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Abstract

This research investigates complex phenomena during the polymer crystallisation and
self-assembly of chiral liquid crystals through theoretical concepts in physics and
molecular dynamics simulation.

Self-poisoning has been reported in three poly(ethylene brassylate) (PEB) polymers,
which also exhibit quantised lamellar thickening; where the crystalline layer increases by
multiples of the repeating unit’s length. The poisoning is characterised by two minima in
the crystallisation rate of the polymers. A one-dimensional quantitative model is
developed from the extension of the Higgs and Ungar model to study the self-poisoning.
The parameterised model agrees with the experimental curves, even capturing the
minima.

Another case of self-poisoning was identified in precision polyethylene derivatives,
specifically bromine-substituted poly(ethylene bromine) (PEBr). The three PEBr
polymers exhibiting self-poisoning showed a growth rate minimum near the melting point
of a less stable form of the polymer. The one-dimensional model developed for PEB was
found to better fit the experimental growth rate data of PEBr compared to models
attributing poisoning to competition between more and less stable forms.

A recent united-monomer model of polyethylene (PE) was extended by incorporating
bromine atoms to mimic PEBTr, enabling further study of its crystallisation. In this
model, one bead representsa C,H4 unitor CoHBr, . Two crystallisation
protocols were employed: self-seeding and continuous cooling. The self-seeded systems
displayed temperature-dependent quantised lamellar thickening, while the continuous
cooling systems did not. Quenching the system revealed bromine alignment into layers,
similar to experimental observations in PEBr.

The crystallisation of the high-molecular-weight poly(lactic acid) stereocomplex is
significantly hindered in a 1:1 mix. It has been suggested that this is due to the local
fluctuations in enantiomer concentration within the melt. A Monte Carlo simulation on a
two-dimensional lattice is employed to mimic the di [udion-driven motion of PLA
enantiomers, capturing the e [edts of temperature and di [udion on stereocomplex
formation. Crystallisation and melting probabilities are parameterised to investigate
their interplay with di[udion. Metrics such as crystallinity of the stereocomplex and
homochiral clustering are tracked during the simulations. The results of the simulation
suggest that the stereocomplex can grow at lower tempertures.

A liquid crystal phase (LC) with chiral columns composed of achiral molecules with
straight cores and aliphatic long chains is also reported. The observed LC phases exhibit
an equal number of left- and right-handed columns, rendering the overall phase achiral.
The chirality arises from a balance between the parallel stacking of the cores to maximise
interactions and the avoidance of clashes by the tails. Two interacting dimers of
the molecules were found to prefer perpendicular arrangements to optimise packing and
minimise head-on clashes. A model of rotating quadrupoles was developed to capture the
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interactions of dimers within the columns due to their similarity to linear electric
quadrupoles. The experimentally observed Fddd configuration was found to have the
lowest energy per dimer compared to three alternative configurations.
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1 Introduction

Over the last century, there has been a shift from reliance on condensed hard matter to materials
designed for speci ¢ applications. Hard condensed materials are characterised by the arrange-
ments of its particles into highly ordered lattices. It is then possible to predict the behaviour
and properties of the material from the interactions of its particles. Many of these properties
are now well known and understood as compared to soft matter materials. Soft matter physics
is a sub eld of condensed matter physics dealing with materials that are easily deformed by
thermal uctuations and external forces. Materials in this category exhibit diverse properties
and include polymers, liquid crystals, colloids, gels, emulsions, foams, and surfactants. These
systems consist of basic units larger than atoms but smaller than the overall size of the mate-
rials, and exhibit weak interactions. Consequently, their properties, such as high sensitivity to
temperature changes, make them challenging to study.

The name 'soft matter' was in fact coined by Pierre-Gilles de Gennes, a French physicist,
during his Nobel prize talk. He received a Nobel prize in physics for his work adapting methods
used to study hard matter ordering to soft matter, particularly liquid crystals and polymers.
These have been used in studying phase transitions in liquid crystals. However, there is still a
lot that remains unknown and misunderstood about polymers and liquid crystals to this day.
There are many attempts to synthesise new polymers and liquid crystals for speci c use to take
advantage of some of their properties, yet this is limited by the fact that not many successful
theories exist to predict the results. It is clear that rst principle approaches would not be

e ective in computing the interactions of the systems with many atoms unlike in hard matter
systems, but rather it calls for e ective potentials and coarse-grained approaches.

1.1 Objectives of the Study

Polymers are the most widely used soft matter materials. Polymers are materials composed
of large chain-like molecules formed from repeating units, synthesised from smaller molecules
called monomers. They have many functions in everyday life, from being used as simple carrier
bags to being used in construction.In most applications, polymers are used in their crystallised
form, where segments of their chains become ordered, resembling the structure of hard matter.
However because of their long chain nature and intrinsic polydispersity (the chains having a
distribution of lengths), their crystallisation is not as well understood as compared to met-
als. Liquid crystals are another signi cant class of soft materials, combining uidity similar to
isotropic liquids with the long-range order characteristic of crystalline solids. However, phenom-
ena such as the self-poisoning e ect in polymer crystallisation and the spontaneous formation of
chirality in liquid crystals remain poorly understood from a quantitative theoretical perspective.

This research focuses on exploring complex experimental phenomena in polymer and liquid



1.2 Thesis Outline

crystal systems through theoretical concepts and computer simulations. To achieve this my
supervisors Professor Gillian Gehring and Dr Xiangbing Zeng, and | collaborated with Professor
Goran Ungar from the Materials department within the University to identify such systems. Dr
Zeng and Professor Ungar provided guidance on how to interpret the experimental data and to
the key interactions to consider in our coarse-graining. Our collaboration proved very fruitful as
insight o ered from an experimental view would either point to an existing theoretical concept
or lead to novel ideas. The approach taken afterwards was to implement existing theories in
physics where possible to develop theoretical models that would able to interpret or reproduce
the experimental data. This thesis aims to:

Identify polymer systems suitable for theoretical analysis.
Understand and improve existing theories relevant to these systems or similar ones.

" To design appropriate models and simulations to capture the mechanisms of the systems.

~

parameterise models to compare theoretical results with experimental data.

1.2 Thesis Outline

The remainder of this chapter introduces polymer crystallisation, chirality in polymers, and the
systems central to this thesis. It begins with the basics of polymer crystallisation, followed by

a discussion of secondary nucleation theories, such as the Lauritzen-Ho man theory, and intro-
duces self-poisoning as a phenomenon these theories fail to explain. The chapter also highlights
recent cases of self-poisoning in precision polymers, speci cally poly(ethylene brassylate) and
poly(ethylene bromine) (PEBr), as well as poly(lactic acid) which are investigated in this thesis.

It continues by exploring chirality in polymers and liquid crystals, focusing on its impact on
their assembly. The chapter concludes by presenting a newly discovered columnar liquid crystal
phase with chiral columns formed from achiral molecules, exhibiting Fddd symmetry.

Chapter 2 outlines the methodologies used in the results chapters. It begins by detailing the
curve- tting method used to parameterise the quantitative models of self-poisoning developed
in Chapters 3 and 4. The chapter continues with an explanation of molecular dynamics simula-
tions, particularly the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software, which is employed in Chapter 5 to simulate PEBr. Monte Carlo dynamics are then
introduced, along with the relevant algorithms. The chapter concludes by describing the model
of linear electric quadrupoles used in Chapter 7 to quantify interactions in the chiral liquid
crystal system.

Chapter 3 presents a quantitative coarse-grained model to explain self-poisoning in polymers
with quantised lamellar thickness, adapted from the Higgs and Ungar model for long-chain n-
alkanes. This model is parameterised for PEB, enabling comparisons with experimental data.



1.3 Polymer Crystallisation

Chapter 4 extends the study of self-poisoning by examining PEBr. The one-dimensional model
developed for PEB is shown to t experimental growth rate data for PEBr better than a model
based on competition between crystal forms.

Chapter 5 focuses on molecular simulations of PEBr using LAMMPS. These simulations in-
vestigate its growth and provide further insights into the mechanisms identi ed in Chapter
4.

Chapter 6 employs a Monte Carlo simulation to study the crystallisation of the poly(lactic acid)
stereocomplex. This chapter explores the e ects of temperature and di usion on crystallisation,
tracking metrics such as stereocomplex crystallinity and homochiral clustering.

Chapter 7 introduces a model of rotating quadrupoles to quantify interactions in a liquid crystal
system with chiral columns. The experimentally observed Fddd con guration is shown to have
the lowest energy per dimer compared to three alternative con gurations.

Chapter 8 summarises the main ndings of this research and discusses potential directions for
future work.

1.3 Polymer Crystallisation

1.3.1 Polymers

Polymers are made up of long exible chain-like molecules consisting of repeating substructures
that are covalently bonded together [1, 2, 3]. They are made from smaller molecules called
monomers through a process known as polymerisation. One of these polymer chains could
range from several microns to mm in length. Polymers are ubiquitous in everyday life, with
applications ranging from shopping bags to construction materials, many of which require their
crystalline form for enhanced properties.



1.3 Polymer Crystallisation

1.3.2 Crystallisation

Figure 1.1: Unit cell of sodium chloride (NaCl) and polyethylene. (a) The unit cell of NaCl
showing the position and order of the ions. The sodium ions are depicted as small red spheres
and the chloride ions as the green bigger spheres. (b) The unit cell of polyethylene which is
orthorhombic and contains 4 chains, with its chains arranged along the c-direction.

Reproduced from [4] and [5].

Crystallisation is a process by which atoms, ions, or molecules arrange themselves into a well-
ordered, repeating structure known as a crystal. The crystal is characterised by long-range
positional and orientational order [6]. In materials such as metals and ionic compounds, this
results in the formation of a lattice. The lattice is a three-dimensional (3D) array of points
representing the equilibrium positions of the constituent particles [7]. The lattice exhibits
periodicity, meaning the arrangement repeats uniformly throughout the crystal. Its structure

is de ned by a unit cell, the smallest repeating unit that captures the symmetry and spatial
arrangement of the lattice. The entire crystal structure can be reconstructed by translating the
unit cell in three dimensions [8].

While metals and ionic compounds form simple lattices, polymers crystallise in more complex
patterns due to their chain-like molecular structure. The repeating units are small, and the
crystal's periodicity is consistent across long distances. A typical example of this is sodium
chloride (NacCl), with the unit cell shown in gure 1.1(a), consists of sodium ions (in red) and
chloride ions (in green) arranged in a repeating pattern.



1.3 Polymer Crystallisation

Polymers can undergo crystallisation akin to that of smaller molecules, where segments of chains
lose their mobility and become ordered as they are cooled or as the solvent they are dissolved
in is evaporated [3, 9]. In contrast, polymer unit cells are more complex due to the large, chain-
like nature of polymer molecules. Instead of simple atoms or ions, the unit cell of a polymer
contains segments of long molecular chains, as seen with polyethylene in gure 1.1(b), leading
to irregular shapes and arrangements.

1.3.3 Polymer Single Crystal

Early studies on polymer crystallisation suggested that polymers could only achieve low crys-
tallinity, with most segments remaining disordered [10]. Later, it was discovered that higher
crystallinity polymers could be grown with polymers made of chains that have less branching
and are more exible like low-density polyethylene (PE) [11, 12]. Even more interestingly, near
100% crystallinity crystals, often with help of seeding, could be grown under special conditions
of slow crystallisation and from dilute solution (under 0.% concentration), and these crystals
are called polymer single crystals [13, 14, 15, 11]. Polymer single crystals are regular shape,
plate-like, very thin crystals that are much larger laterally, shown in gure 1.2(a) and (b).
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Figure 1.2: Molecular organisation in a polymer single crystal. (a) lllustration of a polymer
single crystal with the thickness signi cantly smaller than the lateral length. (b) Image of a
polymer single crystal under the microscope. (c) Diraction pattern showing the direction of
the chain orientation, along the thickness of the polymer single crystal. (d) The folded chain
arrange into lamella with the straight side of the chains along the thickness of the lamella.
The chains are added to the lamella perpendicular to the thickness. This creates a fold
surface at the ends and another in the direction of growth of the lamella. Adapted from [10]

Experimental results from electron microscopy have revealed that the chains in polymer single
crystals are oriented along the thickness of the crystal, the shortest dimension of the crystal, the
c-axis of the unit cell [16] as shown in gure 1.2(c). The thickness of the crystal (about 10nm)
is much shorter than the full length of the molecules, (several microns to mm long) and hence
this result has led to a well-established concept of the chain folded crystallisation. The polymer
chains only go a short way perpendicular to the lateral dimensions before folding back and forth
many times on themselves. The folded chains arrange in thin, plate-like crystalline lamellar
structures [11]. Each fold occurs at the surface of the lamella, and the polymer chains are added
perpendicular to the lamellar surface. The chains then leave and re-enter the lamella at nearest
neighbouring positions [11]. The resulting structure has two surfaces, the lateral surface where
the chains are added to the lamella, and the fold surface at the ends gure 1.2(d).
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1.3.4 Crystal growth

Classically many substances crystallise through nucleation and growth, where nucleation starts
the process and then the crystal spreads [17]. Similarly, the process of polymer crystallisation
can be divided in these two stages. Nucleation, the initial step in crystallisation, involves the
spontaneous arrangement of polymer chains into an ordered structure [18]. This process can
be categorised into two main types: primary nucleation and secondary nucleation [19]. Each
type plays a distinct role in the formation and growth of polymer crystals. Primary nucleation
refers to the formation of the very rst crystalline nuclei in a polymer melt or solution [17].

It can take place uniformly throughout the polymer melt or solution without any preferential
nucleation sites, homogeneous, or at speci ¢ sites within the polymer melt or solution, such as
impurities, additives, or surfaces of the container, heterogeneous [20].

Homogeneous nucleation occurs when polymer chains arrange into a crystalline structure with-
out external assistance. This process requires a signi cant amount of energy because it involves
the creation of new surfaces (interfaces between the crystalline and amorphous regions) without
any external assistance. While in heterogeneous nucleation the sites lower the energy barrier
required for nucleation by providing a template that facilitates the orderly arrangement of
polymer chains. The size of the critical nucleus required for stable nuclei formation depends on
the free energy barrier to crystallisation. This critical nucleus size determines the di culty of
nucleation and is in uenced by factors like undercooling] T, or supersaturation.

Secondary nucleation occurs on the surfaces of pre-existing crystals, where new nuclei form. This
process is crucial during the growth phase of crystallisation. Primary nucleation is normally
dominant only at the start of the crystallisation in non-seeded (without a pre-existing nucleus)
processes [21]. Then polymer chains in the melt or solution can attach to the surface of these
nuclei, forming new crystalline layers. Then further nuclei are formed on the pre-existing
crystalline surfaces to allow for further crystal growth. This process continues, leading to the
growth as more chains attach and crystal grows.
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1.3.5 Structural Hierarchy in Semi-crystalline Polymers

Figure 1.3: Structural Hierarchy in Semi-crystalline Polymers. a Represents the unit cell of
the crystalline structure (with a lattice spacing of 0.74 nm in one direction). This is the
smallest structural level, where the basic repeating units pack into a regular arrangement. b
Shows the formation of a lamellar structure, which consists of folded polymer chains. The
thickness of these lamellae is around 10 nm. The chains fold back and forth, creating a
layered structure with alternating crystalline and amorphous regions. c lllustrates the
formation of a spherulite. The lamellae branch out radially, creating a pattern that resembles
tree branches or a fan-like shape. This branching helps to |l space during the crystallisation
process. d Depicts the semi-crystalline arrangement of the crystalline layers sandwiching the
amorphous regions. e Shows a fully developed spherulite with a diameter of approximately
100 m . The radial growth of the lamellae from the nucleation point creates this larger,
spherical structure. f lllustrates the macroscopic morphology of the crystallised polymer
material, with spherulites impinging into each other lIling the entire volume. The size of
these spherulites can reach around 1 mm, and grain boundaries (blue line) form where

di erent spherulites meet. Taken from [22]

Melt-grown polymers also crystallise forming lamellar structures [15, 23]. Unlike in the ideal case
of single crystal polymers with one lamella ( gure 1.3b), most melt- and solution-grown crystals

are semi-crystalline, with multiple lamellae separated by amorphous regions [24] ( gure 1.3d).
The lamellar in these semi-crystalline polymers is similar to those in the single crystal polymers,
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albeit less ordered. For semi-crystalline polymers, the lamellar thickness is the crystalline layer
thickness plus that of the amorphous layer. In some cases of high nucleation a chain can pass
through an amorphous region from one lamella and joins onto another. Such chains are called
tie molecules or tie chains [25].

In semi-crystalline polymers, the lamellar arrangement often evolves into more complex struc-
tures known as spherulites [26] such as in gure 1.3e. Spherulites are well-known phenomenon
that is ubiquitous to many compounds of small molecule solids [27, 28, 29]. In polymers they
form as the polymer crystallises, with lamellae radiating outward from a nucleus to create a
spherical, 3D structure. Unlike simpler lamellar arrangements, in spherulites, the lamellae can
twist and branch as they grow ( gure 1.3c), adding to the complexity of the structure. Within
the spherulite, the lamellae are interspersed with amorphous regions. When viewed under po-
larised light, spherulites show that the polymer chains are arranged tangentially around the
nucleus, and thus the lamellae grow radially from the centre nucleus. The spherulites will grow
until they crash into each other, forming interspherulitic boundaries ( gure 1.3f) that may
exhibit less perfect crystalline order compared to the core.

In many polymers, spherulites are often observed in the range of 1 106 , but they can
grow larger under slower cooling conditions, reaching sizes up to several millimeters [22, 30].
This makes them visible under an optical microscopy which allows for the evolution of their
crystalline layers to be directly measured. The rate at which the crystalline lamellae extend
outward from a nucleation site to form a spherulite is referred to as the growth rate of the
polymer. It describes how quickly the crystalline regions within the polymer grow, measured
as the distance travelled by the growth front per unit time. In most instances the radii of the
spherulites are seen to grow linearly with time [31].

The growth rate values obtained from directly measuring the change in the diameter of the
spherulites with time are very accurate. On the other hand, the process may take a long
time and in polymers with high-nucleation the spherulites may be too small for the growth
rate to be determined this way [32]. In such instances it is better to measure the overall
transformation from the amorphous to the crystalline state occurs in the polymer, referred to
as the crystallisation rate [31]. It includes both the nucleation rate and the growth rate of
crystalline regions. The crystallisation rate represents the speed of the entire crystallisation
process, resulting in a change in the degree of crystallinity over time. The crystallisation rate
is related to the growth rate by the equation below,

= GN(t) (1.1)

where G is the growth rate and N(t) is a time dependent function about the number of
spherulites growing [31].

It is traditionally measured using the Di erential Scanning Calorimetry (DSC), where the heat
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released during crystallisation is monitored [33]. The area under the exothermic peak in a
DSC curve corresponds to the extent of crystallisation, and the time to reach half of the peak
height (half-time) gives an indication of the crystallisation rate. For polymers with high heating
and cooling rates, typically ranging from hundreds to thousands of degrees Celsius per second,
an advanced calorimetric Fast Scanning Calorimetry (FSC) is preferred over the conventional
DSC [34]. The core principle of FSC is similar to that of traditional DSC, where the heat
ow associated with thermal transitions is monitored. Techniques like X-ray di raction (XRD)

or infrared spectroscopy (FTIR) can also track changes in crystallinity over time, providing a
measure of the crystallisation rate.

1.3.6 Thermodynamics of polymer crystallisation

Figure 1.4: Lamellar structure illustrating lateral dimensionsx and y, average thicknes$ and
along with the surface energies per unit area for the lateral surfaces and  for the fold
surfaces.

The formation of a lamella crystal begins with nucleation, followed by the addition of new
molecular chains to the growing crystalline structure. This process creates two distinct surfaces:
the fold surface, where chains change direction, and the lateral surface, where new chains
attach. The free energy change associated with this process forming a lamella crystal with
lateral dimensionsx and y, average thicknesd and along with the surface energies per unit
area for the lateral surfaces and  for the fold surfaces as shown in gure 1.4, can be divided
into two, the bulk and surface energy changes.

The bulk free energy change ( puk) represents the di erence between the crystalline and
amorphous states, and is given by,

10
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buk = Xyl ¢ (1.2)

wherexyl is the volume of the lamella and . is the free energy change per unit volume for
the transition from amorphous to crystalline state and is taken to be positive. The change in
the surface energy accounts for the creation of new surfaces on the sides of the lamella and
creation of new surfaces at the folds surfaces. The total change due to surface energyyrace

is then

surface — 2Xy e + 2|(X + y) (13)

The total change in the free energy ; is then

f =2Xy ¢+2I(X+Yy) xyl c (1.4)

If the lateral dimensionsx andy of the lamella are signi cantly larger than the thicknesd, the
term 2I(x + y) becomes negligible compared t&xy ., simplifying the free energy calculation:

f 2Xy e Xyl [ (1-5)
At the melting temperature of the crystal, T, ¢ Is zero and
(Tm) =2 (1.6)

For an in nitely large perfect crystals the free energy change per unit volume is,

c1 (T)= Hea (T) T Seu (T) (1.7)

where Hc; (T) and S;.; (T) are the enthalpy and entropy changes during the crystallisation
for the in nite crystal.

At the melting temperature of in nitely large crystal, Tp.1 , the crystal becomes in equilibrium
with the melt around it and 1 becomes zero.

Then equation (1.7) can be rearranged to have S.; (T.1 ) as the subject of the formula

Sc;l (Tm;l ) = Hc;l (Tm;l ):Tm;l (18)

11
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At T, the free energy change per unit volume of the in nitely large crystal is non-zero and
given by,

c1 (Tm)= Hea (Tm) T St (Tm) (1.9)

For high melting temperaturesT,, the di erences in entropy change betweeil,, and Tn,.; tend
to be minimal. Therefore it is reasonable to approximate S;.; (Tn,) as,

Sc;l (Tm) Sc;l (Tm;l ) (1-10)

Assuming that similarly there is little temperature dependence, then H¢; (T,,) can be ap-
proximated as,

Hc;l (Tm) Hc;l (Tm;l ) (1-11)

By substituting equations 1.10 and 1.11 into 1.9 we get,

¢t (Mm) = Hea (Tmz) T Hea (T )=Tmt (1.12)

Equating equations 1.6 and 1.12 we get

2 =l=Hci (Tm1) Tm Hea (Tt )=Tma (1.13)
This can be rearranged as,

2 ¢

Tn=Tm:s 1 ———— % —
" m1 | Hc;l Tm;l

(1.14)

This derivation leads to the well-known Gibbs-Thomson equation, which relates the melting
temperature of a lamella with a given thickness to the melting temperature of an in nitely large
crystal. The equation can also be rearranged to obtain the minimum stable lamellar thickness
at a given temperature,

2
min = —= (2.15)

12
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where T = Tn,.1 Tn. The critical lamellar thickness is inversely proportional to supercooling
as observed experimentally. Lamellae with greater thickness can also grow, contributing to
metastable states characteristic of chain-folded crystallisation. However, an increase in thickness
typically lowers the free energy, making the crystal more stable overall

1.3.7 Kinetic Theory of Polymer Crystallisation

Figure 1.5: The growth rate due to the competition between the barrier term and the driving
force. The barrier term is proportional toexp ( Ep=(kT)), whereEy is the barrier, The
driving force increases witH, but at a slower rate than the decrease of the force due to the
barrier term. Hence the overall growth rate is positive fot > | ., but decreases to zero at
large I, with a maximum in between. Adapted from [35]

It is assumed that polymers growth is controlled by kinetics and not thermodynamics [35].
This has led to a rise in many kinetic theory models. These models are all characterised by
a driving force and an energy barrier [35]. The driving force for crystallisation increases with
supercooling, leading to higher crystallisation rates at lower temperatures. This driving force
Is also related to the thickness of the lamellar, fok > | ., , the driving force increases. It is
usually derived from the free energy di erence from the melt and the crystal and is normally the
same for all the theories. The molecules then must overcome a barrier to attach to the crystal

13



1.3 Polymer Crystallisation

and increase its lamella [35]. The exact nature of this barrier is speci c to each theory. Often
the barrier term is used instead of the barrier. The barrier term represents the energy required
for molecular attachment and is proportional toexp ( E,=(kT)), whereEy, is the barrier. The
growth rate of the polymer is then a result of the competition between the two forces, gure
1.5.

Lamella of any thickness greater than the minimum stable thickness can be formed, however it
is the thickness with the fastest growth rate that is observed to grow. The experimental ndings
indicating that the growth rate is proportional to exp( 1= T) and the formation of facetted
single crystals in solution provide strong evidence that polymer crystallisation is governed by
nucleation. The formation of well-de ned, single crystals in the solution indicates a speci c,
orderly process of crystal formation, rather than a more random or amorphous aggregation of
polymer molecules [35]. As a result, most kinetic theories are secondary nucleation theories.
In this introduction the two most famous secondary nucleation theories of Lauritzen - Ho man
and Saddler - Gilmer are discussed, with attention paid to the former as it is analytical like the
models developed later in this work.

1.3.8 Lauritzen - Ho man Theory

The Lauritzen-Ho man (LH) theory is one of the most widely used kinetic theories, providing a
gquantitative framework for understanding polymer crystal growth [36, 37]. The theory focuses
on secondary nucleation as the driving force for crystallisation, assuming the preexistence of a
crystal.

14
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Figure 1.6: Schematic for the Lauritzen - Ho man theory and free energy landscape. (a) The
model of LH theory for stems of widtha, and depth ky. The surface tensions on fold and
lateral surfaces are . and , respectively. Taken from [35]. (b) The possible transitions in the
LH theory. A's and B's are rate constants for addition and subtraction of a stem and depend
upon the number of neighbours of a stem, from [35]. (c) The change in free energy for the LH
theory with the number of stems. (d) The ux S() of crystals grown with lengthl, and

driving force (1 B=A) and the barrier term (NoAo), where Ng is the number of crystals
growing with lamella of thicknesd, equation 1.22. The barrier favours growing of thin

crystals whilst the driving force favours thicker crystals. Adapted from [38]

In the LH theory, the growth front is taken to be the lateral surface and it is taken to be
smooth as in gure 1.6. The rst step involves a single molecular stem weakly adsorbing to a
smooth crystal lateral surface, forming the initial foundation for growth [36]. This deposition
creates two lateral surfaces, increasing the free energy #y | , where by represents the layer
thickness and,| is the length of the segment and is the surface energy per unit area. This
initial step the faces the biggest energy barrier and this makes it the rate controlling step, and
the magnitude of the barrier increases with the length of the segmeh{36].

The second step is the attachment of this stem to the surface, which result in it losing confor-
mational entropy and decreases the energy laylyl ., whereay is the width of the stem and

¢ Is the free energy change of crystallisation per unit volume. The LH theory assumes that
this single stem is su cient to act as the secondary nucleus for growth. Another assumption of
the LH theory is that the subsequent stems of a folded chain are added adjacently. This means
that the next steps are of the stems of the same chain being attached either side of the nucleus
and they all grow with the same length as the nucleus. A result of this assumption is that no

15



1.3 Polymer Crystallisation

other chain can grow until the rst is fully grown. Each of the subsequent stems contributes
two folded surfaces and this increases the energy Bgply ¢, Wwhere . is the energy penalty for
creating a folded surface. The attachment of the stems reduce the energydaml ..

The possible transitions of adding and removing stems are captured in gure 1.6b using the
rate Ag, A and B. Ag is the rate of adding new stems onto a clean smooth crystal surface and
have an corresponding removal ratB. A is the rate of addition of the next stems adjacent an
existing stem of an equivalent length, and these steps are removed at r&e These rates can
be estimated by the Arrhenius equation using the associated free energy changes as:

Ag= exp( 2y l=(KT)) (1.16)
B= exp( akl FAKT)) (1.17)
A= exp( 2way «=(kT)) (1.18)

Where is the number of times per second that a molecule attempts to attach to the surface,
| is the lamellar thickness, andk is the Boltzmann constant.

The dynamics and assumptions of the LH theory make for a simple theory of fundamental pro-
cesses, nucleation, and lateral growth as means of growing the crystal. This helps de ne natural
parameters that describe the polymer crystallisation [35]. The rst parameter is the nucleation
rate, i, which is the rate of depositing stems per unit substrate. The second parameter is then
the lateral spreading rate,g, which is the di erence between the attachment and detachment
of stems. By considering the behaviour of the two rates, the three-regime event arises, each
describing the interplay between the two rates.

16
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Figure 1.7: Schematic of the three regimes from the LH theory. The nucleus as depicted with
dark rectangles and the rest of the stems in white. (a) Regime |, (b) regime Il and (b) regime
1.

In the rst regime, which occurs at high temperatures, the lateral spreading rategf is signi -
cantly greater than the nucleation rate {). Once a nucleus is attached to the surface subsequent
stems are quickly deposited and wait for another nucleation step to take place ( gure 1.7(a)).
In this case the nucleation is the rate controlling step. This results in the growth rate being
[39, 35]

G| = il (1.19)

where L is the persistence length [40, 41]. Singeis de ned as the nucleation rate per unit
substrate length, the nucleation rate isL ,. The L, used to be called the crystal size, however,
it changed due to the fact that this implied that wide crystals would grow faster, and this went
against experimental observations that the crystal growth is independent of the crystal size.

Another regime is one taking place at moderate temperatures. Here the rate at which new
nuclei are deposited and the rate at which the growth spreads at the surfaces created by nuclei
are comparable (gure 1.7(b)). The growth rate then only depends on the two [42],

G =h ig (1.20)

At low temperatures wheni >> g , nuclei are deposited multiple times within a short space
of time and the spreading rate becomes insigni cant (gure 1.7(c)). This is normally called
regime Il [42]. The growth rate becomes similar to the rst but with Lp0 now representing the
distance between two nuclei.
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G = il p0 (1.21)

The determined values of the rates from equation 1.16-1.18 were then used to nd the values of
i and g, and by extension the value of G in the di erent temperature regions. The ux (8))
of crystals grown with lengthl due to nucleation and growth spread was determined to be,

S(1) = NoAo(l B=A) (1.22)

Where Ny is the number of crystals growing with lamella of thicknesls and NoAg as the barrier
term and (1 B=A) as the driving force.g was readily determined from the ux as,

g= aA(l B=A) (1.23)

However,i is found from the total ux of stems , Sy, through the barrier, found by integrating
over stems of all lengths,

Z 1
S = S(hydl (1.24)

2 = Gf
i = Sr=Lp (1.25)

The LH theory does a good job of predicting the growth rate as a function of the undercooling,
as well as the regime behaviour, however, it presents with several shortcomings as well [43, 44,
45, 46]. Initially the rates were to be determined by apportioning, that is, dividing the free
energy available to the di erent rates, and the apportioning factor can be between 0 and

1. It has been observed that if the apportioning factor is greater than 0 then at some specic
temperature lamella of in nite length could grow without any energy barrier. This result has
never seen experimentally and is unphysical as the energy barrier increases with the length of
the stem. One of the ways around this so called catastrophe, was to use the apportioning
factor equal to 0 and as was done by Ho man [47].

The LH theory assumes nucleation occurs on smooth surfaces, yet experimental observations
reveal crystals with curved edges in both solution and melt, challenging its applicability under
certain conditions [48, 49]. This inconsistency undermines a core assumption of the theory.
Another of the limitations associated with the LH theory is that no other chain can grow until
one chain has been fully attached or removed from the growth front. And because of the
size of the barrier that the initial stem needs to overcome, it can take a long time for this to
happen. This shows a defect in the theory because we could be waiting for a long time before
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the attachment is complete. There have been several developments of the theory to try and
address its limitations, however, it seems that any theory adapted from the assumptions of the
original model make it di cult.

1.3.9 Sadler - Gilmer Theory

As previously discussed, the LH theory is built o the idea that crystallisation takes place on

a smooth surface and thus the barrier comes from creating new clean surfaces from depositing
a stem on the existing surface. At su ciently high temperatures crystals may be rough and
when new stems are deposited they Il the gaps created by the roughness, instead of creating
new surfaces. This would imply that as there are no new surfaces there is no barrier per the LH
theory. This is contrary to experimental observations that show that there is still nucleation

at these higher temperatures. To address this inconsistency, it was proposed that an entropic
barrier would be better suited to explain the observations. Point [43] theorised that stems could
have more choices on being deposited rather than in the previous theory. From this idea came
the birth of the Sadler Gilmer (SG) theory.

19



1.3 Polymer Crystallisation

Figure 1.8: A schematic diagram shows a two-dimensional cross-section of a lamella polymer
crystal, which serves as the foundation for the two-dimensional version of the Sadler-Gilmer
model. The model allows for three possible con guration changes, shown with dashed lines.
Taken from [50]

The SG adopts the same concept that Point suggested that a chain being deposited can take a
range of di erent conformations [43]. By doing so it is possible for one of the subsequent stems
of a chain to take on wrong conformations. This would prevent the further deposition of the
other stems of the chain and thus stop the growth, leading to was they called pinning, and to
keep the growth going the wrong stem must be removed [51, 44]. By de nition, any step that
limits crystal growth would be considered a barrier and, in this case, it is the removal of these
wrong conformed stems [51, 44, 52] (gure 1.8). The barrier to nucleation was taken to be
purely entropic and for enthalpic considerations to have no e ect. The driving force was still
taken to be the di erence in free energy between crystal and the amorphous and is proportional
to the lamellar thickness. As the barrier originates from deposition of the wrong stems, the
probability of such stems would increase with thicker lamella as there are more con gurations.
This then means that the lamellar thickness is dependent on both the driving force and the
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barrier and thus the two compete for an optimum thickness [51]. The growth rate from the
model was found to be,

G/ exp( KNI Imn) <=KT) (1.26)

where . is the change in free energy of crystallisation anklis the Boltzmann's constant,T
Is the temperature, andK is a constant [38].

It is worth highlighting that though the SG and LH theories present models with di ering
barriers, they both have somewhat similar growth rate that predict similar growths of crystals
and lamellar thickness. However, while the LH theory produces an analytical model, the SG
theory does not and is achieved by simulation. This is because it takes into account the di erent
con guration that the stem can take. Several authors [53, 54, 55] have attempted to create
uni ed models as they believe the SG theory is complimentary to the LH as the change in free
energy has both enthalpic and entropic contributions. Doye and Frenkel [53, 54] suggested a
model where the nucleus was made of several stems instead of one. The thickness of the layer
would then be resultant from a convergence process related to the entropy,instead of being
controlled by the nucleus.
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1.3.10 Growth Rate Minimum

Figure 1.9: Typical growth rate of polymers. The growth rate increases with supercooling
until it reaches a maximum and the decreases due to loss of mobility as it approaches glass

temperature (T g).

According to the LH theory, the growth rate G of polymer crystals increase with supercooling
to a point, and then starts to go down as is shown in gure 1.9. This results in a characteristic
bell-shaped curve. This decline is due to the decrease in molecular mobility near the glass
transition, leading to a reduced growth rate.
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Figure 1.10: The growth rate forC,4sH 494 and Cy9gH 395 Showing a minimum as a function of
supercooling. (a) The growth rate forC,46H 494 and (b) the growth rate for Ci9gHzg6. t1g iS
the time to taken release 1% of the heat during crystallisation.Taken from [56], [57]

In an experiment involving pure long n-alkanes used to study the early stages of chain folding,
it was found that the chains may fold only if they had more than 150 carbons in the backbone.
The data from the Raman, small-angle X-ray and electron microscope [58, 56, 57] showed that
in these polymers the chains are either fully extended or grow as fold into integer fractions of the
original length. As well as this, it was found that the crystallisation rates of melt growiC,9gH 396
and Cy46H404 as a function of the temperature, as calculated from the di erential scanning
calorimetry (DSC), had a minima. The crystallisation rate was seen to initially increase as the
temperature was lowered until a certain temperature whereat it began to decrease to a nonzero
minimum as the temperature is further lowered, like it shows in gure 1.10. The crystallisation
rate then picks up again and increases with supercooling. It is worth pointing out that this
minimum occurs at higher temperature thanT, therefore this result cannot be attributed to
the glass transition. This result was inexplicable by the LH theory as it did not predict any
minima in the growth.

The idea of surface polymer growth rate poisoning by impurities was a well-known subject by
the time of discovery [59]. However, in this case it was ruled out as the sample was extremely
pure. Instead, it was proposed that the extended chains growing at the higher temperature
ranges are poisoned by the growth of the once folded chains, and this phenomenon was termed
self-poisoning [58]. Initially the extended chains grow as found by the SAXS and DSC, however
their growth is blocked by the folded chains [60]. Though they are not stable above their own
melting point, it takes time for them to detach, thus slowing down the growth. The same
phenomenon was found in solution growf,9gH396. Similar results have been observed in the
studies of lamellar thickening carried out on low molecular weight fractions of poly (ethylene
oxide) [61]. The minimum observed was not as well de ned as that seen for the long n-alkanes,
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however, republication of the data showed that the growth of the extended chains slowed down
near where the kink was in the growth rate, which implied self-poisoning.

Current polymer crystallisation theories vary in their ability to reproduce the growth rate
minima, and such attempts are important in evaluating the assumptions made in such theories.
Classic coarse-grain Lauritzen-Ho man (LH) theory could not reproduce them without some
strained assumptions [62], mostly because of its failure to take into account properly the self-
poisoning e ect, where polymer chains at growth front are trapped in futile conformations
slowing-down crystal growth. Fine grain models such as Sadler's roughness-pinning theory
could generate the growth rate minima naturally and qualitatively [63], but have a problem to
explain the smooth crystal surfaces observed in many polymers showing growth rate minimum.
Monte Carlo simulation based on segmented polymer chains was also able to show the minima,
even though less pronounced than in real alkane systems [64]. Based on mean- eld theory
and computer simulation it was argued that self-poisoning is ubiquitous, as long as a molecule
can bind in two (or more) energetically non-equivalent ways to a crystal, and their binding
probability is su ciently di erent [65].

1.3.11 Higgs Ungar Model

Higgs and Ungar (HU) developed a model that was able to semi-quantitatively explain the
growth rate minimum at the transition between extended and once-folded forms of long chain
n-alkanes [60]. The model is based on a simpli ed version of the SG row model. Though
the latter does show a minimum in the growth rate, the former is analytically soluble. The
HU model is developed on the assumption that the once-folded form can be deposited on the
extended form but the reverse is not possible. Because of this assumption, the extended form
surface can readily has severah once-folded chains.
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Figure 1.11: A diagram of the HU model. (a) The chains fold precisely into two or three
segments, forming tight chain folds, with the chain ends consistently located at the crystalline
layer surfaces. (b) The growth of the extended chain form is hindered by the frequent
deposition of unstable, once-folded chains at the growth interface, which blocks further
extension and attachment of additional chains. (c) An earlier model for the growth of the
extended-chain form with self-poisoning. By allowing the crystallisation of covered
half-crystallised stems at the growth front to the extended form, then it is possible to obtain a
non-zero minimum growth rate when D < A. Taken from [56], [66]

The model also assumes that the extended form grows at the growth front by two consecutive
steps. The rst step sees attachment of a half-crystallised stem at the growth front with attach-
ment rate A and an associated detachment rate &. The second step involves attachment of a
second half of the stem to create the extended form stem at the same rétea fully extended
stem can revert to the half-crystallised stem by rate&C. The dynamics are presented in gure
1.11(c)(i). It was assumed that the change in free energy for the deposition of the rst half
stem was,

1= > + — e (1.27)

Where is the energy that each monomer gains due to the attractive forces between the chains,

S is the loss in entropy associated with the loss of mobility of the chaing is the energy from
crowding of the ends of the chains and the chain folds, with at the temperature, and| as
the length of the fully extended stem segment. Attachment of the second half-crystallised stem
was assumed to have a free energy change of,
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STI
= —+ 1.28
2 2 2 ( )

Where the variables still mean the same thing, however here there is no overall new surfaces
created hence the absence of the. The growth rate of the once folded formyq , would then

be the di erence between the rate of the half-crystallised stems being depositéd, and their
detachment rate,B,

Vios = A B (1.29)

The growth rate of the extended form Yey) was found to the di erence between the rate
of deposition of the second half-crystallised stem leading to the extended for&R; and the
number of extending form reverting to the half-crystallisedC Py,

Vext = AP1 CPy (2.30)

Where Py is the probability of having a surface with O half-crystallised stems, an®; is the

probability of having a surface with 1 half-crystallised stem. Her@,, represent the probability

of having m half-crystallised stems at the growth front. By constructinq;and combining dif-
ferential equations for the change of these probabilities, and the fact that ,_, Pn = 1, they

were able to obtainPy and Py in terms of the rates as,

_ (A+B)1 A=B)
0

" (A+B)1 A=B)+A+C (1.31)

b, = (A+ C)1 A=B)

" (A+B)1 A=B)+A+C (1.32)
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Figure 1.12: The crystallisation rate as a function of temperature (K) o€,4¢H 494 cCompared
with that generated from the HU model. (a) Growth rate ofC,46H494. (D) Crystallisation rate
from the HU model. By using apportioning withA = 1, the HU model generated a minimum
in the crystallisation rate. The dashed line shows that using a small value bf= 0:005a
non-zero minimum can be obtained by allowing crystallisation of covered chains. Adapted
from [60] and [57]

Above the melting point of the once-folded form, a half-crystallised stem at the growth rate is
not stable asB > A while the fully extended stem is stable a®\ > C . This means that the
extended form grows above the melting point of the once-folded form;. As the temperature
approachesT,, A grows and the number of half-crystallised stems arriving at the growth front
increases. As the extended stem can grow only when such additional half-chains are removed,
this poisons their growth and by the model the growth would drop to zero. In the observed
experimental results gure 1.12(a), the growth does not drop all the way to zero but is rather a
non-zero value. To account for this, it was suggested that inclusion of a conversion r&efor
covered half-crystallised stems near the extended form growth front would yield the observed
results, as seen by the dashed line not dropping all the zero in gure 1.12(bp was de ned
such thatD = f, wheref is a number small than 1.

1.3.12 Two Minima in Crystallisation Rate of Poly(ethylene Brassylate)

Figure 1.13: Poly(ethylene brassylate) molecule.
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It is possible to design materials with speci c properties by choosing the right microstructure
and processing methods. One way to understand this is to synthesise and study polyethylene-
inspired polymer models with regularly spaced moieties substituted into the structure. An
example of such polymers is poly(ethylene brassylate) (PEB). PEB can be synthesised from
the ring-opening of ethylene brassylate [67]. Its repeating unit contains eleven methyl groups
sandwiched by ester groups at the ends, as shown in gure 1.13 [68]. PEB is biodegradable and
biocompatible which makes it a potential candidate for medicine and drug delivery.

Figure 1.14: The crystallisation rate from the inverse of the exothermic peak crystallisation
time vs crystallisation temperature for PEB27, PEB90 and PEB188. The higher temperature
data was obtained by conventional DSC while the lower temperature data was collected by
FSC, with the red dashed line separating the two regions. The vertical dashed line demarcates
data obtained by conventional DSC and data obtained via fast scanning calorimetry (FSC).
The inset shows a blown up picture of the crystallisation rate minimum at high-temperatures

in Cartesian coordinates. From [68].

Recently Marxsen et al [68] studied the isothermal crystallisation kinetics of PEB from melt
to better understand and predict the critical processing parameters for semicrystalline biopoly-
mers. In the study PEBs with average molar mass of 26.9, 89.9 and 188.1 kg/mol were stud-
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ied with di erential scanning calorimetry (DSC) at higher temperatures, and fast scanning
calorimetry (FSC) at lower temperatures. The polymers are herein referred to as PEB27,
PEB90, and PEB188 according to their average molar mass to the nearest whole number.
The most surprising result from the study was the observation of two minima in the overall
crystallisation rate of the three PEB polymers (gure 1.14).

These minima occurred at temperatures where the average lamellar spacing increased by one
repeating unit of the polymer chain. It was deduced that this change was due to the quantised
change in the crystalline thickness. Analysis of the atomic-level order via the Wide Angle X-ray
Scattering (WAXS) con rmed the same crystal structure at all temperatures. The authors of
the paper thus deduced that the unusual behaviour is equivalent to the quantised self-poisoning
phenomenon in long chain n-alkanes and low molecular weight PEO fractions. The minimum
at higher temperatures is from the growth of the form with lamellar thickness of four repeating
units (herein referred to as theF, form) being poisoned by the form with lamellar thickness of
three repeating units 3 form). Whilst the minimum at at lower temperatures is due to the
growth of the F3; form being poisoned by the growth of form with lamellar thickness of two
repeating units (F»,).

In Chapter 3 of this thesis, an analytical one-dimensional (1D) model for self-poisoning due to
guantised lamella thickness is developed from the 1D Higgs-Ungar (HU) model for long chain
n-alkanes. The model is then parameterised to t the experimental results of PEB.
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1.3.13 Growth Rate Minimum in Poly(ethylene Bromine)

Figure 1.15: Crystal structure model of PE21Br form | and Il crystal obtained by energy
minimisation. (a) The polymer chains in form | are planar zig-zagging at every carbon,
similar to the conventional polyethylene structure. The bromines are embedded within the
bulk of the crystal. (b) Form Il chains bend at the carbons with the bromine and in between
the chain is linear. The bromines stick out at the bends and are aligned. Courtesy of [69]

Another example of polyethylene-inspired polymers are the halogen substituted polyethylene
precision polymers. Here a hydrogen atom is replaced by a halogen evarynethylene groups
[70, 71, 72, 73, 74]. A key characteristic of these polymers is that they crystallise forming two
distinct crystals structures, Form | and Form II. Form | is observed when cooling the melt at
faster rates. Its chains have an all-trans planar conformation ( gure 1.15(a)) and it was found
to be less stable than Form 1l [69, 75]. Form Il is observed at slower cooling rates and its chains
favour a zigzagged structure, where an all-trans con guration occurs along time long methyl
group and the bends at the carbon with a bromine [69, 75] ( gure 1.15(b)). The melting point
of Form I is lower than that of Form Il and upon heating above this melting point, Form |
melts and recrystallises to Form II.
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Figure 1.16: Linear spherulitic growth rates of Form Il as a function of crystallisation
temperature. Experimental results are shown by the open circles and error bars are added.
(a) PEBr21 shows the most pronounced minimum, followed by (b) PEBr19, then (c) PEBri15,
while (d) PEBr9 does not show any poisoning. The melting temperature of Form | is shown
by the red dashed lines, the melting temperature gets closer to the rate minimum as the
spacing between the carbons with the bromine increases. Taken from [75]

In a research by Zhang et al [75], four samples of such precision polymers with bromine replacing
a Hydrogen everym= 9, 15, 19 and 21 methylene groups were studied. The poly(ethylene
bromine) (PEBr) polymers were named PEBr9, PEBr15, PEBrl19 and PEBr21 according to the
number of carbons between the bromines. The investigation of the isothermal linear spherulitic
growth rates with decreasing temperature of Form Il under an optical microscope revealed a
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minimum near the melting point of Form | ( gure 1.16). The authors of the research concluded
that the observed minimum was due to self-poisoning. They suggested that the growth of Form
Il was poisoned by that of Form I.

What makes the self-poisoning in PEBr peculiar is that Form Il was observed to grow both above
and below the minimum. In other known cases of self-poisoning [58, 52, 68] the more stable
form grows above the poisoning and the less stable form grows below the poisoning. Zhang et
al [75] also investigated the possibility that Form | may have grown below the poisoning point
and subsequently been converted to Form Il later. However, it was found that no solid-solid
transition took place from Form | to Form II, and in fact Form | converts to Form |l upon
heating through melt and recrystallisation.

An alternative approach to this problem is to assume that the observed poisoning is due to two
forms of the Form Il that have di erent lamella thickness, as with poly(ethylene brassylate)
and the long chains n-alkanes. Chapter 4 of this thesis is dedicated to exploring the di erences
between a model of self-poisoning due quantised lamellar thickness and that self-poisoning of
Form Il growth by Form I.

1.3.14 Poisoning of Stereocomplex crystallisation by Homochiral Poly-lactic acid

A stereocomplex (SC) is a structure formed when two molecules that are mirror images of each
other, enantiomers, combine in a complementary arrangement. A mixture containing equal
numbers of left- and right-handed enantiomers is known as a racemic mixture, or simply a
racemate. SC crystals are considered bene cial for improving properties of the homochiral
crystal (HC) polymers, such as the heat resistance and mechanical properties. A notable
example is poly(lactic acid) (PLA), where the SC form has a higher melting temperatur@30 C)
compared to its HC polymers (belowl75 C), poly(l-lactic acid) (PLLA) and poly(d-lactic acid)
(PDLA). This higher stability makes SC-PLA highly desirable for enhancing mechanical and
thermal properties in biodegradable applications [76, 77, 78, 79].

When a 1:1 mix of high-molecular-weight PLLA and PDLA (molecular-weight 4 10* g/mol)

Is crystallised at high temperatures ( 180 C), SC crystallisation tends to halt, with HC forming
upon further cooling [80, 81]. Early studies suggested that microscopic phase separation might
increase HC formation, but this was later refuted [82, 83]. He et al. [84] found that increased
molecular weight reduces SC formation by causing same-chain clustering, which suppresses SC
nucleation.

Recently, Cui et al. [85] investigated SC crystallisation in high-molecular-weight and low-
molecular-weight PLLA/PDLA racemates using DSC, optical microscopy, and X-ray scattering.
For low-molecular-weight, DSC showed single peaks aba@0 C for both cooling and heating,
indicating SC formation. In high-molecular-weight racemates, the DSC cooling curves showed
distinct behaviours based on the seeding temperaturdd). Above 230 C, SC crystallised be-
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tween 225 C and 140 C, while HC crystallised around130 C. Higher Ts resulted in slower
SC crystallisation and more prominent HC crystallisation, con rmed by two melting peaks at

230C (SC) and 170C (HC). Notably, slower cooling rates increased SC crystallinity,
showing that slower cooling favours SC formation over HC.
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Figure 1.17: Diagram illustrating the processes occurring during the cooling of high molecular
weight PLLA/PDLA racemate after brief annealing at three distinct annealing temperatures
(Ts). In each sub gure, the top row depicts the spatial variation of enantiomer ratios at

speci ¢ temperatures, while the bottom row illustrates the molecular con guration, with

boys and girls representing PDLA and PLLA molecular segments, respectively. (a) For

Ts =230 C, SC crystallisation proceeds smoothly as the melt remains well-mixed with
minimal compositional variability. Residual seeds promote continued SC growth upon cooling
to 200 C and 110 C. (b) At Tg =242 C, pronounced compositional uctuations in the melt
create an excess of one enantiomer (indicated by lled symbols), which accumulates at the SC
growth front and halts further crystallisation. Homochiral (HC) domains emerge in these
regions, triggering HC growth at lower temperatures (110C). (c) When T = 250 C,
compositional uctuations remain unaltered, and sporadic intramolecular nucleation of HC
domains disrupts SC crystallisation. HC crystallisation becomes the dominant process as
cooling progresses. Taken from [85]
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Cui et al. o ered a qualitative explanation for the observation, drawing similarities to the self-
poisoning in the long chain n-alkanes, PEO, PEBr and PEB. They suggested that at loWw
values there are still some remaining crystallites in the melt and this reduces the uctuations
at in the enantiomer concentrations (gure 1.17(a)). But as theTs is increased the seeds
melt away and there is enantiomer build up ahead of the SC crystal (gure 1.17(b)). At high
temperatures all the seeds have melted away and the SC growth is highly suppressed ( gure
1.17(c)). The growth of SC is controlled by the di usion. In Chapter 6 of this thesis a lattice
Monte Carlo dynamics simulation is carried out to investigate the crystallisation of PLA SC
and the poisoning by purity.

1.4 Chiral Polymers and Liquid Crystals

1.4.1 Chirality

Chirality is an intrinsic property of a lot of polymers and liquid crystals. It leads to the
development of interesting structures and self-organisation of these polymers. An object is
said to be chiral if it has a broken mirror symmetry, that is, if its mirror image cannot be
superimposed on it. Chirality may arise in a polymer either by having a chiral centre or by
axial chirality. A molecule is said to have a chiral centre if it has a central atom that is bonded
to four di erent groups, and there are di erent arrangements of the groups in space around the
central atom that are not superimposable, as show in gure 1.18, [86, 87]. Axial chirality is
where an object winds into a helix along an axis [87].

Figure 1.18: The gure shows two molecules that have the same molecular formula and
sequence of bonded atoms, but have di erent orientations in three-dimensional space. The
molecules are called enantiomers and are not superimposable. The central atom is the chiral
centre and has 4 distinct groups attached to it.

This section of the introduces chirality in polymers and liquid crystals. It starts o by giving
a brief review of some of the helical structures that arise in biopolymers and polymer crystals
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