250 °C. However, our data
evidences that PBTTT is a liquid (crystal) between T ~ 120 °C and T =~ 250 °C.
For example, temperature-resolved GIWAXS experiments shown in Figure
5.1C and in Figure 8.1 in Appendix 1, located in Chapter 8, reveal no (010)
peak, thereby =-r stacking, at temperatures higher than =120 °C.
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Figure 5.3. Optical microscopy images of a small piece of PBTTT acquired at
the indicated temperatures. The images on the right hand side clearly show that
PBTTT is a liquid at 200 °C.

Moreover, the optical microscopy experiments included in Figure 5.3 and
Figure 5.4 suggest that PBTTT is a flowable birefringent liquid at 200 °C, while
itis arigid solid at 100 °C.

Figure 5.4. Optical microscopy images of a small piece of PBTTT acquired at
the temperatures indicated. The images on the right hand side clearly show that
PBTTT is a birefringent liquid at 200 °C.

Lastly, we also found deviations in the “Analysis Scans” with respect to

“Reference Scans” in the temperature region between 50 and 100 °C when T,s
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between 100 °C and 260 °C where applied, i.e., when PBTTT was annealed at

temperatures where the smectic mesophase is formed. While it cannot be ruled
out the possibility that this broad endothermic overshoot results from the
melting of side-chain crystals as it has been previously reported, we are more
inclined to associate this signal with the increase of the enthalpy during the
devitrification of the smectic glass. This could be explained by the fact that
during a certain range of annealing temperatures, some of the amorphous
fraction of PBTTT undergoes physical ageing, particularly when the
temperature is lowered to —80 °C, leading to an aged state in the amorphous
fraction which is reflected as the low-temperature overshoot. We argue that any
endothermic process showing up at such low temperatures must be related to a
thermal process involving material regions that are rich in side chains.
Therefore, the endothermic peak could result from two processes: the melting
of crystallites formed by alkyl side chains and enthalpy relaxation from
physically aged glassy domains that are rich in side chains. Our main rationales
for associating this endothermic peak with the latter possibility are: (i) the
peak is very broad, which is more compatible with enthalpy relaxation than
with a melting peak (see e.qg., the comparison between the orange peak and the
purple peak in Figure 5.1B). (ii) The little shift of the peak position with Ta is
also more compatible with a glass transition process than with a melting
process. (iii) Prior to the heating scan in which the endothermic peak
appears, samples had been quenched at 4,000 °C/s, which is expected to

hinder (if not suppress) the crystallization.

Temperature-resolved GIWAXS experiments, shown in Figure 5.1C,
agree well with our overall interpretation of the thermotropic behavior of
PBTTT. In these experiments, spin-coated PBTTT thin-films were heated from
room temperature to 30 °C at 20 °C/min while, simultaneously, GIWAXS
patterns were recorded (see Figure 8.1 in Appendix 1, located in Chapter 8). The
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thermal history applied to these samples is, therefore, different to that of the

FSC experiments, but the information we obtain regarding the thermotropic
phase behavior is highly complementary. Our GIWAXS data shows an overall
decrease of the scattered intensity at ~120 °C, coinciding with the melting of
PBTTT crystals detected by FSC (e.g., for a T, = 20 °C, which is comparable to
a sample being stored at room temperature, like the one analyzed in GIWAXS).
Moreover, at temperatures higher than 120 °C, only the diffraction peaks
associated with a layer ordering, i.e., the set of (h00) peaks of the smectic
mesophase, are visible, while the (010), associated with the n-n stacking of
backbones, is missing, which also agrees with the absence of crystals.
Eventually, at ~250 °C, all reflections from the mesophase disappear when

PBTTT transforms into a disordered liquid.

Hence, our analysis shows that — contrary to some previously reported
works — PBTTT is in a liquid state at both “annealing temperatures” applied
for the achievement of the terrace and the ribbon phases. This, first of all, means
that such thermal treatment cannot be considered as actual annealing processes,
as there are no crystals at those temperatures. The terrace-phase semicrystalline
PBTTT is achieved when samples are “annealed” at 180 °C, thereby within the
temperature range where PBTTT is in the smectic mesophase. In contrast, for
the achievement of the ribbon-phase, PBTTT should be “annealed” above the
smectic-to-isotropic transition. A further conclusion from the above is that the
formation of the semicrystalline terrace- or ribbon phases must occur via liquid-
solid transition, i.e., a crystallization processes. This is an important outcome as
it means that terrace and ribbon morphologies can be further controlled/tuned
via the experimental conditions in which crystallization occurs, e.qg., the cooling

rate.
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5.3.2 Crystallization kinetics and morphology of
PBTTT

Motivated by these findings, we then investigated the crystallization
kinetics of PBTTT thin-films starting from both the isotropic and the smectic
liquids (a schematics of the crystallization process from each liquid state is
included in Scheme 5.1).
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Scheme 5.1. Diagram of crystallization from an IS0 state and a LC state.

For that, we needed to design adequate thermal protocols. Figure 5.5A and
Figure 5.5B display the thermal protocols employed to investigate the
crystallization kinetics from the isotropic melt and from the smectic mesophase,
respectively. The former is similar to the previous section of the manuscript, but
here, the length of the isothermal step (t) is varied from 1 to 86,400 s (24 h). In
addition, T,s are limited to the range where the crystallization occurs, i.e.,
between T, =60 °C and T, = 90 °C. Hence, the “Analysis (heating) Scans”
show the melting peak of the crystals isothermally formed within the time ¢ at
the selected T, and so, the enthalpy of this peak can be used to monitor the

advance of the crystallization, i.e., the crystallization kinetics.
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Figure 5.5. A) Thermal protocol used to study the crystallization kinetics from
the disordered liquid state. B) Thermal protocol used to study the crystallization
kinetics from the smectic liquid state. C) FSC Analysis Scans recorded when
the thermal protocol in Figure 5.5A is applied (with T, =80 °C). D) FSC
Analysis Scans recorded when the thermal protocol in Figure 5.5B is applied
(with T, =80 °C).

We must note that the experiments shown in the previous section of the
manuscript no signs of smectic mesophase when PBTTT was rapidly cooled
down from 350 °C (at 4,000 °C) and then annealed between T, =50 °C and
T, =90 °C, indicating that no mesophase was forming prior to crystallization
at those temperatures and, hence, that PBTTT can be crystallized from a

completely disordered liquid state (ISO state) at those T,s.

The thermal protocol designed to investigate the crystallization kinetics
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from the smectic phase includes a first step in which the mesophase is created.

We already showed that the development of the smectic mesophase occurs
faster at 180 °C (the application of a T,, of 180 °C results in the most intense
smectic-to-isotropic transition peak). Thus, 180 °C seems to be a suitable
starting temperature for the crystallization of the smectic liquid. Moreover,
preliminary studies showed that the smectic mesophase was more efficiently
developed at 180 °C upon heating from the solid crystalline phase than upon
cooling from the isotropic melt to avoid degradation at high temperatures over
time. Therefore, the thermal protocol included an initial isothermal step at a
T, =80 °C for 30 min in which crystals are created, followed by a further
isothermal step at T = 180 °C for 1 min in which the smectic mesophase is
developed. From this point on, the thermal history applied is equal to the above-

mentioned protocol.

20.0nm [t i o 20.0 nm
15.0 o 15.0
10.0 10.0
5.0 5.0

0 0

5.0 5.0
-10.0 -10.0
-15.0 -15.0
-20.0 -20.0

Figure 5.6 A) AFM-height images of PBTTT crystallized at T, = 80 °C to form
a ribbon phase after 48 h (ISO state). B) AFM-height images of PBTTT
crystallized at T, = 80 °C to form a terraced phase after 48h (LC state).

Atomic Force Microscopy (AFM) of the thin-films subject to the thermal
protocols described above (shown in Figure 5.7) confirms the different solid-
state morphologies of resulting thin-films. We must note, however, that AFM

data do not unarguably show that resulting morphologies (after the thermal
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treatment applied in FSC for the kinetics study) correspond to the terrace and

the ribbon phases. It is well-known terrace and ribbon phases are better formed
when films are slowly cooled down (e.g., 20 °C/min) from the suitable
temperatures to room temperature, while here, samples are isothermically
crystallized at T, = 80 °C (after extremely fast coolings from suitable

temperatures).

Figure 5.5C and Figure 5.5D show the FSC heating traces referred to as
“Analysis Scans” in the protocols displayed in Figure 5.5A and Figure 5.5B,
respectively. These heating traces feature the melting peak of crystals formed at
T,. = 80 °C for the different crystallization times starting from the isotropic state
(Figure 5.5C) and the mesophase (Figure 5.5D). The integration of these peaks
and ulterior normalization to the integral value of the longest crystallization time
(t = 24 h) yield normalized degree of crystallinity values were plotted in Figure
5.6A and Figure 5.6B. We note that the endothermic peak of the smectic-to-

isotropic transition can also be seen at ~200 °C in Figure 5.5D.

Figure 5.6A and Figure 5.6B indicate that none of the PBTTT samples are
able to complete their crystallization in the maximum allowed time, i.e., 24 h,
as the isothermal crystallization curves do not reach a saturation point. Equally
striking is that the analysis evidences a complex advance of the crystallization
that deviates from the typical sigmoidal curves usually obtained during the
isothermal crystallization of most semicrystalline polymers®’. Plotted in a
semi-log scale, curves shown in Figure 5.6B display an initial sigmoidal shape
(up to a ~50% conversion) followed by an approximately linear trend. Although
this behavior is observed in all curves, it is especially noteworthy for PBTTT
crystallized from the LC state. We argue that this unusual behavior can occur

when the crystallization process is complex and involves multiple stages.
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Figure 5.6. Crystallization kinetics from an ISO state and from a LC state for
varying times at T, = 80 °C. A) Advance of crystallization (from normalized
enthalpy values) with time at the indicated temperatures and their corresponding
Avrami fits from an IS0 state. B) Advance of crystallization (from normalized
enthalpy values) with time at the indicated temperatures and their corresponding
Avrami fits from a LC state. C) Experimental values of the inverse of induction
times (1/t,). D) Experimental values of the inverse of crystallization times
(1/7509)- E) Experimental values of the Avrami index (n); t and t, are the

crystallization time and the induction time, respectively.

In the crystallization process of polymers, primary nucleation occurs first,
and it is immediately followed by the free growth of crystallites into
semicrystalline superstructures (i.e., 1D, 2D, or 3D structures composed of
crystallites separated by amorphous intervening layers). Both steps constitute
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the so-called primary crystallization process and typically extend over the initial

50% conversion. After primary crystallization, the semicrystalline
superstructures impinge on one another, and the secondary crystallization starts,

which develops with very different kinetics than the primary crystallization.

In this context, we explain the results in Figure 5.6A and Figure 5.6B by
considering that the sigmoidal initial part of the isothermal curves of relative
conversion versus time is associated with the primary crystallization process. In
contrast, the second part of the kinetic curves corresponds to the secondary
crystallization. Although these two crystallization stages occur in all
semicrystalline polymers, both stages are partially overlapped in flexible
thermoplastic materials like polyolefins, which is why the transition from the
primary to the secondary crystallization occurs in succession with a smooth
transition between them at approximately 50% conversion to the semicrystalline
state (see the typical behavior, as an example, of polypropylene in Figure 5.7A
and a comparison with our experimental data in Figure 5.7B).

1.0t A B r- B C L e
" * o
s >o0.8} 3 . |
Zos gos A
© © n e
= £
c 06} c 0.6
w w
T T
N o4t @ 0.4}
© ©
g 0.2 1 g 0.2} @ PBTTT80°C (ISO State)
o @ PBTTT80°C (LC State)
zZ ® PP 126. C. | 4 ® rp 12
0.0 cmaa ---- AvramiFit|| 0.0} ---o - - Avrami Fit
0.001 0.01 01 1 10 0.001 0.01 01 1 10 100 1000
t-t, (min) t-t, (min)

Figure 5.7. Crystallization kinetics. A) Example of Polypropylene (PP)
normative crystallization kinetics. B) Comparison of PP kinetics with the data
obtained of PBTTT at T, = 80 °C.

In the case of PBTTT, a sharp transition between the first and the

secondary crystallization process is clearly observed. We note, moreover, that
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this sharp transition is particularly noticeable when the crystallization occurs

from the LC state. We argue that PBTTT chains may experience diffusion
limitations during secondary crystallization by the surrounding crystallites
because parts of the chains may be within neighboring crystals or at the
interphase between the crystallites and the melt. Therefore, secondary
crystallization, which can also involve the re-organization and alignment of the
chains within crystalline domains, is especially slow in the crystallization of a
relatively rigid molecule like PBTTT, particularly when the polymer is
crystallized from the smectic state. As a result, PBTTT may not be able to reach
a saturation point in its crystallization process (within the time frame explored

here).

To further evaluate the crystallization Kinetics, experimental data was
fitted to the Avrami model. We note that this model adequately describes the
overall crystallization kinetics of a material that includes both the primary nuclei
formation and the free growth of crystalline features until they impinge with one
another (i.e., until secondary crystallization begins), which for regular polymers
typically occurs within the initial 50% of the total conversion. Therefore, fittings
for large crystallization conversions tend to be, in general, inadequate, and
often, as is the case for PBTTT Kkinetics, much lower conversions, e.g., of
3—20% are used to describe the kinetics within the primary crystallization
range. It is noteworthy, though, that the conversion range that fits to the Avrami
model is specially short for PBTTT (note the comparison with PP in Figure 5.7),
which would also agree with a slightly different crystallization mechanism,
compared to polyolefins, for example.

The model yields the expression below:81°

1 - V.(t—t,) =exp(—k(t—t,)™) Equation 5.1

where V. is the relative volumetric transformed fraction to the crystalline
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state, k is the overall crystallization rate constant that includes nucleation and
growth components, n is the Avrami index, t is the crystallization time and
t, the induction time or the time for primary nucleation before growth has
started. Hence, the inverse of the induction time (1/t,) is proportional to the

primary nucleation rate of PBTTT, before any growth starts.

The data shown in Figure 5.6C reveals that as T, increases, the rate of
primary nucleation decreases when crystallizing from both states. Interestingly,
the nucleation rate is generally faster when crystallizing from a LC state than
when crystallizing from an ISO state. In agreement with previous results'®, this
finding suggests that the preexisting molecular order in the liquid crystalline
state accelerates the nucleation rate, most probably because the mesophase is

acting as a precursor from which primary nuclei can form.

The overall crystallization kinetics of PBTTT when crystallizing from a
LC state and from an ISO state can be further examined by comparing the
experimental data to the fitted results of the Avrami equation. The results
obtained at a 20% conversion (conversion at which a good fitting is obtained)
show that the crystallization rate (1/t,q0,) from a LC state is faster than when
crystallizing from an ISO state at low T,s from T, = 60 °C to T, = 75 °C (see
Figure 5.6D). Interestingly, at T, = 80 °C the rate of crystallization suddenly
increases when crystallizing from both states, with the rate of crystallization
from the SO state being the fastest. Finally, as further increases from T, = 85
°C to T, =90 °C, the rate of crystallization becomes overall slower but similar

from both states of crystallization.

The Avrami index (n) can provide information on the crystalline
superstructural dimensionality and type of nucleation occurring during
crystallization. Figure 5.6E shows that the Avrami index values found for

PBTTT when crystallizing from both an ISO state and an LC state can be
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approximated to 1 (the values for all crystallization temperatures and conditions
can be found in Table 8.1 in Appendix 1, located in Chapter 8). A value of n =
1 suggests the development of instantaneously nucleated needle-like crystals (or
ID structures). Although the formation of ribbon-like and terrace-like
morphologies should involve different growth geometries, both are primarily
formed via the n-n stacking of chains, which is essentially a one-dimensional

process.
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5.3.3 Conclusions

In conclusion, our results firstly evidence that it is utterly important to
resolve the thermotropic phase behavior semiconducting polymers in order to
advance both structure/properties interrelationships and device optimization
protocols based on thermal annealing. For example, our study highlights that
the “thermal annealing” process yielding the high-mobility terrace phase cannot
be consider a proper annealing, because PBTTT is a liquid at those
temperatures. Hence, we argue that the terrace-phase is formed via a

crystallization process.

Our isothermal crystallization studies demonstrate, moreover, that the
crystal nucleation rate is faster when PBTTT crystallizes from the smectic
mesophase compared to the isotropic liquid phase, which agrees with our
previous study on poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO)*®. More
interestingly, we observe a complex overall crystallization Kinetics for PBTTT
that differs from the general crystallization behavior of polymers, which
highlights (once again) the necessity to conduct more fundamental

investigations of the structure development of semiconducting polymers.
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6.1 Abstract

A complex crystallization behavior was observed for the alternating
copolymer DMDS-alt-DVE synthesized via thiol-ene step-growth
polymerization. Understanding the underlying complex crystallization
processes of such innovative polythioethers is critical for their application, for
example, in polymer coating technologies. These alternating copolymers have
polymorphic traits, resulting in different phases that may display distinct
crystalline structures. The copolymer DMDS-alt-DVE was studied in an earlier
work, where only two crystalline phases were reported: a low melting, L—T,,,
and high melting, H- T,,, phase. Remarkably, the H- T,,, form was only achieved
by the previous formation and melting of the L-T,, form. We applied
calorimetric techniques encompassing seven orders of magnitude in scanning
rates to further explore this complex polymorphic behavior. Most importantly,
by rapidly quenching the sample to temperatures well below room temperature,
we detected an additional polymorphic form (characterized by a very low
melting phase, denoted VL-T,,). Moreover, through tailored thermal protocols,
we successfully produced samples containing only one, two, or all three
polymorphs, providing insights into their interrelationships. Understanding
polymorphism, crystallization, and the resulting morphological differences can
have significant implications and potential impact on mechanical resistance and

barrier properties.
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6.2 Introduction

Polymerization technologies have recently focused on thiol-ene

chemistry.*® Historically, this polymerization approach has been used mainly in
bulk or solution for applications such as coatings or surface modification.2357
Aiming to make the process more eco-friendly, there has been a growing interest
in thiol-ene polymerization in aqueous dispersed media, such as emulsion and
miniemulsion*¢&-1t, | e et al. reported the synthesis of polythioethers with high
sulfur content. Such polymers have the ability to crystallize, yielding
semicrystalline properties® which are directly related to their chemical and
mechanical resistance?. The characterization of newly synthesized materials,
mainly when specific applications are targeted, such as barrier coatings or
materials with high mechanical resistance, requires a comprehensive
understanding of their crystallization behavior.
The alternating copolymer DMDS-alt-DVE studied in this work is derived by
alternatingly linking monomers of di(ethylene glycol) divinyl ether (DVE) and
2,2’-dimercaptodiethyl sulfide (DMDS) see Scheme 6.1. The synthesis and the
determination of the molecular weight are given in Chapter 3. The number
average molecular weight is reported in Table 3.1 located in Chapter 3.

HS/\/S\/\SH . ,y’\o/\\/ox/\o/\\\} - /S\/\SA\/S\/\O/\/O\/\O/\{/

n

DMDS DVE DMDS-alt-DVE

Scheme 6.1. Reaction for the formation of DMDS-alt-DVE.

This polythioether exhibits different polymorphic forms. In general,
polymorphic materials are substances that can form several distinctly different
crystalline phasest**. Polymorphism can profoundly impact the mechanical,
thermal, and functional properties of a material'>*", and it is a highly researched

topic in fields ranging from polymer science to electronics and biology?*¢. The
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crystallization behavior and phase transformations of polymorphic materials are

influenced by an extensive array of factors, such as temperature variation,
additives, solvents, or nucleating agents*+*”. A specific crystal form will develop
due to an interplay of thermodynamics and kinetics directly related to the
processing conditions. For instance, Kinetically-controlled solidification may
generate metastable structures with high values in free energy, whereas
thermodynamically-dominated crystallization typically leads to more stable
structures®. Typically, the nucleation stage decides which phase will form.
However, in some cases, a transformation from a metastable to a more stable
form may be observed'’, a process often causing complications in industrial

applications of these materials.

Materials exhibiting polymorphism are sometimes considered
problematic, as controlling polymorph formation could be difficult®®.
However, in recent years, significant advances in implementing these materials
in unprecedented applications have been achieved by exploiting and
understanding the behavior of each polymorphic forms-%, The discovery of
unknown, polymorphic forms with potentially different crystalline structures
and a profound understanding of how they can be achieved and controlled allow
for widening the spectrum of properties relevant to an array of applications?:.
For instance, isotactic poly(1-butene) (iPB) is a polymorphic material that can
exist in different crystalline forms; when crystallized from the melt, it forms
unstable tetragonal form 11 crystals. However, upon aging at room temperature,
iPB will slowly transform into the more stable hexagonal form I crystals. The
transformed crystals are reported to have enhanced elastic properties and a
higher melting temperature, which makes iPB highly sought after for various
applications, including tubes, water pipes, and pressurized tanks?2, In addition,
isotactic polypropylene (iPP) is known to exhibit a monoclinic a-phase, a

trigonal B-phase, and the orthorhombic y-phase. iPP mainly crystallizes into the
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more thermodynamically stable a-form when crystallizing from the melt;

however, by introducing B-nucleating agents, the B-form is obtained, which is
reported to have higher ductility, higher impact resistance, and better

weldability than the o-form?—,

In this work, we focus on the tunability of the alternating copolymer
DMDS-alt-DVE by investigating the calorimetric behavior of its various
polymorphs in depth. By employing experiments spanning seven orders of
magnitude in scanning rates, we comprehensively understand the structural
transitions within the copolymer. We utilize a microcalorimeter (u-DSC) for
low scanning rates, a conventional differential scanning calorimeter (DSC) for
intermediate rates, and a fast scanning chip calorimeter (FSC) for very fast rates.
The morphology is examined using polarized light optical microscopy (PLOM),
while the crystalline structure is analyzed through wide angle X-ray scattering
(WAXS). Our primary focus is to comprehensively understand all possible
structural transitions of the DMDS-alt-DVE alternating copolymer and identify
reliable thermal protocols that enable the tuning of properties by accessing
different combinations of polymorphic phases. This knowledge is essential for

maximizing the potential of this copolymer in various applications.

6.3 Results and Discussion

6.3.1 Investigating the crystallization of the H-Tm
form of DMDS-alt-DVE alternating copolymer

Based on a combination of techniques such as a PLOM, X-ray
scattering, and DSC employing scan rates of 5 °C/min, the crystallization
behavior of the alternating copolymer DMDS-alt-DVE was studied
recentlyst. The polymorphic nature of this polymer was established, and two

different polymorphic forms were identified, having distinctly different
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melting temperatures (T, and Ty, respectively). The low-melting

temperature polymorph (L- T,,,) was reported to have a T, of ca. 68 °C, while
the high-melting polymorph (H-T,,) had a T,,, of ca. 81 °C. A table reporting
approximate crystallization and melting temperatures obtained by the different

calorimeters and the corresponding scan rates can be found in
Table 6.1.

Table 6.1 Melting and crystallization temperatures of DMDS-alt-DVE for each

technique.
. T T T
Technique (LT, (H-T,) (VL-T,) T, T,
w-DSC -~ 600 ~80° ~ 35° ~ 65° ~ 69°

(0.2 °C/min)

DsC ~68  ~81° : ~ 69" ~ 40°
(5 °C/min)

DSC ~  ~66* ~80° : ~ 68" ~ 41°
(50 °C/min)

FSC ~ 68  ~ 83 ~ 21¢ ~ 45° .
(1,000 °C/s)

@ Data obtained from the first heating scan of non-isothermal experiments.

b Data obtained from the 2" heating scan (“Analysis Scan”) of non-isothermal
experiments.

¢ Data obtained from the cooling scan of non-isothermal experiments.

d Data obtained from the 2" heating scan (“Analysis Scan™) of isothermal
experiments.

It is important to understand that these are not unique and precise values,
as the scanning rates and the thermal protocol employed influence the melting
point of each polymorph. This table is intended to illustrate orientative values.
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In the present study, non-isothermal DSC experiments were carried out,

employing heating and cooling scan rates of 20 °C/min. The resulting scans
presented no detectable differences from those obtained at a slower scan rate of
5 °C/min®L. The corresponding DSC results of the heating and cooling runs are
reported in Figure 6.1A. During heating, the DMDS-alt-DVE alternating
copolymer melted at T,,,; = 66 °C. Following this initial melting, the sample
underwent a cold crystallization step at T.. = 68 °C, followed by a second

melting at T,,,, = 81 °C.
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Figure 6.1. Thermal behavior of the DMDS-alt-DVE alternating copolymer
determined via DSC, u-DSC, and FSC. A) DSC scans at 20 °C/min. B) u-DSC
scans at 0.2 °C/min. C) Thermal protocol employed for isothermal
crystallization in FSC. D) FSC heating scans (“Analysis Scan”) after isothermal

crystallization for 24 h at varying T,. The arrows point to the peaks
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corresponding to H-T,,, L-T,,, or VL-T,, forms, respectively and the curves

correspond to: first heating (black), cooling (blue), and second heating (red).

According to the data reported in Figure 6.1A, the first endotherm (i.e.,
Tyn1) s attributed to the melting of the low-melting temperature polymorph, the
L-T,, form. After the L- T, has melted, the sample re-crystallized at T, (in a
cold-crystallization process) into the high-melting temperature polymorph, the
H-T,, form, which melted at higher temperatures (i.e., at T,,,). Interestingly,
when cooling from the molten state, only a single crystallization peak was
observed at a crystallization temperature, at T, = 40 °C, indicating that only one
of the polymorphs, i.e., the L-T,, form, crystallized during cooling, as

demonstrated in our previous works:,

Thus, by cooling from the molten state at 20 °C/min, only the L-T,,, form
was generated. The second heating scan in Figure 6.1A further supports this
conclusion, showing similar behavior to that observed during the first heating.
Upon heating, the L-T,, phase melted, the sample re-crystallized (cold-
crystallization) and transformed into the H-T,,, phase, and finally, the H-T,,
phase melted. This sequential behavior occurred because the molten L-T,,
phase provided a non-equilibrated melt with the memory of the previous ordered
state, which assisted nucleation of the H-T,, form®=32, That is, from the
memory of the molten L-T,,, form. Interestingly, when using a conventional
DSC, identical results were obtained for all scanning rates ranging from 1
°C/min to 50 °C/min. That is, crystallization of the H-T,, form was not
achieved at any of these scanning rates when cooling the sample from the
molten state at T > T,,,%*. Furthermore, our findings are consistent with
Ostwald’s rule of stages, which describes the sequential transformation of
DMDS-alt-DVE as crystallization progresses. This phenomenon suggests
that the first polymorph to crystallize from a polymer melt is the closest in

structure to the amorphous state and differs the least in energy, eventually
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transforming into the more stable forms333,

It is crucial to study the influence of the scanning rate on the formation of
the H-T,, form to understand if its direct formation from the melt is
impossible even at an extremely slow cooling rate or if the formation of the
H-T,, form can also be initiated from the molten state atT > T,,,, for
example, by heterogeneous nucleation. In this work, complementary
experiments have been performed at rates slower than 1 °C/min. By
employing differential scanning micro-calorimetry (u-DSC), we performed
non-isothermal experiments at a cooling rate of 0.2 °C/min in the same manner
as a conventional DSC. The sample was heated for 3 min to a temperature thirty
degrees above Ty, slowly cooled to a temperature below T, and subsequently
reheated above T,,,. Figure 6.1B shows the results of these u-DSC experiments.
The first heating scan did not exhibit any significant differences compared to
the results obtained by standard DSC for rates between 1 °C/min to 50 °C/min
(see also Figure 6.1A). The lower observed melting peak corresponds to the
L-T,, form, and the higher melting peak corresponds to the H-T,,,, as indicated
by arrows in Figure 6.1B. During cooling the sample at 0.2 °C/min, a single
crystallization peak was observed at a rather high temperature, with an
exothermic peak at T, ~ 69 °C. Strikingly, this crystallization temperature is
higher than T,,; measured for the L-T,, phase, indicating that this
crystallization peak cannot correspond to the crystallization of the L- T,,, form.
Thus, it can only be due to the crystallization of the H-T,, phase. This
conclusion is further supported by the absence of any melting peak associated
with the L-T,, during the second u-DSC heating scan in Figure 6.1B. A single
melting point was observed during the second heating, which coincided with the
melting temperature of the H-T,, phase, confirming that the H-T,, form
crystallized at ca. 69 °C. The results of Figure 6.1B indicate that in the u-DSC
experiments, the H- T,,, form of the alternating copolymer DMDS-alt-DVE can
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be obtained through slow cooling (i.e., at 0.2 °C/min) of the molten sample.

In light of these results, a series of experiments were carried out to explore
if the H-T,,, form can also be achieved by isothermal crystallization. To this
end, we used FSC, a technique that allows changing temperatures so rapidly that
any crystallization can be excluded during the temperature change®-t. For such
experiments, we used a rate of 1,000 °C/s. At such a cooling rate, we did not
detect any crystallization, as will be shown later in the section on the influence
of the cooling rate. To erase thermal history, the sample was first heated above
the maximum melting point. Next, the sample was rapidly cooled to various
values of T, above the T,,, of the L-T,, form. At T, > T,,,, only the H-T,,
form can crystallize. At these various values of T, the sample was then kept for
a long time, i.e., 24 h. Subsequently, the sample was rapidly cooled to a
temperature below T, and heated again above the highest melting temperature
of the material. The applied thermal protocol is presented schematically in
Figure 6.1C. Each of these FSC heating scans (the “Analysis Scan”) after
isothermal crystallization at various values of T, (see Figure 6.1D) showed a
single melting endotherm at T;,, > 80 °C, which we associated with the melting
temperature T,,, of the H-T,, form. Thus, we have demonstrated that by
providing sufficiently long times for crystallization, the H- T,,, form of DMDS-

alt-DVE can also be obtained via isothermal crystallization.
6.3.2 Morphology of the H-Trn form of the DMDS-alt-
DVE alternating copolymer
The morphology and structure of a crystalline phase can be influenced
by several factors, including nucleation and growth kinetics and the thermal

protocol applied to the sample. As a result, depending on the thermal

protocol used, the same crystallographic phase can reveal different
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morphologies. To generate the H-T,,, crystalline phase directly from the

melt, an experiment was carried out using PLOM on a thick film of ca. 50

um.

To erase thermal history, the sample was first heated thirty degrees above
the maximum T,,, and then cooled at 50 °C/min to T, = 70 °C, where it was
allowed to crystallize for ca. 32 h. Interestingly, as shown in Figure 6.2A, a
single large spherulite was obtained within an area of ca. 1 mm?2. Such large
spherulites require an extremely low nucleation probability, i.e., very few
nucleation sites were generated at T, = 70 °C when cooling the sample from the

molten state according to the procedure described above.

g ,/’/ ‘ il - ’ D .':“v'-“_’j :. 57 : ‘ l
Figure 6.2. PLOM images of the H-T,, form of the alternating copolymer
DMDS-alt-DVE after A) isothermal crystallization at T, = 70 °C for ca. 32 h,

and B) after self-seeding from the L- T,,, form and isothermal crystallization at
T, = 70 °C for 30 min.

For comparison, Figure 6.2B shows the H-T,, form obtained with the
help of the melt memory of the previous crystalline state of the L- T,,, form for
an assisted generation of the H-T,,, form. First, the sample was heated to erase
thermal history, then cooled at 50 °C/min to T, = 40 °C for 30 min, where the
L-T,, form crystallized. Subsequently, the temperature was increased in order
to melt the L-T,,, form and to crystallize the H-T,,, form at T, = 70 °C for 30
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min, yielding the different morphology shown in Figure 6.2B. In this case, a

large number of very small impinged spherulites was observed. This nucleation
density was comparable with the one previously reported for thin-films of ca.
100 nm®L. Due to the melt memory of the molten L-T,,, form, a large number
density of self-nucleation sites was provided, resulting in a large number of
small crystallites of the H-T,, form. Tentatively, we attribute the very few
nucleation sites observed when cooling the sample directly from the molten
state at T > T,,, to heterogeneous nuclei with a number proportional to the
sample volume. We note that in thin-films, upon cooling from the molten state
at T > T,,,, we never observed crystallization of the H-T,, form. Assuming
that thin and thick films contain the same number of heterogeneous nuclei
per unit volume, we expect that, compared to the previous examined thin-
films, the here studied thick films contain 1,000 times more heterogeneous

nuclei.

It should be noted that the spherulites have a positive sign, as indicated
by the colors generated when a lambda plate (i.e., a red-sensitive plate) is
inserted at a 45° angle with respect to the polarization direction, as done in
the present case. A positive spherulite has a larger refractive index (n,) in
the radial direction than in the tangential direction (n, < n,.). Most polymers
exhibit negative spherulites, but there are a few examples where polymers
can display, depending on the crystallization conditions, positive
spherulites, like isotactic polypropylene, poly(ethylene terephthalate), and
poly(hydroxy butyrate)*#. The exact origin of the sign of the spherulite is
further explored in Chapter 7

6.3.3 Forming and characterizing the VL-Tn form of

the DMDS-alt-DVE alternating copolymer

To further investigate the influence of the cooling rate on the
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crystallization behavior of the alternating copolymer DMDS-alt-DVE, FSC

experiments were conducted, as this technique allows for very fast cooling
rates. Noteworthy results were obtained by such non-isothermal
crystallization experiments performed at various cooling rates but for a
constant heating rate of 1,000 °C/s. The samples were initially heated thirty
degrees above the maximum T, to erase any thermal history, then cooled to
a temperature below T, and heated again to temperatures well above T,.
Figure 6.3 shows the FSC heating scans (obtained at a constant heating rate
of 1,000 °C/s) after cooling the samples at different rates, as indicated next
to each heating curve. For cooling rates faster than 100 °C/s, no signs of
crystallization were detected during cooling, corroborated by the absence of
melting peaks in the heating scans. Curves corresponding to cooling rates
faster than 100 °C/s only showed a glass transition below ca. —40 °C. Thus,
for such fast cooling rates, the material remained amorphous.
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Figure 6.3. Thermal behavior of alternating copolymer DMDS-alt-DVE under
non-isothermal conditions via FSC. The arrows indicate the distinct phases
found during heating at a constant rate of 1,000 °C/s, pointing to the peaks

corresponding to the L-T,,, and VL-T,, forms, respectively.

For cooling rates of 10 °C/s, 5 °C/s and 2.5 °C/s, the heating scans of
the samples showed a sequence of melting-recrystallization-melting
processes. During the second heating scan, two distinct melting peaks,
separated by a crystallization peak, were observed. A first melting peak was
detected around 25 °C, followed by a crystallization peak around 45 °C and
a second melting peak around 69 °C. The latter two peaks coincide
approximately with the crystallization and melting of the L-T,, form
observed with both DSC and u-DSC, consistent with a previous study.3!

Outstandingly, an additional polymorphic form could be observed that is

- 154 -



%j Chapter 6 — Polymorphism of DMDS-alt-DVE

distinct from the already identified H-T,,, and L- T,,, forms. The endotherm at

Tve = 25 °C does not correspond to any previously reported phase,
suggesting the existence of a third polymorphic form for the alternating
copolymer DMDS-alt-DVE.

When cooling at rates faster than 1 °C/s and slower than 100 °C/s, the
newly discovered very low-temperature form melts and re-crystallizes into
the L- T, form, which subsequently melts. We refer to this additional phase
as the very-low melting temperature form (VL-T,, form or crystalline
VL-T,, phase). For a cooling rate of 1 °C/s, the peak at Ty, = 25 °C
became smaller, and the one at T,,,; = 69 °C became more prominent. This
behavior is consistent with the results shown above, for example, in Figure
6.1B. Micro-calorimetry results indicated a tiny peak at T;,, =~ 20 °C, suggesting

that a very small amount of the VL-T;,, form was generated during slow cooling.

After identifying this additional polymorphic phase (VL- T, form),
experiments were conducted to generate each of the three phases
individually and to explore whether they can co-exist. To generate each
phase individually, the samples were initially heated well above the

maximum T,, to erase any thermal history (e.g., to 170 °C).

-155-



%j Chapter 6 — Polymorphism of DMDS-alt-DVE

Temperature

H-T,, form

-L-T,, form

FVL-T,, form

g

-40 0 40 80 120 160 200 240
Temperature (°C)

Heat flow, endo up (mW)

Figure 6.4. A) Thermal protocol for isothermal crystallization experiments
employed at varying T,.. B) FSC heating scans at a heating rate of 4,000 °C/s,
after 1 h isothermal crystallization at the indicated values of T,.. The brackets
point to the range of temperatures corresponding to the H-T,,, L-T,,, or

VL-T,, forms, respectively.

To avoid crystallization during cooling, samples were then rapidly

cooled to different T, values, where they were allowed to isothermally
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crystallize for 1 h. Finally, the samples were rapidly cooled below Ty (e.g.,

—80 °C). For eachT,, the subsequent FSC heating scan, denoted as
“Analysis Scan” in Figure 6.4A, revealed the melting of the crystals formed
during the 1 h crystallization at T,. We have chosen heating and cooling rates
of 4,000 °C/s for the thermal protocol of Figure 6.4A.

Figure 6.4B shows the FSC heating curves measured after 1 h
isothermal crystallization at the values of T, indicated next to each curve. At
T, = =50 °C, the sample was below T,; no crystallization occurred. Upon
heating at 4,000 °C/s, only the glass transition was observed at
approximately —37 °C. For a T, range from —20 °C to —10 °C, a broad
melting endotherm around T, ; = 25 °C could be observed. For a T, range
from 20 °C to 30 °C, another endotherm with a higher melting point of T,,;
~ 68 °C was found. The peak at around 25 °C corresponds to the melting of
VL-T,, crystals, and that at about 68 °C corresponds to the melting of L—T,,,
crystals, as these values align well with previously found ones. Finally, for
T. = 10 °C, we could observe the convolution of two endotherms; hence,
both VL-T,, and L-T,, polymorphs crystallized at that temperature.
Interestingly, at a first glance on Figure 6.4B, no significant endotherms
could be detected after isothermal crystallization at T, = 70 °C. However, if
the curve was magnified, a weak endotherm could be observed with a
melting point of around 81 °C, associated with melting of crystals of the
H-T,, form.

To summarize, the individual generation of each of the phases was
accomplished. Through isothermal crystallization at appropriate values of
T,., samples with only one or two crystalline forms can be produced.
Individual generation of the VL-T,,, form and the L- T,,, form can be mainly

achieved by isothermal crystallization after rapidly cooling the sample (e.g.,
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at rates faster than 100 °C/s) to a very low T,. Exclusive generation of the

H-T,, form can be achieved either by slow cooling from the melt or by

isothermal crystallization over long periods at T, > Ty, .

Having accomplished the generation of each phase individually by
employing the protocols described above, we shift the focus to observing all
three distinct forms simultaneously within the same sample. The ability of the
material to adopt different crystalline structures under various thermal
conditions, potentially leading to different properties, is of interest for tailoring
the material properties required for specific applications. To this particular
purpose, we devised a complex thermal protocol. However, it is worth noting
that there are multiple alternative protocols suitable for accomplishing three
distinct forms simultaneously within a sample. Nonetheless, the protocol

described here is illustrative of the tunable thermal properties of this alternating

copolymer.
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Figure 6.5. FSC experiments on alternating copolymer DMDS-alt-DVE. A)
Thermal protocol employed to achieve all three polymorphs of this alternating
copolymer within the same sample. B) FSC results obtained during the analysis
(heating) scan shown in the protocol described in A. All heating and cooling
rates for this experiment were 1,000 °C/s. The arrows point to the endothermic

peaks corresponding to melting of the VL-T,,, L-T,, and H-T,, forms,
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respectively.

In the protocol outlined in Figure 6.5A, depending on the desired
outcome, the indicated crystallization temperatures can be adjusted. To achieve
all forms within the same sample, the key requirement is that the highest melting
phase (H-T,,) has to be formed first. In the following, the form with an
intermediate melting temperature (L-T,,), and finally, the one with the lowest

melting temperature (VL-T,,) can be generated.

For the employed thermal protocol, we have chosen 1,000 °C/s for all
heating and cooling rates. Following the protocol of Figure 6.5A, the sample
was first heated thirty degrees above the maximum T;,, to erase thermal history,
then rapidly cooled (at 1,000 °C/s) to T, = 25 °C and kept at that temperature
for 30 min. During this isothermal crystallization step, we generated the L-T,,
form. The sample was then rapidly heated to T, = 70 °C where it was kept for
30 min, and part of the sample was crystallized in the H-T,,, form. The L-T,,
crystals formed in the previous step melted during heating, but the memory of
the previous crystalline state assisted generation of the H-T,,, format T, = 70
°C. To re-generate the L-T,,, form, the sample was rapidly cooled to T, = 25°C
and kept there for 30 min. After this stage, both the H-T,,, and L- T,,, have been
formed within the same sample. However, the sample was not yet crystallized
completely, and crystallization of the VL-T,, form was achieved by rapidly
cooling to T, = —10 °C and keeping the sample at this low isothermal
crystallization temperature for 30 min. Finally, the sample was rapidly quenched
(at 1,000 °C/s) below T,. After all three forms were generated in the same
sample, an FSC heating scan (denoted as “Analysis Scan”, in Figure 6.5A) was

performed to determine the individual melting temperatures.

Figure 6.5B shows the corresponding FSC analysis scan performed at a

rate of 1,000 °C/s, where three melting peaks can be observed. The peak at
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Ty = 20°C corresponds to the melting of the VLT, form, the peak at T,,,; =

65 °C corresponds to the melting of the L-T,, form, and finally, the peak at
T,n> = 95 °C corresponds to the melting of the H- T,,, form. We note that due to
the fast heating scan, the values of the melting peaks are somewhat higher than
those observed for slow heating rates. We conclude that by applying properly-
tailored thermal protocols, we can generate each phase individually or produce
a sample where two or all three of them co-exist.

6.3.4 Crystalline structures of the alternating
copolymer DMDS-alt-DVE at various low

temperatures and related changes in time

Our wide angle X-ray scattering experiments (WAXS) aimed to
explore differences in crystalline structures between the VL-T,,, and L—T,,
forms. The scattering patterns for the L-T,, and H-T,, forms have been
reported previously3!. Samples were prepared as described in the
experimental section. First, thermal history was erased by heating the
sample to 100 °C for 1 min, which is above the maximum T,,,.
Subsequently, the sample was quenched by rapidly depositing it onto a brass
block cooled to —20 °C, where it was kept for 5 min. According to the FSC
results discussed above, the VL-T,, form was generated by this thermal
treatment. To identify the anticipated crystalline structures, the sample was
mounted in the diffractometer’s holder, which had been previously cooled
to —10°C. Starting at this low temperature, ten isothermal WAXS spectra
were measured in steps of 5 °C up to 35 °C. Two of these spectra are shown
in Figure 6.6A. The sample was eventually cooled back to room temperature

(r.t =20 °C) and measured again after being kept at r.t for 4 days.

- 160 -



%j Chapter 6 — Polymorphism of DMDS-alt-DVE

600 T T T T T T T T 400 T T T T T T T
A s - 50C B — -10 °C
— 35 °C A = 5 °C fater 30 min

—~ = 20 °C (after 4 days atRT) | — A 5 °C fater 24 h
3 m— Amorphous at 90 °C 3 = 5 OC fater 96 h
S S
2 2
‘% 100k D
c c
[J] [}
- -
£ i=

20

19 20 21 22 23 24 25 26
20 (°) 26 (°)

19 20 21 22 23 24 25 26

Figure 6.6. Isothermal WAXS diffractograms measured at: A) -5 °C (green
curve) and 35 °C (black curve), by increasing the temperature in steps of 5 °C,
after being stored for four days at r.t = 20 °C (red curve) and at 90 °C,
(amorphous background, blue curve). B) —10 °C (black curve) in steps of 5 °C
up to 5 °C and left for four days (after 30 min = red curve; 24 h = purple curve;

96 h = green curve) and after heating it to 20 °C (blue curve).

As shown in Figure 6.6A, the spectrum measured at 20 °C did not
differ from the one measured before at 35 °C, indicating the stability of the
underlying crystalline L-T,, phase. Notably, at temperatures below ca. 5
°C, the measured spectra showed clear differences from the ones observed
at temperatures above ca. 5 °C. As an example, we show in Figure 6.6A the
spectrum measured at -5 °C. In particular, the position of the dominant peak
differed by about (0.24+0.05) and the peak at ca. 25° was not observed at
temperatures below ca. 5 °C. We conclude that the VL-T,,, form generated

at —20 °C has transformed into the L-T,,, form at temperatures above 5 °C.

In order to explore if this transformation was a rapid or a slow process,
we examined the temporal evolution of the spectrum measured at 5 °C. As
can be seen in Figure 6.6B, the transformation of the VL-T,, form into the
L-T,, form was slow and required more than ca. 30 h. Besides the
progressive shifting of the dominant peak to lower scattering angles, two

distinguishable peaks emerged out of the initially “broad” peak located at
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around 23.5°. We tentatively conclude that the VL-T,, form is probably

metastable and contains less perfectly ordered crystalline structures. While
the similarities of the peak positions may indicate similar unit cell
parameters, the difference in the scattering intensities may result from
differences in chain packing. For the VL-T,, form, which has the lowest
melting temperature, we may expect a rather imperfect or less ordered
structure. However, at present, all details of the crystalline structure of the

three detected polymorphs are still not resolved.
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6.4 Conclusions

This work explored the different polymorphic forms generated by the
alternating copolymer DMDS-alt-DVE at low temperatures. We demonstrated
that under specific thermal protocols, this polymer has the ability to crystallize
into up to three polymorphic forms. Besides the previously presented L- T;, and
H-T,, forms®, the alternating copolymer DMDS-alt-DVE possesses an
additional polymorphic form that can be generated at temperatures well below
room temperature (i.e., the VL- T, polymorph). Due to clear differences in their
melting temperatures and certain microstructural features, these polymorphs are

easily distinguishable.

Interestingly, as shown here, the most stable crystallographic form (the
H-T,, form) of DMDS-alt-DVE can also be established directly from the
molten state. Given that there exist appropriate heterogeneous nuclei, the H-T,,
form can be generated by either cooling the sample very slowly from the melt
(e.g., at a rate of 0.2 °C/min or less) or by cooling the sample rapidly to a
temperature above the melting temperature of the L-T,, form and keeping it
there for long times (e.g., 24 h or longer). However, even without any
heterogeneous nuclei, the H-T,, form can be generated rapidly by first
preparing the L-T,, form and employing the melt memory of the previous

crystalline state of the L- T,,, form for an assisted nucleation of the H-T,,, form.

Finally, based on the knowledge of the melting temperatures of the
different polymorphs and the corresponding nucleation probability, including
concepts of melt memory and self-nucleation, we have successfully devised an
appropriate thermal protocol, which allows to generate samples that contain
only one, two, or all three crystalline forms. Thus, our results demonstrate the
tunability and controlled formation of different crystalline polymorphs with

potentially different properties within a single polymer sample. Further studies
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on each polymorph generated individually may reveal differences in

mechanical or optical properties, opening a promising avenue for the
exploitation of the specific properties of each polymorph.
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7.1.1 Abstract

This study focuses on understanding how the chemical structure of
relatively similar high-sulfur alternating polythioether homopolymers (DMDS-
alt-DVE, DMDS-alt-TEGDVE, and DMDS-alt-BDDVE) affects their
structural properties, morphology, polymorphism, and crystallization Kinetics.
Differential scanning calorimetry (DSC) and polarized light optical microscopy
(PLOM) experiments revealed a complex crystallization for the samples in
which up to three different polymorphic phases were identified: the VL — T,
form, the L—T,, form and the H —T,, form, characterized by their
corresponding melting temperature ranges. A coexistence of negative and
positive spherulites was found, and their origin was revealed by atomic force
microscopy (AFM), which showed how the lamellar arrangement varied in the
samples from predominantly radial to a cross-hatched morphology.
Additionally, the overall crystallization kinetics were investigated using a
combination of PLOM, DSC, and fast scanning calorimetry (FSC) experiments
in which DMDS-alt-BDDVE exhibited the fastest overall crystallization
kinetics among the three homopolymers, followed by DMDS-alt-DVE and then
DMDS-alt-TEGDVE. These behaviors were explained by molecular dynamic
simulations in which the diffusion capabilities of each homopolymer along their
density, characteristic ratio, and chain diffusion effects were simulated to
understand the polymer backbone flexibility and chain mobility, revealing
differences among the homopolymers. DMDS-alt-BDDVE demonstrated the
fastest diffusion in the melt, potentially explaining its exceptionally rapid

crystallization Kinetics.
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7.1.2 Introduction

Polymorphism is the ability of many materials, including semicrystalline
polymers, to crystallize into different crystallographic forms that differ in
thermodynamic stability’. Historically, achieving precise control over the
formation of each polymorph has posed significant challenges®*°. However, in
recent years, a growing interest has emerged in understanding the mechanical
and physical properties of these polymorphic materials. Understanding
solidification and crystallization processes is crucial for developing tailored
materials with varying mechanical, thermal, and electrical properties®>. These
advancements open the avenue for optimizing production methods for enhanced
efficiency and sustainability, broadening the spectrum of potential applications.
As an illustrative example, polyvinylidene fluoride (PVDF) exhibits different
crystalline phases used in various applications; PVDF can exist in at least four
phases depending on the crystallization temperature and processing conditions.
Two of these phases can exhibit piezoelectric and ferroelectric properties, while
the others are non-polar insulating phases®®. Therefore, understanding the
crystallization is critical in determining which polymorphic phase will develop.

In recent years, developments in thiol-ene polymerization have shifted
from cross-linking reactions, generally in bulk or solution to its application in
aqueous-dispersed media, such as emulsion and miniemulsion®*. This
transition aims to make the polymerization process more environmentally
friendly and versatile ®1%%51° Thiol-ene polymerization in aqueous-dispersed
media is an approach to synthesize polymer particles used for diverse
applications such as coatings, as demonstrated by Elgoyhen et al.?° by achieving
water-borne emulsion polymerization of high-sulfur-content polythioethers'®-
19, Additionally, these newly synthesized polythioethers have been the focus of

our recent work, in which we have shown that they can form polymorphic
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materials. Notably, the tunability of DMDS-alt-DVE alternating homopolymer

was demonstrated as it can solidify into multiple polymorphs under specific
thermal treatments?:??, These forms are referred to as the very-low melting
phase (VL-T,,), the low-melting phase (L-T,,) and the high-melting phase
(H-T,,). They can be distinguished based on their melting points and
microstructural characteristics. Therefore, the ability to control and modify the
formation of different polymorphic forms through thermal treatments within a
single polymer can potentially lead to distinct mechanical or optical properties.

For this, it is essential to study the crystallization kinetics of each phase.

In this work, we study for the first time the influence of the chemical
structure of a series of high-sulfur-content alternating polythioether
homopolymers, i.e., DMDS-alt-DVE, DMDS-alt-TEGDVE, and DMDS-
alt-BDDVE (see Scheme 7.1 and the text above it for the acronyms
definitions) on their structure, morphology, polymorphism, and
crystallization kinetics. As shown in Scheme 7.1, they are linear polymers
which have some similarities with traditional polyethers (e.g., poly(ethylene
oxide)) but incorporate sulfur atoms in the main chain, so in principle they
should be able to crystallize. However, their structure and crystallization
should be a function of their chemical repeat units. The overall
crystallization kinetics was measured by employing a combination of FSC
and DSC covering a wide range of temperatures. Additionally, the
nucleation and spherulitic growth kinetics of the materials were examined
using PLOM. Furthermore, the morphology of each polymorphic phase of
the material was studied via atomic force microscopy (AFM), revealing a
cross-hatched lamellar morphology that explains the positive sign
frequently encountered in these polythioether materials. Using molecular
dynamic simulations, we have found that macromolecular diffusion in the

melt is the dominant parameter determining the studied homopolymers’
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overall crystallization rate.

é\o/\\/ox/\o/‘% HS/\’S\/\SH > ;{’\/O\/‘*O/\./O\./\S’\~./S\/"~S‘I'1
DVE DMDS DMDS-a/t-DVE

%\O,\‘/O\/\O/\‘/OJ HS/\,S\/\SH — ’{’\/O\/\O,\/O\/\O/\‘/S\/\S,\’S{“

TEGDVE DMDS DMDS-alt-TEGDVE
&\O/\\/\/O\f HS/\"S\/\SH —_— 4’\/0\/\/\0/\/8\/\8/\/8~]~1
BDDVE DMDS DMDS-a/t-BDDVE

Scheme 7.1. Chemical structures and reaction for the formation of
polythioethers DMDS-alt-DVE, DMDS-alt-TEGDVE and DMDS-alt-
BDDVE.

The synthesis and the determination of the molecular weight are described
in Chapter 3, and the number average molecular weight is reported in Table 3.1
located in Chapter 3. It should be noted that all three homopolymers have one
part of their repeating unit, which is identical, as it comes from DMDS (see
Scheme 7.1).

7.2 Results and Discussion

7.2.1 Characterization of DMDS-alt-DVE, DMDS-
alt-TEGDVE and DMDS-alt-BDDVE
polymorphic forms via DSC, PLOM, and
WAXS

The crystallization process is highly dependent on thermodynamic and
kinetic factors. Thermodynamics can determine whether a polymorph can exist
under specific conditions, whereas kinetics dictates whether a polymorph can

be formed at a particular rate over a period of time. Our previous studies?, (see
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also Chapter 6) established that DMDS-alt-DVE exhibits three polymorphic

phases, easily identified by their distinct melting temperatures. As stated above,
the polymorphic phases of the DMDS-alt-DVE homopolymer have been
designated as very low-melting temperature (VL- T,,), low-melting temperature
(L-T,,) and high-melting temperature (H-T,,) forms. In addition, we also
showed reliable thermal protocols to combine or isolate the different
polymorphic forms??. Furthermore, we determined that at a rate of 0.2 °C/min,
the high-melting temperature polymorph (H-T,,) can directly form from the

melt without self-seeding??.

In this work, we first investigate the thermal behavior of the three
polythioethers. Figure 7.1 shows non-isothermal DSC results for experiments
performed at different rates in a range between 1 °C/min and 50 °C/min,
respectively, for all three alternating homopolythioethers. The identification of
the different polymorphs (see labels in Figure 7.1) was performed by
comparison with our previous works?*?? but also by parallel PLOM and

isothermal crystallization DSC experiments, to be discussed below.

It is essential to understand that as the melting temperatures vary from one
polythioether to another, the phases were assigned from the lowest to the highest
melting temperature found for each polythioether. That is, each phase (VL-T,,,
L-T,, or H-T,, phase) was assigned according to the first-order transition
temperatures of each polythioether (e.g., the V L-T,,, polymorph corresponds to
the lowest melting temperature found for that polymer), which could vary in

range from one polymer to another.
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Figure 7.1. Calorimetric behavior at the indicated scan rates, from 1 °C/min to

50 °C/min for all three homopolymers via standard DSC. A) Cooling DSC scans
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for DMDS-alt-DVE B) Subsequent heating DSC scans for DMDS-alt-DVE C)
Cooling DSC scans for DMDS-alt-TEGDVE D) Subsequent heating DSC
scans for DMDS-alt-TEGDVE E) Cooling DSC scans for DMDS-alt-BDDVE
F) Subsequent heating DSC scans for DMDS-alt-BDDVE .

Figure 7.1A shows that a single crystallization peak is observed upon
cooling for the DMDS-alt-DVE homopolymer, at all explored rates, from 1
°C/min to 50 °C/min. This exothermic peak corresponds to the crystallization of
the L— T, form, as previously demonstrated??. Upon subsequent heating, as seen
in Figure 7.1B, a first melting (T;,,) is observed, followed by immediate re-
crystallization (T,.), and a second melting (T,,,). It has been shown?? that the
first endothermic peak at T,,,; = 65 °C corresponds to fusion of the L-T,,, form
crystals, which re-crystallize at T, = 70 °C into the H-T,,, form crystals, which
melt at around T,,, =~ 80 °C. Interestingly, further studies demonstrated that this
polymer exhibits a third polymorph (i.e., the VL — T,,, form) when the material
is under extremely fast cooling and heating rates achieved by FSC experiments
(see Figure 7.2).
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Figure 7.2. FSC second heating scans after cooling at different rates. A)
DMDS-alt-DVE. B) DMDS-alt-TEGDVE. C) DMDS-alt-BDDVE.

DMDS-alt-TEGDVE displays a similar behavior when lower scanning
rates are employed. Figure 7.1C shows that DMDS-alt-TEGDVE, upon cooling
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at 1 °C/min, only displays a single exothermic peak at a crystallization

temperature of T,; = 42 °C indicating that only one of the polymorphs
crystallized during cooling, which we attribute to the crystallization of the L— T,
form. During the subsequent second heating, DMDS-alt-TEGDVE undergoes
a first melting (7,,,1), followed by re-crystallization (T,.), and a second melting
(Ty2)- The first endotherm at T;,,; = 59 °C is attributed to the fusion of the low-
melting temperature polymorph, the L— T,,, form. After the L—T,,, crystals have
melted, the sample re-crystallizes at T,, = 61 °C (in a cold-crystallization
process) into the high-melting temperature polymorph, the H- T, form, which
melts at higher temperatures, i.e., T, = 70 °C. Interestingly, at a rate of 5
°C/min, a similar behavior is observed during cooling as at a rate of 1 °C/min.
However, during the subsequent heating a single melting process at T},; = 60 °C
takes place, corresponding to the melting of the L-T,, form; that is, no re-
crystallization takes place. Additionally, DMDS-alt-TEGDVE behaves quite
differently when it is cooled and heated at higher rates (see Figure 7.1C and
Figure 7.1D), during cooling at 10 °C/min, two crystallization peaks appear at
T.; = 20°C and at T, = 12 °C. When the material is cooled at a higher rate of
20 °C/min the higher-crystallization peak, T,, decreases in intensity while the
lower-crystallization, T,,, increases indicating that the crystallization of one of
the polymorphs is becoming more prominent compared to the other polymorph.
Finally, as the rate increases to 50 °C/min again a single crystallization exotherm
at much lower temperatures, close to T,, ® —5 °C is observed. We attribute the
higher crystallization peak, T,q, to the L-T,, form while the peak at T., we
attribute to the VL-T,, form, as in the subsequent heating from 10 °C/min to 50
°C/min, DMDS-alt-TEGDVE undergoes a melting-recrystallization-melting
process. However, the first melting occurs at T,,; = 16 °C which can be
attributed to the melting of a very low-melting temperature polymorph, the

VL-T,, form. After the VL-T,, crystals melt, the sample immediately re-
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crystallizes at T, = 16 °C into the L- T,,, form. Finally, the L— T,,, form melts at
around T,,,, = 64 °C.

Finally, Figure 7.1E shows that DMDS-alt-BDDVE, upon cooling at 1
°C/min, exhibits only a single exothermic peak at T, ~ 82 °C, where only one
of the polymorphs crystallized. Upon heating, the first endotherm at 7,,,; = 92
°C is attributed to the melting of the low-melting temperature polymorph, the
L-T,, form. After the L-T,, has melted, the sample re-crystallizes at T,.. ~ 94
°C into the H-T,,, form, which melts at T,,,, = 99 °C. At higher cooling rates,
from 10 to 50 °C/min, DMDS-alt-BDDVE presents a similar behavior to that
observed for DMDS-alt-TEGDVE (Figure 7.1C - Figure 7.1D). For DMDS-
alt-BDDVE at 5 °C/min initially two exothermic peaks are observed and as the
cooling rate increases the lower-T, peak increases in enthalpy while the higher-
T, peak decreases. Additionally, upon heating the material also undergoes a
melting-recrystallization-melting process (see Figure 7.1F). However, from 10
°C/min to 50 °C/min, the first melting occurs at T,,,; = 73 °C, attributed to the
melting of the very low-melting temperature polymorph, the VL-T,, form.
After the VL-T,, has melted, the sample immediately re-crystallizes at T,.. = 76

°C into the L- T, form. Finally, the L-T,,, form melts at around T,,,, ~ 98 °C.

A direct crystallization of the H- T, form upon cooling from the melt in
the cases of DMDS-alt-TEGDVE and DMDS-alt-BDDVE was never observed

even using slow cooling rates in a microcalorimeter (i.e., 0.1 °C/min).

After describing the correlation between the non-isothermal
crystallization and melting behavior with the polymorphic nature of the DMDS-
alt-DVE, DMDS-alt-TEGDVE, and DMDS-alt-BDDVE alternating
homopolymers, we will focus on the nucleation and growth kinetics of each
polymorph; the overall crystallization will be studied and discussed in sections

below.
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DMDS-alt-DVE 1 °C/min

200 pm LT, HIT,,

1 °C/min

200um {1

Figure 7.3. PLOM images of DMDS-alt-DVE, DMDS-alt-TEGDVE, and
DMDS-alt-BDDVE during heating, at 1 °C/min, taken at different temperatures
after a previous cooling at 1 °C/min (during which the samples crystallized); the
temperature at which the image was taken is indicated in each micrograph. The
image shows the melting of the L-T,, form (produced during the previous
cooling from the melt), its melting and recrystallization into the H- T;,, form and
start of the final melting for all polymers. A) DMDS-alt-DVE; B) DMDS-alt-
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TEGDVE and C) DMDS-alt-BDDVE.

The polymorphic phases revealed by DSC were studied by performing
analogous non-isothermal experiments using a polarized light optical
microscope (PLOM). Thus, the same heating and cooling rates were employed
to visualize the phase changes. DMDS-alt-DVE exhibits similar behavior at
low and high rates (see Figure 7.1B); hence, similar results are expected to those

conducted in the DSC.

Figure 7.3A shows PLOM images taken during heating of DMDS-alt-
DVE at 1 °C/min after the samples were crystallized during cooling at the same
rate. Although the changes in the spherulitic morphology are less pronounced,
the material undergoes a sequence similar to that registered by the DSC
experiments in Figure 7.1B. As DMDS-alt-DVE homopolymer is being heated
at 1 °C/min, the micrographs show large positive spherulites that have a change
in the intensity of the transmitted light as they undergo a melting-
recrystallization-melting process (see Figure 7.1B and compare with Figure
7.3A). That is, at T,y = 66 °C, the partial melting corresponds to the L-T,,
form, which re-crystallizes at T, = 67 °C into the H-T,,, form, and then starts
to melt at around T,,,, = 81 °C. The brightest images correspond to the samples
before any melting: see Figure 7.3A micrographs corresponding to the
temperatures 60 °C (L-T,, form spherulites) and 75 °C (H-T,, form
spherulites).

Similarly, Figure 7.3B shows that by heating DMDS-alt-TEGDVE at 1
°C/min after crystallizing from the melt at the same rate, the micrographs show
small positive spherulites that undergo a similar melting-crystallization-melting
sequence in which T,,; =~ 58 °C corresponds to the start of the melting of the
L-T,, form (at 60 °C, the spherulitic texture almost disappears, indicating that

the L-T,,, form has completely melted and is cold-crystallizing simultaneously),
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which then re-crystallizes at T,. = 64 °C into the H- T,,, form, characterized by

lower intensity spherulitic morphology, which then starts melting at around T},
~ 67 °C. In this sample, the images after the first melting and cold-crystallization
are not as clear as it seems that the melting process is overlapping with the cold-

crystallization, which in turn overlaps with the second melting process.

Finally, the DMDS-alt-BDDVE homopolymer crystallizes into the L— T,
form (see Figure 7.1F and Figure 7.3C), which starts to melt at T;,,; = 92 °C
then re-crystallizes at T, =~ 93.5 °C into the H-T,,, form which starts to melt at
around T,,, ~ 100 °C. Hence, these results clearly indicate that, in fact, these
DMDS-alt-TEGDVE and DMDS-alt-BDDVE exhibit at least two distinct
crystalline phases. Here, we also note that in most polymers, the spherulites are
often negative; in the case of all three copolymers under study here, the
spherulites obtained are positive or a mixture of positive and negative
spherulites; this phenomenon will be discussed in sections below.
Another interesting observation that can be made from the images shown in
Figure 7.3 is the much lower nucleation density of DMDS-alt-DVE, as
indicated by the large sizes of the spherulites obtained. DMDS-alt-BDDVE is
characterized by an intermediate nucleation density, and finally, DMDS-alt-
TEGDVE has the highest nucleation density of active nuclei produced during
cooling at 1 °C/min. At this rate, the previous crystallization only produces the

L-T,, form for the three samples.

Similar experiments were conducted at 50 °C/min for all three
homopolymers, i.e., the homopolymers were first melted and crystallized at 50
°C/min. Images taken by PLOM during heating at 50 °C/min can be found in
Figure 7.4. First, Figure 7.4A shows the melting-recrystallization-melting
process for DMDS-alt-DVE, in which we can clearly see the melting of the

L-T,, phase and the re-crystallization into the H- T, phase and subsequent
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start of melting.

DMDS-alt-DVE 50 °C/min

200pm | T 200 ym L-T,, H-T,,

200 pm H-T,,
50 °C/min

200 pm VL-Tm 200 E L'Tn;u

LT, o 200pmy T
DMDS-alt-BDDVE

50 °C/min

=

VLT, o 80 200 pm e, o S0 200pme g g

G .20.0'pm L-T,,

Figure 7.4. PLOM images of DMDS-alt-DVE, DMDS-alt-TEGDVE and
DMDS-alt-BDDVE during heating taken at different temperatures after non-
isothermal crystallization; the temperature at which the image was taken is
indicated in each micrograph. The image shows the melting of one form
(VL-T,, in the case of DMDS-alt-TEGDVE and DMDS-alt-BDDVE and
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L-T,, of DMDS-alt-DVE) and the recrystallization into the H — T,, form
followed by the start of its melting for all polymers. A) DMDS-alt-DVE at 50
°C/min B) DMDS-alt-TEGDVE at 50 °C/min C) DMDS-alt-BDDVE at 50

°C/min.

A more complex behavior is observed for the other two copolymers (i.e.,
DMDS-alt-TEGDVE and DMDS-alt-BDDVE). The phase changes are more
subtle than when performing the same experiment at 1 °C/min. This is due to
the much higher number of active nuclei that were produced during the

formation of the VL- T, phase, which occurs at higher supercoolings.

Figure 7.4B shows the evolution of DMDS-alt-TEGDVE as the sample
is heated. Although total melting of the VL-T,, phase (T,,; = 15 °C) is not
clearly discernable, a change in birefringence is indicative that a phase changed
(i.e., re-crystallization of the VL- T, into the H-T,,, form) has occurred ata T,
~ 25 °C which subsequently starts to melt at 7,,,, = 60 °C. Furthermore, DMDS-
alt-BDDVE undergoes a similar phase transformation (Figure 7.4C) in which
the full melting of the VL- T, form is not distinguishable but rather a change in
birefringence as the sample re-crystallizes into the H-T,, form. That is, the
VL-T,, form of DMDS-alt-BDDVE melts at T,,,; = 75 °C and re-crystallizes
at T, = 80 °C and subsequently starts melting at T,,,, = 95 °C.

Additionally, for DMDS-alt-TEGDVE and DMDS-alt-BDDVE, as the
materials are being heated, complete melting of the lower melting phase (L —
T,,, form) before recrystallization (cold-crystallization) into the higher melting

phase (H — T,,, form) is not observed.

The reason for this could be that as the high-temperature phase forms from
the low-temperature phase (i.e., self-seeding occurs??), their crystal structures

could be similar, and thus, the transformation from one phase to the other would
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require a lower amount of energy. Additionally, nuclei density measurements

as a function of time (performed by quantifying the number of spherulites before
impingement on one another) were carried out. The results are reported in

Figure 8.2—Figure 8.5 in Appendix 2, located in Chapter 8.

Results shown in Figure 7.5 support the interpretation given above, as the
intensity of transmitted light through the crossed polarizers was measured
during heating and plotted against the temperature, in which the increase or
decrease in intensity correlates to the crystallization or melting of the phases,

respectively.

Some of the non-isothermal experiment results only showed a slight
difference in birefringence upon the second melting of the melting-
recrystallization-melting process. The same experiments were performed to
measure the light intensity, which will be later analyzed using the “ImageJ”
program. For these experiments, it was essential to remove the sensitive tint
plate that gives color to the spherulites under crossed polarizers and obtain
black-and-white images. The micrographs obtained were then analyzed
measuring the color intensity of each image.

The intensity varies depending on the crystallization of the sample,
showing low values when the sample is molten and increasing values as
crystallization occurs. The experiments were at 1 °C/min, 20 °C/min and 50
°C/min for DMDS-alt-DVE and 20 °C/min and 50 °C/min for DMDS-alt-
TEGDVE and DMDS-alt-BDDVE. The intensity values were then plotted as a

function of temperature. Results are shown below (Figure 7.5).
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Figure 7.5. Birefringence intensity as a function of temperature. A) DMDS-alt-
TEGDVE performed at 20 °C/min. B) DMDS-alt-TEGDVE performed at 50
°C/min. C) DMDS-alt-BDDVE performed at 20 °C/min. D) DMDS-alt-
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BDDVE performed at 50 °C/min. E) DMDS-alt-DVE performed at 1 °C/min.
F) DMDS-alt-DVE performed at 20 °C/min. G) DMDS-alt-DVE performed at
50 °C/min.

The cooling (black line) shows, in all cases a single crystallization
process: as temperature decreases, the intensity of the micrographs increases.
The second heating (red line) of the DMDS-alt-TEGDVE shows a small
increase in intensity at lower temperatures that may be due to the melting of the
VL-T,, polymorph. As temperature increases, a sharp decrease in intensity is
observed, corresponding to the melting of the H- T, form. Regarding DMDS-
alt-BDDVE, both experiments performed at 20 and 50 °C/min (Figure 7.5C
and Figure 7.5D) clearly show a melting-recrystallization-melting process
during the heating: intensity slightly decreases first, representative of the
melting of the VL-T,, form, then increases due to the recrystallization of the
H-T,, polymorph and finally decreases again as the latter polymorph melts.
Lastly, experiments performed on DMDS-alt-DVE at 20 and 50 °C/min (Figure
7.5F and Figure 7.5G), similarly to the previous copolymer, show a melting-
recrystallization-melting process during the second heating. However, the first
melting and recrystallization occur so quickly that the intensity peak is very
small, for which it was deemed necessary to repeat the experiment at 1 °C/min
(Figure 7.5E). Figure 7.5E clearly shows the first melting that corresponds to
the L—T,,, polymorphic form, and the recrystallization and second melting that

belong to the H- T, form.

Additionally, the range of T,.s from which we can follow the isothermal
crystallization of each of the three copolymers (DMDS-alt-TEGDVE, DMDS-
alt-BDDVE and DMDS-alt-DVE) was estimated from preliminary DSC scans.
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DMDS-a/t-DVE

DMDS-a/tTEGDVE

Figure 7.6. PLOM images of DMDS-alt-DVE, DMDS-alt-TEGDVE and
DMDS-alt-BDDVE after isothermal crystallization at the indicated T,. A)
DMDS-alt-DVE at low T, =48 °C and high T, =55 °C. B) DMDS-alt-
TEGDVE at low T, = 33 °C and high T, = 41 °C. C) DMDS-alt-TEGDVE at
low T, = 71 °C and high T, = 84 °C.

The lowest T, used was determined as the lowest temperature that could
be reached without onset of crystallization during cooling at 50 °C/min while

the highest T, was the highest temperature at which neither nucleation nor
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growth could be followed (due to a very small number of spherulites and/or a

very slow growth process). Hence, it was not possible to study the nucleation
kinetics for all polymorphs exhibited by the three copolymers. The range of T,s
at which it was possible to study DMDS-alt-DVE was determined to be from
T, =44°Cto T, =55 °C, the T, range of DMDS-alt-TEGDVE was from T, =
33 °Cto T, =41 °C and, lastly, DMDS-alt-BDDVE was determined to be
studied from T, =71 °C to T, =84 °C. The distinct melting point of each
polymorphic phase was used to determine which polymorph had been

crystallized and subsequently melted.

In Figure 7.6, for clarity, while multiple crystallization temperatures were
examined, we will hereby refer to a T, = 44 °C to allude to a low crystallization
temperature for DMDS-alt-DVE, a T, = 33 °C to refer to a low crystallization
temperature for DMDS-alt-TEGDVE and a T, = 71 °C to allude to a low
crystallization temperature for DMDS-alt-BDDVE. Additionally, a T, = 55 °C
will be used to reference a high crystallization temperature for DMDS-alt-
DVE, a T, = 41 °C will be used to refer to a high crystallization temperature for
DMDS-alt-TEGDVE and aT, = 84 °C will be used to allude to a high
crystallization temperature for DMDS-alt-BDDVE (see Figure 7.6). The
morphology observed varies from small spherulites at lower T,s (high
supercooling) to larger spherulites at higher T.s (low supercooling). The
changes in the size of the spherulite can be explained by knowing that higher
supercooling increases the nucleation rate by enhancing the thermodynamic
driving force for crystallization, and assuming that each spherulite is generated
by one nucleus, a higher nucleation rate leads to the formation of smaller
crystalline structures, and a slower nucleation rate leads to larger crystalline

structures as is the case here (see Figure 7.6).
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7.3 Structure determination for all three

homopolymers via WAXS experiments

Analogous in-situ experiments similar to those performed in the DSC
and PLOM were carried out using synchrotron wide angle X-ray scattering
(WAXS). Due to experimental conditions at the ALBA synchrotron facility,
these in-situ WAXS experiments were carried out at 20 °C/min. It is important
to notice that experiments carried out at 20 °C/min by DSC and PLOM exhibited
very similar results as those carried out at 50 °C/min. DSC experiments carried

out at 20 °C/min can be found in Figure 7.1.

Previous studies’! revealed, under analogous thermal protocols,
differences in the scattering curves which indicated the formation of two
different crystalline structures by the same polymer with slight variations in unit
cell parameters; for DMDS-alt-DVE the L —T,, form exhibited three
prominent diffraction peaks at ¢ = 14.5 nm’, 16.4 nm™!, and 17.6 nm™!, while
the H — T, form showed four peaks at ¢ = 14.5 nm™!, 15.9 nm™, 16.7 nm™,
and 17.7 nm™!, with similar uncertainties. Our studies yielded similar results

which are described in detail below.

The WAXS patterns measured at two distinct temperatures taken during
the second heating for each alternating copolymer are shown in Figure 7.7. In
Figure 7.7A, three distinct diffraction peaks can be identified at 14.6 nm™, 16.2
nm?, and 17.6 nm™ for DMDS-alt-DVE at T; = 40 °C for the L-T,,, form. The
diffraction pattern for the H-T,, form at T, = 76 °C shows a fourth low-
intensity peak that appears at 15.9 nm™, which is not observed for the L-T,,
form. Additionally, we can observe a slight shift in the position of the peaks
initially at 16.2 nm™ and 17.6 nm™ (at 40 °C) to higher g values at 76 °C, see

Table 7.1, where the scattering patterns and the exact position of each maximum
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for each homopolymer are reported.
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Figure 7.7. Comparison of the WAXS profiles obtained during heating at 20
°C/min for DMDS-alt-DVE, DMDS-alt-TEGDVE, DMDS-alt-BDDVE. A)
DMDS-alt-DVE at 40 °C (L — T, form is present) and at 76 °C (H — T,,, form
is present) B) DMDS-alt-TEGDVE at —10°C (VL — T,,, form is present) and at
40°C (H — T,, form is present) C) DMDS-alt-BDDVE at 10 °C (VL — T,,, form
is present) and at 80 °C (H — T,, form is present). The labeling of the

polymorphs present has been done based on the DSC and PLOM results.
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Table 7.1. Scattering g values of all polythioethers.

- q (nm™) q (nm) q (nm)
Polythioether VL-T, L-T, H-T,
- 14.6 14.6
- - 15.9
DMDS-alt-DVE

- 16.2 16.7
- 17.6 17.7
14.8 - 14.6

DMDS-alt-TEGDVE
16.8 - 16.7
14.7 - 14.6
DMDS-alt-BDDVE 17.0 - 16.8
18.0 - 17.8

The WAXS pattern for DMDS-alt-TEGDVE for the VL-T,, form at
T, = —10 °C shows two distinct peaks: a sharp peak at 14.8 nm™ and a broader
peak with a slight shoulder at 16.8 nm™. A small shift to lower g occurs (see
Table 7.1) when the VL-T,, form of DMDS-alt-TEGDVE at T, = 40 °C

transforms into the H- T,,, form.

Finally, in Figure 7.7C, the VL-T,, form (T; = 10 °C) of DMDS-alt-
BDDVE exhibits three distinct peaks one at 14.7 nm 17.0 nm™* and 18.0 nm*
while the H-T,,, form (T, = 80 °C) shows prominently two peaks which have
slightly shifted to lower gs at 14.6 nm™ and 16.8 nm™ and a small peak at 17.8
nm™. These results support our interpretation that the different phases have
similar crystalline structures, and hence, the transformation from one to the
other could occur via self-nucleation of the lower-melting phase, making the

transition from one phase to the other difficult to discern through PLOM
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experiments.

In general, all the results obtained by WAXS support the DSC findings
as differences could be found in the WAXS patterns corresponding to each
polymorph. However, the differences between the crystalline unit cells of the
different polymorphs should be quite small, as indicated by the small changes
detected in the WAXS results.

7.3.1 The origin of positive spherulites revealed by
AFM

The nucleation and growth kinetics were studied via PLOM after
identifying the polymorphs for all three alternating homopolymers employed
here. As mentioned in the above sections, the resulting spherulites of these
different polymorphs of all three homopolymers are either negative, positive or
often a mixture of both. Interestingly, when performing non-isothermal
experiments at various rates, we observed a change in birefringence as one
phase transformed into another. For this, experiments were carried out in which
we achieved the L —T,, and H — T,,, form of each polymorph and AFM
experiments were performed to determine the nature of this phenomenon and

gain a deeper insight into the morphology of each phase.

The spherulites in this work exhibit the typical Maltese cross pattern (as
seen in Figure 7.3 and Figure 7.4) when observed between crossed
polarizers?®24. Birefringence is a phenomenon in which a material exhibits
different refractive indices along different axes, splitting light into two polarized
components as it passes through the material®® and generally speaking, the
birefringence of spherulites is mainly dependent on the orientation of lamellar
crystals within them (and concomitantly the chain orientation in

crystallographic registry inside the lamellae)?®2>?5, Spherulite lamellar crystals
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grow radially from a central nucleation point extending outward symmetrically.

Positive
spherulite Sensitive tint plate

Negative
spherulite

Figure 7.8. Illustration of two types of spherulites under PLOM. A) Positive
Spherulite. B) Negative Spherulite.

To understand the optical properties of these spherulites, an indicatrix is
defined®®?’. For this, we are using a biaxial crystal model, where the refractive
indices along the a and b crystal dimensions have the same magnitude (n, =
ny), while the refractive index along the chain axis ¢ has a different value
normally expected to be larger (n. > n, = n,). Depicted in Figure 7.8 is an
ellipsoid whose axes are proportional to the principal refractive indices of a
crystal (defined as ordinary ray, n, and extraordinary ray, n.)*%*. That is, a long
axis representing the chain axis, n,, and a minor axis perpendicular to the chain
axis, n,. The reason we need two refractive indexes is that when light
interacts with the polymer chains along the chain axis, n,, (parallel to the
long axis of the ellipsoid), it experiences a different refractive index
compared to when it interacts with the polymer chains perpendicular to the

chain axis, n,. Therefore, n, = n. and n, = n, = n,.
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Figure 7.8A shows the case of a positive spherulite in which the
largest refractive index is in the radial direction of the spherulite, which in
the majority of cases indicates that the chain axis (i.e., the long axis) is
parallel to the radius of the spherulite and the smallest refractive index (i.e.,
perpendicular to the long axis) is tangential to the spherulite. That is, n,<
n, and when observed through PLOM with a sensitive tint plate, the 1 and 3
quadrant appear blue in color?®?°. For negative spherulites, see Figure 7.8B,
where n, > n, and when observed by PLOM with a sensitive tint plate, the 1%
and 3™ quadrant appear yellow?®?’. That is, the largest refractive index is

tangential to the spherulite.

Typically, in most polymeric spherulites, the crystalline lamellae grow
radially with their chains folded; therefore, the chain axis is tangential to the
spherulite, and the b axis is parallel to the radius; hence, most spherulites tend
to be negative’®?-!. However, in the case of DMDS-alt-DVE, DMDS-alt-
TEGDVE and DMDS-alt-BDDVE as seen in Figure 7.3, when non-isothermal
crystallization takes place the spherulites obtained are primarily positive, that
is, the highest refractive index is located along the radius of the spherulite. This
can be seen in the PLOM images as positive spherulites show quadrants two and

four of yellow color and the first and third quadrants of blue color**%’,

On the other hand, during isothermal experiments the situation is
different for each homopolymer. DMDS-alt-DVE presents positive spherulites
during non-isothermal and isothermal experiments. However, although DMDS-
alt-TEGDVE generally presents positive spherulites, it is important to note that
at lower T,s the spherulites appear to be more mixed (the quadrants are not so
well defined) which can be seen clearly in Figure 7.6B in the section above. For
DMDS-alt-BDDVE both positive and negative spherulites are formed. While
some are positive as soon as they are formed, others change from negative to

positive as they grow. This can be observed particularly as a mixture of positive
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and negative spherulites appears to be present as there are more nuclei which
can only grow to a certain extent (see Figure 7.6). At higher T,s, as there are
fewer nuclei, the spherulites can grow more, and as a result, most transform and
change signs to form positive spherulites. This change in sign from negative to
positive can be observed by taking a closer look at the center of the spherulites
(the nucleus) in Figure 7.6C, as there you can see that they started as negative
and switched to positive. More details on the optical properties of spherulites

can be found in references?32+26-28,

Figure 7.9 to Figure 7.11 present the topographical images captured by
AFM, showcasing the crystallization behavior of the homopolymers under

various conditions.

Figure 7.9. AFM images of the L —T,, (cooling at 10 °C/min to room
temperature) and H — T,,, (heating at 10°C/min to 73 °C) phases in DMDS-alt-
DVE sample. A) L — T,,, form of DMDS-alt-DVE. B) H—T,,, form of DMDS-
alt-DVE.
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Notably, the images reveal the presence of large spherulites, some

exceeding 100 um in diameter, as observed by PLOM. Within these spherulites,
the radial growth of lamellae is evident, with distinct patterns indicative of their

formation process and crystalline structure.

Figure 7.9 shows the topographical features obtained for DMDS-alt-
DVE after non-isothermal crystallization during cooling at 10 °C/min from 100
°C to 25 °C, thus the crystallization of the L — T,, form is taking place. The
sample was subsequently heated from 25 °C to 73 °C and quenched (Figure
7.9B), thus creating the H — T,,, form. The images include a 100 pm x 100 pm
area covering the same spherulite in both panels and different magnifications
(indicated by the white squares). The morphological features are clearly
different, in agreement with previous results obtained by PLOM in this

sample?l?2.

The L — T, form (Figure 7.9A) shows large spherulites, which exhibit
long lamellae with the typical radial growth. The subsequent heating and
crystallization at T, = 73 °C (H — T,,, polymorph) retain the previous spherulitic
template but with new anisotropic crystalline structures that emerge within the
template, thus retaining the crystalline memory (Figure 7.9B). For DMDS-alt-
TEGDVE and DMDS-alt-BDDVE there is also a change in the morphological
features, but in these samples, it has been more difficult to locate the previous
crystalline templates ( see Figure 7.10 below).
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DMDS-alt-TEGDVE

Figure 7.10. AFM images of the L — T,,, and H — T,,, phases in DMDS-alt-
TEGDVE and DMDS-alt-BDDVE copolymers. A) L — T,,, form of DMDS-
alt-TEGDVE. B) H — T,,form of DMDS-alt-TEGDVE. C) L — T,,, form of
DMDS-alt-BDDVE. D) H — T,,, form of DMDS-alt-BDDVE.

A detailed examination of the morphologies obtained for each polymorph
(the L — T,,, and H — T,, form) are depicted in the AFM images in Figure 7.11.
The images clearly reveal the morphological differences between the two
polymorphs, with the presence of parent lamellae that grow along the radius of
the spherulites (with the c-axis tangential to the spherulites), but also daughter
lamellae that are more difficult to see (at the magnification presented in Figure
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7.11, a close-up of the cross-hatched morphology marked in Figure 7.11C can

be better seen in Figure 7.12 below) that grow perpendicularly to the dominant

parent lamellae (with their c-axis parallel to the spherulites radii).

Figure 7.11. AFM images of DMDS-alt-DVE, DMDS-alt-TEGDVE and
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DMDS-alt-BDDVE of the L — T,,, and H — T,,, phases. A) L — T,,, form of
DMDS-alt-DVE B) H—T,, form of DMDS-alt-DVE C) L — T,, form of
DMDS-alt-TEGDVE D) H—T,, form of DMDS-alt-TEGDVE E) L — T,
form of DMDS-alt-BDDVE F) H—T,,, form of DMDS-alt-BDDVE.

DMDS-a/t-DVE (L-T,,)
: ¥

Figure 7.12. AFM images of the L — T,,, phase in DMDS-alt-DVE copolymer
at different magnifications. The arrows indicate the direction of the main (radial)
and daughter (perpendicular) lamellae.

This peculiar lamellar branching generates a morphology usually termed

3

‘cross-hatched” similar to that observed in isotactic polypropylene?®. The
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spherulites may be positive, negative, or mixed depending on the parent versus

daughter lamellae ratio.

While the AFM only probes the surface of the film prepared, PLOM
averages the optical properties of the entire film, as the light is transmitted
through the thickness of the sample. Thanks to observing the cross-hatching
morphology via AFM at the surface of the films in Figure 7.9 and Figure 7.11,
we can explain the peculiar finding of positive spherulites, which is uncommon
in most polymers?3. The formation of the cross-hatched morphology depends on
the exact secondary nucleation of the daughter lamellae on the parent lamellae.
It could also rely on the specific polymorph that is formed by the conditions for

its development (i.e., from the melt or upon cold-crystallization).

7.3.2 Overall crystallization kinetics of all three

homopolymers via DSC and FSC

We measured separately the primary nucleation and the spherulitic
growth kinetics of the L— T,,, phase of DMDS-alt-DVE, DMDS-alt-TEGDVE
and DMDS-alt-BDDVE and the results are presented and discussed in
Appendix 2 located in Chapter 8. In the present section we focus on the DSC
overall crystallization kinetics (which include both primary nucleation and
growth kinetics) of these homopolymers. DSC isothermal crystallization
experiments were carried out in a small range of temperatures, as limited by the
maximum cooling rate of the calorimeter employed under temperature control

(i.e., 60 °C/min).

For DMDS-alt-DVE the T ,,;, was determined to be T, = 60 °C, this
temperature represents the threshold at which the material can be rapidly cooled
without undergoing crystallization. Knowing the T, ,,;,, the sample was heated

to its molten state and kept there for 3 min to erase thermal history. Then, the
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sample was rapidly cooled down to a range of T, values with T, > T, i, and
kept at this temperature until saturation. Finally, the sample was heated to T;,, +

30 °C.
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Figure 7.13. DSC scans for DMDS-alt-DVE, DMDS-alt-TEGDVE and

- 205 -



% Chapter 7 — Polythioethers

DMDS-alt-BDDVE at the indicated T, A) DSC scans measured during
isothermal crystallization of DMDS-alt-DVE at the indicated T, values. B)
Subsequent heating scans at 20 °C/min of DMDS-alt-DVE after the isothermal

crystallization scans shown in A. C) DSC scans measured during isothermal
crystallization of DMDS-alt-TEGDVE at the indicated T, values. D)
Subsequent heating scans at 20 °C/min of DMDS-alt-TEGDVE after the
isothermal crystallization scans shown in C. E) DSC scans measured during
isothermal crystallization of DMDS-alt-BDDVE at the indicated T, values. F)
Subsequent heating scans at 20 °C/min of DMDS-alt-BDDVE after the

isothermal crystallization scans shown in E.

Figure 7.13A through Figure 7.13E show that during isothermal
crystallization in the DSC at the employed T, values, a single polymorph
crystallized for each alternating homopolymer as deduced by the presence of a
single crystallization isotherm (Figure 7.13A, Figure 7.13C and Figure 7.13E).
Results in Figure 7.13B for DMDS-alt-DVE show that the heating scan
immediately after the isothermal crystallization allows us to determine that the
L-T,, polymorphic phase was the one formed during the isothermal
crystallization. This is because, its first melting peak upon heating from T, is
in the right T}, range, and is followed by successive cold crystallization (to form
the H — T,,, form) and a second melting, as previously demonstrated®!** and

also seen in Figure 7.1B.

For DMDS-alt-TEGDVE and DMDS-alt-BDDVE, the polymorph that
crystallized during isothermal crystallization was the L — T,,, form, as indicated
by the melting temperatures seen in Figure 7.13D and Figure 7.13F,
respectively. Additionally, no other melting peak was observed in the heating

scans after isothermal crystallization.

Figure 7.13A, Figure 7.13C and Figure 7.13E show the crystallization of
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the materials as a function of time. The data can be integrated and expressed as

a relative conversion as a function of time (see analogous data derived from
Flash DSC experiments in Figure 7.18 below), from which we can determine
when the experimental overall crystallization reaches 50% conversion, this
provides a measure of the overall crystallization rate. The data obtained was

fitted to the Avrami theory which can be expressed as (Equation 7.1) below®°

1 - V. (t—t,) =exp(—k(t—t,)™) Equation 7.1

The theory is described in detail in Chapter 2; the parameters obtained
from applying the Avrami theory can also be found in Table 8.2—Table 8.4 in
Appendix 2, located in Chapter 8. The Avrami theory successfully described the
overall crystallization kinetics (especially during the primary crystallization, up
to 50% conversion, as detailed in the data presented in Appendix 2, located in
Chapter 8). The overall crystallization kinetics data obtained by DSC for the
three homopolymers will be discussed below, together with complementary
data obtained by Flash DSC (see Figure 7.19 and its discussion).

A protocol was designed to isolate each polymorphic phase in these
alternating homopolymers, as it has been established that through conventional
rates such as those used in DSC and PLOM experiments, all of the present
polymorphs cannot be isolated. For this, an FSC technique that can apply rates

of up to 40,000 °C/s was employed.
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Temperature
Temperature

Figure 7.14. A) Protocol used to isolate each polymorphic phase via FSC. B)
Protocol used to study the crystallization kinetics via FSC of DMDS-alt-DVE
and DMDS-alt-TEGDVE.

The FSC protocol created for DMDS-alt-DVE and DMDS-alt-TEGDVE
consisted in, first, the materials were heated thirty degrees above T,, to erase
any thermal history. Then, they were rapidly cooled to various isothermal
temperatures, T,, and kept there for 1 h. The samples were then cooled
rapidly to a temperature below T, then subsequently heated to a temperature
T, + 30 °C. The subsequent heating scans show the melting endotherm after
the applied crystallization procedure for each T, (The protocol described
above can be found in a schematic plot in Figure 7.14A). The T, used is

indicated on top of each curve in Figure 7.15A and Figure 7.15B.
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Figure 7.15. FSC heating scans of DMDS-alt-DVE, DMDS-alt-TEGDVE and
DMDS-alt-BDDVE. Heating scans at a rate of 1,000 °C/s, after 1 h isothermal
crystallization at the indicated T, for: A) DMDS-alt-DVE, B) DMDS-alt-
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TEGDVE and C) DMDS-alt-BDDVE. FSC heating traces at different times

after isothermal crystallization until saturation at the indicated T, for: D)
DMDS-alt-DVE, E) DMDS-alt-TEGDVE and F) DMDS-alt-BDDVE.

The heating and cooling rates chosen for DMDS-alt-DVE and
DMDS-alt-TEGDVE for these experiments were 1,000 °C/s, as it was
determined that at this rate, the materials do not crystallize during cooling or

heating.

Interestingly, for DMDS-alt-DVE in Figure 7.15A at T, = 60 °C, it
would seem that no crystallization processes are taking place. However, this
is not the case, Figure 7.16, as well as previous studies?? showed that when
taking a close-up look at the heating curves, another very weak endotherm
with a melting point at around T,,, = 82 °C associated with the melting of the
H-T,, form can be found. As previously reported in our recent study?? and
in Chapter 6, this result indicates that the formation of the H-T,,, form is
highly dependent on the cooling rate and the duration of the annealing step
during isothermal crystallization. That is, DMDS-alt-DVE can exhibit a
H-T,, form; however, the formation of the H-T,, form via isothermal
crystallization at rates above 1 °C/s can only be achieved through
excessively long periods (>24 h); therefore, it is out of our experimental
window, and determining crystallization Kinetics of this form is not suitable

via this methodology.
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Figure 7.16. FSC heating scans of DMDS-alt-DVE, heating scans at a rate of
1,000°C/s, after 1 h isothermal crystallization at the indicated T, for: A) DMDS-

alt-DVE all temperatures B) close-up of high crystallization temperatures.

Similarly, the resulting scans for DMDS-alt-TEGDVE (see Figure
7.15B) showed that up to four endothermic processes can be observed in the
heating traces depending on the different T, values applied to the material.
At T. = —60 °C, no endotherms can be observed; however, we can
distinguish a glass transition temperature at ca. —30 °C. Furthermore,
between T, = —21 °C to T, = 10 °C, we can observe an endotherm at ca. T,

~ 25 °C, associated with the melting of the VL- T, form.

At T, = 15 °C, in Figure 7.15B, we observe two convoluted endotherms
indicating that two types of crystallites are being melted. One with a T;,, = 25 °C
and another T,, =~ 60 °C. The first endotherm, as previously mentioned, is
associated with the melting of the VL-T,,, form, while the second endotherm
is associated with the melting of the L-T,,,. Fora T, =20°Ctoa T, = 30 °C,
another broad endotherm associated with the melting of the L-T,, form at
ca. T,,, = 60 °C can be found. Finally, fora T, =40°Ctoa T, = 70 °C, another
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broad endotherm associated with the melting of the H-T,,, form at ca. T,,, =

75 °C can be observed. Therefore, in the range of temperatures from —21 °C
to 10 °C, we can follow the kinetics for the VL-T,, form, and in the range
of 15 °C to 55 °C that of the L-T,,, form.

On the other hand, DMDS-alt-BDDVE required a different protocol
for non-isothermal experiments at various cooling rates as it was observed
that even when using cooling rates of 40,000 °C/s, the material upon heating
experienced a sharp cold-crystallization (see Figure 7.2C). Because of this,
the T, i OF the material was determined, and the crystallization kinetics of
the VL — T, form was followed by firstly, heating the material up to 7,,, +
30 °C to erase the thermal history. Then, it was rapidly cooled down to a T,
above the T, ;5 (at which the material does not crystallize upon cooling)
and kept there for 1 h. The sample was directly heated from T, to a
temperature of T,, + 30 °C. The subsequent heating scans show the
evolution of the melting of the material that previously crystallized during
the thermal treatment for each T,. The detailed protocol employed can be
found in a schematic plot in Figure 7.17. The T, ,,,;, Was determined to be 50
°C, and the range of T, studied was from 50 to 60 °C for the VL- T,,,. Having
established the temperature and rate conditions via FSC; here we
investigated the overall crystallization kinetics for both VL-T,, and L-T,,
forms of DMDS-alt-DVE and DMDS-alt-TEGDVE and the VL-T,, form
of DMDS-alt-BDDVE via isothermal crystallization. The protocol
employed was chosen based on previous kinetic studies®*2 and can be found

in a schematic plot in Figure 7.14B and Figure 7.17.
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Temperature

Figure 7.17. B) Protocol used to study the crystallization kinetics via FSC of
DMDS-alt-BDDVE.

For clarity, only one temperature for each polymorph of the different
homopolymers is shown in Figure 7.15D, Figure 7.15E and Figure 7.15F.
However, all temperatures exhibited a similar consistent trend. For DMDS-alt-
DVE, T, = 30 °C corresponds to the crystallization of the L—T,,, form, and T, =
—10 °C corresponds to the VL-T,, form. An endothermic peak corresponding
to the melting of each polymorph after the applied isothermal crystallization

protocol is shown in Figure 7.15D.

Similarly, for DMDS-alt-TEGDVE, the crystallization of the L— T,,, form
occurred at a T, =25 °C, while at T, = 0 °C the VL- T,,, form was developed (see
Figure 7.15E). Finally, Figure 7.15F shows the evolution of the crystallization
of the VL —T,, form as a function of time at a T, =53 °C for DMDS-alt-
BDDVE.
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For this, it is important to establish that the overall polymer

crystallization kinetics process, measured by DSC or FSC, contains both

nucleation and growth components.
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Figure 7.18. Crystallization Kkinetics of DMDS-alt-DVE, DMDS-alt-
TEGDVE and DMDS-alt-BDDVE at the indicated T,. A) Evolution of
crystallization extracted from normalized enthalpy values with time for DMDS-
alt-DVE and their corresponding Avrami fits B) Evolution of crystallization
extracted from normalized enthalpy values with time for DMDS-alt-TEGDVE
and their corresponding Avrami fits C) Evolution of crystallization extracted

from normalized enthalpy values with time for DMDS-alt-BDDVE and their

corresponding Avrami fits.
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The normalized enthalpies obtained from the integration of the FSC

curves (such as those reported in Figure 7.15) were plotted against the
crystallization times (t) and their corresponding Avrami Fits for DMDS-alt-
DVE, DMDS-alt-TEGDVE and DMDS-alt-BDDVE in Figure 7.18A, Figure
7.18B and Figure 7.18C, respectively (see Table 8.2 - Table 8.4 in Appendix 2,
located in Chapter 8). As can be seen in Figure 7.18A-Figure 7.18C, the fits to
the Avrami theory are very good in the primary crystallization range, i.e., until
about 50% conversion to the semicrystalline state, or just before any

impingement of most of the spherulites occurs during crystallization.

In Figure 7.19, all the values of experimental half-crystallization times
obtained by isothermal DSC and FSC experiments for all three homopolymers
are plotted versus T.. We can see that the overall kinetics are faster as T,
increases for the VL-T,, form of DMDS-alt-DVE and DMDS-alt-TEGDVE
as the time needed to reach 50% conversion decreases. In turn, for the L-T,,, of
DMDS-alt-DVE and DMDS-alt-TEGDVE as T, increases, the crystallization
rate decreases; hence, the half-crystallization time increases.

This trend can be observed in the results obtained from both FSC and DSC
experiments for DMDS-alt-DVE. Therefore, the overall crystallization kinetics
of VL-T,, forms are faster; this could be attributed to the fact that this phase is

the less thermodynamically stable phase, and thus, it is kinetically favored333#,
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Figure 7.19. Half-crystallization time (z7509,) as a function of crystallization

temperature for DSC and FSC for all three polymers.

Since the L- T,,, form is more thermodynamically stable than the VL-T,,,
its overall crystallization kinetics should be slower, as is the case here. In the
case of DMDS-alt-DVE, this is further supported by the fact that the H-T,,
form has such slow kinetics that it was not possible to measure its crystallization

kinetics even with FSC.

On the other hand, for DMDS-alt-TEGDVE during DSC experiments,
the overall crystallization of the L — T,,, form follows the same trend; that is, as
T. increases the half-crystallization time increases. For DMDS-alt-BDDVE, a
smaller range of temperatures was able to be studied due to the fast kinetics of
this homopolymer in which we observed that for the VL-T,, form, the

crystallization rate follows a different trend in the same form for DMDS-alt-
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TEGDVE and DMDS-alt-DVE; here, as T, increases, the half-crystallization

time also increases, and hence, the rate becomes slower.

In summary, Figure 7.19 shows the general expected trend for the overall
crystallization rates of polymers (if all polymorphs are considered), where the
rate first increases with supercooling up to a maximum value (i.e., minimum
half-crystallization time in Figure 7.19) and then decreases as temperatures
become low and approach vitrification. However, there are several interesting
novel features in Figure 7.19: (i) It was possible to follow for the first time the
overall crystallization kinetics of alternating homopolythioethers; (ii) the
crystallization rate of isolated polymorphs was also measured for these types of
homopolymers by matching FSC and DSC results depending on the
crystallization temperature range of the 3 different crystalline phases; (iii) we
were able to measure a trend regarding the relative crystallization rate of the

three different homopolymers.

Regarding the crystallization rates, the homopolymer with the fastest
overall crystallization kinetics (considering all polymorphs) among the 3
studied here is DMDS-alt-BDDVE, followed by DMDS-alt-DVE and then
DMDS-alt-TEGDVE. This order is consistent with the separate measurements
performed of primary nucleation (where the order in Figure 8.5A in Appendix
2, located in Chapter 8, can also be considered as DMDS-alt-BDDVE >
DMDS-alt-DVE > DMDS-alt-TEGDVE by extrapolating the curves in the 40-
90 °C range).

The homopolymers’ chemical repeating units are relatively similar to one
another, see Scheme 7.1. As the homopolymers include heteroatoms like
oxygen and sulfur, explaining the order of the overall crystallization rate by
considering the differences in the chemical structure of the repeating units of
the homopolymers is not easy. The overall crystallization kinetics is influenced

-217 -



% Chapter 7 — Polythioethers

by chain flexibility, molecular diffusion, nucleation, and intermolecular

interactions. We assume that the molecular weight differences can be ignored,

as the three polymers have a similar range of 10-17 kg/mol.

We decided to perform molecular dynamic simulations to predict the
diffusion capabilities of these alternating homopolymer molecules in the melt
as a function of their molecular structures. The predicted values could be used
as a first guideline to interpret the differences in crystallization rates
experimentally determined. Specifically, a polymer chain tends to crystallize
more rapidly when it possesses greater diffusive properties. That is, the ability
of the polymer chains to diffuse in the melt plays a pivotal role in the transport
of chains from the melt to the crystallization front. The molecular dynamic

simulations were carried out, and will be discussed in a separate section below.

The Avrami index (n) predicts the type of superstructures and their
evolution with time. However, these predictions have to be corroborated by
separate experiments to observe the generated morphology (usually PLOM
or AFM), as the order of the kinetics may not accurately reflect the type of
microstructures formed. Table 8.2—Table 8.4 in Appendix 2, located in
Chapter 8, shows how n can vary with T, for each polymorph formed. For
the VL-T,, form, at all T.s, the Avrami index can be approximated to 2. This
result can be interpreted by considering that instantaneously nucleated
axialites were formed. Similarly, for the L-T,, polymorph, at low T,s, the
growing structures can be described as axialites according to the Avrami

index values close to 2.

For DMDS-alt-DVE, PLOM and AFM studies showed that the T ,,,;,
at which the sample could be crystallized isothermally was above 35 °C;
therefore, we cannot determine under conventional rates if the material’s

morphology coincides with the results obtained from fitting to the Avrami
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model. Nevertheless, at high T.s (i.e.,> 35 °C), the parameter n describes

spherulitic growth obtained from FSC and DSC experiments??. AFM results
(see Figure 7.9 to Figure 7.11) show this spherulitic morphology.

Unfortunately, it was impossible to observe the morphology of
VL-T,, as it crystallizes at very low-crystallization temperatures, and the
melting point is close to room temperature (the temperature at which our
AFM studies could be conducted). Similar results were obtained for DMDS-
alt-TEGDVE and DMDS-alt-BDDVE, in which for most T_s, the Avrami
index was close to 2. However, as seen in PLOM and AFM experiments, the
resulting morphology for all forms of DMDS-alt-TEGDVE and DMDS-
alt-BDDVE homopolymers were spherulites, a fact that does not match in

this case the predictions of the Avrami index.

7.3.3 Density, characteristic ratio and chain diffusion

simulation

Figure 7.20 shows the dependence of the melt density and characteristic

ratio (C,,) with the temperature for each polymer.
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Figure 7.20. A) Melt density and B) Stiffness (characteristic ratio) as a function

of the temperature for the three simulated polymers.
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Polythioethers were found to have a higher density than poly(ethylene
oxide), PEO (see Figure 8.9 in Appendix 2 located in Chapter 8). DMDS-alt-
DVE has the higher density among the three polythioethers. In addition, the

decrease in density can be observed with increasing temperature for all systems
(Figure 7.20A).

In terms of polymer backbone flexibility, all polythioethers (Figure
7.20B) display a lower C,, value compared to PEO (Figure 8.8 in Appendix 2,
located in Chapter 8). Significantly, the chain dimensions exhibit a positive
temperature-dependent expansion, contrary to the negative expansion observed
in PEO. This distinctive behavior is attributed to the incorporation of the bulky
sulfur atom in the backbone. While variations in C,, values are subtle, it suggests
that among the three homopolymers, DMDS-alt-DVE may indeed display
higher flexibility. The diffusion of polymer chains is an important aspect to
consider during crystal growth. Faster diffusion facilitates polymer chains to
reach the crystal front, thereby increasing the crystallization rate. In Figure 7.21,
the atomistic mean square displacement at two different temperatures is

presented. At long times, the polymer dynamics are governed by chain

diffusion.
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Figure 7.21. Atomistic mean-square displacements (MSD) of the backbone
atoms for each of the three homopolymers studied here at different temperatures
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A) 450 K (177 °C) and B) 500 K (227 °C).

The DMDS-alt-BDDVE homopolymer exhibits the fastest diffusion,
while the DMDS-alt-TEGDVE has the slowest. This disparity in chain mobility
in the melt may account for the observed slower crystallization rate in the
DMDS-alt-TEGDVE homopolymer. Conversely, the high chain mobility of
DMDS-alt-BDDVE homopolymer can justify its exceptionally high overall

crystallization rate, as indicated in Figure 7.21.
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7.4 Conclusions for Chapter 7

DMDS-alt-DVE, DMDS-alt-TEGDVE, and DMDS-alt-BDDVE
homopolymers exhibit distinct non-isothermal crystallization behaviors and
polymorphic phases. Our study successfully identified the different
polymorphic phases and investigated their nucleation and growth kinetics for
DMDS-alt-DVE, DMDS-alt-TEGDVE, and DMDS-alt-BDDVE using a
combination of DSC, FSC and PLOM experiments. The DSC and PLOM results
showcase their unique melting, recrystallization, and melting sequences in
which we resolve the thermal behavior for VL-T,,, L-T,, and H-T,, forms.
We also showed that the nucleation density varies among homopolymers,
influencing spherulite sizes. Furthermore, in-situ WAXS experiments compared
the crystalline structures in the three homopolymers, showing minor but distinct
diffraction peaks. Most homopolymers exhibit some positive spherulites (as
indicated by PLOM) whose origin is connected to the cross-hatched
morphology that was observed by AFM. In terms of nucleation, growth, and
overall crystallization, we were able to determine the kinetics associated with
each process for some of the phases within each homopolymer. The overall
crystallization kinetics was studied with DSC and FSC for the different
polymorphs. The results clearly indicated an order in crystallization rate:
DMDS-alt-BDDVE > DMDS-alt-DVE > DMDS-alt-TEGDVE. These
differences were attributed to the different chemical repeating units of these
homopolymers. Molecular dynamic simulations identified differences in the
diffusion of the chains in the melt that can explain the order found in the

crystallization rate.
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8.1 Final Remarks

This thesis emphasizes the critical importance of understanding the
intricate processes underlying crystallization processes occurring in polymer
materials as understanding these processes is paramount for the advancing of
polymer technologies for a range of applications. By investigating the complex
solidification behavior semiconducting polymers and polymorphic
polythioethers, this work aimed to fill the gap regarding crystallization Kinetics,
phase transitions and microstructure on both bulk and thin-film methodologies.

The study of conjugated polymers, PFO and PBTTT, highlights the
influence of preexisting molecular arrangement in the resulting crystallization
kinetics and solid-state morphology. The findings in this thesis show the
importance of resolving the thermotropic behavior of these polymers to forward
our understanding of structure-property relationships and optimize device
fabrication protocols. Our findings on the crystallization dynamics of PFO from
both isotropic and liquid crystalline states have demonstrated that preexisting
molecular order profoundly influences the behavior of this polymer. While
preexisting molecular order accelerates the formation of active nucleation
centers, which in turns leads to faster crystallization Kinetics in the early stages
of primary crystallization, diffusion of the chains during the secondary
crystallization stage is hindered. This hindrance slows down the crystal growth
process, leading to longer times required for samples crystallized from the liquid
crystalline ordered state to reach full crystallization compared to those
crystallized from the isotropic disordered melt state. This suggests a complex
interplay between molecular order and crystallization dynamics, which in turn,
have implications for the morphology and optical emission properties of PFO.

Similarly to our PFO study, the presence of a preexisting order in PBTTT
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enhances crystal nucleation rates compared to the isotropic liquid phase.

Notably, our study challenges the conventional understanding of PBTTT
transitions. We provide evidence suggesting that at the temperatures
conventionally used for thermal annealing of the high mobility terrace phase,
PBTTT exists in a liquid state rather than a solid, implying that the formation of
the terrace phase occurs through a crystallization process from a semi-ordered
liquid crystalline state. Moreover, the results showed a complex overall
crystallization kinetics for PBTTT, diverging from the general crystallization
behavior observed in commodity polymers. This complexity underscores the
unique nature of crystallization in semiconducting polymers and highlights the

need for further fundamental investigations into their structure development.

Similarly, the exploration of polymers with high sulfur content such as
alternating copolymers DMDS-alt-DVE, by employing advanced calorimetric
techniques and tailored thermal protocols showed that these polymers can
exhibit up to three polymorphic forms, known as the VL — T,,, L — T,,, and
H —T,, forms. This work highlights the direct relationship between
processing conditions and the microstructure of the material. By designing
a series of thermal protocols, the isolation of the individual phases or a
combination of two or three phases was achieved.

Motivated by these findings further analysis on DMDS-alt-DVE,
DMDS-alt-TEGDVE and DMDS-alt-BDDVE novel polythioethers provided
further insights into the complex solidification behaviors and the tunability and
controlled formation of different crystalline polymorphs of these materials. The
results showed that DMDS-alt-TEGDVE and DMDS-alt-BDDVE also
possess three distinct polymorphic phases with distinct structural and
morphological characteristics. A series of characterization and calorimetric

techniques, such as DSC and PLOM, helped shed light into the varying
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crystallization and melting sequences of all polymorphs at different rates. The

presence of the uncommon positive spherulites found for these materials were
correlated with the cross-hatched morphology observed through AFM.
Additionally, the overall crystallization kinetics revealed a clear order in
crystallization rate: DMDS-alt-BDDVE > DMDS-alt-DVE > DMDS-alt-
TEGDVE. With the aid of molecular dynamic simulations this order was
explained by the distinct repeating units of each copolymer; results help
identifying variances in the diffusion of the chains in the melt, thus providing
the underlying factors contributing to the observed order in crystallization rate.

That is, a higher diffusivity will yield an overall faster crystallization rate.

In summary, the findings shown throughout this thesis offer new insights
into the complex crystallization behavior of semiconducting and non-
semiconducting polymers by explaining in depth the interrelations between

thermal processing, structure and properties.

8.2 Future Work

Moving forward, further research in this area holds the potential to unlock
new frontiers in organic electronic technologies and beyond, driving innovation
and technological advancement in the field of polymer science. Particularly,
similar work conducted here for PFO and PBTTT should be conducted on other
semiconducting polymers exhibiting similar characteristics as to show if there
is a common Kinetic, structural or any other type of trend amongst this class of

polymers.

Moreover, although here we have delved into the crystallization kinetics
of these high-sulfur containing copolymers. Further studies need to be
conducted, as preliminary studies have shown that all three copolymers DMDS-
alt-DVE, DMDS-alt-TEGDVE and DMDS-alt-BDDVE seem to be able to
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generate a vary order structure below T,,. The implications and reasoning behind

this phenomena will be further explored in future work.
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8.4 Appendix 1: supplementary information for
Chapter 5

o 30.6°C - 40.4°C : 50.4'C = 60.3°C o 70.1°C 80.4°C 90.4°C

Figure 8.1. In situ GIWAXS patterns for PBTTT films acquired during heating
from 30 °C to 300 °C.
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Table 8.1 Values obtained from applying the Avrami theory to the experimental
data

T.(°C) State 1/t2%exp (min') k" (min')  Avrami Index (n)

ISO 0.23 0.06 1.2
60

LC 0.54 0.1 0.89

ISO 0.66 0.23 1.4
65

LC 0.86 0.24 1.1

ISO 0.26 0.06 0.97
70

LC 0.82 0.17 0.89

ISO 0.32 0.03 0.65
75

LC 0.59 0.13 0.96

ISO 1.10 0.20 0.89
80

LC 0.93 0.23 1.05

ISO 0.44 0.09 0.88
85

LC 0.35 0.07 0.89

ISO 0.41 0.08 0.90
90

LC 0.740 0.11 0.88
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8.5 Appendix 2: supplementary information for
Chapter 7

8.5.1 Nuclei density (N)

The nuclei density (N) was followed as a function of time (t) by
quantifying the number of nuclei before impingement on one another. It was
important to measure the thickness of the film within the area observed in the
microscope to accurately determine the number of nuclei per cubic centimetre,
i.e., the nucleation density (N). Figure 8.2, Figure 8.3, and Figure 8.4 shows N
as a function of t at different T, of all three copolymers. For DMDS-alt-DVE,
the point of saturation for N at T, = 44°C is much higher as it saturates after
30 s, while at higher crystallization temperatures, i.e., T, = 55°C, longer
times of up to 6 min are required to reach saturation. Furthermore, in the
lower T,s range (from T, = 44 °C to T, = 51 °C), the number of spherulites
increases with decreasing T, due to a much higher nucleation density
because of faster nucleation. Consequently, similar trends are observed for

other T,s. That is, as T, increases, the nucleation density decreases.
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Figure 8.2. Nucleation density of DMDS-alt-DVE. A) PLOM images taken at
T, = 44 °C after reaching saturation B) PLOM images taken at T, = 55 °C after
reaching saturation C) Nucleation density for different T, as a function of time

(t) D) Nucleation density as function of T..
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Figure 8.3. Nucleation density of DMDS-alt-TEGDVE. A) PLOM images
taken at T, = 33 °C after reaching saturation B) PLOM images taken at 7, = 41
°C after reaching saturation C) Nucleation density for different T, as a function

of time (t) D) Nucleation density as function of T,.
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Figure 8.4. Nucleation density of DMDS-alt-BDDVE. A) PLOM images taken

at T, = 71 °C after reaching saturation B) PLOM images taken at T, = 84 °C

after reaching saturation C) Nucleation density for different T, as a function of

time (t) D) Nucleation density as function of T.
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Figure 8.5. Primary nucleation and superstructural growth kinetics of DMDS-
alt-DVE, DMDS-alt-TEGDVE and DMDS-alt-BDDVE after isothermal

crystallization as a function of supercooling. A) Primary nucleation rate (I) B)
Spherulitic growth rate (G); red (DMDS-alt-DVE), blue (DMDS-alt-

TEGDVE), green (DMDS-alt-BDDVE).
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Table 8.2. Avrami parameters for DMDS-alt-DVE

DMDS-alt-DVE

Technique T (°C)

zso% exp (mint) k™ (min't)

Avrami index (n)

-30 7.7 6.5 2.4

-25 4.6 2.9 1.7

-20 7.6 5.7 1.6

-15 7.5 6.0 1.6

-10 11.0 8.7 1.7

-5 145 10.2 1.5

FSC

0 20.7 18.1 2.5

15 131 8.6 2.0

20 6.8 5.9 1.9

25 6.0 5.4 2.0

30 6.1 4.3 1.8

35 3.2 3.1 3.7

60 0.23 0.21 2.83

60.5 0.20 0.18 2.8

61 0.17 0.15 3.08

DSC 61.5 0.14 0.12 3.07
62 0.12 0.11 3.32

62.5 0.09 0.08 3.17

63 0.07 0.06 3.41
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Table 8.3 Avrami parameters for DMDS-alt-TEGDVE
DMDS-alt-TEGDVE

Technique T (°C)  1/7s0% exp (min'l) kl/n (min'l) Avrami index

(n)

-30 2.40 2.08 2.8

-25 3.00 2.29 2.2

-20 3.64 2.14 1.5

-15 6.37 4.05 1.7

-10 8.33 5.75 1.7

-5 9.35 6.89 1.9

msC 0 9.90 8.87 2.1
5 10.00 10.02 2.2

10 5.46 5.69 3.1

15 2.61 2.33 2.9

20 0.88 0.71 2.1

25 0.93 0.56 2.2

46 0.15 0.13 2.74

46.5 0.12 0.11 3.05

47 0.10 0.09 3.06

pse 47.5 0.09 0.08 3.04
48 0.08 0.07 3.28

48.5 0.07 0.07 3.31
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49 0.06 0.06 3.88

Table 8.4. Avrami parameters for DMDS-alt-BDDVE
DMDS-alt-BDDVE

Technique T (°C)  Uzsowexp (Min) k" (min) Avrami EP}?GX
53 10.17 11.66 1.93
54 9.09 8.57 2.24
FSC 55 8.70 8.39 1.83
56 6.54 6.52 1.99
57 6.37 4.88 1.87
79 0.28 0.24 2.6
79.5 0.22 0.19 2.7
80 0.17 0.15 2.69
DSC 80.5 0.14 0.12 2.91
81 0.11 0.10 2.86
815 0.09 0.08 2.72
82 0.08 0.08 2.7
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8.5.1.1 Derivation of an ad-hoc force field for polymers

The force field employs Lennard Jones (LJ) parameters sourced from the

OPLS-AA force field!. Atomistic charges were computed using the monomer

of each polymer through the following procedure:

3.

In Materials Studio 2022, a polymer chain consisting of a single monomer
capped with methyl groups is constructed. Subsequently, 60 chains are
assembled in a simulation box at a density of 0.8 g/cm?® using the Amorphous
builder module. After minimizing the simulation box, a short 1 ns NPT
simulation is conducted with the COMPASS force field. This simulation
duration proves sufficient for density equilibration in the initial stages. The
structures at 0.7, 0.8, 0.9, and 1.0 ns are then exported to PDB format for

use in the subsequent step.

The open-sourced in-house GeCos toolkit(https://github.com/jrdcasa/gecos)
is utilized for extracting, optimizing, and analyzing monomer conformers.
GeCos is specifically designed to obtain conformers using MD trajectories
and optimize them at the quantum molecular level with the Gaussian
package. This toolkit supports distributed calculations and recovery through
a computing cluster. The DFT theory level employed for optimization and
electrostatic charge determination is CAM-B3LYP/cc-PVTZ//ICAM-
B3LYP/6-31G* in Gaussian 16. Numerous conformers are generated, with
only the ten most stable conformers selected for deriving the electrostatic

charges.
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Figure 8.6. Electrostatic charges at each atom for DMDS-alt-DVE, DMDS-
alt-TEGDVE, DMDS-alt-BDDVE and PEO polymers. The fitting process in
RESP was carried out with n =1. Equivalent groups exhibit identical charges,
resulting in a total charge of zero. The accompanying inset table compiles the
Lennard-Jones (LJ) parameters derived from the OPLS-AA force field.
Additionally, these parameters are available in the accompanying topology files

associated with this paper.

5. The restrained electrostatic potential (RESP) module of the Multiwfn
package? was employed to calculate electrostatic charges, utilizing both
charge and equivalence constraints. Specifically, the groups CH2-O-CHy,
CH2-S-CH2, CH»>-CH2 and terminal CHz were constrained to be equivalents,
with a total charge equal to zero in all polymers. The electrostatic charges
for each polymer and the corresponding atom type names are illustrated in
Figure 8.6. Additionally, the Lennard Jones parameters are taken from

OPLS-AA, and the specific values are presented in the inset table.
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6. The bonded parameters (bond, bend and dihedral terms) were derived

utilizing the QForce toolkit, incorporating the electrostatic charges and LJ
parameters derived in prior steps. Employing quantum mechanical
calculations, each monomer was fragmented, as illustrated in Figure 8.7, to
enhance computational efficiency. The dihedral energy profiles for
individual flexible bonds are presented in Figure 8.7 Comprehensive details
of these parameters are accessible in the accompanying topology files linked
to this paper.

b)

: S A
< <
£ by yk‘fi‘u'p‘f o

DVE-DMDS BBDVE-DMDS
TGE-DMDS

BBDVE-DMDS

PEO

Figure 8.7. Fragments utilized in then Q-Force toolkit to derive the bonded
parameters, encompassing all necessary bond, angle and dihedral terms.

8.5.1.2 Validation of the force field

Validating force fields for polythioethers presents a difficulty as direct
experimental data is lacking. To assess the reliability of the obtained force field,
an indirect validation approach has been adopted by applying the same
methodology to develop a force field for polyethylene oxide polymer (PEO),
for which experimental data is readily available in the literature. In this
validation process, two characteristic features have been considered: (i) Melt
density from PVT measurements®# and (ii) Characteristic ratios (C,) in PEO

melts via SANS (Small Angle Neutron Scattering) experiments®.
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In Figure 8.9A, the melt density of PEO is shown as a function of

temperature, revealing a very good agreement between experimental®* and
simulated values. The calculated thermal expansion coefficient at constant
pressure (o = (dlnv/dT)p, where v is the specific volume) stands at 1.0 x 103 K
! closely to the experimental one of 0.7 x 10% K1, Chain stiffness is calculated
from MD simulations (Figure 8.9B), demonstrating excellent agreement
between simulated Coo values for PEO and experimental data. Furthermore, the
observed negative temperature coefficient of chain dimensions in the melt
chains is well captured in the simulations, aligning precisely with the
experimental behavior®. Hence, drawing from this indirect validation, it may be

suggested that the force field shows a reasonable level of accuracy.
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Figure 8.8. QM vs Q-force torsional energy profiles for all flexible torsions of
DMDS-alt-DVE, DMDS-alt-TEGDVE, DMDS-alt-BDDVE and PEO

polymers.
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Figure 8.9. A) Melt density and B) Stiffness (characteristic ratio) as a function
of the temperature for polyethylene(oxide) (PEO).
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