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Abstract

Polyhydroxyalkanoates (PHAs) are a promising class of sustainable plastics for
food packaging, as environmentally friendly, compostable alternatives to conven-
tional petroleum-based polymers. However, their barrier and mechanical proper-
ties are often limited by their crystallinity and microstructure. To address this,
fillers and plasticisers are commonly added to modify these characteristics. This
work investigates how such additives influence the structure, crystallinity, mi-
crostructure and ultimately the gas barrier and mechanical properties of PHAs.

Molecular dynamics simulations were used to provide insight into gas diffu-
sion in crystal, amorphous and filled systems. First, a force field was modified
to enable study of any combination of polyhydroxybutyrate (PHB), polyhydrox-
yvalerate (PHV) and their copolymers. This force field successfully reproduced
experimental trends in density, surface energy and glass transition temperatures.
The simulated lattice parameters for the PHB crystal were a = 5.86 + 0.15 A,
b=12.86 + 0.29 A and ¢ = 6.02 + 0.12 A. For PHV, these were a = 9.67 +
019 A, b = 10.11 4+ 0.23 A and ¢ = 5.63 + 0.11 A. Both sets of crystal pa-
rameters were in good agreement with experimental values. In terms of polymer
dynamics, the amorphous PHB system simulated at 300 K was deemed to be in
the glass phase, with reduced chain mobility compared to the melt phase at 500 K.

It was revealed, through computing diffusion coefficients (D), that PHB ex-
hibits superior oxygen barrier performance compared to PHV | driven by its denser
packing and cohesive interactions. In bulk amorphous PHB at 500 K, Dy,0 =
2.37 + 0.23 and Do, = 3.76 £ 0.25 (x 107° cm? s71). Water diffusion was slower
than oxygen diffusion due to interactions between the polar water molecules and
the ester groups on the PHA backbones. Simulations also demonstrated that
crystalline domains inhibit the mobility of permeants, with negligible long-range
diffusion for infinite and finite-chain crystals. The slower polymer chain dynamics
in the presence of graphite caused a reduction in D for both oxygen and wa-
ter. When the filler surface was added the diffusion coefficients were reduced,
with Dy,0 = 1.63 £ 0.36 and Do, = 1.99 + 0.22 (x 107 cm? s!). The slower
diffusion in filled systems was attributed to both reduced polymer mobility due
to densification at the surface and the accumulation of permeants at the interface.
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CHAPTER 0. ABSTRACT

Experiments investigated thermal, mechanical and barrier properties of solvent-
cast PHB films with added plasticiser triacetin and the filler boron nitride (BN).
Incorporating triacetin reduced the melting temperature and increased distance to
burst compared to pure PHB. However, plasticised films showed a poorer water
barrier performance, indicated by a higher water permeability and lower water
contact angles. BN acted as a nucleating agent, significantly enhancing crys-
tallinity in all filled samples. The film containing only 0.06 wt% BN had an
average crystalline content of 71.3 + 1.3 %, versus 41.0 + 2.5 % in pure PHB.
While this low concentration of BN also improved the water barrier and mechan-
ical performance (both strength and elasticity), higher BN content led to signifi-
cantly increased water permeability, likely due to interfacial defects, highlighting
the complex role of filler-polymer interactions.

Overall, this thesis provides useful insight and understanding into how molec-
ular interactions and structural and interfacial features influence the functional
performance of PHB-based materials. Taken together, the findings from simula-
tions and experiment demonstrate that the barrier and mechanical performance
of PHB-based films cannot be attributed to any single factor, but instead arise
from the interplay between crystallinity, microstructure and additive interactions.
By combining molecular simulation with experimental characterisation, this work
provides an integrated framework for understanding and tailoring these interde-
pendent effects, offering practical insight for the design of compostable polymer
films that balance sustainability with the functional demands of food packaging.

il
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Introduction

The environmental impact of persistent plastic waste, particularly from single-use
food packaging films, has driven the search for sustainable alternatives such as
polyhydroxybutyrate (PHB), a type of polyhydroxyalkanoate (PHA). PHB has
emerged as a promising material due to its compostability, biocompatibility and
melt processability. However, PHB also presents challenges: it is brittle due to
its high crystallinity and relatively high glass transition temperature (7y), has
limited thermal stability near its melting point and displays a lower gas barrier
compared to conventional synthetic polymers.

The properties of PHB depend on the crystallinity and microstructure, and
can be altered by addition of plasticisers and fillers, and copolymerisation with
the valerate monomer. This project investigated how the additives influence the
microstructure and functional properties of PHAs, particularly in the context of
gas barrier performance using a combined computational and experimental ap-
proach.

The computational work explored gas diffusion in amorphous and crystalline
PHA systems, with and without filler surfaces. Experimental work probed how
fillers and plasticisers affected the microstructure and barrier properties.

0.1 Layout of Thesis

Chapter 1 discusses widespread use of plastics in society and the environmental
issues arising from their end-of-life disposal. Sustainable alternatives are then ex-
plored, with a focus on PHB and its microstructure and properties. A literature
review of relevant PHB studies is presented, leading to the research aims and ob-
jectives of this project. Chapter 2 starts with an overview of molecular dynamics
theory and describes the general simulation methodology used in this work. This
is followed by a detailed description of the various experimental techniques em-
ployed. Chapter 3 presents the validation of the PHA force field model. Simulated
properties of amorphous and crystalline PHAs are compared with experimental
data from the literature, including amorphous and crystal structural properties
and diffusion of water and oxygen in amorphous PHAs. Chapter 4 extends simu-



CHAPTER 0. INTRODUCTION

lation work to an investigation of how a filler surface incorporated into amorphous
PHB affects gas diffusion. This chapter also includes results from simulations of
water and oxygen diffusion in crystalline PHB. Chapter 5 presents experimental
work on PHB films with and without additives. Thermal and mechanical proper-
ties, crystallinity and microstructure are characterised, and water permeation is
measured. Finally, the overall conclusions and outlook are presented in Chapter
6.

0.2 Published Work

Chapter 3 is based on the following publication:

Middleton, N., Wadkin-Snaith, D., Mulheran, P., & Johnston, K. (2025). A
versatile molecular dynamics force field for modelling polyhydroxyalkanoate struc-
ture and barrier properties. Macromolecular Theory and Simulations, e00048.
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Chapter 1

Background

1.1 Plastic Waste and Life Cycle

Since their large-scale commercial introduction in the mid-20th century, plastics
have transformed nearly every aspect of modern life. Their versatility, durability
and low production cost have made them indispensable across a wide range of
industries, from construction and automotive manufacturing to electronics and
healthcare. In particular, the packaging sector has seen a dramatic shift away
from metal and glass towards plastic materials, driven by their ability to provide
lightweight, flexible and protective solutions at low cost. As demand for conve-
nience and longer shelf life has grown, so too has the reliance on plastic packag-
ing, especially single-use items. This widespread adoption has led to continual
growth in global plastic production over the past few decades, with significant en-
vironmental implications. In 2022 global plastic production surpassed 400 million
metric tonnes, with less than 10% of this being made from recycled content [25].
Figure 1.1 shows the increase in global plastic production from 1950 to 2023 [1].
It is estimated that 22% of plastic worldwide is either not collected, disposed of
improperly or ends up as litter [26].

Packaging represents a large share of this global plastic use, much of it in the
form of single-use items derived from non-renewable petrochemicals. In the UK
alone, approximately 1.3 million tonnes of consumer plastic packaging were placed
on the market in 2022 [2]. Of this, around 337,000 tonnes were films and flexibles
(see Figure 1.2), which are particularly problematic due to their high prevalence
in food, retail and e-commerce packaging, combined with their low recyclability.

A significant proportion of these films and flexibles are used specifically in
food packaging applications, where they are typically made from polymers such
as polypropylene (PP), polyethylene (PE) and polyethylene terephthalate (PET).
These materials are valued for their combination of functional and processing ad-
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Figure 1.1: Global plastic production in million metric tons from 1950 to 2023.
Data from Statista [1].
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Figure 1.2: Composition of plastic packaging in kilotonnes that entered the UK
market in 2022 (left) and breakdown of films by polymer type (right). Data from
WRAP [2].

vantages. They are easily shaped using industrial techniques such as melt extru-
sion and blown film processing, making them highly versatile and cost-effective for
mass production. Their lightweight and flexible nature allows for efficient wrap-
ping and sealing of irregularly shaped food products, helping to reduce material
use and transportation costs. In addition, many packaging films offer good optical
clarity, allowing consumers to visually inspect food before purchase, which can be
a key requirement in retail settings. The ability to tailor the mechanical strength,
sealing behaviour and appearance of these films has contributed to their domi-
nance in the packaging industry. However, their persistence in the environment
and challenges with end-of-life management have prompted increasing interest in
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sustainable alternatives.

Recycling rates in the UK for post-consumer plastic films and flexible plas-
tics remain very low due (around 7% [2]) to a range of technical, logistical and
economic challenges [2]. These challenges begin at the collection stage. In most
UK local authorities, flexible films are not accepted in kerbside recycling schemes,
leaving front-of-store recycling (FOSR) as the primary disposal route for many
households. While the number of participating retailers has increased, uptake
remains limited; WRAP estimated that in 2023, only 1 in 5 UK citizens used
FOSR to recycle their plastic film waste [2]. The lack of widespread, convenient
collection infrastructure significantly reduces the volume and quality of recovered
material.

Even if collection were to be improved, current recycling infrastructure presents
further barriers. The physical properties of flexible films, particularly their low
bulk density, make them difficult and inefficient to handle, transport and process
[27]. Standard recycling equipment is typically designed for rigid plastics and is
poorly suited to the characteristics of films, which are prone to clogging machinery
and being misdirected in automated systems. In material recovery facilities, films
are often misclassified or treated as contaminants and removed from the recycling
stream entirely [27]. While technologies such as near-infrared sorting and ballistic
separators can help identify plastic films, they often struggle with thin or multi-
material layers, reducing sorting accuracy and efficiency.

Another major obstacle is the complex composition of many flexible plastic
films. These materials are often multilayered, combining two or more polymers,
and sometimes non-plastic layers such as aluminium or paper, to achieve spe-
cific functional properties such as strength, sealability and barrier performance
[2]. However, these multi-material combinations are incompatible with conven-
tional mechanical recycling, as they are difficult to separate. Emerging techniques
such as delamination and solvent-based recovery show promise, but are still at the
development stage and have not yet been widely adopted at commercial scale [28].

Contamination poses an additional barrier to recycling success. Plastic films
used in food and agricultural applications are frequently contaminated with food
residues, inks, adhesives, coatings or soil, all of which reduce the quality of the
recovered polymer and complicate the cleaning and reprocessing steps [28, 29].
Household-sourced films in particular tend to be highly contaminated due to a
lack of source separation and inconsistent cleaning prior to disposal [29].

In summary, the low recycling rates of plastic films and flexible packaging can
be attributed to collection limitations, handling difficulties, sorting inefficiencies,
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complex material compositions and widespread contamination. While research
and pilot projects are underway to address these issues through chemical recycling
and improved collection strategies, major technical and economic barriers remain
before these materials can be effectively recycled at scale [28].

1.2 Swustainable Plastics

Reducing the use of plastic films, such as by removing packaging from food prod-
ucts and promoting the sale of loose items, is often presented as a way to mitigate
plastic pollution. This has contributed to the rise of zero-waste and refill shopping
models in towns and cities across the UK [30]. While this approach can reduce
unnecessary packaging for dry goods and bulk groceries, it is less suitable for fresh
and perishable produce. For these items, plastic packaging, particularly flexible
films, plays a vital role in protecting against mechanical damage, contamination
and moisture loss, while also extending shelf life by slowing spoilage. Eliminating
plastic packaging from the fresh food supply chain could lead to increased food
waste, both during transportation and after purchase. Food waste is not only a
social and economic issue but also a major environmental concern, accounting for
an estimated one third of all food produced globally and contributing 8-10% of
global greenhouse gas emissions [31, 32]. When food is discarded, the embedded
energy, water and land resources are also lost and if sent to landfill, it produces
methane, a potent greenhouse gas with over 25 times the global warming poten-
tial of CO, [33]. Packaging that helps extend shelf life can therefore play a key
role in reducing food-related emissions. In this context, rather than eliminating
plastic films altogether, developing smarter and more sustainable packaging solu-
tions may offer a more effective strategy for reducing both plastic pollution and
food-related carbon emissions.

In the search for sustainable packaging solutions, terms like biodegradable and
compostable are often used, however they are not interchangeable. A biodegrad-
able polymer is one that can be broken down by microorganisms into natural sub-
stances such as water, carbon dioxide (or methane in anaerobic conditions) and
biomass. However, the rate and conditions of biodegradation can vary greatly.
Compostable polymers are a more specific category: they must not only biode-
grade, but also do so under controlled conditions without leaving toxic residues.
The European standard EN 13432 outlines the criteria for industrial composta-
bility, requiring materials to disintegrate within 12 weeks and biodegrade by at
least 90% within 180 days under controlled aerobic composting conditions at 331
K, with defined humidity and oxygen levels [34]. Home composting, by contrast,
occurs at ambient temperatures and varies with climate, meaning only certain
materials are suitable for effective breakdown outside of industrial facilities. Un-
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derstanding these distinctions is essential for evaluating the environmental per-
formance of compostable packaging and for ensuring compatibility with available
waste management infrastructure.

It is also important to distinguish between bio-based and compostable poly-
mers, as the two terms are often mistakenly used interchangeably. Bio-based poly-
mers are derived from renewable biological sources such as corn starch, sugarcane
or cellulose, rather than fossil fuels. However, being bio-based does not necessar-
ily mean the material is biodegradable or compostable. Conversely, compostable
polymers are capable of breaking down into natural elements under composting
conditions, but they may still be derived from fossil resources. For example, some
aliphatic polyesters made from petrochemicals are engineered to be biodegradable,
such as polycaprolactone (PCL). Additionally, Bio-PE and Bio-PET are molecu-
larly identical to their oil-derived counterparts but made from biomass feedstocks,
so renewable in origin but not compostable. The intersection of these classifica-
tions can be summarised in a matrix of oil-derived vs bio-derived and compostable
vs non-compostable materials, as shown in Figure 1.3.

Oil-derived Bio-derived
Q
. < PET
g *g PE Bio-PET
Z 2, PP Bio-PE
: PS
Q
2
c PLA
§ PBAT Bio-PBS
a PCL Polysaccharides
g PHAs
@)

Figure 1.3: Classification of packaging polymers by origin and compostabil-
ity. Polyethylene terepthalate (PET), polyethylene (PE), polypropylene (PP),
polystyrene (PS), polybutylene adipate terephthalate (PBAT), polycaprolactone
(PCL), polylactic acid (PLA), polybutylene succinate (PBS), polyhdroxyalka-
noates (PHAs).

Among the growing class of bio-derived and compostable polyesters, several
materials have emerged as promising candidates for sustainable packaging appli-
cations. Polysaccharide-based polymers consist of cellulose, starch, alginate and
chitosan.These materials are typically home-compostable and are derived from
abundant, renewable feedstocks. However, they tend to be sensitive to moisture
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and can degrade prematurely in humid environments [4, 35]. While coating tech-
nologies have been developed to address this issue in food packaging applications,
their stand-alone use in packaging is limited. One of the most commercially de-
veloped compostable polymers is polylactic acid (PLA), which is synthesised via
the fermentation of sugars derived from renewable sources such as corn or sugar-
cane. PLA offers good clarity, stiffness and processability, making it suitable for
rigid containers, films and thermoformed packaging [6]. However, it has limited
flexibility and poor moisture barrier properties and its compostability typically
requires industrial composting conditions [36]. Polybutylene succinate (PBS) is
another polyester that can be synthesised from bio-based monomers. PBS ex-
hibits good thermal stability and mechanical properties and it is more flexible
than PLA, making it suitable for film applications [37]. While it is compostable,
PBS production costs remain relatively high and its gas barrier properties are
lacking [38]. Finally, polyhydroxyalkanoates (PHASs) represent a unique class of
polyesters synthesised by various microorganisms as intracellular carbon and en-
ergy storage compounds. Commercially, they are typically produced through mi-
crobial fermentation, in which carbon-rich substrates are converted into polymer
by specific bacteria. Altering the growing conditions used in production, such as
the type of growth media, can produce different types of PHAs, each containing
different side groups. To date, there are more than 150 types of PHAs known
[39, 40]. The chemical structure of a PHA polymer is shown in Figure 1.4, where
R is an alkyl group. In polyhydroxybutyrate (PHB) R is CH3 and in polyhydrox-
yvalerate (PHV) R is CH,CHj.

O OH
n

Figure 1.4: Chemical structure of PHAs. Different R side groups give a range of
polymers.

As biodegradable and bio-based materials, PHAs have gained considerable in-
terest for their potential use in sustainable food packaging. Their desirable prop-
erties, including moisture resistance, biocompatibility and mechanical strength
comparable to conventional plastics, make them strong candidates to replace
petrochemical-derived polymers. Furthermore, PHAs can be produced from low-
value renewable resources such as agricultural and food waste streams, further
enhancing their environmental appeal. In addition to their environmental ben-
efits, PHAs have several technical properties that make it well suited for food
packaging. As a thermoplastic, PHAs are compatible with conventional polymer
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processing techniques such as extrusion and injection moulding [41], and they can
be melted and remoulded, making them recyclable. Moreover, PHAs and their
degradation products are naturally occurring in the human body, making them
non-toxic and biocompatible [42], an important consideration for food contact
materials.

1.2.1 Polyhydroxybutyrate

PHB is the most extensively studied member of the PHA family. First isolated
and characterised in 1925 by microbiologist Maurice Lemoigne [43], PHB was
identified as a bacterial energy storage compound, produced by organisms such as
Alcaligenes eutrophus under nutrient-limited conditions. While it received little
commercial interest initially, research into PHB’s potential as a plastic alternative
began to grow in the 1960s. By the 1980s, the British chemical company Imperial
Chemical Industries had developed a pilot-scale plant to produce PHB, which was
marketed under the brand name Biopol [44].

The microstructure of a polymer refers to its internal structural arrangement
on the molecular and microscopic scale, including features such as crystalline do-
mains, amorphous regions and spherulites. This microstructure plays a key role in
determining a polymer’s properties and is highly sensitive to how the material is
processed. Polymer processing conditions such as cooling rates, presence of impu-
rities and extrusion speed all influence the resulting microstructure. Therefore to
ensure consistent material properties, it is crucial to precisely control processing
parameters. PHB has a semicrystalline microstructure, with amorphous regions
filling the gaps between the large spherulitic crystal structures. During the crys-
tallisation process, polymer chains elongate from their randomly coiled amorphous
state and adopt a helical configuration. The most common crystal polymorph of
PHB is the 2; « helix [45], consisting of two monomers per one twist of the helix.
PHB is generally of high crystallinity owing to the close packing of the helical
chains, mediated by electrostatic and van der Waals (vdW) forces, whereby dis-
ruption caused by the methyl side group is minimised. The g crystal form is less
understood and remains the subject of discussion [3]. The elongated helices then
organise into lamellae and chains can either fold back into the same crystalline
region or extend into the surrounding amorphous phase. These lamellae stack
into microfibrillar structures, which then grow radially to form larger spherulitic
domains [46]. Spherulites can grow up to the millimetre scale and can be visible
to the naked eye.

The amorphous polymer regions in close proximity to crystalline spherulites
exhibit restricted chain mobility due to physical constraints imposed by the sur-
rounding ordered structures [47]. This interfacial zone is referred to as the rigid
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amorphous region. In this region, the polymer behaves more like a glassy material:
molecular motion is significantly hindered, resulting in higher density, brittleness
and low chain segmental mobility. The glass transition temperature (7) can be
observed experimentally as a step-change in a differential scanning calorimetry
(DSC) curve, indicating a change in the polymer’s heat capacity. Below Ty, the
amorphous phase is glassy, with properties such as reduced elongation at break,
higher modulus and greater brittleness. Above T, by contrast, the amorphous
phase is rubbery, characterised by increased chain flexibility, higher impact re-
sistance and enhanced ductility. Amorphous regions further from the crystalline
domains retain greater molecular mobility and therefore behave more like the rub-
bery state above T, making a greater contribution to the overall ductile behaviour
of the polymer.

Amorphous region Crystalline region

Rigid amorphous
Spherulite surface

a-crystal helix

Figure 1.5: PHB semi-crystalline microstructure. Adapted from Majerczak et
al.[3]

1.3 PHB Properties

A strong water and oxygen barrier in plastic food packaging is critical to main-
taining the quality, safety and shelf life of food products. By preventing the
ingress of moisture, effective water barrier materials protect food from spoilage,
microbial growth and undesirable texture changes. This is particularly important
for moisture-sensitive products such as dry snacks, cereals or powdered goods,

9
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which can become clumpy or lose their crispness if exposed to humidity. Likewise,
oxygen barrier performance is vital for slowing down oxidative reactions, such
as rancidity in fats and oils, enzymatic browning and the growth of aerobic mi-
croorganisms. Oxygen-sensitive products like nuts, dairy and ready meals benefit
significantly from reduced oxygen exposure. Figure 1.6 shows the packaging bar-
rier requirements for various types of food products [4]. Additionally, water and
oxygen barriers help prevent the loss of moisture from perishable items like fruits
or baked goods, helping to retain freshness. Beyond product protection, robust
barrier properties can reduce the need for additional packaging layers, thereby
minimising material usage and waste. Thus, selecting plastics with strong water
and oxygen barrier properties is essential for ensuring both functional performance
and environmental efficiency in food packaging.
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Figure 1.6: Oxygen and water barrier requirements for various food products,
MAP = modified atmosphere packaging. Obtained from Wang et al. [4].

Figure 1.7 highlights significant differences in the water barrier properties of
various packaging polymers, with PHB demonstrating intermediate performance.
The polymers are graded poor to high barrier, based on classification recom-
mended by Wang et al. in their study on barrier properties of cellulose films [4].
The permeability range for each grade is listed in Table 1.1. PP and PET exhibit
the lowest permeability coefficients, at 766 [8] and 130 Barrer [9], respectively,
indicating superior water barrier properties. These polymers are well-established
in packaging applications due to their excellent moisture resistance, which is crit-
ical for protecting moisture-sensitive products. In contrast, cellulose exhibits the
highest permeability at 7666 Barrer [5] due to its hydrophilic nature, rendering it
a poor barrier to water vapour. PCL and PLA are considered low water barriers,

10
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based on permeabilities reported by Siparsky et al. (4266 and 2933 Barrer, respec-
tively) [6]. This limitation restricts their use in applications requiring robust mois-
ture resistance unless additional coatings or treatments are applied. PHB, with
a permeability of 1582 Barrer [7], is deemed a medium water barrier. It outper-
forms the other three compostable polymers but has a notably higher permeability
than PET. PHB’s water barrier properties are relatively aligned with those of PP,
underscoring its potential as a viable alternative to conventional plastics, partic-
ularly in applications where moderate moisture resistance is sufficient. While its
compostable nature offers a significant sustainability advantage, for applications
requiring high moisture resistance, such as packaging for highly perishable goods,
PHB may need enhancements, such as blending with other polymers, or applying
barrier coatings. Overall, this data demonstrates that while PHB does not yet
match the water barrier properties of PET, it represents a promising sustainable
option with properties superior to those of widely used compostable packaging
polymers such as PLA.

8000 A
7666 Compostable

<+«——— Poor EEE Non-Compostable

7000

6000 Low

5000 - \
4266

4000 -

Medium
2933

3000 A
l High

Water Vapour Permeability (Barrer)
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1000 -

1582

Cellulose

PCL

PLA

PHB

766

PP

130

PET

Figure 1.7: Comparison of water permeability of several packaging polymers.
Where provided by the authors, the test conditions are as follows: cellulose 85%
relative humidity (RH) [5], PCL 50% RH and 303 K [6], PLA 50% RH and 303
K [6], PHB [7], PP 300 K and 21% RH [8] and PET 298 K [9].

PHB has a melting temperature (7},,) of ~ 448 K, which makes it compatible
with conventional polymer processing techniques such as extrusion and injection
moulding. It can be processed using standard industrial equipment without the
need for specialised machinery. However, the thermal decomposition temperature
of PHB is relatively close, at around 493 K [48], resulting in a narrow processing

11
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Grade Water Vapour Permeability
g pum m~2 d~! kPa~! Barrer
Poor >3000 >d757
Low 1000-3000 1919-5757
Medium 400-1000 768-1919
High 40-400 T7-768
Very high <40 <77

Table 1.1: Classification of packaging polymers films based on recommendations
from Wang et al. [4].

window. As such, precise temperature control is essential during melt processing
to avoid thermal degradation and material breakdown [39]. The T, of PHB also
poses challenges for certain applications. With a T, of approximately 277 K [49],
the polymer transitions into a rigid, glassy state below this temperature. In the
context of food packaging, this means that when stored in refrigerated or frozen
conditions, PHB is likely to lose its flexibility, becoming more brittle and suscep-
tible to cracking or mechanical failure.

In terms of mechanical properties, PHB is, in some respects, comparable
to conventional thermoplastics such as polypropylene. It has a relatively high
Young’s modulus (2-4 GPa) [50, 51] and tensile strength (30-40 MPa) [50, 52|,
indicating good stiffness and strength. However, PHB is also known for its brit-
tleness, due to its high crystallinity and limited chain mobility. It typically shows
low elongation at break (often less than 5%) [53, 54|, which results in poor flexi-
bility and impact resistance. These limitations can hinder its use in applications
requiring ductile behaviour or resistance to mechanical stress.

1.4 Improving PHB Properties

Several of the limitations previously discussed in relation to pure PHB, such as
brittleness, thermal instability and a narrow processing window, can be addressed
through material modification strategies. The properties of PHB can be tailored
to suit specific packaging applications using a variety of approaches, including
blending with other polymers, copolymerisation and the incorporation of func-
tional additives. The use of additives offers an effective means of modifying the
thermal, mechanical and barrier behaviour of PHB. Additives can also enhance
processability, helping to overcome some of PHB’s inherent challenges in melt
processing. For food packaging applications, it is essential that any additives
used are non-toxic, approved for food contact and exhibit minimal migration to

12
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ensure consumer safety and preserve material integrity. Furthermore, in the con-
text of sustainable packaging design, additives should be environmentally benign,
avoiding substances that persist in the environment or compromise recyclability
or compostability.

1.4.1 Copolymerisation

PHB can be copolymerised with hydroxyvalerate (HV) monomers- that is, chem-
ically combined with a second type of monomer during polymerisation- to pro-
duce the random isotactic copolymer, poly(hydroxybutyrate-co-hydroxyvalerate)
(PHVB). In this structure, the HV and hydroxybutyrate (HB) units are randomly
distributed along the polymer chain, while the stereochemistry remains isotactic,
meaning the side groups are oriented in the same direction, as shown in Figure
1.8. This stereoregularity promotes semi-crystalline order in the copolymer.

O O O O
R ¢ R ©Of R 0O R O

Figure 1.8: Chemical structure of isotactic PHVB copolymer, where R represents
randomly ordered methyl and ethyl groups and the square brackets denote indi-
vidual monomers.

PHVB has been widely studied due to its enhanced properties compared to
pure PHB, particularly in terms of thermal stability, flexibility and processability.
DSC, Orts et al. reported a decrease in the 7T, of PHVB of up to 340 K as HV
content was increased from 0 to 27 mol% [55]. However, X-ray diffraction and
inverse gas chromatography measurements showed no significant change in the
degree of crystallinity (X.), which remained around 60%. This was attributed
to the co-crystallisation of the HB and HV units, which introduces defects into
the crystal lattice. These defects lower the energy required to disrupt the lattice
structure, thereby reducing T;, without significantly affecting X.. A lower melting
point is advantageous for processing, as it widens the thermal processing window
and reduces the risk of thermal degradation during melt processing. In a separate
study, Majerczak et al. observed a decrease in the T, from 4°C to —1°C as the HV
content increased from 0 to 21 mol% [49]. This shift was attributed to internal
plasticisation, as the larger side groups of the HV units increase free volume and
molecular mobility. A lower T, allows the copolymer to remain flexible at lower
temperatures, which is beneficial for applications requiring improved ductility and
toughness.

13
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Beyond thermal performance, copolymerisation with HV can also improve the
barrier properties of PHB. Follain et al. found that PHVB with 3 mol% HV ex-
hibited lower diffusion coefficients for water, oxygen, nitrogen and carbon dioxide
compared to neat PHB [18]. Interestingly, the PHVB films in their study showed
higher X, than the PHB films. This increase in X, was used to explain the en-
hanced barrier properties, as a denser crystalline structure limits the mobility of
permeant molecules through the polymer matrix.

1.4.2 Plasticiser Addition

Plasticisers are additives used to enhance the flexibility, softness and processabil-
ity of polymers by reducing intermolecular forces and increasing the free volume
within the polymer matrix [56]. By interfering with polymer chain interactions,
plasticisers allow the chains to move more freely, which imparts greater elasticity
and reduces brittleness. They are particularly effective in amorphous or semi-
crystalline polymers, where their incorporation leads to a significant reduction in
the T,.

In addition to lowering 7}, plasticisers can also reduce the T}, of a polymer,
which facilitates processing at lower temperatures and can improve compatibility
with other materials in blends or multilayer systems. The selection of an ap-
propriate plasticiser depends on several factors, including its compatibility with
the polymer, volatility, migration behaviour and toxicity, which is especially im-
portant in food-contact applications. Plasticisers may be of petrochemical origin
(e.g. phthalates, which are now largely avoided due to health concerns) or derived
from bio-based sources such as citrate esters, poly(ethylene glycol) or vegetable
oils. The key factors which can determine a plasticiser’s effectiveness in improving
polymer properties are molecular weight, polarity, concentration used and type of
functional groups present [39].

PHB is known for its high crystallinity and intrinsic brittleness, which limits its
flexibility and impact resistance. The addition of suitable plasticisers can not only
enhance the mechanical performance of PHB by improving its ductility but also
lower its melting point, helping to reduce thermal degradation during processing.
For these reasons, the use of plasticisers has been widely explored as a strategy to
expand the applicability of PHB in flexible packaging formats. A study by Jost et
al. looked at the effect of plasticisers on mechanical, thermal and barrier proper-
ties of PHVB films [39]. The plasticisers tested had a range of molecular weights
and functional groups. It was found that medium weight plasticisers containing
ether or ketone groups made for effective plasticisers in PHVB, due to interactions
of the polymer with the oxygen in the functional groups. Glyceride plasticisers
containing long fatty acid groups were deemed ineffective plasticisers for PHVB,
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due to the long chains hindering interactions with the polymer. All plasticisers
tested led to an increase in both water and oxygen permeability, with the general
trend of increasing water and oxygen permeability with higher concentrations of
plasticiser used. An improvement in mechanical properties, through the increase
in elongation at break, was found for all tested plasticisers. Triethyl citrate (TEC)
had the most notable effect, with an elongation at break of 2.3% vs 0.8% for pure
PHVB.

Choi and Park also found TEC to be a highly effective PHB plasticiser, with
elongation at break nearly doubling on TEC addition [57]. Break strength was
reduced from 45 MPa for neat PHVB to 10 MPa when TEC was added and
the tensile modulus fell from 245 to 98 MPa. Incorporation of TEC also saw
a significant decrease in Ty, of 290 K and decrease in T, of 296 K, indicating
effective plasticisation. Triacetin (TA) and acetyl tributyl citrate (ATBC) as PHB
plasticisers were studied by Majerczak and Liggat [49]. Both plasticisers led to
a decrease in Ty,, T, and T¢, however TA was concluded to be the more effective
plasticiser for PHB.

1.4.3 Filler Addition

Filler particles are solid additives incorporated into polymer matrices to mod-
ify and enhance a wide range of material properties. Among these, nucleating
agents (nucleants) are a specific class of fillers that influence the crystallisation
behaviour of semi-crystalline polymers by providing sites for heterogeneous nu-
cleation [44]. This can accelerate the rate of crystallisation, reduce overall crys-
tallisation time and lead to a finer, more uniform crystalline structure [3]. These
microstructural changes can improve stiffness, dimensional stability and thermal
resistance, while also making processing more efficient. In semi-crystalline poly-
mers like PHB, nucleating fillers have been shown to reduce spherulite size and
increase spherulite density [44, 58, 59], which can improve mechanical properties
such as tensile strength and modulus, and reduce the inherent brittleness of the
material. A wide range of fillers have been studied for use with PHB, including
graphene [60, 61], clays [49, 58, 62], silica [63], cellulose [64, 65] and boron nitride
(BN) [59, 66]. Additionally, certain filler types, such as graphene and cellulose
nanocrystals, can influence barrier performance by increasing the tortuosity of dif-
fusion pathways for gases or moisture [60, 64], which is particularly advantageous
for food packaging applications.

The overall effect of fillers on the X. in PHB, however, is not always straight-
forward. A review paper on the effect of fillers on PHB found that some fillers
enhance crystallinity, but others may hinder polymer chain mobility or aggregate
at higher concentrations, leading to less predictable outcomes [3]. The effective-
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ness of a filler depends on its chemical compatibility with the matrix, surface
properties, dispersion and the specific processing conditions used. Among the
many fillers investigated, BN has shown particular promise [59]. BN acts as a
highly effective nucleating agent in PHB, significantly reducing spherulite size
and increasing the number of nucleation sites [3]. This results in a finer, more
uniform spherulitic structure, which enhances toughness and reduces brittleness.
Although its impact on overall crystallinity can vary slightly [59, 66], BN gener-
ally helps to maintain or modestly increase crystallinity while promoting a more
favourable microstructure. These characteristics make BN a valuable additive for
improving both the processability and end-use performance of PHB-based pack-
aging materials.

1.5 Project Aims and Objectives

A notable literature gap lies in the use of molecular dynamics (MD) simulation
to investigate barrier properties of PHA-based polymers. Although experimen-
tal studies have measured water and oxygen permeability in PHB films, there is
limited insight into how individual permeant molecules interact with and diffuse
through the polymer matrix, particularly in relation to microstructural features.
MD simulations are uniquely suited to provide this level of detail, yet few studies
have applied them to model gas or water transport in PHAs.

Experimentally, while the semi-crystalline nature of PHB has been widely re-
ported, there remains no clear, mechanistic understanding of how its microstruc-
ture, such as spherulite size and degree of crystallinity, affects key physical prop-
erties, including barrier performance. The lack of integration between simula-
tion and experiment also means that structure-property relationships in PHB
are poorly defined, limiting opportunities for simulation-informed design of PHB-
based films for packaging applications.

While experimental techniques are valuable for characterising polymer crys-
tallinity and physical properties, MD simulations offer a complementary perspec-
tive by enabling detailed analysis of polymer behaviour at the nanoscale. Sev-
eral MD studies have explored the structural and thermal properties of amor-
phous PHB. Kyles and Tonelli modelled the conformational characteristics of
PHB, which were consistent with experimental observations in dilute solutions
[67]. Glova et al. carried out atomistic simulations of blends of PLA and PHB
and demonstrated that the two polymers are miscible, with their miscibility ex-
hibiting scale dependence [12]. Their follow up study used MD simulations to
investigate PHB and PLA composite systems, containing cellulose nanocrystal
filler particles and they discovered that grafted PHB chains extend away from the
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surface, whereas grafted PLA chains are able to fold back to the surface to form
hairpin-like structures [65]. Papchenko et al. simulated the diffusion and sorption
of gases CH4 and CO, through a range of amorphous PHAs and obtained promis-
ing results for the solubility—selectivity of the two gases [68].

To date, there appear to be no published MD studies of crystalline PHB or
PHV, despite their significance as semi-crystalline materials. Likewise, MD in-
vestigations of amorphous PHV and PHVB copolymers remain limited and unex-
plored. This project aims to address these knowledge gaps through a combination
of MD simulations and experimental work. The central hypothesis is that mi-
crostructural features in PHB, including crystallinity, additive content and HV
incorporation, play a key role in determining barrier properties. To investigate
this, the project will pursue the following objectives:

e Create and validate a force field model for crystal and amorphous PHAs.
e Use MD simulations to understand gas diffusion in PHB and PHV.
e Use MD simulations to explore the effect of fillers on diffusion.

e Characterise the mechanical and barrier properties and the role of fillers and
plasticisers in PHA films.

17



Chapter 2

Methodology

This chapter outlines the methodology used in both the molecular dynamics (MD)
simulations and the experimental characterisation of polyhydroxybutyrate (PHB)
films. The first part of the chapter provides an overview of MD simulations, in-
cluding the theoretical foundations of the technique, the role of force fields and
potential functions and the treatment of key simulation parameters such as peri-
odic boundary conditions, thermodynamic ensembles and partial charge calcula-
tions. The models used for water and oxygen molecules are described, alongside
the implementation of constraints, energy minimisation protocols and the use of
thermostats and barostats. The detailed simulation methodology varies for each
of the models studied. The specific procedure for modelling amorphous PHB and
PHV, as well as the PHB and PHV unit cells can be found in Section 3.2 (Chap-
ter 3). For further information on modelling larger crystalline PHB systems and
PHB/graphene composite systems, see Section 4.2 (Chapter 4). The second part
of the chapter describes the experimental methods employed to prepare and char-
acterise PHB films. This includes film fabrication by solvent casting, verification
of polymer composition and purity using nuclear magnetic resonance (NMR) and
thermal analysis via differential scanning calorimetry (DSC). Structural and sur-
face characterisation were conducted using scanning electron microscopy (SEM)
and water contact angle measurements, respectively, while barrier and mechani-
cal properties were assessed using water vapour permeation testing and texture
analysis.

2.1 Molecular Dynamics

Classical MD is a computational technique used to model the physical movements
of atoms and molecules over time. It provides a powerful means of studying
the structure, dynamics and interactions of molecular systems at the atomic and
molecular level. In a classical MD simulation, atoms are treated as particles
whose trajectories evolve according to Newton’s laws of motion. By numerically
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integrating these equations, it is possible to predict how a molecular system re-
sponds to various physical conditions, providing insight into phenomena such as
molecular diffusion, conformational changes and mechanical or thermal behaviour.

At the heart of an MD simulation are the equations of motion, which describe
how the position and velocity of each atom changes over time under the influ-
ence of forces derived from the potential energy of the system. The fundamental
relationship is Newton’s second law:

2
Fi =ma; = mi%

where F; is the force acting on atom 7, m; is its mass and a; is its acceleration,
which is the second derivative of its position r; with respect to time ¢ [69]. The
forces are typically obtained from empirical interatomic potentials that describe
bonded and non-bonded interactions. Numerical integration algorithms are used
to solve the equations of motion for all particles in the system. One of the most
commonly used algorithms is Verlet, which computes new positions of particles
but does not calculate their velocities. The Velocity-Verlet algorithm is an exten-
sion of Verlet, where particle velocities are computed. All simulations in this work
used Velocity-Verlet. The integrations are performed at every timestep, which is
defined by the user. For atomistic simulations, the integration algorithms require
short timesteps, typically one or two femtoseconds (fs), to ensure the atoms don’t
move too far between timesteps. For course-grained simulations, longer timesteps
can be used. At each timestep, new positions and velocities are computed for each
particle, which can be saved to a trajectory file for post-processing. A timestep
of 1 fs was used for all simulations in this work.

Constraint algorithms are used in MD to fix certain degrees of freedom, such
as bond lengths or angles, to enable the use of longer integration time steps.
These constraints are particularly useful for limiting the fastest vibrational mo-
tions in the system, which are often associated with light atoms such as hydrogen.
By constraining these high-frequency motions, simulations can be run more effi-
ciently without compromising overall accuracy. One commonly used constraint
algorithm is SHAKE, which is designed to iteratively adjust atom positions dur-
ing each time step to enforce fixed bond lengths or angles. SHAKE is typically
used for bonds between hydrogen atoms and heavier atoms (e.g., C-H, O-H, N-H).
By applying SHAKE to these bonds, the time step can be safely increased (e.g.,
to 1 or 2 fs), significantly improving computational efficiency while maintaining
realistic molecular behaviour.

In MD, each atom is represented as a point particle with a defined position,
velocity and mass. The atomic coordinates evolve with time and interactions be-
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tween atoms are calculated based on these coordinates. Bonds between two atoms
can stretch and contract and the angles between three atoms can bend, corre-
sponding to bond and angle potentials. For four atoms bonded linearly, twisting
around the central bond is subject to a dihedral torsion potential. If three atoms
are bonded to a central fourth atom, a similar improper dihedral potential is ap-
plied. Non-bonded interactions include van der Waals (vdW) interactions, which
are typically modelled using potential functions such as the Lennard-Jones (LJ)
pair potential, and electrostatic interactions.

Several software packages are available for performing MD simulations, includ-
ing GROMACS, AMBER, NAMD and LAMMPS. Each has particular strengths
depending on the system being studied and the type of analysis required. For
this study, the open-source software LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator), version lammps/intel-2020.4/23Jun2022 [70] was
used due to its flexibility and strong support for modelling both polymers and
solids, allowing the simulation of polymer composites. LAMMPS is particularly
well-suited to simulating large, heterogeneous systems and provides robust tools
for customising force fields, imposing periodic boundary conditions and modelling
both bonded (e.g. bonds, angles, dihedrals) and non-bonded interactions effi-
ciently. LAMMPS also offers good scalability on high-performance computing
clusters, allowing simulations of polymer systems over long timescales and large
spatial domains. Its support for coarse-grained models, user-defined potentials
and a wide range of thermostats and barostats make it an ideal choice for simu-
lating the dynamic behaviour and thermophysical properties of polymers and their
interaction with small molecules such as water and oxygen. For the analysis of
simulation trajectories, Python scripts were used, making use of the open-source
MDAnalysis library [71]. Simulation trajectories were visualised using VMD [72].

2.1.1 Force Field Models

A force field describes the intra- and inter-molecular energy potentials of atoms in
a simulation. Force field parameters are derived from both quantum mechanical
calculations and experiments and they allow the potential energy of atoms in a
simulated system to be calculated and hence the system properties. Selecting an
appropriate force field is an important step in setting up an MD simulation. Much
research has gone into the development of transferable force fields so there is a
wide variety to choose from to describe a particular system. Some of the most
commonly used force fields include AMBER, OPLS, GROMOS and CHARMM.
Different force fields use different classifications for grouping together atom types,
as well as different parameters for each type of atom, bond, angle etc. The chosen
force field will define the exact equation used to calculate all potentials, including
all the force constants to be used. The bonded interactions which the force field
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must describe include bond stretching, angle bending and dihedral (torsional) an-
gles. These are shown in an example molecule in Figure 2.1.

Figure 2.1: Chain molecule showing bond length ry3, bond angle 023, and dihedral
torsional angle ¢j934 [10].

Non-bonded interactions include vdW and electrostatic interactions. Despite
being represented as points, atoms are associated with an effective size through
a vdW radius, o, which influences how closely atoms can approach one another.
The LJ potential is used to compute the short-range dispersion forces between
two particles. ¢ and the potential energy well-depth, €, are assigned to each atom
type and these parameters are used to compute the vdW forces. Since vdW in-
teractions are only significant at short interatomic distances, a cut-off is used to
smooth the LJ potential to zero at a specified distance. By not having to calcu-
late intermolecular interactions of atoms greater than the cut-off distance apart,
computational requirements are significantly reduced.

In order to include electrostatic interactions in a simulation, partial charges
for each atom must be assigned. Some atoms will be positively charged and some
negatively charged, but the sum of all charges should be zero to simulate a neutral
system. A Coulomb potential is used to compute the electrostatic interactions be-
tween two particles, where the proximity of the particles and the product of their
charges defines the electrostatic energy. As with vdW interactions, a cut-off is also
used to switch the potential at a given separation distance. For all simulations
in this work, a cut-off of 10 A was used for both the vdW and short-range elec-
trostatic potentials. This cut-off distance provides a good compromise between
accuracy and computational cost. vdW interactions decay rapidly and are neg-
ligible beyond this distance. However, the electrostatic potential decays to zero
slower than LJ so after the cut-off distance, a long-range solver can be used to
correct for this. In LAMMPS, the long range electrostatic interactions are com-
puted using the PPPM method (particle-particle/particle-mesh) [73].
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Some force fields come with pre-assigned partial charges for specific atom types
in commonly used molecular fragments. Often, however, the force field used
may require the prior determination of partial charges using quantum mechanical
methods. While these partial charges still depend on the atom type, they are not
transferable directly between two different atoms of the same type. The chemical
environment of an atom, i.e. the types of atoms surrounding it, will influence the
charge associated with it.

2.1.2 Force Fields Used in This Work.
GAFF

The General Amber Force Field (GAFF) [74] was selected for modelling polymers
in the current work because of its broad applicability and proven reliability across
a wide range of organic systems. GAFF is parameterised to cover the functional
groups present in PHB, including ester linkages, aliphatic backbones and car-
bonyl moieties, making it particularly suitable for simulating aliphatic polyesters
without requiring extensive reparameterisation. As an extension of the AMBER
(Assisted Model Building and Energy Refinement) force field [75], originally de-
signed for biomacromolecules, GAFF inherits the ability to handle large molecular
systems, making it well-suited for long-chain polymers containing thousands of
atoms. Its versatility has also made it one of the most widely adopted force fields
for polymer and biomaterial simulations, including heterogeneous systems such as
polymer /filler composites [12, 76, 77, 78, 79]. Importantly, previous MD studies
by Glova et al. successfully used GAFF to model amorphous PHB and reproduced
experimental properties [12, 65]. Consistent with these reports, the structural and
thermal properties of PHB obtained in the present work agreed well with values
in the literature (see Chapter 3), further supporting the suitability of GAFF for
this system. While alternative force fields could also be considered, benchmarking
multiple force fields is highly time-consuming and was beyond the scope of the
current study.

GAFF uses 57 atom types, made up of 35 "basic’ atoms and 22 ’special’ atoms,
based on their chemical environment. For example, 'hn’ is a hydrogen atom that’s
bonded to a nitrogen atom and ’ca’ is a carbon atom in an aromatic system. Of
these 57 atom types in GAFF, only 8 of them are required to construct a PHB
molecule. These atom types are described in Table 2.1 and shown schematically
for a PHB molecule in Figure 2.2.

Once atoms have been defined, bonds, angles, dihedrals and impropers must
all be included in the LAMMPS input file. The force field used will define the
styles of interaction potentials for bonded and non-bonded interactions. GAFF
uses a harmonic potential for bond stretching and angle bending, given by the
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Atom Type | Description
c sp? C in carboxyl groups
c3 sp? C
0 O in carboxyl groups
oh O in hydroxyl groups
0S O in ester groups
hc H on aliphatic C
ho H in hydroxyl groups
h1 H on aliphatic C with 1 electron withdrawing group

Table 2.1: GAFF atom types used for building a model of PHB.

Tc
hc——c3—hc
hc ﬁ

ho—Tos—c¢3—c3—c—Ttoh—ho

h1 hc n

Figure 2.2: Atom types used to represent a PHB molecule.

following equations:

Ebond = KT(T - TO)Z Eangle = K@(Q - 00)2

Where K, and Ky are the bond and angle force constants, rq and 6y are the
equilibrium bond length and equilibrium bond angle and r and 6 are the bond
length and bond angle, respectively. In GAFF, the Fourier potential is used for
dihedral torsion:

Z Edinedral = Kpi[1 + cos(n¢ — ;)]
i=1
Where m is an integer > 1, K4 ; is the dihedral force constant, ¢ is the dihedral
angle, n; is the periodicity of torsion (integer) and ~; is the phase angle. For

improper dihedrals, the consistent valence force field (CVFF) style is used in
GAFF. The potential is given by:

Eimproper = K[l +d cos(np)]
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Where Kj is the improper force constant, [ is the improper angle, n is the
periodicity of torsion (integer) and d = cos(y) (d = +1 or -1), where 7 is the
phase angle.

For non-bonded atoms, the Coulomb potential is used to compute electrostatic
interactions:

OQin
E’I“ij

ECoul =

Where ¢; is the partial charge on the ith atom, ¢ and j are the two interacting
atoms, C is an energy-conversion constant, € is the dielectric constant and r;; is
the distance between atoms ¢ and j. For assigning partial atomic charges com-
patible with GAFF, quantum mechanical calculations were performed using the
Gaussian software package [80]. The molecular electrostatic potential (ESP) was
calculated at the Hartree-Fock level of theory with the 6-31G* basis set (HF/6-
31G*), as recommended for use with GAFF. The resulting Gaussian output file
was then processed using Antechamber, a tool within the AmberTools suite [81],
to perform a restrained electrostatic potential (RESP) fitting. In this step, An-
techamber extracted the ESP data from the quantum mechanical calculation and
applied the RESP method to derive partial charges for each atom, while applying
restraints to prevent overfitting and to ensure chemically reasonable values.

Finally, the LJ potential is used to describe the non-bonded dispersion forces
between two atoms. This is given by:

Epj = 4e; (i) — (i)
rij Tz’j
Where 745 is the interatomic distance, o0;; is the effective vdW radius and ¢;; is

the minimum energy between atoms 7 and j. To obtain the LJ parameters o;; and
€ij, the Lorentz-Berthelot mixing rules are applied for each atom pair as follows:

0ij = 5 (0 + 03) gij =/ (€ig5)
When simulating the polymer chains, the SHAKE algorithm was used to fix
the bond lengths and angles of the H atoms to their equilibrium values. This is
common practice when simulating large organic molecules.

While non-bonded interactions are still experienced between two atoms in

the same molecule, the values of these interactions are usually either zeroed or
scaled down for atoms which are separated by two or three bonds. These are
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referred to as 1-4 interactions and in LAMMPS the scaling can be set via the
special _bonds command. For AMBER-type force fields, including GAFF, the
interactions between atoms which are two bonds apart are set to zero. For atoms
three bonds apart, the LLJ component is scaled by % and the Coulombic component
is scaled by %.

Water and Oxygen Force Field Models

In MD simulations, water models are simplified representations used to mimic
the behaviour of water molecules, capturing their structural and thermodynamic
properties while remaining computationally efficient. Since water plays a cen-
tral role in many biological and materials systems, selecting an appropriate water
model is crucial to ensure accurate results. These models typically consist of rigid
or flexible arrangements of point charges and LJ interaction sites, designed to
reproduce key physical properties such as density, diffusion coefficient, dielectric
constant and hydrogen bonding behaviour. Among the many available models,
such as TIP3P, TIP4P and SPC, the SPC/E (Extended Simple Point Charge)
model is widely used due to its favourable balance between accuracy and compu-
tational cost. This model was chosen for simulating diffusion of water molecules.
SPC/E represents each water molecule with three interaction sites and includes a
LJ potential on the oxygen atom [21]. A schematic of the SPC/E model is shown
in Figure 2.3. Compared to simpler models like SPC or TIP3P, SPC/E provides
better agreement with experimental data for properties such as liquid density, ra-
dial distribution functions and self-diffusion coefficients, making it a robust choice
for simulating water transport and interactions in polymer systems [20]. Addi-
tionally, this water model has been shown in the literature to be compatible with
GAFF [82, 83, 84]. The SHAKE algorithm was used to constrain the bond lengths
and angles to their equilibrium values, as is required when using the SPC/E model.

B 0p=3.166 A
Go=-0.8476 e €0 = 0.1533 kcal mol*

1.016 A

i F Go=0e Oo=3.13A
0.4238 ou=0A €0 = 0.096 kcal mol?
qy=0. e y= b
@) " g, = 0 kcal mol? (b)

Figure 2.3: (a) Water model and (b) oxygen model used in the current work.

Similarly, when simulating oxygen molecules, it is crucial to select a model
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that can accurately reproduce the key physical properties of molecular oxygen.
Javanainen et al. reviewed the performance of 14 oxygen models, including those
from the TraPPE and CHARMM families, and subsequently developed three new
models; two with partial charges and one without [22]. They assessed the models
based on their ability to reproduce experimental density, free energy of hydration,
enthalpy of vaporisation and solvation free energy. The three new models demon-
strated significant improvements over earlier models in capturing these thermody-
namic properties and were in good agreement with experimental data. In partic-
ular, Javanainen’s models, which are designed to be compatible with widely used
water models like SPC/E, accurately reproduced experimental oxygen-oxygen ra-
dial distribution functions, solubility in water and diffusion coefficients. Further-
more, it was successfully used by Lightfoot et al. to model diffusion of oxygen
through polyethylene terephthalate and polyethylene furanoate [85]. This model
was adopted in the current study to investigate oxygen diffusion through polymer
matrices. Specifically, the version of the model without partial charges was chosen
here, as it exhibited the smallest deviations from experimental values and thus
should provide the most reliable results for oxygen transport behaviour. SHAKE
was used to constrain the O=O0 bond to its equilibrium value, as this particular
model was developed with a constraint rather than a defined bond force constant.

2.1.3 Periodic Boundary Conditions

Since MD simulations typically use a relatively small number of atoms compared
to experimental systems, periodic boundary conditions should be used to avoid
finite size effects. In this way, the simulation box is replicated in some or all
dimensions, creating an infinite lattice. During the simulation, each atom has
a periodic image in the neighbouring boxes which moves in an identical way to
the original atom, shown diagrammatically in Figure 2.4. When an atom moves
across a box boundary, it reappears on the opposite face boundary. In this way,
the total number of atoms in the simulation box is conserved.

All simulations carried out in the current work had periodic boundary condi-
tions applied in all three Cartesian directions.

2.1.4 Ensembles

Statistical mechanics allows for the conversion of microscopic level information
(such as atom coordinates and velocities) to macroscopic detail (such as temper-
ature and pressure). The concept of an ensemble refers to a statistical collection
of systems, each representing a possible state that the system can adopt under
specified thermodynamic conditions. The choice of ensemble determines which
thermodynamic variables are held constant and which are allowed to fluctuate,
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™ BN
' '
N e

Figure 2.4: Diagrammatic representation of periodic boundary conditions. Solid
outlines show the simulation box and particles, dashed lines represent the repli-
cated images of the system.

thereby influencing the statistical properties sampled during the simulation. The
most commonly used ensembles in MD are the microcanonical (NVE), canonical
(NVT) and isothermal-isobaric (NPT) ensembles. The NVE ensemble maintains
constant number of particles (N), volume (V) and energy (E), and is often used
for studying energy conservation in isolated systems. Often in simulations it is
desirable to control the temperature of the system. The NV'T ensemble keeps the
number of particles, volume and temperature (T) constant by employing ther-
mostats to regulate temperature. The NPT ensemble, which maintains constant
pressure (P) in addition to temperature, is particularly useful for simulating sys-
tems under experimentally relevant conditions, such as biological environments
or materials under ambient pressure. The selection of an appropriate ensemble
depends on the specific goals of the simulation and the physical conditions one
wishes to replicate.

In the current work, the NVT ensemble was used when the box size was to be
fixed and the NPT ensemble was used when changes in density were of interest.

2.1.5 Thermostats and Barostats

In MD simulations, thermostats and barostats are essential algorithms used to
regulate the system’s temperature and pressure, respectively. In real-world exper-
imental conditions, materials exchange energy with their surroundings to maintain
constant thermodynamic conditions. To reproduce such environments computa-
tionally, thermostats and barostats are employed to ensure the system samples
the appropriate statistical ensemble, such as the NVT or NPT ensemble. Ther-
mostats work by adjusting atomic velocities to maintain a target temperature,
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while barostats modify the simulation box volume to control pressure. A va-
riety of thermostat algorithms exist, including Berendsen, Andersen, Langevin,
velocity rescale and Nosé-Hoover, each with different trade-offs in accuracy and
computational cost. Likewise, barostat options include the Berendsen, Parrinello-
Rahman and Nosé-Hoover methods. Among these, the Nosé-Hoover thermostat
and barostat are widely used due to their ability to accurately reproduce the de-
sired thermodynamic ensembles through extended equations of motion. These
methods introduce fictitious degrees of freedom that act as thermal or pressure
reservoirs, enabling energy exchange while preserving the system’s physical dy-
namics.

In this study, the Nosé-Hoover thermostat and barostat [86] were used to main-
tain the target temperature and pressure throughout the simulations. Compared
to simpler methods such as the Berendsen thermostat, which applies exponen-
tial damping to enforce temperature control, the Nosé-Hoover method allows for
natural fluctuations of temperature and pressure around the desired setpoints.
This leads to more accurate sampling of the NVT and NPT ensembles [87].
These features make the Nosé-Hoover approach particularly suitable for poly-
mer simulations, where it is important to preserve realistic dynamical behaviour
for accurate analysis of properties like diffusion, chain mobility and structural
relaxation. In LAMMPS, Nosé-Hoover thermostat and barostat are implemented
using ensemble-specific fix commands such as fix nvt or fizr npt. The user spec-
ifies parameters including the initial and final temperatures (Titart, Tstop) and
the thermostat damping constant (Tgamp), Which controls how quickly the sys-
tem relaxes to the target temperature. When a constant temperature is required,
Tstart = Titop- Similarly, the Nosé-Hoover barostat uses parameters Pspart, Pstop
and Pyamp. Pressure coupling can be applied isotropically, where the z, y, and 2
box dimensions scale together, or anisotropically, where each direction is scaled
independently.

In the current study, isotropic pressure control was used when simulating amor-
phous PHAs in a cubic simulation box, to maintain equal dimensions in all direc-
tions. In contrast, for simulations of PHA crystals, anisotropic pressure control
was applied to allow the lattice parameters to adjust independently, better reflect-
ing the anisotropic nature of the crystalline unit cells.

2.1.6 Energy Minimisation

Energy minimisation is a preparatory step in simulations used to remove steric
clashes or unfavourable geometries from an initial molecular structure. It involves
iteratively adjusting atomic positions to find a local minimum on the potential
energy surface, where the net forces acting on atoms are reduced to near zero.
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Commonly used algorithms for energy minimisation include conjugate gradient
[88] and steepest descent [89]. Unlike MD, which simulates motion over time,
energy minimisation is a static process that seeks a more stable configuration by
descending along the potential energy gradient. This step is particularly impor-
tant when a system has been built or modified manually, such as after combining
molecular components, inserting molecules into a simulation box or generating
initial structures through modelling. Performing energy minimisation helps pre-
vent large, unphysical forces that could destabilise the simulation when MD steps
begin, thereby improving the reliability and stability of subsequent equilibration
and production runs. The steepest descents algorithm was used to minimise the
energy of the polymer systems in the current work, prior to any MD steps be-
ing run. This algorithm has previously been used for simulating PHB molecules
[12, 65]. In the case of randomly inserted polymer chains, this energy minimisa-
tion was a necessary step to prevent the system blowing up due to overlapping
atoms.

2.2 Experimental

The following sections describe the methods used for the experimental part of this
project. Results can be found in Chapter 5.

2.2.1 Film Preparation

There are various methods for producing PHA films, each offering advantages de-
pending on the intended application and the physical properties required. The film
preparation process directly influences the final film’s microstructure, thickness
and mechanical properties, which in turn impact many other properties. In this
study, obtaining thin, uniform films was critical for accurate water vapour trans-
mission rate (WVTR) measurements and for capturing clear spherulitic structures
under SEM. Therefore, careful selection of the preparation method was crucial to
ensure that the films met these experimental requirements and reflected the prop-
erties of the bulk polymer.

Extrusion is a common method, particularly in industrial-scale processing. In
this technique, the molten polymer is forced through a channel to form a thin
sheet or film, which is then cooled and solidified. Melt pressing is another widely
used technique that involves applying high pressure to PHA powder at a temper-
ature above its melting point. This process results in dense, uniform films and is
suitable for applications where mechanical strength and dimensional stability are
prioritised. After film formation, the cooling step significantly affects the polymer
microstructure. The film can be allowed to cool slowly at room temperature, pro-
moting gradual crystallisation and the growth of larger, well-defined spherulites.

29



CHAPTER 2. METHODOLOGY

Alternatively, it can be quenched rapidly, such as by immersion in liquid nitrogen,
to suppress crystallisation and produce an amorphous or less crystalline structure.
This rapid cooling 'freezes in’ the molecular arrangement at the point of quench-
ing. Initial testing of the film characterisation techniques used previously-prepared
melt-pressed PHB films. Attempts using these samples found that they were too
thick to allow clear spherulite imaging under SEM and their brittleness caused
difficulties in sample preparation for WVTR measurements. As a result, it was
decided that solvent casting would be used to prepare the PHB films for the cur-
rent study.

Solvent casting is particularly well-suited for laboratory-scale film preparation.
It involves dissolving the polymer powder in an appropriate solvent, spreading the
solution into a thin layer using a casting blade and allowing the solvent to evap-
orate. As the solvent leaves the system, a uniform polymer film is left behind.
Solvent casting allows for excellent control over film thickness and composition,
and it is compatible with the incorporation of additives or fillers during the dis-
solution stage.

As mentioned, solvent casting enabled the ability to generate films that were
thin enough to enable both microscopy imaging of spherulites and measurements
of WVTR. In contrast to the melt-pressed samples, the solvent-cast films were
thin, flexible and easy to handle, cut and test without breaking. Additionally,
they were optically transparent and relatively quick to produce, making them
suitable for high-throughput testing. One of the films produced is shown in Fig-
ure 2.5.

Figure 2.5: PHB film produced from solvent casting.

Although solvent casting may not directly mirror the large-scale industrial pro-
cessing of PHB, such as extrusion or melt pressing, the films obtained nevertheless
provide a meaningful model system for investigating structure-property relation-
ships. In particular, the spherulitic morphologies observed in solvent-cast PHB
films are comparable to those reported in melt-pressed and extruded samples,

30



CHAPTER 2. METHODOLOGY

where crystallisation from the melt also results in lamellar spherulites of similar
organisation [58]. This structural similarity enhances the translatability of the
experimental data to the MD simulations, which model the influence of additive
incorporation, and crystalline and amorphous domains on barrier performance.

The presence of solvent may influence the properties of polymer films by af-
fecting chain organisation during the casting and drying process [90]. Solvents
with slower evaporation rates can allow more time for molecular rearrangement,
which may alter crystal growth rate and morphology [91], compared to those which
evaporate faster. Furthermore, residual solvent can act as a temporary plasticiser
until completely evaporated from the film. Solvent selection and drying condi-
tions are therefore not only practical considerations but also factors which could
potentially influence the properties of PHB films. The solvent of choice in this
study was chloroform, which is widely used for dissolving PHAs due to its high
solubility capacity for these polymers. Selecting an appropriate solvent is essen-
tial to ensure complete dissolution of PHB powder, uniform film formation and
reproducibility. PHB is notoriously insoluble in most common, non-chlorinated
solvents (e.g., ethanol, acetone, DMSO, THF), particularly at room temperature,
whereas it dissolves effectively in halogenated solvents such as chloroform [92].
The superior dissolving power of chloroform arises from its polarisable chlorine
atom, which interacts favourably with the carbonyl groups of the PHB polymer
chain, allowing efficient dissolution even of the homopolymer, which is more dif-
ficult to solvate than PHVB copolymers [13, 92]. Many PHB-based film studies
therefore employ chloroform, making this approach well-established in the field
[18, 64, 93, 94, 95, 96]. While chloroform is classified as a toxic and hazardous sol-
vent, it remains a practical choice in small-scale laboratory work, not only because
of its dissolving power but also because of its low boiling point (334 K), which
facilitates rapid evaporation and shortens drying times. This rapid evaporation
also minimises the risk of phase separation or filler sedimentation during casting,
thereby ensuring uniform film composition.

To make the polymer solution, PHB powder (Helian Polymers, PB3000) was
first washed in ethanol to remove impurities and dried at room temperature in a
desiccator containing silica gel. A sample of the purified PHB powder was anal-
ysed using nuclear magnetic resonance (NMR) (details below). The PHB powder
was then dissolved in chloroform at a concentration of 10% weight/volume (i.e.
1g of PHB per 10 mL of chloroform) in a glass jar. For the films with additives,
the BN (Sigma-Aldrich, 255,475, 98%, powder, ca. 0.6 nm) and/or TA (Sigma-
Aldrich, W200700, 99%, liquid) were added at this stage and the mixture was
stirred to disperse the powders in solution. Details on the formulations are given
in Table 2.2.
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PHB Pure PHB

PHB_TA PHB + 10 wt% TA
PHB_TA/1BN | PHB + 10 wt% TA + 1 wt% BN
PHB_1BN PHB + 1 wt% BN

PHB_0.25BN | PHB + 0.25 wt% BN
PHB_0.06BN | PHB + 0.0625 wt% BN

Table 2.2: Formulations used for PHB films.

The glass jars were secured with a lid and a rubber seal to prevent chloroform
evaporating during heating. The mixtures were then heated in an oven at 333 K
for approximately one hour until the PHB powder had visibly dissolved, resulting
in a viscous solution. To ensure even distribution of the dissolved polymer and
additives, the solution was stirred again for 30 minutes using a magnetic stirrer
bead before being left to cool to room temperature.

To cast the films, 10 mL of polymer solution was poured into the opening
of the casting blade, which then moved across a glass support to create an even
coating of PHB solution. Once cast, the films were left in a fume cupboard for
at least four hours to allow safe and complete evaporation of the chloroform,
leaving behind the solid polymer films. In order to remove the film from the
glass support without damaging it, it was necessary to place the support in a
basin of water briefly. This caused the PHB film to peel away easily from the
glass and, due to the hydrophobic nature of PHB, the films could be quickly
blotted dry with paper towel. Before characterisation, the films were further
stored under vacuum for 12 hours to ensure removal of any residual solvent. A
thermal post-treatment step was not performed, as it was considered unnecessary
for the intended analyses. While some studies have reported applying thermal
annealing to alter crystallinity or remove residual solvent [64, 97], others have
demonstrated that simple room temperature or vacuum drying is sufficient to
produce stable PHB films for characterisation [18, 95, 96]. Given this precedent
in the literature, and since the focus of this work was on films cast and dried under
mild conditions, no additional thermal treatment was applied. A micrometer was
used to determine the thickness of the films, averaging over ten measurements
taken across the film. The average thickness of the films was 20 + 3 pm.

2.2.2 Characterisation Techniques

The following subsections describe the experimental techniques used to investigate
PHB film properties.

32



CHAPTER 2. METHODOLOGY

Nuclear Magnetic Resonance Measurements

For polymer analysis, Nuclear Magnetic Resonance (NMR) is particularly useful
for confirming monomer composition, detecting impurities and identifying copoly-
mer ratios. In the case of PHAs, NMR can distinguish between different types
of monomers incorporated into the polymer chain. This is important because
the fermentation conditions and feedstock used during biosynthesis can result in
various copolymers, such as PHVB, rather than the homopolymer PHB. NMR
spectroscopy is a powerful analytical technique used to elucidate the chemical
structure of organic compounds by detecting the magnetic environments of atomic
nuclei, most commonly hydrogen (*H) and carbon (}3C). The method relies on
the principle that certain nuclei possess a magnetic moment and will align with
or against an external magnetic field. When subjected to radiofrequency radia-
tion, these nuclei can absorb energy and transition between energy levels. The
resulting signal, known as a chemical shift, is sensitive to the electronic environ-
ment surrounding each nucleus, allowing for identification of functional groups
and molecular structure.

In this study, 'H NMR spectroscopy was employed to analyse PHB powder
following purification in ethanol. The NMR spectra served three purposes: (1) to
confirm the absence of residual impurities or contaminants in the polymer, (2) to
verify that ethanol from the purification process had been fully removed and (3)
to confirm that only 3-hydroxybutyrate (HB) units were present, indicating that
the polymer was a PHB homopolymer rather than a PHVB copolymer.

For sample preparation, PHB powder was dissolved in deuterated chloroform
at a concentration of 1 wt%. The resulting solution was transferred into an NMR
tube and analysed using a Bruker AV3 HD 500 spectrometer. The scan was
conducted at 298 K with a frequency of 400 MHz. Spectra were processed using
Topspin (version 4.4.1), and the chemical shifts were compared with reference
data for PHB and polyhydroxyvalerate (PHV) reported in the literature.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a widely used thermal analysis tech-
nique for characterising the crystallinity and thermal behaviour of polymers. In
particular, it provides quantitative information on melting and crystallisation tem-
peratures, enthalpies and degrees of crystallinity, making it an essential tool for
assessing how additives or processing conditions influence the crystalline content
and thermal stability of polymer films.

DSC works by measuring the difference in heat flow between a sample and
an inert reference (typically an empty sample pan) as a function of temperature
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or time, under a controlled heating or cooling program. As a relative technique,
DSC does not directly measure the absolute heat flow into the sample; rather, it
detects the difference in the amount of heat required to increase the temperature
of sample and the reference. This differential approach allows the identification of
thermal transitions such as the glass transition temperature (7), crystallisation
temperature (7,) and melting temperature (7,,), which are key indicators of a
polymer’s microstructure and processability. The fundamental principle underly-
ing DSC is the relation:

Q = C,AT (2.1)

Where () is the heat flow, C), is the specific heat capacity of the sample and AT
is the change in temperature experienced due to the heating or cooling program.
A heat-cool-reheat (HCR) cycle is often used for polymer samples to obtain a
first melting temperature (7},1), a crystallisation temperature (7,.) and a second
melting temperature (7},,2). The first heat reflects the polymers thermal history
caused by its previous processing, e.g. quenching from a melt. After heating to the
melt phase, the sample is cooled at a fixed rate allowing for recrystallisation from
the melt. The second heating run then provides a clearer picture of the polymer’s
intrinsic thermal properties, as the effects of prior processing are removed. As
such, T},; may differ from T,,5 due to changes in crystallinity or crystal perfection
upon controlled crystallisation. A DSC spectra from a HCR cycle will contain
three peaks (one per temperature ramp) each of which can be integrated to obtain
the enthalpy change associated with the melting/crystallisation process. Degree
of crystallinity (X,.) of the polymer sample can be calculated by:

AH,,
Wp.AHY,
where AH,, is the enthalpy of melting the sample, AH? is the theoretical
enthalpy of melting a fully crystalline sample (= 146 J g~* for PHB [44]) and W,
is the weight fraction of the polymer (W, = 1 for a pure sample or W, <1 when
additives have been incorporated).

X, = x 100 (2.2)

In the current work, HCR cycles were carried out on the solvent cast films in
order to determine the change in 7T,,,1, T, and X, of PHB films caused by the incor-
poration of filler or plasticiser. Tests were done using the PerkinElmer DSC4000,
calibrated using indium standard, with a HCR cycle. Nitrogen was used as a
purge gas, with a flowrate of 20 mL min~!. Nitrogen is chemically inert under
the DSC conditions used and it helps to prevent oxidation or degradation of the
polymer during heating. Additionally, the use of a continuous purge gas flushes
out moisture, oxygen and volatile impurities from the DSC cell, ensuring consis-
tent results. The cycle consisted of the following steps a) isothermal equilibration
for 1 min at 313 K, b) heating at a rate of 10 K min™! from 313 K to 473 K,
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c) isothermal equilibration for 2 min at 473 K, d) cooling at 10 K min~! from
473 K to 223 K, e) isothermal equilibration for 5 min at 223 K and f) heating
at 10 K min~! from 223 K to 473 K. Heating to 473 K ensured the polymer was
above its melting temperature but still below its thermal degradation tempera-
ture, while cooling the samples to 223 K ensured the polymer would be below both
the crystallisation temperature and its glass transition temperature, allowing the
detection of three distinct phase transitions. Similar HCR cycles have been used
in the literature [49, 98]. Resulting DSC spectra were analysed using Pyris, the
PerkinElmer instrument software. Results were averaged over three repeats per
film. A typical DSC plot for PHB, from a HCR cycle is shown in Figure 2.6. The
three peaks indicate T,, T},» and T,,, from left to right.
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Figure 2.6: DSC curve of a PHB film sample, generated from a HCR cycle. The
first heating step is shown by 7T,,,; curve, the T, curve then shows the cooling step
and the second heating step is shown by the T;,5 curve.

Scanning Electron Microscopy

SEM is a powerful imaging technique used to examine the surface morphology of
materials at high magnification and resolution. In this work, it was particularly
valuable for visualising the crystalline microstructure of PHB films, enabling di-
rect observation of spherulite size, shape and distribution, and for assessing how
these features were altered by the incorporation of fillers and plasticisers.

Unlike optical microscopy, which uses visible light and lenses, SEM operates

by scanning a focused beam of high-energy electrons across the surface of a speci-
men. As the electrons interact with the atoms in the sample, they generate various
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signals, most notably secondary electrons, that are collected to produce a detailed
image of the sample’s topography. The electron beam in an SEM is generated in
an electron gun and accelerated under vacuum through a series of electromagnetic
lenses that focus the beam into a narrow spot. As the beam is scanned across the
surface, detectors capture secondary electrons emitted from the sample’s surface
layers. The intensity of these signals depends on the surface features and com-
position, allowing fine surface details such as ridges, voids and crystallites to be
visualised. Backscattered electrons and X-rays can also be detected for compo-
sitional analysis. For polymer films, SEM is particularly useful in characterising
microstructural features, such as spherulites, cracks, voids and phase separation.
In semicrystalline polymers like PHB, SEM can reveal the presence and size of
spherulitic structures, which form as the polymer crystallises from the melt or
solution. These features appear as radially grown crystalline domains and are key
indicators of the polymer’s crystallisation behaviour and thermal history.

In this work, imaging was carried out using a tungsten low-vacuum SEM
(JEOL model JSM-IT100). For sample preparation, small pieces of polymer
film were cut and affixed flat onto SEM sample holders using carbon adhesive
tape. Sputter coating with metal nanoparticles was not required, as the SEM
was equipped with a charge reduction holder. This system works by slightly in-
creasing the chamber pressure to improve charge neutralisation on non-conductive
samples such as polymers. During imaging, parameters including probe current,
accelerating voltage and magnification were optimised to achieve clear visualisa-
tion of spherulites. Once images were obtained for each formulation, spherulite
areas were analysed using image analysis software, including ImageJ and Segment
Anything, an Al tool developed by Meta [14]. Changes in the size and distribu-
tion of spherulites, as well as the presence of defects or discontinuities in the film,
provided insight into how formulation influences the final microstructure.

Water Contact Angle Measurements

Water contact angle measurements are commonly used to evaluate the surface
wettability of polymer films, providing an indirect assessment of their water bar-
rier properties. The technique involves placing a small droplet of water onto the
surface of the polymer and measuring the angle formed between the droplet and
the surface at the liquid-solid-air interface, shown in Figure 2.7.

A high contact angle (typically >90 °) indicates a hydrophobic surface, where
water tends to bead up rather than spread out, suggesting limited interaction
between the polymer and water. Conversely, a lower contact angle (<90 °) re-
flects a more hydrophilic surface, where water readily spreads, often correlating
with higher water permeability or poorer barrier performance. While contact an-

36



CHAPTER 2. METHODOLOGY

air 5]
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Figure 2.7: Contact angle formed at the solid/liquid/air interface.

gle does not measure water vapour transmission or absorption directly, it offers
insight into the surface energy and potential interactions of the polymer with
moisture. This is particularly useful for comparing surface modifications, poly-
mer blends or coatings designed to enhance barrier properties. However, it is
important to note that contact angle is a surface-sensitive technique and does not
account for bulk characteristics such as porosity or internal microstructure, which
also influence water barrier performance. Therefore, contact angle is best used
in combination with other techniques like WVTR or gravimetric sorption mea-
surements to build a more complete picture of a polymer film’s barrier capabilities.

To measure the water contact angle on PHB films, the KRUSS (model DSA25E)
apparatus was used with the drop shape analysis method in the KRUSS Advance
software. This method involves capturing a high-quality image of a sessile drop
on a surface and measuring the angle at the point of interaction between the drop
contour and the projection of the surface (baseline). Before measurement, a test
droplet of water was placed on the viewing platform in order to calibrate the
camera zoom and focus to obtain clear images. After calibration, a small piece of
film (~ 2 x 2 cm) was cut and placed on the platform, ensuring smooth contact
with no kinks in the film. To ensure that that no dust or residues were present in
the samples, the film surface was wiped with ethanol. A micropipette was used
to place a 20 puL drop of deionised water in the centre of the film and an image
was taken as soon as the software detected the baseline and droplet. The contact
angle was automatically measured using the circle method, which assumes the
formation of a circular arc from the water droplet. An average was taken from
five repeats for each film tested.

Water Permeation Measurements

Understanding how water vapour moves through polymer films is critical in eval-
uating their suitability for food packaging applications, where excessive moisture
transfer can compromise product shelf life and overall performance. In order to
test the permeability of water through polymer films, experiments can be run
in which the mass of water transported through the film is measured over a set
period of time. One widely recognised approach for this is the ASTM E96 stan-
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dard (Standard Test Methods for Gravimetric Determination of Water Vapour
Transmission Rate of Materials) [99], which provides a consistent framework for
determining the WVTR of materials. This method involves sealing the film over
the opening of a test dish and monitoring the rate at which water vapour passes
through the film under controlled environmental conditions. Two variations of
the method are commonly used: the dry cup and wet cup methods, which differ
based on whether the water vapour is moving into or out of the test dish. For this
project, the wet cup method was employed.

To set up the experiment, approximately 25 mL of deionised water was added
to 30 mL glass jars, and pieces of polymer film were cut to size and affixed to the
openings of the jars using epoxy resin adhesive. The adhesive was allowed to cure
for approximately 20 minutes to ensure a secure seal. Subsequently, the sealed
jars were weighed and placed in an oven maintained at 298 K. To create a dry
testing environment, silica beads were placed in the oven and a temperature and
humidity probe was utilised to verify stable conditions at both the beginning and
end of the experiment. The experimental set up used is shown in Figure 2.8.

Temp + humidity probe Polymer sealing top

Silica gel

water

Figure 2.8: Experimental set up used to determine water vapour permeability.
The system is contained in an oven held at 298 K.

Over time, water vapour migrates from the high-humidity environment inside
the cup through the film to the drier external environment. The jars were left
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undisturbed in the oven for a duration of five days, with the oven door remaining
closed in order to maintain consistent environmental conditions. After this time,
the jars were reweighed to determine the mass of water lost due to permeation
through the polymer films. From the mass lost, the WVTR is calculated using
the following equation:

Am
TR = —— 2.
WVTR AL (2.3)

where Am is the change in mass of water inside the dish, A is the exposed
surface area of the film and At is the time period over which the measurement
is taken. This method allows for the direct comparison of the water barrier per-
formance of films with different compositions or treatments under controlled, re-
peatable conditions.

In addition to WVTR, water permeance and permeability are often reported
when characterising the barrier properties of polymer films. Permeance is calcu-
lated by dividing the WVTR by the partial pressure difference of water vapour
across the film. Unlike WVTR and permeance, permeability also accounts for
the film thickness, making it a more intrinsic material property. While WVTR
is typically expressed as the mass (or volume) of water transmitted per unit area
per unit time, permeability introduces additional terms for film thickness and the
water vapour partial pressure difference, AP. A commonly used unit for perme-
ability is the Barrer, in which the volume of permeated water vapour is corrected
to standard temperature and pressure (273 K, 1 atm) [100]. These units facilitate
direct comparison with data reported for other polymers in the literature. The
definitions, units and relationships between WVTR, permeance and permeability
are summarised in Table 2.3.

To validate the water resistance of the epoxy sealant, a control experiment
was conducted wherein jars were sealed with aluminium foil instead of polymer
film. After five days in a dry oven, no detectable mass change was observed in
any of the three samples, indicating effective sealing. Additionally, to assess the
reliability of the experimental setup, polyethylene terephthalate (PET) films (50
microns thick, sourced from Fujifilm) were used as a substitute for PHB. Water
vapour permeability in PET has been reported in the range of 130 - 410 Barrer
[9, 101, 102]. An average permeability of 211 + 4 Barrer was obtained from the
current experiments on PET, which is within the range reported in literature.
This further confirmed the validity of the experimental setup. These validation
tests collectively demonstrate that the experimental setup was reliable and that
the epoxy sealant maintained its water resistance throughout the duration of the
WVTR tests.
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Measurement | Calculation Units
WVTR B gm>d™!
WVTR Y—Z cm?® em™2 st
Permeance n AVZ B cm® cm ™ 57" cmHg ™!
Permeability % em?® em em™2 57! emHg ™!
Permeability % (x10710 cm3(STP])Bi£;ezm2 s™! cmHg™!)

Table 2.3: Calculation and units of water permeation measurements. m, and
V,, are the mass and volume of water vapour, respectively, t is time, A and [ are
film area and thickness, respectively, and AP is the pressure difference of water
vapour across the film.

Texture Analysis

Texture analysis is a valuable tool for characterising the mechanical behaviour of
polymer films. In this study, it was used to quantify strength and elasticity of
PHB films, providing direct insight into how the incorporation of additives mod-
ified their mechanical performance.

To carry out the tests, Stable Micro Systems model TA. XTplus100C was used.
The testing procedure involved securing a small film sample (2 x 2 ¢cm) between
two metal plates, each containing a central hole. A pressure-sensitive spherical
probe was then driven through the hole until it punctured the film. The key
parameters recorded were the distance to burst and the force required for burst.
The distance to burst was determined as the difference between the probe height
at initial contact with the film and its height at the point of rupture, providing
insight into the film’s elasticity or brittleness. The force to burst represented the
force required to puncture the film, serving as an indicator of the film’s strength.
Five replicates of each film formulation were tested and the average values are
reported. Figure 2.9 shows a typical plot generated from texture analysis of a
PHB film.

Although there are a range of standardised methods available for detailed me-
chanical characterisation such as tensile testing, which yields stress-strain curves
and values for Young’s modulus, tensile strength and elongation at break, this
level of analysis was beyond the scope of the current project. Instead, texture
analysis was selected as a practical and efficient alternative for comparing me-
chanical performance across film formulations. It offered a quick setup, minimal
sample preparation and was well-suited to high-throughput screening, making it
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Figure 2.9: Plot from texture analysis, with the peak indicating the breaking point
of the film.

an ideal tool for identifying trends in mechanical behaviour linked to composi-
tional changes. Texture analysis data can be interpreted in conjunction with DSC
results and SEM imaging to explore the influence of different formulations on the
crystalline microstructure.
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Chapter 3

A Versatile Molecular Dynamics
Force Field for Modelling
Polyhydroxyalkanoate Structure
and Barrier Properties

Abstract

Polyhydroxybutyrate (PHB) is a sustainable and compostable polyester,
which has great potential for use as food packaging film, having simi-
lar barrier properties to conventional plastics. PHB is semi-crystalline
and is often copolymerised with polyhydroxyvalerate (PHV) to form
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHVB). Molecular dy-
namics (MD) simulations provide valuable insight into the polymer
structure and gas diffusion, but the accuracy of MD simulations de-
pends on the force field. This work presents a modified all-atom Gen-
eral Amber Force Field that enables PHB, PHV and PHVB copoly-
mers to be modelled. The structural properties of crystal and amor-
phous phases of PHB and PHV were in good agreement with exper-
iment. The diffusion coefficients of water and oxygen in amorphous
PHB were also in good agreement with experimental values. The dif-
fusion coefficient of oxygen in PHV was larger than in PHB, mainly
due to the lower density of PHV. The diffusion coefficient of water in
PHV was similar to PHB as its diffusion is hindered by the interac-
tion of water with the polar ester groups on the polymer chains. This
force field can be used to investigate the diffusion of water and oxy-
gen in PHB, PHV and PHVB copolymers, and to optimise the barrier
properties of PHVB-based plastic film.
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3.1 Introduction

Discarded plastic products accumulate in landfills, oceans, and other ecosystems,
posing a serious threat to wildlife and the environment, while the production
of plastic also contributes to the depletion of non-renewable petroleum resources
[103]. One possible solution to the environmental problems posed by flexible pack-
aging films is the use of compostable polymers. Polyhydroxyalkanoates (PHAs)
are a family of polyesters which are both bioderived and biodegradable, eliminat-
ing the need for petroleum feedstocks. Polyhydroxybutyrate (PHB) and poly-
hydroxyvalerate (PHV) are the most widely used and researched members of
the PHA family, owing to their good thermal [104] and barrier [19, 105] prop-
erties which make them viable substitutes for conventional thermoplastics such as
polypropylene and polyethylene, particularly in food packaging applications.

The link between crystallinity and gas barrier properties is crucial for design
of food packaging films, with strong barrier properties leading to better preser-
vation of food products. Pure PHB crystallises readily, with the formation of
large spherulitic structures in the polymer matrix. Spherulitic polymers are semi-
crystalline, with the spherulites consisting of crystalline lamella interspersed with
rigid amorphous regions [47]. Molecules generally do not penetrate the crystal
regions [106], and will diffuse only through the amorphous or rigid amorphous
regions.

PHB can be melt processed above the melting temperature of around 175 °C [58].
However, thermal decomposition has been reported at 219 °C [48], giving a rather
narrow window for melt processing. Both of these problems in pure PHB can
be mitigated by copolymerisation with PHV. One experimental study by Orts et
al. found that incorporating 27 mol% of HV comonomers significantly lowers the
melting temperature without affecting crystalline content [55]. PHV is chemically
very similar to PHB, the difference being an extra CH, on the side group, as
shown in Figure 3.1.

o} 0

n n

(a) (b)

Figure 3.1: Chemical structure of (a) PHB (b) PHV.
Molecular dynamics (MD) simulations are a useful tool for providing insight

43



CHAPTER 3. A VERSATILE MOLECULAR DYNAMICS FORCE FIELD FOR MODELLING POLYHY-
DROXYALKANOATE STRUCTURE AND BARRIER PROPERTIES

into how the structure of polymers affects their properties. Although there have
been numerous experimental investigations carried out on PHB, the number of
simulation studies published is relatively scarce [106]. While the existing MD
studies provide a valuable insight into the structure and behaviour of PHB at a
microscopic level [12, 65, 67, 68|, they did not explore the crystal structure of
PHB or PHV. Furthermore, to our knowledge, there are currently no published
MD studies which investigate diffusion of water or oxygen through PHB.

In this work, we: i) develop a versatile force field for PHB and PHV that
can also be used to study any combination of PHVB copolymers; ii) test the
force field model for PHB and PHV in both amorphous and crystalline forms,
with various structural and dynamic properties measured, and iii) calculate the
diffusion coefficients of oxygen and water molecules in the amorphous phase of
PHB and PHV and compare the results to experimental values. In this way, we
demonstrate the versatility of our model, and pave the way to material design and
the optimisation of PHA barrier properties.

3.2 Methodology

In this section we first describe the force field model, followed by the system set
up, equilibration and production runs for the crystalline and amorphous systems.
Finally, the methodology for simulations of oxygen and water diffusion in PHB
and PHV is presented.

3.2.1 Force Field

The General Amber Force Field (GAFF) [74] was used for the bonded and non-
bonded interactions in all simulations in this work. See Section 2.1.2, Chapter 2
for more details on GAFF. Moltemplate, a program for converting structure files
into LAMMPS input files, was used to obtain the GAFF bonding and van der
Waals (vdW) parameters [107]. This process involved writing a text file listing all
of the atomic information (types, coordinates, charges) and bonds. The GAFF
force field repository stored within the program was imported, which allowed the
text file to be transformed into a LAMMPS data file containing all of the neces-
sary topology information and force field parameters required to run a LAMMPS
simulation.

The partial charge calculations were performed using PHA trimers with two
distinct chain end monomers and a central monomer that can be repeated to
create larger polymers, as shown in Figure 3.2. The partial charges were scaled
slightly to ensure that i) the total charge on end group A was equal and opposite
to the total charge on end group C, and ii) the total charge on repeat unit B
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was zero, regardless of the R group used. This scaling allows charge neutrality to
be maintained during the construction of both PHB and PHV homopolymer and
copolymer chains. A full list of partial charges can be found in Appendix A.

A C

e RN
H_O_?—_(I:_C -O—(i.‘.*—(%—C- O—(|3—'(|3——C—O——H

H H H H H H

Figure 3.2: PHA trimer used for the calculation of partial charges. For PHB R
is CHs, and for PHV R is CH,CHs.

In initial simulations of the polymer, an instability arose in which the ter-
minal hydroxyl hydrogen (see unit C in Figure 3.2) collapsed into the carboxyl
oxygen three bonds away, and similar issues have been reported in the literature
[108, 109]. This instability was a result of the zero values for LJ parameters o
and ¢ assigned to hydroxyl hydrogen atoms, as used in GAFF. To prevent this
instability, we turned off the 1-4 non-bonded interactions between the hydroxyl
hydrogen and carboxyl oxygen in the chain end labelled C in Figure 3.2. This
minor modification to the force field was only applied to the end C monomer of
each chain and does not affect the interactions with neighbouring chains. Further
information can be found in Appendix A.

For the diffusion simulations, we used the simple point charge extended (SPC/E)
water model [21], and the atomistic oxygen force field developed by Javanainen et
al. [22]. Our calculated properties for bulk SPC/E water can be found in Ap-
pendix A.

3.2.2 Crystal Simulations

PHB and PHYV infinite-chain crystals, where the start and end of the chains are
bonded through the periodic c-axis of the perfect crystal, are studied. Moltemplate
[107] was used to generate the LAMMPS data files containing all the topology in-
formation of the polymer systems.

To build the crystalline PHB model, the a-crystal unit cell based on the ex-
perimentally determined coordinates and cell parameters by Wang et al. were
employed [11]. The PHB a-crystal consists of two anti-parallel chains twisted into
a 21 helix (two monomers per one helical turn). The unit cell is orthorhombic,
with a space group symmetry of P2,2,2,-D, and lattice parameters a = 5.73 A,
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b=13.15 A, ¢ = 593 A. The PHB a-crystal unit cell and helical structure are
shown in Figure 3.3.

el

L
Figure 3.3: PHB « crystal, constructed using coordinates from ref [11]. Periodic
bonding joins adjacent cells through the z axis.

To construct the PHV crystal unit cell, the CH3 methyl side group in PHB was
replaced by a CHyCHj ethyl side group. Structural data such as lattice constants
and torsional angles from the experimental study of Yokouchi et al. [17] were used
to construct the PHV crystal lattice. The space group for PHV is the same as
that of PHB and the initial lattice constants were a = 9.32 A, b = 10.02 A and
¢ =5.56 A. After setting up the crystals, an energy minimisation was carried out,
using the steepest descent algorithm. After energy minimisation, a 50 ps NVT
simulation at 200 K was performed. This was followed by a 10 ns NPT simulation
at a temperature of 200 K and a pressure of 1 atm. A Nosé-Hoover thermostat
and barostat (anisotropic) were used to control the temperature and pressure.
Initial test simulations used a temperature of 300 K, in order to model the crystal
at room temperature. However this higher temperature resulted in instabilities,
which are discussed in Section 3.3.1.

To check crystal stability and confirm whether the chains had remained in
their helical conformation during the NPT simulation, the backbone torsional an-
gles and lattice parameters were monitored throughout the simulation. In order
to test the thermal stability of the two crystalline systems, NPT simulations were
performed with a linear temperature ramp increasing from 200 K at a rate of
2.5 x 10 K s7! until the crystalline structure was lost with the chains separating.

The lattice energy (Fla) of the energy-minimised crystal structure was calcu-
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lated as:
Elat - 2-E'chauin - Eunitcell (31>

where Funitcen 1S the potential energy of the bulk crystal unit cell and Fuan is
the potential energy of a single, infinite helical chain with vacuum separating the
chains in x and y. The lattice energy was converged by increasing the L, and L,
box lengths from the unit cell lattice parameter values in increments of 2 A until
the energy changes were less than 0.08 kJ mol~!. Since the cutoff distance for
vdW and short-range electrostatic interactions was set to 10 A, a 12 A separation
was sufficient to observe a plateau.

The surface energies (Fgyf) of the energy-minimised polymer crystals were
calculated as:

Eslab - RnyEunitcell
2A

where FEicen is the potential energy of the bulk crystal unit cell, A is the
surface area, and Fg,y, is the potential energy of a crystal slab containing R, and
R, unit cells in the z and y directions, respectively. The (100) and (010) surfaces
were created by separating the chains in the z and y directions, respectively.
The (001) surface energy was not considered as the chains were infinite in the 2-
direction. The surface energies were converged with respect to the slab thickness
by using the replicate function in LAMMPS to create crystalline systems with
R, of 1, 2 and 4 unit cells thick. To converge F,¢ with respect to the vacuum,
the L, and L, box lengths were increased in 2 A increments until the change
in energy relative to the original system was less than 4 J mol~' A=2. Again, a
12 A separation was sufficient to observe a plateau. Snapshots of the simulated
slabs can be found in the supporting information as well as the convergence of the
surface energies with slab and vacuum thickness.

Esurf =

(3.2)

3.2.3 Amorphous Simulations

Three different amorphous polymer systems with different chain lengths were in-
vestigated, namely pure PHB, pure PHV and the copolymer PHVB, with chains
made up of 1) all HB monomers 2) all HV monomers or 3) alternating HB and HV
monomers, respectively. To create these systems, a single chain of 10 monomers
was first run for 50 ps in the NVT ensemble at 500 K to allow the chain to relax
into a coiled configuration. This elevated temperature was used as it is roughly
50 K higher than the experimental melting temperature of PHB (448 K [58]) en-
suring the polymer is in the melt phase. Then 50 relaxed chains were inserted
with random positions and orientations inside a cubic simulation box with sides
of length 40 A. Figure 3.4 shows a coiled 10-monomer PHB chain and the corre-
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sponding amorphous PHB melt containing 50 chains.

Figure 3.4: Snapshots of a single PHB chain and an amorphous PHB melt con-
sisting of 50 chains, 10 monomers long.

For pure PHB, three additional systems were constructed with 5, 20 and 50
monomer chains. Systems are referred to as M = 5, 10, 20 or 50. The total number
of monomers in the amorphous system was kept constant at 500 by adjusting the
number of chains inserted (100 chains for M = 5, 25 chains for M = 20 and 10
chains for M = 50). After random insertion of the coiled chains, a short NVT
simulation of 10 ps was performed at 500 K using soft pairwise potentials to remove
high energy configurations with overlapping atoms. The pairwise potentials were
then switched back to the Lennard-Jones/Coulomb settings for a 50 ps NVT run
followed by a final NPT simulation using a Nosé-Hoover thermostat and barostat
(isotropic) at 500 K and 1 atm. The duration of the NPT equilibration run
increased with increasing chain length (20 ns for M =5, 30 ns for M = 10, 50 ns
for M = 20 and 250 ns for M = 50). Equilibration was checked using several
measures:

i. the density of the system reached a steady state.

ii. the radius of gyration (R,) and chain end-end distance (R.) reached a steady
state and had the typical ratio of a polymer melt where (R?) = 6(R2) [110].

iii. the mean squared displacement (MSD) of the chains surpassed a distance
of R2.
g

iv. the end-to-end vector autocorrelation function (ACF) (denoted Reo(t)):

1 Ru(t) - Relty)
Fielt) = 57 2 TR, TR .
decayed to 1/e.

v. plotting the potential energy with time to ensure it plateaued to a constant
value and to check for any sudden spikes in energy which could indicate
system instability.
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After equilibration was complete, the system was run for an additional 10 ns in
an NPT ensemble at 1 atm and 500 K from which system equilibrium properties
were analysed. Since most experimental properties of polymers in the literature
are reported at room temperature, the M = 10 systems were also analysed at
300 K. For these simulations, the 500 K systems were cooled to 300 K at a rate of
2.5 x 10'° K s7! and then run for a further 5 ns at 300 K and 1 atm to allow for
thermal equilibration and volume changes associated with the lower temperature.

To calculate T, the equilibrated polymer melts were cooled from 500 K to
100 K at a steady rate of 2.5 x 101 K s™'. T, was estimated for each equilibrated
amorphous system by analysing the changes in density p(7) upon cooling. 7T}, was
estimated from the intersection of linear fits to the p(7") data in high (400-500 K)
and low (100-200 K) temperature ranges [111].

To compute the polymer persistence length (L,), which is a measure of chain
stiffness, the polymer module in MDAnalysis [71] was used. This computes the
autocorrelation of two bond vectors, separated by n bonds:

C(n) = (cos0iiyn) = (@i - Aitn) (3.4)
and fits the data to an exponential decay function:
nlg

C(n) ~ exp <_L_) . (3.5)

p

Here, n is the number of bonds separating the two bond vectors and Ip is the
average bond length in the polymer backbone (Ip = 1.46 A).

The Hildebrand solubility coefficient (9) is determined as

E, coh
Vin

(3.6)

where V,, is the molar volume of the amorphous system and FE.., is the amorphous
cohesive energy defined as

N
Eecon = Z Eéhain — Epu (3‘7)
=1

where FEyu is the potential energy of the amorphous system of N chains, and
E% . 1s the potential energy of each single chain, 4, in its melt configuration.
This was calculated for three different snapshots in the trajectory to get an average
FEeon and standard deviation. The resulting units for § are (J cm™3)%5, which is

equivalent to the commonly reported units of (MPa)?®.
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3.2.4 Diffusion Simulations

The diffusion of oxygen and water molecules in amorphous PHB and PHV was
studied using systems with 10 and 20 monomer chains. After equilibration of the
polymer systems (described previously), water or oxygen molecules were inserted
with random positions and orientations into the amorphous matrix. The number
of molecules that were inserted into the dense polymer matrix was 13 in all sys-
tems. This number is somewhat arbitrary, as it arose from the random insertion al-
gorithm used in LAMMPS, but it was chosen to balance two considerations: main-
taining a low permeant concentration to avoid possible clustering of permeants,
while ensuring sufficient statistics for calculating diffusion. Yoon et al. reported a
saturation range for water in PHB of 1.5-11.0 x 1072 g(water)/g(polymer) [19].
Our setup corresponds to 0.1 x 1072 g(water)/g(polymer) for the M = 10 PHB
system, i.e. roughly an order of magnitude lower than the experimental solubility
range. This was considered appropriate, as the simulations were intended to rep-
resent dilute permeant diffusion from the gas phase rather than bulk liquid water
uptake. Although the number of permeant molecules was not explicitly varied, the
results were not expected to differ significantly for other values at such low con-
centrations. Running multiple long-timescale diffusion simulations with different
permeant numbers would substantially increase computational cost, and therefore
the environmental impact of high-performance computing, without adding mean-
ingful insight. Furthermore, the diffusion coefficients obtained with 13 permeants
were found to be in reasonable agreement with the range of values reported ex-
perimentally, supporting the validity of the chosen setup.

After an energy minimisation, the system was run for 10 ps in the NVT en-
semble at 500 K followed by 1 ns NPT simulation at 500 K and 1 atm to allow
changes in volume to accommodate the inserted molecules. After equilibration,
a production run was carried out for 200 ns in the NVT ensemble. During the
production run, the centre of mass of the system was fixed to ensure that the
calculated MSDs of the permeants were not affected by centre-of-mass drift. This
process was repeated once more at 500 K to enable average MSDs to be com-
puted. In order to compare with experimental diffusion studies carried out at
room temperature, the same steps were then carried out at 300 K, this time with
three independent runs to improve statistics.

The MSD Analysis module from the MDAnalysis library [71] was used to
calculate the target species” MSD, denoted S(t), defined as follows:

S(t) = <% Z |73t +to) — Ti(t0)|2> (3.8)

to

where N is the number of diffusing particles of the target species, r;(t) represents
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the coordinates of the particle at time ¢ and the angled brackets denote averaging
over reference positions using multiple time origins ¢y. Diffusion coefficients were
obtained from the MSDs using the Einstein formula:

D ==—5(t) (3.9)

The MSD data was averaged over all runs for the specific temperature and
chain length. Averaging the data from multiple simulations produced an MSD
curve with less noise and wider range of linear trend. The time interval in which
the slope was most linear was chosen for analysis. For the 500 K systems, this
was approximately the first 175 ns and at 300 K the linear region selected was
roughly 15 to 170 ns. Further details on this process can be found in Appendix
B. A Python linear regression model was used to fit a trendline to this region and
the regression coefficient (R?) was used to determine the accuracy of the fit. An
extra check of the linearity of the MSD plot, and therefore the Einstein diffusion
regime, involved plotting log(MSD) vs log(time) and confirming that the gradient
of this slope was close to a value of one [15]. Once the linear region was deemed
suitable, the diffusion coefficient (D) was calculated from the gradient of this line.

3.3 Results and Discussion

In this section, we first present the properties of crystalline PHB and PHV, then
present the properties of amorphous PHB, PHVB, and PHV. Finally, we inves-
tigate the diffusion of water and oxygen through PHB and PHV and report the
diffusion coefficients.

3.3.1 Crystal Properties

The PHB and PHV unit cell lattice parameters (a, b and ¢) and density (p) for
the energy minimised structures and averaged values for 10 ns NPT simulations
at 200 K, are shown in Table 3.1. As expected, the average lattice parameters
from NPT simulations are larger than the energy minimised lattice parameters
due to thermal fluctuations when temperature is applied to the system. The lat-
tice parameters and density calculated at 200 K are in very good agreement with
experimentally obtained values from previous works [11, 16, 17] although we note
that our simulations were at a lower temperature than experimental measure-
ments.

The most common torsional angles adopted by the PHB backbone (indicated

by peaks of the histograms in Figure 3.5) are listed in Table 3.2 and are in good
agreement with experimental measurements [11, 17, 45].
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TK)| a(A) b (A) c(A) p (g em™)
PHB
Emin 0 5.73 12.72 5.93 1.32
NPT 200 | 5.86 & 0.15 | 12.86 4 0.29 | 6.02 & 0.12 | 1.26 + 0.04
Expt [11] | 296 | 5.73 + 0.01 | 13.15 & 0.02 | 5.93 & 0.01 | 1.28 + 0.01
Expt [16] | - 5.76 13.20 5.96 1.24 + 0.01
PHV
Emin 0 9.42 9.95 5.58 1.27
NPT 200 | 9.67 +0.19 | 10.11 £ 0.23 | 5.63 & 0.11 | 1.21 + 0.03
Expt [17] | - 9.32 10.02 5.56 1.20

Table 3.1: Crystal properties of energy minimised structures and NPT simulations
at 200 K (averaged over 10 ns) compared with experimental properties. NPT data
points were sampled every 1 ps and average values are reported £ the standard
deviation. Experimental densities were measured using the flotation method [16,
17] or calculated from reported lattice constants [11].

Present Yokouchi [16] Cornibert [45] Wang [11]
w 127 128 123 116
[0) 132 133 148 143
P 0 ) 0 11
T 341 332 321 331

Table 3.2: Comparison of PHB torsional angles (°) with literature data.

A visual analysis of the NPT simulation at 200 K shows that the polymer
chains remain in their helical conformation and the backbone torsional angle dis-
tribution is shown in Figure 3.5.

The stability of the crystals during the NPT simulations at 200 K was con-
firmed by plotting the torsional angles and the lattice parameters with time, which
are shown in Appendix B. The crystal stability with temperature was further in-
vestigated by heating from 200 K to 400 K at a rate of 2.5 x 101° K s™! using
NPT at 1 atm. The PHV crystal becomes unstable at ~ 233 K, compared to
~ 327 K for the PHB crystal, which is consistent with the experimental trend.
Thermal instabilities for the crystal models can be seen through plots of lattice
parameters with increasing temperature, shown in Appendix B. We note that
these temperatures in the simulations where the instabilities arise overestimate
the melting temperatures of the model as the simulations use infinite chains.
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Figure 3.5: Histograms showing the four main backbone torsional angles along

the helical PHB backbone.

The lattice energy was found to be 164.62 kJ mol~! for PHB and 98.54 kJ
mol~! for PHV, equivalent to 1.71 eV and 1.02 eV per unit cell for PHB and
PHV, respectively. The higher lattice energy of PHB compared to PHV is ex-
pected as the larger side group in PHV keeps the chains further apart, resulting
in less stable crystals, lower lattice energy, and lower melting temperature of 378 K
for PHV [16] compared to 448 K for PHB [58]. We were unable to find experi-
mental values for the lattice energy of PHAs, but these values are comparable to
polyethylene’s lattice energy of 0.80 eV per unit cell [112] and to density func-
tional theory (DFT) calculations of the lattice energies of poly(vinyl chloride) and
poly(glycolic acid) of 0.87-0.95 ¢V and 1.45-1.55 eV per unit cell, respectively [113].

The (100) and (010) surface energies for PHB are 162.6 mJ m~2 and 90.5 mJ m~2,
respectively. The (100) surface energy is significantly higher than the (010) surface
energy, which is consistent with the work by Mori et al. who reported that hydro-
gen bonding between CH3s and C=0 groups in the x axis are stronger than the
vdW interactions in the y axis [114]. These neighbouring groups are highlighted
in Figure 3.6. The (100) and (010) surface energies for PHV are 90.3 mJ m~? and
86.8 mJ m~2 respectively. The difference in surface energies of the two planes is
much smaller for PHV than PHB. The lower (100) surface energy for PHV is con-
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sistent with the direction of the ethyl side group, shielding the effects of the polar
carbonyl group in the x axis. In the y axis in PHV, there is sufficient distance
between a polar C=0 group and the CH3 group on a neighbouring chain, offering
limited resistance to separation of chains in this direction.

Figure 3.6: PHB (left) and PHV (right) unit cells with periodic images shown.
Non-bonded interactions between neighbouring chains which contribute to the
surface energy are highlighted.

Experimentally measured surface energies are reported to be in the range from
34-40 mJ m~2 [96, 115, 116] for PHB, and 24.6 mJ m~2 for a 12 mol % HV copoly-
mer [117], which are much smaller than our simulated values, although the trends
are in agreement. It should be noted that PHAs are typically semi-crystalline, and
it is possible that amorphous content present in the experimental samples leads
to a lower measurement of surface energy in comparison to the perfect crystal
structure in the current simulations. The discrepancies between simulated and
experimental polymer crystal surface energies may also stem from the choice of
force field, as different force fields may not accurately capture the complex inter-
molecular interactions and structural properties of polymers, leading to variations
in computed surface energies. Our results are comparable to calculated surface
energies of 166 and 176 mJ m~2 for fully crystalline PET and PEF atomistic MD
models, respectively [85]. Although comparable to the those computed by DET
calculations [85], the PET and PEF surface energies obtained by MD methods are
also an order of magnitude higher than the experimental polymer surface energies
(41.0 and 61.7 mJ m~2 for PET [118] and PEF [119], respectively).

While the absolute values of energetic properties of polymer crystals computed
by MD methods are difficult to compare to experimentally determined values, the
trends observed when comparing PHB and PHV are consistent with the data
available in the literature, demonstrating that the modified GAFF force field
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gives a good description of the PHA crystal structures in the a-phase. It should
be noted, however, that the simulated crystals are made of infinite helical chains
and the effect of chain ends on the stability of the systems has not been tested.

3.3.2 Amorphous Polymer Properties

The density of the amorphous systems at 300 K and 500 K are reported in Ta-
ble 3.3. It was expected that density would increase slightly with increasing
molecular weight due to fewer chain ends disrupting the packing efficiency, how-
ever this trend was not observed here. It is plausible that the M = 50 chains
needed longer to equilibrate, however the densities obtained for all systems are
within 0.02 g cm™ of reported experimental [120] and simulation [12, 68] values.
Furthermore, the trend of decreasing density with increasing HV content observed
by both Barker et al. [120] and Papchenko et al. [68] is observed here. This effect
is a result of the larger side group present in HV monomers.

p (g cm™?)
Polymer | Source M | 300 K | 500 K
PHB Present 5) 1.17 1.05
PHB Present 10 1.17 1.05
PHB Present 20 1.17 1.04
PHB Present 50 1.16 1.04

PHB |MD[12] |[150| 1.15| 1.03
PHB | MD[68] |[150 | 1.19 -

PHB Expt [120] - 1.18 -
PHVB Present 10 1.14 1.01
PHVB MD [68] 150 1.15 -
PHVB Expt [120] - 1.14 -
PHV Present 10 1.10 0.97
PHV MD [68] 150 1.12 -
PHV Expt [120] - 1.11 -

Table 3.3: Density of amorphous PHAs, from current work and literature data.
All densities reported from the current work are averages from NPT runs, with
standard deviations < 0.01 g cm™3.

The glass transition temperature was obtained from the change in density gra-
dient during cooling from 500 K to 100 K, as described in the methodology. This
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is shown for the PHB M = 10 system in Figure 3.7.

1.20

1.05 A

—--- Best fit lines

x Tg=375+2K

100 200

Figure 3.7: Density vs temperature on cooling PHB from 500 K to 100 K. Lines
were fitted to data in the ranges 100 K to 200 K and 400 K to 500 K, with 7,
taken as the point of intersection. The uncertainty in 7, was calculated using the

300 400 500
Temperature (K)

standard error of the gradient of the best fit lines.

The glass transition temperatures for each system are given in Table 3.4. It
can be seen that the addition of HV monomers lowers the T}, compared to pure
PHB, in agreement with the trend observed experimentally, and is due to the
bulkier HV side groups creating steric hindrance and affecting the polymers abil-

ity to pack into a dense, glassy configuration [49].

Polymer M | T, (K)

PHB 5 1349 £3
PHB 10 | 375 £ 2
PHB 20 | 363 £ 3
PHB 50 | 350 +4
PHVB 10 | 328 &£3
PHV 10 | 319 +£2

Table 3.4: T, of each amorphous system.

It would be expected that T, would increase as chain length increases, in

accordance with the Fox-Flory relationship [121]:
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K

T, =17 — M—i (3.10)
where T is the asymptotic glass transition temperature reached at infinite
polymer molecular weight (M,,) and K, is an adjustable polymer-specific constant
which accounts for the free volume contribution of chain ends. However, the trend
in 7T, with increasing PHB chain length is unclear. It is possible that the cool-
ing rates used in the T simulations should have been lower for the longer chain
systems, to allow greater time for density to adjust at each new temperature. 7,
can vary depending on the cooling rate used, with faster cooling generally leading
to higher 7, values [122, 123] as the polymer is 'frozen’ into a higher-energy con-
figuration. McKechnie et al. have previously shown that increasing the cooling
rate by two orders of magnitude can lead to an increase in T, by ~ 40 K [124].
Additionally, the present work has only one cooling simulation per system, and
it has been shown that there can be significant statistical variation in 7, across
multiple repeat simulations [124]. Our values are in line with 7, = 374 £ 6 K
found by Glova et al. for a 150 monomer PHB system [12], however, they are sig-
nificantly higher than the experimental T, of 275-288 K [125]. This discrepancy
is commonly observed in atomistic simulations of polymers because the cooling
rates applied in simulations are more than 10 orders of magnitude greater than
those used in experiments, although it may also be due to the force field itself, or

statistical variation.

We note that the 7, obtained here for PHB and PHV are higher than the es-
timated melting temperatures of the crystals, described in Section 3.3.1. Experi-
mentally, PHB melts at 448 K, and becomes a glass at around 275-288 K [58, 125].
The model does not reproduce the crystal phase transition or glass transition be-
haviour of the real PHB system, and would not be capable of crystallising PHB
from the melt, as the polymer would become a glass above the crystallisation tem-
perature. However, it may still be possible to study semi-crystalline structures,
by partially melting non-infinite chain crystals, and then cooling to below T,. Al-
ternatively, future work could involve connecting crystalline PHA structures to
an amorphous PHA matrix via tie-chains, as has been done by Atiq et al. for
polyethylene [126], in order to model the semi-crystalline polymer. The glassy
amorphous phase in between crystals may be a reasonable approximation for the
rigid amorphous phase in semi-crystalline PHB.

The ensemble averaged radius of gyration and end-to-end distance, R, and R.,
computed from the NPT simulations at 500 K are shown in Table 3.5, along with
literature values computed by Glova et al. [12]. As expected, R, and R, follow
an M5 scaling (see Figure 3.8). Extrapolating to M = 150 gives R, = 31 A and
R. = 72 A, which is in good agreement with the values of 32 A and 79 A reported
by Glova et al. We also note, from the trendlines in Figure 3.8, that 5.9%/2.5% ~ 6,
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as expected for an equilibrated melt [110].
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Figure 3.8: R, and R. vs number of monomers M of PHB. Dashed lines are fits
to results from current study: R. = 5.9 M%® and R, = 2.5 M®. The trendlines
are extrapolated to M = 150 for comparison to literature results by Glova et al.
[12].

The persistence length (L,) is a measure of the flexibility of the polymer chain.
As seen in Table 3.5, the average L, of PHB in the current study is in the range
6.3-7.0 A, and is independent of chain length, as expected. PHV and PHVB have
average persistence lengths similar to PHB within the range of uncertainty, which
is consistent with their similar R, and R, values for the M = 10 systems.

The characteristic ratios (Cy,) reported by Kyles and Tonelli (MD) [67] and
Sasanuma et al. (experimental) [127] can be used to calculate L,, according to
the equation:

L, = W[m] (3.11)

where the average bond length in the backbone, Iz, is 1.46 A. The L, of PHB
obtained here is in line with that reported in other MD studies [12, 67]. It is also in
agreement with the experimentally obtained L, of 5.2 A, reported by Sasanuma et
al. [127]. However, Beaucage et al. obtained L, values of 26-31 A (depending
on the method used) in their experimental study [128], which are significantly
higher than the current results. The higher values obtained may be a result of
the semi-crystalline nature of their samples, which were obtained from quenching
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Polymer | Source M| T (K) L, (A) R, (A) R. (A)

PHB Present ) 500 6.8 £04| 51 £0.1]120 £04
PHB Present 10 500 6.7 £04| 76 £02|181 £0.8
PHB Present 20 500 6.5 +£09]11.0 £04]259 =£21
PHB Present 50 500 70 +£08 182 +£1.5|427 £58
PHVB Present 10 500 6.6 £07| 77 £02|184 £0.8
PHV Present 10 500 6.2 £05| 77 £02|181 £0.9
PHB Present 10 300 6.3 £05| 73 £0.1|165 £0.2
PHB* MD [67] 100 500 6.5 - - - - -
PHB D [12] 150 550 5.0 £1.0 79 - 32 -
PHB* Expt 127] | -| 208| 52 ; - ;
PHB Expt [128] - - | 26-31 - - - - -

Table 3.5: L,, Ry and R, of amorphous PHAs. PHB* was calculated from reported
characteristic ratios using equation 3.11.

molten PHB. Elongated crystalline polymer chains would be expected to have a
higher L,,, and therefore higher stiffness, compared to randomly coiled amorphous
chains. This consistency with both simulation and experiment in the literature
shows that PHB chain stiffness is represented well in the current simulation model.

The Hildebrand solubility parameter (§) quantifies the cohesive energy density
of a polymeric material, reflecting the intermolecular forces within it; materials
with similar 0 values are likely to be miscible [12]. The cohesive energies (Econ)
and ¢ for the amorphous systems are shown in Table 3.6, as well as those pre-
viously reported in the literature. ¢ as a function of chain length is plotted in
Figure 3.9.

It can be seen that both F..,, and ¢ decrease as the chain length increases, but
they more or less plateau at M = 50. The cohesive energy of 25.1 kJ mol~! mon~!
for the M = 50 PHB system in the current work is in agreement with the cohesive
energies computed in other simulation studies [12, 68]. It is also lower than the
lattice energy of 41.2 kJ mol~' mon~! for the infinite-chain crystal, which is to be
expected, since crystalline polymers exhibit ordered structures with efficient chain
packing in conformations that maximise intermolecular forces, leading to higher
cohesive energies. For the longer chain systems (M = 20 and M = 50) the sol-
ubility parameters are in agreement with an experimental value of 19.8 (MPa)%?
reported by Terada and Marchessault [13]. Comparing the M = 10 chains, it can
be seen that the solubility parameter decreases with HV content. This trend has
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Polymer | Source M | Eeon (kJ mol™! mon=!) | § (MPa%%)
PHB Present 5) 48.8 25.2
PHB Present 10 37.1 22.1
PHB Present 20 30.5 20.1
PHB Present 20 25.1 18.3
PHB MD [12] | 150 23.3 17.6
PHB MD [68] | 150 26.4 19.2
PHB Expt [13] | - - 19.8
PHVB Present 10 39.3 21.5
PHVB MD [68] | 150 25.2 17.6
PHV Present 10 39.4 20.5
PHV MD [68] | 150 25.6 17.0
PHV Expt [13] | - - 194

Table 3.6: E.,, and 0 for PHA systems from the present work computed at 300 K
and from literature. Results from present work were averaged over three snapshots

of a trajectory. Standard deviation < 0.3 kJ mol™' mon~! for E_,, and < 0.2
MPa®?® for 4.

30
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28 4 PHVB (current)
® PHV (current)
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Figure 3.9: 9 vs M for PHAs from current study and literature. Dashed lines
show experimental values for PHB (blue) and PHV (green) [13].

been observed in both previous simulation and experimental studies [13, 68]. The
addition of ethyl side chains can be attributed to the reduction in cohesive en-
ergy density. The introduction of ethyl groups decreases polymer density, leading

60



CHAPTER 3. A VERSATILE MOLECULAR DYNAMICS FORCE FIELD FOR MODELLING POLYHY-
DROXYALKANOATE STRUCTURE AND BARRIER PROPERTIES

to weaker intermolecular interactions and, consequently, a lower solubility. This
trend aligns with the understanding that bulkier side chains can disrupt polymer
packing, reducing cohesive forces and solubility parameters [13].

Now we present the polymer dynamics of the amorphous systems at 500 K.
The autocorrelation function of the end-to-end vector (R..) was calculated for the
different systems, and 7 is the time taken for R, to decay to 1/e. As expected,
7 increases for longer chains, and a longer equilibration time and duration for
MSD calculations were required. The uncertainty in 7 also increases significantly
to 36% for the longest chain system. 7 increases with increasing HV content in
the M = 10 chains, most likely due to the added steric restrictions from the side
groups.

Polymer M 7 (ns) | D (x107% cm? s71)
PHB 5) 1.0 £ 0.1 595.4 £ 0.6
PHB 10 4.0 £0.2 25.8 £ 0.5
PHB 20| 14.6 £3.3 5.5 £0.1
PHB o0 | 74.8 £ 27.0 4.0=£0.2
PHVB 10 5.5 £ 0.5 334 £0.2
PHV 10 6.8 £0.3 31.1 £ 0.7

Table 3.7: Polymer relaxation times 7 4+ standard deviation across multiple sim-
ulation windows. Polymer self-diffusion coefficients D (500 K) + standard error
in slope of line fitted to MSD curves.

Figure 3.10 shows the MSDs for the amorphous systems, and the self-diffusion
coefficients (D) computed from them are shown in Table 3.7. As expected, the
short polymer chains diffuse more rapidly than the longer chains, leading to higher
self-diffusion coefficients. The self-diffusion coefficient is seen to increase as the
number of HV monomers increases. The self-diffusion coefficient is larger for PHV
and PHVB, than for PHB. This could be a result of the increased free volume
and lower density of the systems containing bulky HV side groups, allowing the
PHVB and PHYV chains to diffuse more readily throughout the matrix. It could
also be attributed to the lower glass transition temperatures for PHV and PHVB,
meaning that PHV is at a higher temperature relative to its T,. However, we
would also expect the higher self-diffusion coefficient to correspond to a decrease
in 7, so it is possible that the relatively small differences between these systems
are within the level of uncertainty:.
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Figure 3.10: MSDs of amorphous polymer systems with different chain lengths,
run in NPT ensemble at 500 K and 1 atm.

3.3.3 Diffusion of Oxygen and Water Molecules

We now turn to the diffusion of permeants in PHB and PHV. The diffusion coef-
ficients for the various systems studied are shown in Table 3.8, along with exper-
imental data from literature. For all systems, diffusion occurs much more rapidly
at 500 K compared to 300 K, as expected, and the diffusion coefficients are ap-
proximately three orders of magnitude larger at 500 K. This difference could be
due to the higher kinetic energy of the molecules themselves, or could be due to
the increased mobility of the polymer matrix. As discussed previously, at 300 K
the simulated PHB is in a glassy amorphous state with limited chain mobility,
whereas at 500 K it is in a mobile, amorphous phase.

To test this conjecture, simulations were performed in which the polymer
was kept immobile (with no thermostat applied) and the permeants had a tem-
perature of 500 K. Based on the MSD data from the two replica simulations
of the immobilised polymer at 500 K, both Do, and Dy,o are approximately
0.3x1078 cm? s!, which is around four orders of magnitude slower than the
500 K simulations of the mobile, amorphous phase, and an order of magnitude
lower than the 300 K simulations. Visual inspection of the trajectories of the per-
meant molecules in the immobilised polymer revealed that the water and oxygen
molecules are mainly trapped within gaps in the polymer and only a few molecules
experience an occasional ”jump” to a different location. This can be seen in plots
of the root mean squared displacement (RMSD), shown in Figure 3.11. The green
plot shows the RMSD of a water molecule which is confined in a small gap within
the polymer and remains there throughout the entire simulation. The molecule
represented by the blue plot is also trapped for the duration of the simulation, al-
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Polymer M Permeant Source T (K) D (x107% cm?s71)
PHB 10 H,O Present 300 1.1 £0.1
PHB 20 H>O Present 300 22 +0.8
PHB - H,O Expt [18] 298 1.88-5.92
PHB - H,O Expt [19] | 309.5 0.87-8.04
PHB 10 O Present 300 6.1 +£ 1.3
PHB 20 Oy Present 300 5.5 £ 1.8
PHB - Oy Expt [18] 298 4.62-9.86
PHB 10 H,O Present 500 2370 £ 230
PHB 20 Hy,0O Present 500 2310 £+ 190
PHB 10 Oy Present 500 3760 + 250
PHB 20 Oy Present 500 2460 £ 230
PHV 10 H,0 Present 500 2040 + 320
PHV 10 Oy Present 500 6320 £ 610

Table 3.8: Diffusion coefficients, D, computed from MSDs, and experimental
results from literature [18, 19]. The uncertainty in D is the standard deviation of
two repeat simulations at 500 K or three repeat simulations at 300 K.

though in a slightly larger region. The orange plot shows another water molecule
that was able to ”jump” to a new location in the polymer matrix, but only after
150 ns of being confined. These simulations allowed us to determine that the ki-
netic energy of the diffusing molecules alone is insufficient to overcome the energy
barrier associated with ”jumping” to new gaps in the immobile polymer matrix.
Thus, polymer chain mobility plays a significant role in the diffusion of oxygen and
water. The diffusion of small molecules through polymers via a "hopping” mech-
anism has been reported in the literature. Takeuchi modelled permeant diffusion
through a glassy polymer well below its 7, and found that while many permeant
molecules remained trapped in cages within the matrix, localised chain motions
occasionally created transient channels and vacant cages [129]. These pathways
allowed permeants to hop through the material without encountering significant
energy barriers. A similar permeation mechanism for small molecules has also
been described by Miiller-Plathe and Hoffmann [130, 131].

Figure 3.12 shows the MSD of oxygen and water at 300 K and 500 K in PHB
systems. For both temperatures, it can be seen that oxygen diffuses through PHB
at a significantly higher rate than water. This trend is in agreement with exper-
imental results that found the diffusion coefficients of oxygen to be higher than
water [18]. This difference could be due to differences in molecular size, polarity,
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Figure 3.11: RMSDs of three water molecules within the immobilised PHB matrix.

and interactions with the polymer matrix. To understand more about the inter-
actions with the polymer matrix, radial distribution functions (RDFs) for water
and oxygen with ester groups and chain ends are shown in Figure 3.13.

—— 03,M=10 ; 4] — oam=10 —
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Figure 3.12: MSDs of oxygen (orange) and water (blue) in amorphous PHB at
(a) 300 K and (b) 500 K. Solid lines represent the M = 10 polymer systems and
dashed lines represent the M = 20 systems.

Figure 3.13(a) shows a stark difference in the RDF's for water and oxygen with
the carbonyl ester group, with water exhibiting a strong peak at ~ 2 A. The polar
water molecules tend to form hydrogen bonds with the carbonyl oxygen of the
ester group in the PHB chains, hindering their passage through the matrix. In
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contrast, the non-polar oxygen encounters fewer barriers and weaker interactions
than water, allowing it to move more freely through the PHB matrix.
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Figure 3.13: RDFs for permeant molecules around (a) the ester groups and (b)
chain ends of the polymer molecules in the PHB M = 10 system at T = 300 K.

At 500 K, the oxygen diffuses faster in the more mobile M = 10 system than
in the M = 20 system, as expected. At 300 K, the effect of the polymer chain
length on diffusion is less clear and the polymer chain length has little effect on
oxygen diffusion. For water at 500 K, there is little difference between the M = 10
and M = 20 systems but, surprisingly, at 300 K the diffusion of water is slightly
faster for the M = 20 system. However, this can be explained by the higher
concentration of polar chain ends in the M = 10 system, which interact with the
polar water molecules and slow their diffusion. The strength of the interaction
with the chain ends can be seen by comparing the peak height in the RDF for
water with chain ends in Figure 3.13(b) to water with the ester linking groups in
Figure 3.13(a), showing a much stronger association of water with the chain ends.

Our diffusion coefficients for water and oxygen in the M = 20 systems at
300 K are within experimental ranges as shown in Table 3.8. For oxygen, our
calculated value of Do, = 5.45 x 107® ¢cm? s7! is in line with the experimental
measurements by Follain et al., who reported Do, = 4.62 — 9.86 x 1078 cm? s*
at 298 K, depending on sample preparation [18]. For water, our calculated
value of Dy,o0 = 2.23 x 1078 cm? s7! is also within the experimental range
of 1.88 —5.92 x 107® cm? s7! at 298 K reported by Follain et al. [18] and
0.87 — 8.04 x 107® cm? s™! at 309.5 K reported by Yoon et al. [19]. However, in
both experimental studies, the diffusion experiments were carried out at tempera-
tures higher than the experimental glass transition temperature for PHB and the
polymer films used are semi-crystalline, with degree of crystallinity ranging from
41-48%, meaning that our simulated values cannot be directly compared to these
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experimental measurements. It is generally agreed that permeants cannot diffuse
through crystal regions and we can hypothesise that the permeants diffuse in the
amorphous regions around the crystals. The amorphous polymer in the vicinity
of the crystalline regions has restricted mobility due to steric constraints imposed
by the crystals, and is referred to as the rigid amorphous region [132]. Given that
in the current simulation model, the systems at 300 K are below Ty, it is possible
that the glassy state is a reasonable representation of the rigid amorphous region
through which permeant diffusion takes place.

Finally, we compare diffusion in PHB with PHV, and MSD plots are shown in
Figure 3.14. Water diffusion is similar through PHB and PHV, consistent with the
above findings that water displacement is primarily governed by interactions with
the polar groups in the polymer chains and is largely unaffected by the presence of
the side chain in PHV. In contrast, oxygen diffusion is approximately twice as fast
in PHV as in PHB. Since oxygen molecules do not interact with the polymer ester
groups, they are able to diffuse more readily within the less dense PHV matrix.
It should be noted that there is a scarcity of experimental data on pure PHV
available in the literature. Overall, these findings suggest that although PHB and
PHYV exhibit similar water barrier properties, pure PHB provides a more effective
barrier against oxygen diffusion.

PHB/O>
71 PHV/O;

—— PHB/H;0
61 ——— PHV/H0

MSD (x 10°42)
P~

0 25 50 75 100 125 150 175 200
Time (ns)

Figure 3.14: MSDs of permeants in amorphous PHB and PHV. Simulations were
carried out at 500K and results were averaged over two repeats.
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3.4 Summary and Conclusions

The transition towards sustainable materials is critical for addressing environmen-
tal challenges associated with conventional plastic packaging and PHAs represent
a promising class of biodegradable polymers. MD simulations offer a powerful
tool for probing the structural and dynamic properties of such materials at the
molecular level. This study set out to create an effective MD force field for crystal
and amorphous PHAs which can be used to investigate gas barrier properties.

Initially, a modified GAFF force field was implemented for PHB. The GAFF
parameters were slightly modified to remove instabilities associated with the chain
ends. Partial charges were adjusted to enable the force field to be easily applied
to PHB, PHV and PHVB copolymers. The force field’s ability to reproduce struc-
ture and dynamical properties of PHB, PHV and copolymers in crystal, glassy
and melt states was tested.

For PHB and PHV crystals, the density and lattice parameters of both systems
agreed well with experimental values. Structural analysis of the PHB backbone
included torsional angles, which match those given in several experimental pa-
pers. The cohesive and surface energies of PHB were higher than those of PHV,
which is consistent with PHB’s higher melting temperature. In simulations, the
melting temperatures of crystals were higher than experimental values; however,
the observed trend of PHV exhibiting a lower melting temperature compared
to PHB aligns with experimental data. Surface energies were also significantly
higher than those reported in experimental papers, which could be attributed to
the semi-crystalline nature of experimental samples, compared to the perfect crys-
tal structures in the simulations.

For the amorphous PHA systems simulated in this work, densities were in good
agreement with both simulation and experimental literature data. The glass tran-
sition temperatures were in line with previous simulation results; however, they
were approximately 100 K higher than the experimental values, as well as higher
than the crystal melting temperatures. The decrease in T, observed on increas-
ing HV content is consistent with trends observed in literature. The Hildebrand
solubility parameters were consistent with the available literature data, with the
longer chain systems approximately converging to the experimental value.

The diffusion coefficients of oxygen and water molecules through amorphous
PHB were in good agreement with experimental values, with water diffusion being
slower than oxygen diffusion due to hydrogen bonding interactions between water
and PHB, which hinders diffusion. While the diffusion coefficient of water was
comparable in PHB and PHV, that of oxygen was roughly double in PHV, due
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to its lower density, rendering it a less effective oxygen barrier.
In summary, we have presented a force field that is versatile enough to provide

insight into structural and barrier properties of PHAs, that can aid design of
PHA-based plastics for applications such as sustainable food packaging.
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Chapter 4

Water and Oxygen Diffusion in
Crystalline and Filled Amorphous
Polyhydroxyalkanoates

Abstract

This chapter presents molecular dynamics (MD) simulations investi-
gating diffusion in crystalline and graphene-filled polyhydroxybutyrate
(PHB) systems, to improve understanding of gas transport in com-
postable food packaging materials. Crystalline PHB models were con-
structed using both infinitely bonded and finite chain configurations.
Simulations of oxygen and water in these crystalline systems revealed
no significant diffusion in the timescale studied, indicating that molec-
ular transport through crystalline domains is negligible compared to
that through the mobile amorphous regions. Oxygen exhibited larger
(but finite) displacements than water in the finite chain crystal, while
water remained constrained by electrostatic interactions with the poly-
mer matrix.

The influence of a graphite surface on water and oxygen diffusion in
amorphous PHB has been investigated. The densification and align-
ment of polymer chains at the interface led to reduced polymer mobil-
ity relative to the bulk. In the graphite-filled system, the diffusion of
water was 31% slower than that in bulk PHB. Oxygen diffusion was af-
fected even more, showing a 47% decrease in diffusion coefficient when
graphite was present. This was a result of (a) restricted polymer chain
dynamics creating fewer channels for the permeant to migrate through
and (b) interfacial accumulation of permeant molecules. Oxygen pref-
erentially adsorbed near the surface due to van der Waals attractions,
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while water remained on the outer side of the polymer phase where
electrostatic interactions dominated. These findings demonstrate how
crystalline structure and filler-induced interfacial ordering inhibit per-
meant mobility and should be considered when designing PHB-based
films.

4.1 Introduction

Effective barrier performance is a key requirement in the design of polymer films
for food packaging, where the ingress of oxygen or water vapour can significantly
reduce product shelf life and quality. To optimise these materials, it is necessary to
understand how gas molecules move through the complex semi-crystalline struc-
ture of the polymer matrix. MD simulations offer a powerful tool for probing gas
diffusion at the molecular level, providing detailed insights into the interactions
between permeant molecules and polymer chains, as well as the influence of local
structure on diffusion behaviour. A validated MD model for polyhydroxyalka-
noates (PHAs) has been previously developed to capture both the structural and
dynamic behaviour of amorphous and crystalline phases [133]. This model was
successfully used to investigate the diffusion of small molecules through amorphous
PHA matrices, providing insight into the differences between oxygen and wa-
ter transport in PHB and polyhydroxyvalerate (PHV). However, semicrystalline
polymers such as PHB contain both amorphous and crystalline domains and so
a complete understanding of their barrier properties requires characterising diffu-
sion behaviour in each phase independently. It is widely accepted that crystalline
regions in polymers present a significant barrier to gas diffusion due to their dense
molecular packing and restricted chain mobility. Studies on synthetic polymers,
including polyethylene and polyethylene terephthalate, have demonstrated that
gas transport through crystalline domains is negligible compared to amorphous
regions [85, 134, 135]. However, this assumption has not been rigorously tested
for PHAs. The extent to which the crystalline domains of PHAs impede molec-
ular transport remains unclear and a quantitative understanding is essential for
accurate modelling of their barrier performance in practical applications such as
food packaging.

The use of nanoscale filler particles is a widely studied strategy for enhancing
the barrier properties of polymeric materials by (a) increasing crystallinity and
(b) providing a physical barrier to diffusion. Additives such as layered silicates,
metal oxides and carbon-based nanomaterials have been shown to improve me-
chanical, thermal and barrier properties of PHA composites [3, 49, 60]. Graphene,
in particular, has emerged as a promising nanofiller due to its exceptional mechan-
ical strength, chemical stability and high aspect ratio [60]. MD simulations have
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shown that graphene can significantly enhance the mechanical performance of
polymer composites. For example, Yuan et al. demonstrated improved interfacial
strength in graphene composites with polyethylene, polystyrene and polyurethane
matrices [77], while Lu et al. found that the incorporation of graphene flakes into
high-density polyethylene enhanced its elastic properties, with the magnitude of
improvement depending on flake size [7§].

While many studies have focused on the mechanical reinforcement of poly-
mer/graphene composites, the impact of graphene on gas diffusion behaviour,
particularly at the polymer/filler interface, remains largely unexplored. To the
best of our knowledge, PHB/graphene composites have not previously been inves-
tigated using MD simulations. However, graphene has been successfully employed
as a model filler in a number of polymer composite studies using the GAFF force
field [76, 136], demonstrating its suitability for capturing both structural and
interfacial effects at the atomistic scale. In this context, graphene provides a well-
defined and computationally tractable model surface, which allows the behaviour
of polymer chains in close proximity to a filler to be examined in detail.

In polymer nanocomposites, graphene typically interacts with the matrix via
van der Waals (vdW) forces, leading to a distinct interfacial region with poten-
tially different local structure and dynamics to the bulk. These interfacial zones
may affect gas transport in complex ways by altering local free volume, disrupting
polymer chain packing or restricting segmental mobility. However, the diffusion
of gas molecules at or near filler surfaces is rarely investigated in detail using MD
methods. Furthermore, while several studies suggest that nanofillers enhance bar-
rier properties by increasing the tortuosity of diffusion pathways or introducing
obstacles that disrupt molecular transport [60, 62], these effects are often eval-
uated experimentally on a macroscopic scale. Molecular-level insights into how
filler surfaces interact with gas molecules and the surrounding polymer chains are
critical for designing composites with optimised performance, especially in com-
postable polymers such as PHB, where compatibility and degradation behaviour
are also important considerations.

This chapter presents MD simulations designed to address two key knowledge
gaps: (1) quantifying the diffusion of oxygen and water in crystalline PHB sys-
tems, and (2) exploring how the presence of a graphene filler surface affects gas
transport in amorphous PHB. Together, these simulations aim to clarify the roles
of both ordered (crystalline) and heterogeneous (filler-containing) microstructures
in governing gas barrier behaviour in PHA-based materials.
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4.2 Methodology

The methodology for modelling the PHB a-crystal unit cell, amorphous PHB and
the water and oxygen models used in the previous study as well as the current
work can be found in ref [133]. Described in this section are the additional steps
for simulating diffusion through the bulk crystals, with finite and infinite chains,
and a PHB/graphite composite system. To characterise the permeant diffusion
behaviour, time-averaged mean squared displacement (MSD) data was calculated
using MDAnalysis [71] and the root mean squared displacement (RMSD) tra-
jectory tool in VMD [72] was used to extract RMSDs of individual molecules.
Further details on the calculation of MSDs and diffusion coefficients can be found
in the previous study [133].

4.2.1 Crystalline Models

To set up the infinite chain crystal, five PHB unit cells were bonded together
along the z dimension to create helical crystal chains, each 10 monomers long.
The resulting box dimensions were z = 5.72 A, y = 13.13 A and z = 29.61 A.
The system was energy minimised using the steepest descents algorithm and then
simulated in the NPT ensemble at 200 K and 1 atm for 10 ns while changes in
the lattice parameters and torsional angles were monitored. Anisotropic pressure
control was used for all crystal simulations in the NPT ensemble, allowing each
of the three box lengths to change independently. The temperature of 200 K
was chosen for simulating the crystalline systems as the PHB crystal model was
previously found to be unstable at higher temperatures [133]. Once the stability
of the longer crystalline chains was confirmed, the system was replicated in the x
and y axes to create a bulk crystalline slab which was four chains wide in both
x and y directions, shown in Figure 4.1(a), where periodic boundary conditions
mean that the crystal model is infinite in all dimensions. The replicated system
had box dimensions of z = 23.51 A, y = 25.63 A and z = 28.52 A.

To set up the finite chain crystal, five crystal unit cells were bonded together
in the z direction and one monomer in the middle of each of the two chains was
removed and replaced with PHB chain ends. The resulting structure was energy
minimised and simulated in the NPT ensemble at 200 K and 1 atm to monitor
lattice parameters and torsional angles. As with the infinite chain crystal, the
system was then replicated in the z and y axes, creating a bulk slab with the
chain ends forming a plane across the crystal. Snapshots of this process can be
found in Appendix B. The final structure is shown in Figure 4.1(b). The equili-
bration protocol was the same as that for the infinite chain crystal system, with
energy minimisation and NPT run carried out. Density, lattice parameters and
torsional angles from the NPT run are compared to those for the infinite chain
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crystal in order to establish how the new chain ends affect the crystalline structure.
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Figure 4.1: (a) Infinite chain bulk crystal model. (b) Finite chain bulk crystal
model.

To simulate the diffusion of water and oxygen, the same procedure was used
for both the finite chain and infinite chain crystal systems. The LAMMPS
create_atoms command was used to insert 10 water or oxygen molecules at ran-
dom positions and orientations in the crystal. An energy minimisation was carried
out, followed by a 1 ns run in the NPT ensemble (200 K, 1 atm) to allow for any
volume changes. To study the displacements of the permeants, an NVT simulation
at 200 K was run for 100 ns. Two repeats of each system were simulated, using dif-
ferent starting configurations. The NVT ensemble was chosen for the production
runs since it is generally faster to run compared to the NPT ensemble. Addition-
ally, in their paper describing best practices for computing transport properties,
Maginn et al. discourage the use of the NPT ensemble, stating the barostat can
significantly affect the dynamics of the system [15].

4.2.2 Amorphous Model

In order to compare diffusion in crystalline versus amorphous PHB at the same
temperature, diffusion of water and oxygen was also simulated in amorphous PHB
at 200 K. The 300 K PHB/water and PHB/oxygen systems used in ref [133] were
cooled to 200 K at a rate of 2.5 x 10'° K s and then thermally equilibrated in
the NPT ensemble for 5 ns. The 200 K systems were then simulated in the NVT
ensemble for 100 ns to track permeant diffusion. Two repeats of each system were
simulated and MSD data was averaged.
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4.2.3 Filled Amorphous PHB

To construct the graphite filler, a single graphene sheet was set up using the Car-
bon Nanostructure Builder tool in VMD. The sheet was approximately 40 x 40
A in the z and y directions and periodic bonding was applied to the terminal car-
bon atoms along the x and y axes, effectively rendering the sheet infinite in those
directions. Moltemplate [107] was then used to generate a LAMMPS data file
containing all bonded and non-bonded force field parameters (see Section 3.2.1,
Chapter 3 for further explanation of Moltemplate use). Graphene was modelled
using GAFF, which has previously been demonstrated to be a suitable force field
for modelling graphene sheets [76, 136, 137, 138, 139]. The carbon atoms were
represented using the ’ca’ atom type, which represents sp?-hybridised carbon in
an aromatic environment [74]. No partial charges were assigned to the carbon
atoms of graphene.

Figure 4.2: Graphene model with unit cells highlighted by green rhombus’ with
sides a; and as.

Energy minimisation was performed, followed by a 100 ps NPT simulation at
500 K. The atoms maintained their hexagonal conformation throughout the run,
indicating that the model was stable with the chosen force field. After energy
minimisation and equilibration, the repeating unit of the sheet was compared to
the graphene unit cell parameters reported in the literature. The two unit cell
vectors, a; and a, in Figure 4.2, measured 2.45 + 0.04 A, which is consistent with
the known crystal lattice of graphene (2.46 A [140]). Once the stability of a single
graphene sheet was confirmed, three layers were stacked using the LAMMPS repli-
cate command to create a multilayered graphite model, which better represents
a filler particle. The middle sheet was shifted slightly in the x and y directions
to mimic AB stacking, where half of the carbon atoms in one layer lie directly
above the centres of hexagons in the adjacent layer, shown in Figure 4.3. This
configuration optimises the short-range attraction between atoms in neighbouring
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layers, producing a stable graphite structure [141]. The interlayer distance was set
to 3.3 A, the known equilibrium spacing for graphite [142]. At this spacing, three
graphene layers were sufficient to prevent the polymer from interacting with its
periodic image on the opposite side of the graphite, as this distance exceeded the
10 A cutoff used for the Lennard-Jones potential. Although the polymer will still
experience some residual long-range electrostatic interaction across the graphite
layer, these are not expected to be significant because the partial charges in the
system are relatively small.

Figure 4.3: AB stacking in multilayer graphite model.

System Instability

The simulation box was expanded in the z dimension to accommodate the amor-
phous polymer chains. As an initial test, a single PHB chain was added to the
graphite box, with vdW parameters computed using Lorentz-Berthelot mixing
rules. To reduce computational cost, the graphite atoms were kept immobile by
not applying a thermostat, eliminating the need to compute pairwise interactions
between them at every timestep. This approach has been previously used when
graphene-graphene self-interactions are not the focus of the study [124, 143]. Af-
ter energy minimisation, a 100 ps NVT simulation was conducted, keeping the
polymer thermostatted at 500 K to simulate its melt phase while the graphite re-
mained effectively ‘frozen.” Upon visualising the trajectory, the system exhibited
instability due to the ‘flying ice cube syndrome,” a rare artifact in MD simula-
tions where energy is improperly distributed, violating the equipartition theorem,
which states that energy should be evenly distributed among all degrees of free-
dom at thermal equilibrium [144]. The exact causes of this phenomenon are not
fully understood, but it is known to be associated with certain thermostats and
can lead to unphysical structural and dynamic behaviour. In this case, the PHB
chain rapidly drifted away from the graphite. To counteract this, the fix recenter
command was used to constrain the polymer centre of mass. However, this led to
the PHB chain freezing over and eventually become completely immobile, despite
the LAMMPS thermodynamic output showing no drop in temperature or kinetic
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energy. It was determined that the flying ice cube artifact resulted from the im-
mobility of the graphite atoms, as the issue did not occur when a thermostat was
applied to them. Consequently, despite the additional computational cost, it was
decided to allow the carbon atoms in the three graphene sheets to move during
the simulations.

Simulation Protocol

50 PHB chains were added to the graphite system and equilibrated for 30 ns in the
NPT ensemble using anisotropic pressure control, following the protocol outlined
in ref [133]. The system was periodic in all three directions to create a film of
amorphous PHB confined between the graphite. To prevent system drift from ar-
tificially inflating MSD values, the fiz spring command in LAMMPS was used to
apply light tethering forces to the centre of mass of both the polymer and graphite
atom groups, keeping each group close to its initial centre of mass position. Fol-
lowing polymer equilibration, 10 oxygen or water molecules were inserted into the
system and the volume was re-equilibrated for 1 ns at 500 K and 1 atm, allowing
the box volume to adjust to accommodate the extra molecules. The production
run consisted of a 100 ns NVT simulation at 500 K, again employing the centre
of mass constraints. Three repeat simulations were performed for each permeant
using different initial polymer configurations prior to permeant insertion. Diffu-
sion coefficients were determined from the MSD data, as described in ref [133].
Python scripts were used to characterise the behaviour of the permeant molecules
by analysing their positions relative to the graphite.

4.3 Results and Discussion

This section begins by presenting the structural properties of the finite chain PHB
crystal and comparing them with those of the infinite chain model. The diffusion
behaviour of water and oxygen in both crystal systems is then examined. Finally,
results from diffusion simulations in the amorphous PHB/graphite composite are
discussed.

4.3.1 Finite Chain Crystal Properties

On visualising the simulation trajectories in VMD, it was clear to see that the fi-
nite chain crystal was stable using the current force field and simulation methods.
Despite the fact that the chains were now free to move into a more disordered
amorphous configuration, only the free ends moved significantly during the sim-
ulations, with the bulk of the crystal remaining in the helical structure. This is
observed through analysis of the crystal density and lattice parameters, as well
as measuring the backbone torsional angles, and comparing them to those of the
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infinite chain crystal. The density and lattice parameters are given in Table 4.1
and torsional angles are plotted in Figure 4.4. All results are averaged over a 10
ns NPT simulation at 200 K and 1 atm. As seen in Table 4.1, the a, b and ¢
lattice parameters (referring the the x, y and z box lengths) and density of the
finite chain system are in good agreement with those for the infinitely bonded
crystal. Although it has a slightly higher cell volume, the infinite chain system
is marginally more dense due to its larger mass. The presence of the chain ends
allows for greater rotation of the backbone, creating additional small peaks in the
w, ¢ and 1 plots (Figure 4.4). No extra peaks are present in the plot of 7, indi-
cating this angle is largely unaffected by the chain ends. Despite the extra peaks
in the finite chain system, the positions of the tallest peak for all four angles are
the same as those of the infinite chain crystal.

a (A) b (A) ¢ (A) p(gem™)
Finite chains ~ 5.88 & 0.09 12.79 + 0.17 28.26 + 0.33 1.24 + 0.02
Tnfinite chains 5.88 + 0.08 1281 + 0.15 30.25 + 0.33  1.25 + 0.02

Table 4.1: Comparison of density and lattice parameters in crystalline PHB mod-
els. Data was sampled every picosecond during a 10 ns NPT run at 200 K and 1
atm. Errors given are standard deviations of the measured data.

4.3.2 Diffusion in Crystalline Models

The total MSDs of oxygen and water in the crystalline PHB systems are shown
in Figures 4.5 and 4.6. Both permeants are able to move much further in the
finite chain crystal than in the infinite chain. The presence of chain ends in the
finite system introduces additional free volume and local disruption of the crystal
lattice, which in turn permits greater segmental mobility of the polymer chains.
These effects create transient voids or channels that can facilitate the movement
of small molecules. As observed in the amorphous systems, oxygen consistently
displaces more rapidly than water in both crystalline models, likely due to its
smaller size and non-polar nature. To gain directional insight into the diffusion
behaviour, the MSDs were decomposed into the x, y and 2z components, as shown
in Figures 4.5 and 4.6 for infinite chain and finite chain crystals, respectively. In
the infinite chain crystal, diffusion is extremely limited, with little or no displace-
ment observed in any of the three crystal axes. This lack of movement reflects the
rigidity and tight packing of the helical chains when no chain ends are present.
In contrast, the finite chain model introduces chain ends, enabling limited but
measurable permeant movement in certain crystal axes, as seen in Figure 4.6.
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Figure 4.4: Torsional angles in the PHB backbone for finite and infinite chain
crystalline systems. Averaged over 10 ns NPT run at 200 K and 1 atm.

To further characterise the nature of diffusion events, the RMSD of individ-
ual molecules between sampled configurations were calculated, and the minimum,
maximum and average displacements are summarised in Table 4.2. The oxygen
molecules show a pronounced increase in RMSD in the finite chain model, with
an average displacement per time interval of 6.0 A compared to just 1.8 A in the
infinite chain model. Moreover, the maximum displacement in the finite chain
system was nearly twice that in the infinite one. For water, the differences are
less marked; average displacements were 2.7 A and 1.8 A in the finite and infi-
nite models, respectively. These findings reinforce the idea that oxygen transport
is more sensitive to polymer chain structure, while water diffusion is more con-
strained by its stronger interactions with polar groups.

As seen in Figure 4.5, the MSD curves for permeants in the infinite chain
system deviate from linearity, indicating that the permeants do not reach the dif-
fusive regime as described by Einstein’s relation and hence a linear fit to extract
a diffusion coefficient is not appropriate. Instead, by examining the final MSD
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Figure 4.5: Diffusion of (a) oxygen and (b) water molecules in infinite chain
crystals, showing total MSD and breakdown into each axis. Permeant diffusion
in the amorphous polymer at 200 K is also plotted. Data has been averaged over
two repeat simulations.
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Figure 4.6: Diffusion of (a) oxygen and (b) water molecules in finite chain crystals,
showing total MSD and breakdown into each axis. Permeant diffusion in the
amorphous polymer at 200 K is also plotted. Data has been averaged over two
repeat simulations.

values, excluding the anomalous region beyond 95 ns caused by poor statistics,
the water molecules show a total MSD of only around 3 A2, while oxygen reaches
6 A2. On analysing the diffusion of permeants in amorphous PHB at 200 K, the
final MSD values are similar to those in the crystalline systems, with the excep-
tion of oxygen in the infinite chain crystal, where the final MSD in the amorphous
system is 5-6 times higher than in the crystal. These values are significantly lower
than those for amorphous PHB systems at 300 K, where water and oxygen reach
average MSDs of approximately 200 A2 and 800 A2, respectively [133], despite
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RMSD (A)
Min Max Average
Finite | 0.3 9.3 6.0
Infinite | 0.1 4.3 1.8
Finite | 0.2 4.5 2.7
Infinite | 0.1 3.6 1.8

2

H,O0

Table 4.2: Minimum, maximum and average RMSD of the permeant molecules
over the 100 ns NVT simulations. Values are averaged over 10 molecules.

still being below the polymer glass transition temperature (7). These findings
suggest that at 200 K, as well as the reduced kinetic energy of the permeants,
the mobility of the amorphous PHB chains is restricted to such an extent that
permeant molecules remain trapped in cages within the matrix, with little or no
local chain movement to create new channels.

Overall, even with the enhanced mobility introduced by chain ends in the fi-
nite chain crystal, the diffusion of oxygen and water in crystalline PHB is so small
that it cannot be quantified by a diffusion coefficient in these 100 ns duration sim-
ulations. The results support the hypothesis that crystalline regions in polymers
effectively act as impermeable domains. In crystalline systems, polymer chains are
tightly packed into ordered, dense structures with limited free volume and minimal
segmental motion. This rigidity severely restricts the ability of small molecules
to navigate through the lattice. In contrast, amorphous regions at temperatures
close to or above T, are disordered and contain greater free volume, dynamic
chain fluctuations and transient cavities, all of which facilitate the passage of per-
meant molecules. Therefore, the dominant pathway for gas and water diffusion
in semi-crystalline PHAs is through the amorphous phase and the presence and
distribution of crystalline domains significantly hinders overall permeability.

4.3.3 Effect of Graphene Surface on Diffusion

In experimental systems, filler particles incorporated into polymer matrices can
range up to several microns in diameter, which is many orders of magnitude
larger than what can be realistically captured in atomistic MD simulations. In
the present model, the graphite additive is represented as a layered sheet ~ 10
A thick in the z direction, with the surrounding amorphous PHB region extending
~ 40 A in the same direction. Rather than modelling a complete filler particle,
the approach taken here is to represent a filler surface in direct contact with the
polymer. This allows the interfacial region to be probed at atomistic resolution,
enabling characterisation of the molecular-level interactions that govern polymer-
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filler interfacial behaviour.

Figure 4.7: PHB/graphite system showing (a) formation of dense polymer layers
and (b) elongation of polymer chains at the surface.

The presence of the graphite surface induces the formation of dense layers of
polymer chains adjacent to the interface. In these interfacial regions, polymer
chains tend to align and extend parallel to the surface, as shown in Figure 4.7(b).
This behaviour arises from graphene’s planar geometry, which encourages chains
in close proximity to adopt extended conformations and pack more tightly com-
pared to the bulk. As a result, a more ordered and densely packed polymer layer
forms at the interface. McKechnie et al. observed higher radius of gyration and
chain end-end distance for polymers next to a graphite surface compared to that
in the bulk [124]. Through analysis of the chain orientation, they also found that
the chains stretch parallel to the surface and flatten in the z direction. Similar
behaviour has been reported for polystyrene chains at a gold surface [145]. Be-
yond this interfacial layer, a region of reduced density is observed, reflecting a
compensation effect due to the local densification at the surface. The oscillations
in polymer density as a function of distance from the graphite sheet, shown in Fig-
ure 4.8(a), indicate the presence of short-range ordering. The high density peaks
become smaller further from the surface until density plateaus at approximately
its bulk amorphous density of 1.05 g cm ™ in the centre of the box. This layering
behaviour is typical of polymers at a surface [65, 124].

By decomposing the polymer density profile into contributions from carbon,
hydrogen and oxygen atoms, a distinctive double peak was observed in the oxygen
distribution near the graphite surface (Figure 4.8(b)). To investigate this feature,
the two types of oxygen atoms in the PHB backbone were examined separately:
the carbonyl oxygen (double bonded to carbon) and the ester oxygen (part of the
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Figure 4.8: (a) Polymer density in relation to the middle graphene sheet. Averaged
over 10 ns NVT simulation at 500 K. (b) Polymer density broken down into carbon,
oxygen and hydrogen density. (c) Density profiles of the carbonyl and ester oxygen
atoms. (d) Snapshot showing proximity of carbonyl and ester oxygen atoms to
the graphite surface. o is given in A and ¢ in kcal mol~!.

C-O-C ester linkage), hereafter referred to as carbonyl O and ester O, respectively.
The chain ends were not included in this analysis due to their low concentration
in the polymer matrix. As shown in Figure 4.8(c), the carbonyl O atoms exhibit
a preference for positioning closer to the graphite surface than the ester O atoms.
This spatial arrangement is also evident in the VMD snapshot in Figure 4.8(d),
where polymer chains near the surface appear oriented such that the carbonyl
O atoms point outward toward the surface, while the ester O atoms lie slightly
further back. This preferential alignment can be rationalised by considering the
vdW parameters of the two oxygen types. The carbonyl O atoms have a larger
well depth (e = 0.21 keal mol~!) and a slightly smaller vdW radius (o = 2.96 A)
compared to the ester O atoms (e = 0.17 keal mol™', o = 3.00 A). These proper-
ties result in stronger attractive interactions and allow the carbonyl O atoms to
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approach the surface more closely, contributing to the observed double peak in the
oxygen density profile. Another factor contributing to the ester Os being further
from the graphite is the steric hinderance caused by the proximity of the methyl
group on the polymer chain. As seen in the inset in Figure 4.8(c), the ester O is
closer to the side group than the carbonyl O which could create more restricted
freedom in the orientation of the ester group, preventing it from aligning closer
to the graphite.

To evaluate how the presence of graphite affects polymer mobility, the MSD
of PHB chains in the composite system was compared to that in a bulk amor-
phous system without graphite. As shown in Figure 4.9, the polymer dynamics
are noticeably slower in the presence of the filler. While chains further from the
interface will likely remain largely unaffected, the reduced mobility of polymer
segments within the dense interfacial layer contributes to a lower average MSD
for the system. Similar effects have been observed in other polymer nanocompos-
ites; for instance, Li et al. reported that polymer chains exhibited slower dynamics
near filler surfaces in polyethylene/graphene systems [79].

8001 —— Bulk PHB
PHB/graphite

0 5 10 15 20 25 30
Time (ns)

Figure 4.9: MSD of PHB in bulk system and graphite system during NPT simu-
lation at 500 K and 1 atm.

Figure 4.10 shows the MSD of water molecules broken down into the z, y and
z contributions. Due to the graphite creating finite distance for displacement in
the z direction, the diffusion is primarily 2D, as can be seen from the flat z line
in Figure 4.10. As a result of this, the diffusion coefficients were computed using
a 2D model rather than 3D. While there is still some movement in the z direction
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between the graphite and its periodic image at the top of the box, when compared
to the displacements in the other two axes, it can be assumed that the diffusion
taking place is 2D.

40000

30000 4

20000

MSD (A 2)

10000 ~

0 20 40 60 80 100
Time (ns)

Figure 4.10: z, y and z MSD components of water molecules in PHB/graphite
system.

The MSD, denoted S(t), is calculated using Equation 4.1:

S(t) = <% Z ri(t +to) — Ti(tO)’2> (4.1)

to
where N is the number of diffusing molecules of the target species, r;(t) represents
the coordinates of the particle at time ¢ and the angled brackets denote averaging
over reference positions using multiple time origins ty. From this, the diffusion
coefficient D is then obtained using Equation 4.2:

1 d

C2x8dt (®)
where § refers to the dimensionality of the system. For diffusion in the bulk
amorphous system, o = 3 but for the graphite system, 6 = 2. Therefore, when
calculating diffusion coefficients in the current PHB /graphite system, the slope
of the MSD line is divided by 4, rather than 6, as the diffusion in z is negligible
compared to diffusion in x and y. Diffusion coefficients of the water and oxygen
are given in Table 4.3, along with those from bulk PHB simulations for compar-
ison [133]. Oxygen diffuses faster in both systems, although the difference is less
significant in the graphite system. Both Dy,o and Do, are lower in the graphite

(4.2)
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system, which can be explained by the less mobile polymer chains creating fewer
cavities for the permeants to diffuse through.

D (x107° cm? s71)

Water Oxygen
PHB [133] 2.37 £ 0.23 3.76 £+ 0.25
PHB/graphite 1.63 + 0.36 1.99 + 0.22

Table 4.3: Diffusion coefficients of water and oxygen in bulk PHB and
PHB/graphite system. Average of three repeat runs + standard deviation. Sim-
ulations were run in the NVT ensemble at 500 K.

In order to characterise the permeant behaviour at the graphite/polymer in-
terface, the density of polymer and permeants along the z axis was calculated.
Density profiles, averaged over three repeat simulations, are shown in Figure 4.11.
The plots for each separate run are shown in Appendix B. It can be seen from
Figure 4.11(a) that water molecules are more concentrated ~ 4 A further from the
surface than the dense polymer region. On the other hand, from Figure 4.11(b),
it can be seen that the most densely populated region for oxygen is ~ 0.5 A closer
to the graphite than the polymer. Since the carbon atoms in the graphite model
have no partial charges, the oxygen and water permeant models will be drawn
to the surface via vdW forces only, rather than electrostatic interactions. The
oxygen molecules can pass through the dense polymer layer and gather closer to
the surface, since the non-polar oxygen doesn’t experience significant interactions
with the polymer atoms. On approaching the surface, the water molecules on
the other hand get "trapped” on the far side of the dense polymer layer, as they
have previously been shown to experience hydrogen bond interactions with the
polymer [133].

4.4 Conclusions and Future Work

Diffusion in crystalline and graphene-filled PHB systems was investigated using
MD simulations. Bulk models of crystalline PHB were constructed based on the
a-crystal unit cell examined in the previous study [133]. In addition to the in-
finitely bonded model, where polymer chains are periodically connected along
the crystallographic axis, a finite chain crystal was created by breaking the chains
and capping them with chain ends. Despite the presence of chain ends introducing
some mobility, the crystalline structure remained stable in its helical configura-
tion throughout the simulations at 200 K. Analysis of backbone torsional angles
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Figure 4.11: Density profiles (a) PHB and water (b) PHB and oxygen. Distance
in relation to the middle graphene sheet. Dotted lines show the average positions
of the three graphene sheets. Results are averaged over three simulations.

revealed that the free chain ends caused increased rotational flexibility in three
of the four key dihedral angles. However, the most frequently adopted torsional
states remained consistent with those in the infinite chain crystal. This suggests
that the dense packing of the helical chains provides energetically favourable non-
bonded interactions that stabilise the structure, even in the absence of continuous
bonding along the chain axis.

Diffusion simulations of water and oxygen in the PHB crystal systems revealed
that the MSDs were very small in both cases. Although the introduction of chain
ends in the finite chain crystal model allowed some movement of permeants, the
limited MSD values suggest that diffusion within crystalline domains is negligible
on the 100 ns time scale of the simulations. As with the amorphous system, oxy-
gen exhibited greater mobility than water in the finite crystal model, while water
movement was strongly influenced by electrostatic interactions with the polymer,
as reflected in the RMSDs.
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The influence of a graphite surface on the diffusion of water and oxygen in
amorphous PHAs was also examined. The presence of the surface induced densi-
fication and alignment of polymer chains near the interface, as observed through
VMD trajectory visualisation and supported by density profile analysis. The PHB
chains showed reduced mobility compared to the bulk system. When compared
with simulations of bulk amorphous PHB, the diffusion coefficients of both water
and oxygen were lower in the graphite-filled system. This reduction is likely due
to (1) restricted polymer mobility, which limits the formation of transient cavities
for permeants to move through, and (2) accumulation of permeants at the inter-
face. The permeants exhibited distinct interfacial behaviours: oxygen molecules
were able to penetrate into the dense polymer layer near the graphite due to vdW
attractions, whereas water molecules preferentially localised on the opposite side
of the polymer, where electrostatic interactions with the polymer dominated their
diffusion behaviour.

These simulations enhance our understanding of how crystalline ordering and
interfacial interactions influence gas transport in PHAs, offering molecular-level
insights relevant to the design of compostable food packaging materials. In par-
ticular, the findings confirm that crystalline domains restrict diffusion, while the
presence of a filler surface induces polymer alignment and alters permeant be-
haviour near the interface. Such effects should be carefully considered when engi-
neering composite packaging films, where both crystallinity and filler content can
be tuned to optimise barrier performance.

Building on this work, future studies could aim to develop more realistic mod-
els of PHA composites that capture the heterogeneous nature of semi-crystalline
polymers. In practice, PHAs consist of crystalline regions embedded within an
amorphous matrix, often in the presence of nanofillers. A combined model incor-
porating both amorphous and crystalline phases alongside a filler surface would
provide a more accurate representation of the microstructure and enable more
predictive simulations of gas transport. The graphite surface model used here
could also be extended to other common fillers, such as hexagonal boron nitride
(BN), which shares a similar layered structure. By assigning partial charges and
adjusting force field parameters accordingly [146], the influence of polar surfaces
on polymer structure and permeability could be investigated. This would provide
a stronger link between the PHB /filler systems simulated and the filled polymer
films investigated experimentally in Chapter 5.
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Chapter 5

Characterisation of Solvent-Cast
PHB Films

Abstract

This chapter investigates the influence of additives on the thermal,
barrier, mechanical and microstructural properties of polyhydroxybu-
tyrate (PHB) films prepared via solvent casting. Specifically, the study
evaluates the effect of boron nitride (BN) as a filler and triacetin (TA)
as a plasticiser on the crystallisation behaviour, melting character-
istics, water barrier performance and mechanical properties of PHB.
Differential scanning calorimetry (DSC), scanning electron microscopy
(SEM), water contact angle, water vapour transmission measurements
and texture analysis were employed to characterise the films. Results
indicate that the incorporation of TA leads to a modest reduction in
the melting temperature and an increase in spherulite size, whereas
BN acts as an effective nucleating agent, increasing both the crys-
tallisation temperature and the overall degree of crystallinity. These
modifications in thermal behaviour suggest potential improvements in
processing and production parameters. However, both additives were
found to lower the water barrier properties of the films, as evidenced
by increased water vapour permeability and decreased water contact
angles. SEM analysis revealed the presence of additional holes and
microvoids in the modified films, which likely contribute to the dimin-
ished moisture resistance. Texture analysis showed that TA improved
film elasticity at the expense of strength, while lower concentrations
of BN generally improved both strength and elasticity. Collectively,
these findings offer valuable insights into the complex interplay be-
tween additive chemistry and the functional properties of sustainable
polymer systems.
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5.1 Introduction

Conventional petroleum-based plastics, such as polyethylene and polypropylene,
dominate the packaging industry but are non-compostable, leading to accumu-
lation in landfills and marine environments. As the demand for sustainable al-
ternatives grows, PHB, a biopolymer produced by microbial fermentation, has
emerged as a promising candidate for environmentally friendly food packaging.
Derived from renewable resources, PHB is fully compostable under natural condi-
tions, breaking down into carbon dioxide and water without leaving toxic residues
[147], making it a potential solution to mitigate plastic pollution. Additionally,
PHB films are inherently biocompatible and non-toxic [148], ensuring safety for
food contact applications. PHB exhibits good mechanical strength in terms of ten-
sile properties and rigidity, along with thermal stability and barrier performance,
which are essential characteristics for preserving food quality and extending shelf
life. However, its widespread adoption has been limited by drawbacks such as
brittleness and poor elasticity, which reduce its suitability for applications requir-
ing flexibility or impact resistance, as well as its relatively high production costs
compared to conventional plastics. Research efforts are therefore increasingly fo-
cused on improving PHB’s performance through the incorporation of additives,
such as plasticisers and fillers and optimising production methods to reduce costs.

Filler particles are commonly incorporated into polymers to modify their ther-
mal, mechanical and barrier properties. Fillers typically act as nucleating agents,
influencing the crystallisation process and the development of spherulitic struc-
tures. The effect of these additives on PHB’s barrier properties is highly depen-
dent on their type and concentration. Manikandan et al. investigated a variety of
graphene-based fillers [60] and found that all of them improved the water barrier
of PHB to some extent. Conversely, Cretois et al. measured water permeabil-
ity in polyhydroxyalkanoate (PHA) composites containing clay-based filler parti-
cles [62] and found that increasing the concentration of filler led to higher water
permeation. BN is of interest as a filler due to its high thermal conductivity,
chemical inertness and resistance to high temperatures [149]. BN has previously
been shown to be an effective nucleant for PHB [150], allowing the polymer to
crystallise from the melt at higher temperatures [59]. Additionally, BN can be
surface-functionalised to enhance dispersion within a polymer matrix, making it
a promising candidate for improving PHB’s performance.

Plasticisers are typically added to help processability and can also influence
the thermal properties of PHB by lowering its melting temperature (73,). The nar-
row temperature window between PHB’s melting and thermal decomposition can
cause issues during melt processing, and reducing 7}, through plasticiser incorpo-
ration could mitigate these challenges. Majerczak et al. reported that plasticisers
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could lower PHB'’s glass transition temperature (7,) by up to 297 K and its T3, by
up to 286 K, depending on the type and concentration used [49]. In terms of wa-
ter barrier, the effect of plasticisers has been found to vary. Quispe et al. studied
the effect of glycerol-based plasticisers on water permeability in PHB films [151].
While some plasticisers enhanced the water barrier, others significantly increased
water permeation, with the observed differences primarily attributed to variations
in the size of the plasticiser molecules. TA is a particularly suitable plasticiser
for food packaging applications due to its excellent compatibility with PHAs [49],
biodegradability and low volatility. Additionally, its non-toxic nature and ap-
proval for food contact applications [152] make TA a viable option for improving
PHB'’s processability without compromising safety.

The microstructure of semi-crystalline polymers such as PHB is strongly in-
fluenced by the formation of spherulites during crystallisation, where polymer
chains arrange into ordered lamellae radiating outward from nucleation sites [47].
This microstructural arrangement plays a crucial role in determining PHB’s bulk
properties, including mechanical strength and barrier performance. Pure PHB
is known for its brittleness, which is largely attributed to the formation of large
spherulites that facilitate crack propagation. Majerczak et al. reviewed the effect
of fillers on PHB crystallisation [3] and reported that fillers generally act as nucle-
ating agents, promoting the formation of a higher number of smaller spherulites.
This structural modification can enhance toughness and impact resistance by re-
ducing the size of brittle crystalline domains. However, the relationship between
crystallinity and mechanical properties in PHB composites remains complex, as
some fillers improve strength and modulus while others weaken the material due
to poor dispersion or adverse filler-polymer interactions.

A strong water barrier is essential for food packaging applications, as it helps
prevent food spoilage and extends shelf life. Additionally, effective moisture resis-
tance reduces the need for multilayer packaging, contributing to sustainability by
minimising material usage and waste. The key parameters used to assess a poly-
mer’s water barrier performance include the water contact angle (), water vapour
transmission rate (WVTR) and the permeability coefficient. WVTR and perme-
ability coefficient are closely related; the permeability coefficient can be calculated
from the WVTR by accounting for the film thickness and the partial pressure dif-
ference of water vapour across the film (see Table 2.3, Chapter 2). A polymer
with superior water resistance will exhibit a high 6, indicating hydrophobicity,
and lower WVTR and permeability values. Conversely, a lower # and increased
WVTR and permeability suggest weaker barrier performance, leading to higher
moisture ingress. In this study, ¢, WVTR, and permeability are measured exper-
imentally for different formulations of PHB films.
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There is currently a gap in the literature regarding the relationship between the
spherulitic microstructure of PHAs and their bulk properties. Consequently, the
influence of fillers and plasticisers on the microstructure, mechanical performance
and barrier properties of sustainable polymers remains insufficiently understood.
The primary objectives of this experimental work are:

e Use DSC to investigate the thermal behaviour and crystallinity of solvent-
cast PHB films.

e Measure the WVTR and 6 of the films.
e Use SEM to analyse the crystalline microstructure.

e Assess the impact of additives on mechanical properties using texture anal-
ysis.

These objectives will help to relate the microstructure of PHB composites to their
bulk properties.

The methodology used for film casting and characterisation can be found in
Section 2.2 (Chapter 2).

5.2 Results and Discussion

5.2.1 NMR

NMR was used to check the purity of PHB. Analysis of the 'H NMR spectra
revealed three main peaks (excluding the residual solvent peak from deuterated
chloroform). These peaks correspond to the characteristic proton environments
in the PHB molecule, as shown in Figure 5.1. A key diagnostic peak for the pres-
ence of HV monomers would appear at approximately 0.9 ppm, attributed to the
CH-CH,-CHj protons, which are not present in PHB. The absence of a signal
in this region confirms that the polymer is a PHB homopolymer rather than a
poly(hydroxybutyrate-co-hydroxyvalerate) (PHVB) copolymer. Furthermore, no
additional peaks indicative of impurities were observed, suggesting the ethanol
purification step was effective.

5.2.2 Spherulitic Microstructure

SEM was used to investigate the spherulitic microstructure of the PHB films. SEM
images for each formulation are shown in Figure 5.2. Attempts to image at higher
magnification resulted in structural damage to some of the films, likely caused by
the increased current density of the electron beam. The visibility of spherulites in
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Figure 5.1: NMR spectra of purified PHB powder (in deuterated chloroform so-
lution).

the SEM images varied depending on the film formulation. Spherulite boundaries
are most clearly visible in the PHB_TA and PHB_1BN samples (Figures 5.2(b) and
(d), respectively). Although less distinct, a spherulitic microstructure can also be
observed in PHB, PHB_TA/1BN and PHB_0.25BN (Figures 5.2(a), (c), and (e),
respectively). For the sample with the lowest BN concentration (PHB_0.06BN),
imaging difficulties prevented the detection of any spherulites. A quantitative
analysis of spherulite area distribution was attempted using automated boundary
detection tools, including Segment Anything [14]. While spherulite boundaries
were successfully identified in the PHB_TA samples, Segment Anything was in-
effective for the other formulations, due to the spherulites being much smaller
and their boundaries less defined. A voronoi analysis performed using ImageJ
software was also explored for spherulite identification and area computation;
however, similar limitations were encountered with unplasticised films. Example
use of these tools is displayed in Figure 5.3. Consequently, it was determined that
automatic detection and measurement of spherulite sizes were not feasible for all
samples. Manual measurement was considered impractical for high-throughput
analysis due to the large number of spherulites per image. Improved SEM imag-
ing, particularly for pure PHB samples, may enable the application of image
analysis software for quantitative assessment of spherulite size distribution in the
future. For this study, a qualitative analysis was conducted to compare relative
trends in microstructure across pure polymer, plasticised and filled samples.

Notably, distinct gaps and holes are present in PHB_TA and PHB_0.25BN
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(a) PHB _S0em__ (b)PHB_TA _S0pm
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() PHB_0.25BN

Figure 5.2: SEM images of PHB films.

(Figures 5.2(b) and (e)), suggesting a more porous microstructure that may re-
sult from the incorporation of additives. In their study on PHB microstructures,
Quispe et al. also observed a uniform morphology in pure PHB, while samples
containing additives exhibited increased porosity and the presence of microvoids
[151]. For those films imaged at higher magnification, it was possible to quali-
tatively compare spherulite sizes. The plasticised film PHB_TA appears to have
the largest spherulites, consistent with findings by Majerczak et al., who reported
that plasticised PHB forms larger crystalline domains than pure and filled poly-
mer [58]. This suggests that TA influences polymer chain arrangement during
crystallisation, promoting the growth of larger spherulites and inhibiting nucle-
ation at new sites. Comparing Figures 5.2(a) and (d), the spherulites in the filled
sample PHB_1BN appear larger than those in pure PHB. This observation contra-
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(a) (b)

Figure 5.3: Spherulite area analyses on SEM images of PHB_TA film. (a) Output
of the Segment Anything tool [14] (b) Voronoi analysis using ImageJ software.

dicts the findings of Puente et al., who reported that the addition of BN reduces
spherulite size in PHB [59]. The discrepancy may be attributed to differences in
filler dispersion, particle size or processing conditions. It is also important to note
that imaging the spherulitic structure in pure PHB was more challenging than
in the other formulations, resulting in reduced clarity and potential difficulty in
accurately discerning spherulite boundaries. In their review of the effects of fillers
on PHB microstructure, Majerczak et al. reported that in all studies reviewed,
the addition of filler either reduced or had no effect on spherulite size [3]. There-
fore, the apparent smaller spherulites in the pure PHB image may be an artefact
of limited image resolution or contrast, rather than a true representation of the
microstructure.

5.2.3 Crystallinity and Thermal Properties

Thermal properties and degree of crystallinity of the films were measured using
DSC. The melting temperature (7y,) of the film is taken as the peak of the first
melting curve and the area under this curve was used for determining X.. The
crystallisation temperature (7;.) was taken as the peak of the exothermic crystalli-
sation curve. Shifts in these peaks on the incorporation of additives can be seen in
Figure 5.4. The results from the DSC analysis for all film formulations are given
in Table 5.1.

The thermal analysis showed that TA incorporation resulted in a slight reduc-
tion in T},. This effect has been reported in the literature for PHB plasticised
with TA [49, 151]. The decrease in Ty, is attributed to the disruption of inter-
molecular forces and increased polymer chain mobility, which lower the energy
required for the transition from solid to molten state. Plasticisers such as TA also
increase free volume within the polymer matrix, further enhancing chain mobility
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Figure 5.4: (a) increase in 7, on addition of BN and (b) decrease in Ty, on addition
of TA, compared to pure PHB.

T (K) T. (K) X (%)
PHB | 451.3 £ 0.3 ]3639 =£55|41.0 £25
PHB_TA | 4494 +£0.6 | 365.0 £6.4 | 487 £ 11.6
PHB_TA/1BN | 4486 +1.2|389.1 4+£0.9|695 +6.4
PHB_IBN | 451.3 £0.7| 3879 £0.3|642 £4.1
PHB_0.25BN | 451.2 +£0.5{390.5 £0.3]|65.1 +£33
PHB_0.06BN | 451.6 +£0.6 {3883 £15|71.3 £13

Table 5.1: Thermal properties of PHB films. Results are an average of three
repeats + the standard deviation. Values for each repeat are listed in Appendix

C.

and lowering the melting temperature. In terms of crystallinity, due to high vari-
ation in X, it is difficult to establish any trends on plasticiser addition. X. was
higher in all BN-filled samples compared to pure and plasticised PHB. The films
containing the lowest concentration of BN had the highest X, of 71.3 £ 1.3%,
versus 41.0 + 2.5% for pure PHB. The addition of BN increased the T, without
affecting Ty,. These effects can be attributed to the nucleating role of BN, which
provides additional surfaces for crystallisation, reducing the energy barrier for nu-
cleation and promoting the formation of crystalline regions [66]. A similar effect
has been observed in PHB composites with other nucleating fillers [59]. In their
simulation study on polymer crystallisation, Wadkin-Snaith et al. attributed the
observed increase in T, to polymer-surface interactions [153], which lower the free
energy of crystal nuclei at the surface and reduce the nucleation barrier through
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Figure 5.5: Water barrier properties of PHB films.

enhanced chain alignment. The increase in T, suggests that BN facilitates earlier
crystallisation, likely improving processing stability and mechanical consistency.

5.2.4 Water Barrier Properties

In order to evaluate the water barrier performance of the various films, §, WVTR
and permeability were measured. Results are given in Table 5.2 and Figure 5.5.
A snapshot showing the water contact angle on a PHB film is shown in Figure 5.6.

WVTR (g.m 2.d7!) | Permeability (Barrer) | 6 (°)
PHB 61 +6 926 £ 97 72 £3
PHB_.TA | 100 +5 1520 £ 69 63 *£1
PHB_TA/1BN | 1740 =+ 13 26400 =+ 193 64 +4
PHB_1BN | 1700 =£ 110 25700 =+ 1660 60 =+ 3
PHB_0.25BN | 1770 =+ 130 26900 =+ 1970 70 *£5
PHB_0.06BN 4 =£1 815 £ 22 68 *£6

Table 5.2: Water barrier properties of PHB films. WVTR and permeability are
an average of three tests 4+ standard deviation. 6 values are an average of five
tests + standard deviation. Individual measurements are listed in Appendix C.

Barrier property measurements indicate that TA reduced the hydrophobicity
of PHB, as shown by a lower water contact angle (f) and higher permeability. This
could be due to the presence of microvoids between spherulites, as evidenced by
SEM images (Figure 5.2). Increased free volume and disrupted polymer packing
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water droplet polymer film

\ (baseline)

Figure 5.6: Snapshot from KRUSS Advance software, showing a water droplet
placed on a PHB film.

can facilitate water molecule diffusion through the amorphous regions, reducing
overall barrier performance. Despite the increase in crystallinity, BN addition neg-
atively impacted water barrier properties. A significant increase in permeability
and a noticable decrease in contact angle were measured for the two highest con-
centrations of BN (PHB_1BN and PHB_TA/1BN), indicating reduced hydropho-
bicity. Although fillers are often expected to enhance barrier properties by increas-
ing tortuosity and restricting molecular diffusion [60], several studies have shown
that water permeability can increase with filler incorporation [62, 154]. Cretois
et al. reported increased water permeability in PHVB /clay composites due to hy-
drophilic interactions at the matrix-filler interface [62]. Similarly, Wu et al. found
that SiO, fillers increased WVTR due to the formation of interfacial pores [154].
The results from this study suggest that BN may create similar interfacial defects,
providing diffusion pathways for water molecules and counteracting the expected
tortuosity effect. A good water barrier should have both a low WVTR and high
contact angle. The two samples which performed best for both measurements
were pure PHB and PHB_0.06BN, which had the lowest concentration of BN.

5.2.5 Mechanical Properties

Force and distance to burst, as a function of BN concentration, are plotted in
Figure 5.7. Tabulated results for all film formulations are also given in Table 5.3.

In terms of mechanical properties, TA slightly increased the film’s elasticity, as
indicated by a higher distance to burst for PHB_TA and PHB_TA /1BN compared
to pure PHB. However, this enhancement in flexibility was accompanied by a de-
crease in film strength, observed through a reduction in force to burst. Similar
trends have been reported in plasticised PHB studies, where elongation at break
increased while tensile strength decreased [155]. These effects can be explained
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Figure 5.7: Mechanical properties of PHB films.

Force to Burst (mN) | Distance to Burst (mm)
PHB 961 £ 76 0.63 £ 0.04
PHB_TA 259 £ 64 0.78 £ 0.09
PHB_TA/1BN | 863 + 118 0.72 £ 0.08
PHB_1BN 971 £ 218 0.58 £ 0.06
PHB_0.25BN | 1053 £+ 90 1.02 £ 0.05
PHB_0.06BN | 1285 £ 102 090 £ 0.19

Table 5.3: Force and distance required to puncture PHB films. Results are an
average of five repeats. Individual measurements can be found in Appendix C.

by the free volume theory, which states that plasticiser molecules interspersed
between polymer chains reduce intermolecular forces and increase polymer mobil-
ity [156]. Given that TA is both small and compatible with PHB, it effectively
increases free volume and reduces brittleness [155].

As seen from Figure 5.7, the effect of BN on the mechanical performance of
PHB films appears to depend on the concentration used. Burst strengh increases
with addition of BN, up to 0.25 wt %, after which it falls to a value similar to that
of the unfilled sample. At the lowest BN concentration (PHB_0.06BN), an im-
provement was also observed in the distance to burst, however burst distance then
fell at higher BN concentrations. At the highest BN concentration (PHB_1BN),
no notable differences in mechanical properties were observed compared to pure
PHB. Crystalline domain size plays a key role in determining mechanical perfor-
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mance. Literature reports suggest that the addition of BN can reduce domain size
[59, 66], which tends to improve flexibility, while simultaneously increasing overall
crystallinity, which contributes to material strength. Among the concentrations
tested, the lowest BN loading (PHB_0.06BN) may strike the best balance, po-
tentially offering both mechanical reinforcement and enhanced barrier properties.
This could be because a small amount of BN provides effective nucleation sites,
leading to increased crystallinity and a finer crystalline microstructure, without
introducing excessive aggregation or interfacial defects. At higher BN loadings,
filler agglomeration and the presence of voids, as suggested by SEM images, may
counteract these benefits and weaken both the barrier and mechanical perfor-
mance. However, the lack of clarity in the SEM images obtained for PHB_0.06BN
raise uncertainty regarding the actual change in spherulite size, highlighting the
need for further investigation.

5.2.6 ANOVA Analysis of Measured Properties

ANOVA analysis was carried out to quantitatively assess the effect of formulation
on the measured film properties (Table 5.4). Using a significance level (« value) of
0.05, the results show that formulation has a statistically significant effect on all
measured properties, with the p value < 0.01 in all cases. Water permeability was
most significantly affected by film formulation. While still statistically significant,
T, was least affected by formulation, with only the plasticised films showing a
change in Ty,.

Property p value

Water permeability 1 x10713
T. 5 x1077

Force to burst 9 x10~7
Distance to burst 9 x107°

X, 2x107*
6 4 x10~*
T, 7 x1074

Table 5.4: p values determined from anova analysis of results.

5.3 Conclusions and Future Work

This study has demonstrated that the incorporation of additives in solvent-cast
PHB films significantly affects their thermal, microstructural, mechanical and
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water barrier properties. The incorporation of TA as a plasticiser led to a no-
ticeable effect on these properties. There was a slight decrease in melting tem-
perature, which can improve processability in polymers, and formation of much
larger spherulites. TA also slightly improved the elasticity compared to pure PHB,
however film strength and water barrier properties were reduced. BN acted as a
nucleating agent, increasing both the crystallisation temperature and the degree
of crystallinity. However, despite its expected role in enhancing barrier properties,
higher concentrations of BN unexpectedly increased water permeability, likely due
to the formation of interfacial defects. However for the lowest concentration of
BN, there was a noticeable improvement in both water barrier and mechanical
properties. These changes have important implications for polymer production
and processing.

Future work should extend these findings through improved SEM imaging to
better detect spherulite boundaries in PHB films. Additionally, the development
and application of advanced analysis tools for quantifying spherulite area dis-
tributions could provide deeper insights into the relationship between spherulite
size and bulk properties. Further studies should also investigate the role of in-
terfacial interactions between the polymer matrix and fillers, particularly in the
case of BN, to better understand its unexpected impact on water permeability.
These findings contribute to a broader understanding of the interplay between
additive chemistry, microstructure and functional properties, with implications
for the future development of PHB-based materials in sustainable food packaging
applications.
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Chapter 6

Conclusions

Polyhydroxyalkanoates (PHAs), and in particular polyhydroxybutyrate (PHB),
have attracted considerable interest as bioderived and compostable alternatives
to conventional plastics in food packaging applications. However, the practical use
of PHB is limited by its inherent brittleness, high crystallinity and modest gas
barrier performance. Copolymerisation with other monomers, such as hydrox-
yvalerate (HV), and the incorporation of plasticisers and fillers offer promising
strategies to tailor its properties and enhance its performance. Despite significant
progress in this area, there remains a gap in the literature concerning the detailed
relationship between additive inclusion, microstructural features (such as crys-
tallinity and chain conformation) and the resulting bulk properties, particularly
gas barrier behaviour.

The overarching aim of this project was to address this gap by employing a
combination of molecular dynamics (MD) simulations and experimental charac-
terisation to investigate how additives and polymer microstructure influence the
performance of PHB-based materials. A particular focus was placed on under-
standing the interactions at the filler/polymer interface, as well as the morpho-
logical and dynamic behaviour of water and oxygen molecules in both amorphous
and crystalline PHB systems. Through this approach, the work aimed to provide
insight into the role of microstructure in determining barrier properties and to
explore how these properties might be tuned through rational material design.

6.1 Summary of Results

In the first set of simulation studies (Chapter 3), models for both amorphous and
crystalline PHAs were developed and validated against established experimental
and simulation data from the literature. These models successfully captured key
structural and thermodynamic properties, providing a robust framework for in-
vestigating polymer behaviour. Crystal surface and cohesive energy calculations
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revealed that PHB exhibits higher values than polyhyrdroxyvalerate (PHV), help-
ing to explain PHB’s comparatively higher melting temperature and greater ther-
mal stability. Simulations also showed that increasing the concentration of HV
monomers led to a reduction in the glass transition temperature, attributed to
the bulkier side groups in HV disrupting efficient chain packing. To assess barrier
properties, MD simulations were used to examine the diffusion of water and oxy-
gen through amorphous PHB and PHV. The resulting diffusion coefficients were
consistent with experimental trends, where available, with oxygen found to diffuse
more rapidly than water. This was attributed to the stronger electrostatic inter-
actions between water molecules and the polar polymer backbone, which hindered
water mobility. While PHB and PHV displayed comparable water barrier prop-
erties, due to its lower density, PHV was significantly more permeable to oxygen,
making it a less effective oxygen barrier material.

Chapter 4 focussed on diffusion behaviour in crystalline PHB and in systems
where a graphene surface was introduced. Two models of bulk crystalline PHB
were constructed from the known unit cell: one featuring infinitely bonded poly-
mer chains and another incorporating free chain ends. Both models were found to
be structurally stable throughout the simulations, with the model containing free
chain ends showing only minor deviations. This stability suggests that the tightly
packed helical arrangement of PHB chains facilitates energetically favourable non-
bonded interactions, which are sufficient to maintain structural integrity even in
the absence of periodic bonding. Diffusion simulations with water and oxygen
permeants confirmed that, while minimal movement was observed in the crys-
talline system with free chain ends, the overall mean squared displacement values
indicated negligible diffusion, reinforcing the view that gas transport in PHB oc-
curs primarily through the mobile amorphous phase. In the presence of a graphene
surface, PHB chains were observed to form dense interfacial layers, resulting in re-
duced chain mobility near the filler. This densification contributed to a decrease in
diffusion coefficients for both water and oxygen compared to the bulk amorphous
system. Interestingly, spatial distribution analysis revealed distinct behaviours
for the two permeants: oxygen molecules tended to accumulate slightly closer
to the graphene surface, likely driven by van der Waals attractions, while water
molecules preferentially located themselves just beyond the dense polymer region,
consistent with their stronger electrostatic interactions with the polar polymer
chains.

For the final results chapter (Chapter 5), experimental work was carried out
to investigate the effect of additives on the microstructure and properties of PHB
films. Thin, transparent and flexible PHB films were successfully produced us-
ing solvent casting. Two additives were evaluated: triacetin (TA), used as a
plasticiser, and boron nitride (BN), employed as a filler. A comprehensive charac-
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terisation of the resulting films was conducted, including assessments of polymer
microstructure, water barrier performance, thermal behaviour and mechanical
properties. The addition of TA led to the formation of larger spherulites, indicat-
ing altered crystallisation behaviour. While film flexibility was slightly improved
with TA, this came at the cost of reduced tensile strength and diminished water
barrier properties. The incorporation of TA also slightly lowered the melting tem-
perature, which could be advantageous for improving the material’s processability.
In contrast, BN acted as an effective nucleating agent, increasing both the crys-
tallisation temperature and overall crystallinity of the PHB films. However, the
filler generally resulted in poorer water barrier properties, evidenced by a lower
water contact angle and significantly higher water permeability. An exception was
observed at the lowest BN concentration, where a modest improvement in water
barrier performance was noted.

Taken together, the simulation and experimental results demonstrates that the
microstructural features in PHB, including crystallinity, HV incorporation and the
presence of additives, play a key role in determining barrier performance. The sim-
ulation studies established validated models for both crystalline and amorphous
PHASs, provided the first molecular-level insights into diffusion behaviour in crys-
talline and filled PHB, and revealed how filler surfaces alter chain mobility and
permeant distribution at the polymer interface. The experimental studies comple-
mented this by showing how plasticisers and fillers influence spherulite formation,
crystallinity and the resulting trade-offs between mechanical, thermal and barrier
properties. By integrating molecular simulation with experimental characterisa-
tion, this work advances understanding of the structure-property relationships
that govern PHB performance and contributes new mechanistic insights into how
additives and microstructure can be manipulated to tailor barrier properties for
packaging applications.

6.2 Outlook and Future Work

The use of PHB at scale as a packaging film remains constrained by several key
factors. Among these is its commercial viability, which is currently limited by
high production costs. These costs are largely attributable to the use of expen-
sive high-carbon feedstocks, which contributes 30-50% of the production costs of
PHAs [157]. As a result, PHB remains less economically competitive compared
to petroleum-derived plastics, despite its favourable environmental profile. To ad-
dress this economic barrier, a growing body of research has focused on identifying
alternative, low-cost feedstocks for PHAs. Promising options include agricultural
by-products, food waste and even municipal wastewater sludge, which offer the
dual benefits of cost reduction and waste valorisation [157, 158]. Future work
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should continue to explore these unconventional feedstocks, alongside improve-
ments in fermentation efficiency, microbial strain engineering and downstream
recovery processes.

From a functional perspective, while PHB has demonstrated moderate water
barrier properties, it is unlikely to be suitable for packaging highly moisture-
sensitive foods without further modification. Strategies such as surface coating
with hydrophobic layers, blending with complementary biopolymers or incorpo-
rating nanofillers could be used to reduce water vapour permeability and extend
the material’s applicability. Further research should evaluate the long-term per-
formance, recyclability and environmental impact of such modifications.

In terms of simulation, this study focused on purely crystalline and purely
amorphous PHAs to isolate and understand the effects of microstructure and
filler surfaces on diffusion. However, real-world PHB materials typically consist
of a heterogeneous mix of crystalline, amorphous and rigid amorphous regions.
Future modelling efforts should aim to construct more representative multi-phase
models that integrate these domains and capture their interfacial interactions.
Such models could also incorporate additives explicitly, including filler surfaces,
plasticiser molecules and polymer blends, to better understand how they influence
chain dynamics and gas transport at the molecular level.

On the experimental side, improvements in imaging techniques could enhance
the quantitative analysis of microstructure. For instance, more advanced or
higher-resolution scanning electron microscopy, potentially combined with image
processing software, could enable accurate measurement of spherulite size distri-
butions. This would facilitate a more precise correlation between microstructural
features and bulk material properties, especially mechanical strength and barrier
performance. Similarly, further characterisation of interfacial morphology in filled
systems using techniques such as atomic force microscopy or X-ray scattering
could provide deeper insights into the structure-property relationships governing
PHB-based nanocomposites.

Finally, bridging the simulation and experimental domains more closely rep-
resents a promising future direction. Validating simulation predictions against
experimental data, for example, comparing diffusion coefficients or crystallinity
trends, would strengthen the reliability of computational tools in guiding material
design. Coupling these simulations with machine learning approaches could ac-
celerate the screening of new formulations, aiding in the discovery of PHB-based
materials with optimised performance for sustainable food packaging.
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Appendix A
Additional Force Field Details

This Appendix contains further information on the force field parameters used for
modelling PHAs, relevant to Chapters 3 and 4. Lists of all the partial charges
used for the PHA molecules are given, followed by additional details on the water
and oxygen models used for diffusion simulations.

A.1 Partial Charges

Partial atomic charges for the PHA molecules were obtained from a Gaussian cal-
culation followed by a RESP fitting using Antechamber [80, 81]. Trimers of PHB
and PHV consisting of two end groups and a repeating unit were analysed. Some
partial charges were scaled slightly to ensure charge neutrality when many repeat
units are connected together. The trimer units and the partial charges of PHB
and PHV are given in Figures A.1 and A.2, respectively. The charges for the mid-
dle (repeating) unit were applied to the unit cell when modelling the PHA crystals.

A.2 Force Field

In initial simulations of the polymer melt, an instability arose in which the hy-
droxyl hydrogen on the chain end collapsed into the carboxyl oxygen three bonds
away. A snapshot of this occurring is shown in Figure A.3. This was caused by
zero values for o and € on the hydroxyl hydrogen. To address this, the 1-4 non-
bonded interactions between the hydrogen and oxygen were switched off, meaning
they experienced no attraction or repulsion with each other.
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H4 H3 H3
H3—C2—H5 H2—C2—H4 H2—(!32—H4
H7 02 ‘ He 02 H6 02
H1—O1—C1—C3—(‘.‘|,4-— ——o1—c1—<|:3—(|l4—— —01—C1—C3—C4—03—H6

H2 H6 H1 H5 H1 HS5
Atom Charge Atom Charge Atom Charge
C1 0.574 C1 0.705 C1 0.597
C2 -0.498 C2 -0.483 C2 -0.439
C3 -0.410 C3 -0.606 C3 -0.393
C4 0.867 C4 0.926 C4 0.821
01 -0.744 01 -0.612 01 -0.598
02 -0.603 02 -0.610 02 -0.601
H1 0.429 H1 -0.033 03 -0.666
H2 -0.052 H2 0.123 H1 -0.008
H3 0.119 H3 0.123 H2 0.115
H4 0.119 H4 0.123 H3 0.115
H5 0.119 H5 0.172 H4 0.115
H6 0.141 H6 0.172 H5 0.138
H7 0.141 H6 0.138
H7 0.464

Figure A.1: Partial charges for each monomer in the PHB trimer. Units for charge
= e (multiple of electron charge).

A.2.1 Water and Oxygen Models

The force field parameters for the SPC/E water model used in the current study
are given in Table A.1 and the oxygen model parameters are given in Table A.2.
The SHAKE algorithm was used to constrain the bonds and angles to their equi-
librium values.

In Tables A.1 and A.2 K is the force constant of bonds and angles, ¢ is the
charge, m is mass, ¢ is van der Waals radius, ¢ is the Lennard-Jones potential
well depth and b and 6 are bond length and bond angle, respectively.

A.2.2 Bulk Water Properties

As seen from Table A.3, the density and diffusion coefficients calculated from
an NPT simulation of pure water using the SPC/E model (298 K, 1 atm) are in
agreement with the literature values derived from both simulation and experiment
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H8 ||47 H8
H5—C5—H9 H4—(]75—H8 H4—C5—H9
H3—C2—Ha4 H2—C2—H3 H2—C2—H3
H7 02 H6 O2 He 02
H1—01—C1—C3—C4+— -—T01—C1—C3—C4—— ——01—C1——Cl)3—C4—O3—H7
H2 H6 H1 Hb5 H1 H5
Atom Charge Atom Charge Atom Charge

C1 0.501 C1 0.592 Cl1 0.365
C2 0.017 C2 -0.164 C2 -0.002
C3 -0.406 C3 -0.698 C3 -0.395
C4 0.849 C4 0.978 C4 0.872
Ch -0.078 C5 -0.003 C5 -0.106
01 -0.707 01 -0.529 01 -0.526
02 -0.631 02 -0.663 02 -0.650
H1 0.422 H1 -0.014 03 -0.695
H2 -0.058 H2 0.059 H1 0.032
H3 -0.013 H3 0.059 H2 0.028
H4 -0.013 H4 0.001 H3 0.028
Hb5 0.015 H5 0.190 H4 0.025
H6 0.137 H6 0.190 H5 0.138
H7 0.137 H7 0.001 H6 0.138
HS8 0.015 HS8 0.001 H7 0.496
H9 0.015 H8 0.025
H9 0.025

Figure A.2: Partial charges for each monomer in the PHV trimer. Units for charge
= e (multiple of electron charge).

Figure A.3: Simulation failure caused by H (white) and O (red) atoms on car-
boxylic end group collapsing into each other.
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qo -0.8476 e

qu 0.4238 e
mo | 15.9994 g mol~?
my 1.008 g mol™!
bou 1.0 A

K, constrained
Onon 109.47°

Ky constrained
€0 0.1553 kcal mol~!
o0 3.166 A

ex 0 kecal mol™!
OH 0A

Table A.1: Force field parameters for SPC/E water model [20, 21].

do 0e

mo 16.0 ¢ mol™!
boo 1.016 A

K, constrained
eo | 0.087 kcal mol™*
oo 3.083 A

Table A.2: Force field parameters for Javanainen oxygen model [22].

20, 23, 24].
p(gem™) D (x1079 cm? s71)
Present work 0.99 + 0.01 2.6 £ 0.04
Simulation [20] 1.00 2.8
Experiment [23, 24] 1.00 2.3

Table A.3: Properties of liquid water using the SPC/E model in the current
work compared to simulation results from literature [20] and the experimentally
measured density [23] and diffusion coefficient [24].
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Appendix B

Additional Simulation Results

This Appendix contains additional simulations results which are relevant to Chap-
ters 3 and 4.

B.1 Crystalline Systems

B.1.1 Crystal Stability

To confirm stability of the crystalline systems, backbone torsional angles and lat-
tice parameters were plotted with simulation time. The PHB torsional angle ¢ is
shown as an example in Figure B.1(a) to fluctuate around a mean value of 132 °.
PHB lattice parameter variation is shown in Figure B.1(b).

1 o)
170 1 /K:qu\ 14
O/

-
N

— a
— b

- C

Cell Length (4)
S

(=]

@ o 2 4 6 8 10 (b) © 3 a 6 8 10
Time (ns) Time (ns)

Figure B.1: (a) PHB crystal backbone dihedral and (b) lattice parameter variation
during an NPT simulation at 200 K and 1 atm.

Thermal stability was tested by gradually increasing the temperature during
an NPT run from 200 K to 400 K at a rate of 2.5 x 10'° K s~! and plotting the cell
parameters, shown in Figure B.2. The spikes in cell length indicate the a-crystal
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structure is unstable. This occurs at ~ 327 K for PHB and ~ 233 K for PHV. Both
crystals adopt a different structure after heating past this temperature. While the
PHB simulation ran to completion, the PHV simulation crashed just before 250 K.
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Figure B.2: Variation in crystal unit cell dimensions with increasing temperature
(a) PHB and (b) PHV. Sudden deviations from the equilibrium cell lengths indi-
cate thermal instability of the crystal.

B.1.2 Surface Energy

To calculate the (100) and (010) crystal surface energies, a vacuum layer was
created by expanding the simulation box in 2 A increments in the z or y direc-
tion, respectively. The length of the simulation cell in the z direction was left
unchanged as the chains are infinite (bonded across the periodic boundary) in the
z direction. VMD snapshots are shown as insets in Figures B.3 and B.4.

For each 2 A box length increase, the potential energy of the system was com-
pared to the potential energy of the reference system before any box expansion.
The box length was increased until further changes in energy were negligible (< 4
J mol~' A=2). The change in surface energy with increasing box length is plotted
in Figures B.3 and B.4 (a), along with the change in relation to thickness of the
crystalline slabs (R unit cells thick) (b).

B.1.3 Lattice Energy

Figure B.5 shows the crystal lattice energy as a function of chain separation. The
inset shows the system used to compute the PHV crystal lattice energy. One chain

110



APPENDIX B.

ADDITIONAL SIMULATION RESULTS

=
(=]
(=]

=
S
o

=
N
o

=
o
o

80 -1

60 1

40

Surface Energy (m) m~2)

20

s maas
H ) R.=4
—e— (100) —e— (100)
—e— (010) —e— (010)
0 2 4 6 8 10 12 1 2 3 2
(a) AL (A) (b) R (unit cells)

Figure B.3: Surface energy of PHB as a function of (a) vacuum layer thickness
AL and (b) slab thickness R, for both the (100) and (010) surfaces.
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Figure B.4: Surface energy of PHV as a function of (a) vacuum layer thickness
AL and (b) slab thickness R, for both the (100) and (010) surfaces.

has been removed from the unit cell and the box has been expanded by 12 A in
both the x and y dimensions.

B.2 Amorphous Polymer Simulations

B.2.1 Structure and Conformation

Table B.1 gives the ratios of the mean square end-to-end distance over the mean
square radius of gyration, R?/ Rg, for amorphous PHB, PHV and PHVB systems
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160
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1204
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80 -
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Figure B.5: Lattice energy of polymer crystals, where AL is the change in box
length from the unit cell in z and y directions.

at 500 K. A ratio of ~6 indicates the polymers melts have reached equilibration
[110].

Polymer M RZ/R?

PHB 5 554 £043
PHB 10 5.67 £ 0.58
PHB 20 554 £0.99
PHB 50 5.50 £ 1.75
PHVB 10 5.71 £ 0.58
PHV 10 5.3 =£0.62

Table B.1: Chain conformation properties of amorphous PHB, PHV and PHVB
at 500 K.

B.2.2 Dynamical Properties

The R, vector autocorrelation function with a fitted exponential decay, used to
estimate the polymer decorrelation time 7, is shown in Figure B.6. 7 was taken
as the time required for the function to decay to 1/e.
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Figure B.6: End-to-end vector autocorrelation with fitted exponential decay.

B.2.3 Glass Transition

Figure B.7 shows block averaged densities for the PHB, PHV and PHVB (M =

10) systems.

1.20 1
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1.05

1.00

e PHB
PHVB
e PHV
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100 150 200 250 300

350 400 450 500

Temperature (K)

Figure B.7: Block averaged density vs temperature on cooling M = 10 chains
from 500 K to 100 K. The crosses mark the estimated 7, for each polymer. Block

averaging was used only for visualisation purposes.

B.3 Diffusion Properties

A snapshot of the PHB and water system is shown in Figure B.8. Water molecules
were inserted with random positions and orientations into the polymer matrix.
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The density of each system with the permeant molecules inserted and equilibrated
is given in Table B.2.

Figure B.8: Snapshot of water molecules (blue) within the amorphous PHB matrix
(orange).

p (g cm™)
300 K 500 K
PHB 10 H,O 1.16 1.04
PHB 20 H,O 1.16 1.04

Polymer | M | Permeant

PHB 10 04 1.16 1.04
PHB 20 Oq 1.15 1.05
PHV 10 H,0O - 0.96
PHV 10 Oq - 0.96

Table B.2: Density (p) of M-monomer systems at a temperature of 300 K or
500 K. Standard deviation in all systems is <0.01 g cm™3.

A short period at the start of the NVT simulation is not included in the cal-
culation of diffusion coefficients as it shows anomalous diffusion corresponding
to molecular vibrations. Likewise, the final portion of the trajectory is excluded
due to poor statistics and increased noise. These sections are marked with green
dashed lines in Figure B.9(a). Log-log plots of the MSD vs time data were also
used to ensure the region chosen for calculation of D values represented Einstein
diffusion [15]. A log-log plot for oxygen diffusion in PHB (M = 10) is shown in
Figure B.9(b).
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Figure B.9: (a) MSD data for oxygen in PHB with M = 10 at 300 K, indicating the
linear region in the middle of the graph used to compute the diffusion coefficient.

(b) log-log plot of MSD data, with slope ~ 1 indicating diffusion is in Einstein
regime [15].

B.4 Finite Chain Crystal Model

Figure B.10 shows how the bulk finite chain PHB crystal model was created by
removing two monomers from the infinite chain crystal model and replacing them
with chain ends. The system was then replicated to create a bulk slab.
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Figure B.10: (a) Infinite chain crystal containing five unit cells. (b) Finite chain
model with free chain ends. (c) Finite chain crystal replicated into bulk slab.
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B.5 Graphene Systems

Figures B.11 and B.12 show the density profiles for water and oxygen, respectively,
from three independent runs. The average z position of the graphene sheets are
also plotted.
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Figure B.11: Density profile plots from three water diffusion simulations. Density
data was sampled every 1 ns from a 100 ns production run in the NVT ensemble

at 500 K.
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Figure B.12: Density profile plots from three oxygen diffusion simulations. Density

data was sampled every 1 ns from a 100 ns production run in the NVT ensemble
at 500 K.
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Additional Experimental Results

This Appendix contains the tabulated results for each repeated experimental test,
the averages of which are reported in Chapter 5.

C.1 Water Barrier Properties

C.1.1 Water Contact Angle

Contact angle measurements of water droplets on the polymer films are reported
in Table C.1.

C.1.2 WVTR and Permeability

Water vapour transmission rate (WVTR) and water permeability results for the
PHB films are given in Tables C.2 to C.7. Measurements for a PET film, used for
validation of experimental setup, are given in Table C.8.

C.2 Crystallinity and Thermal Properties

Melting temperature (7)), crystallisation temperature (7¢.) and degree of crys-
tallinity (X.) of the PHB films were measured using differential scanning calorime-
try. Results are given in Tables C.9 to C.14.

C.3 Mechanical Properties

Mechanical properties of the PHB films were assessed using texture analysis test-
ing. The force required to burst the films and the distance the films stretch before
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Water Contact Angle (°)
PHB PHB_TA PHB_TA/1BN
1 76 64 63
2 74 63 64
3 71 62 69
4 71 62 60
5 68 61 62
ave. 72 £ 3 62 + 1 64 + 4
PHB_1BN PHB_0.25BN PHB_0.06BN
1 66 68 78
2 62 64 65
3 61 72 65
4 o8 7 66
5 56 69 67
ave. 60 £+ 3 70 £ 5 68 + 6

Table C.1: Contact angle of water droplet placed on film surface.

PHB
WVTR Permeability
(gm2d) (Barrer)

1 66.5 1009

2 54.0 820

3 63.0 950
ave. 61.0=£6.4 926 £ 97

Table C.2: Water barrier properties of neat PHB.

bursting are given in Tables C.15 to C.20.
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PHB_TA
WVTR Permeability
(g m2d) (Barrer)
1 104.2 1581
2 101.5 1540
3 95.3 1447
ave. 100.3 £4.5 1523 £ 69

Table C.3: Water barrier properties of PHB + 10 wt % TA.

PHB_TA/1BN

WVTR Permeability
(gm2d) (Barrer)
1745.3 26489
1728.6 26236
3 1753.5 26614
ave. 17425 £12.7 26446 £ 193

Table C.4: Water barrier properties of PHB + 10 wt % TA + 1 wt % BN.

PHB_1BN
WVTR Permeability
(g m2d) (Barrer)
1773.1 26910
1737.9 26376
3 1568.4 23804
ave. 1693.1 £ 109.4 25697 £+ 1661

Table C.5: Water barrier properties of PHB + 1 wt % BN.
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PHB_0.25BN
WVTR Permeability
(gm2d) (Barrer)
1700.5 25809
1692.2 25682
1921.5 29163
ave. 1771.4 £ 130.1 26885 £ 1974

Table C.6: Water barrier properties of PHB + 0.25 wt % BN.

PHB _0.06BN
WVTR Permeability
(gm2dt) (Barrer)
1 55.0 835
2 52.2 792
3 54.0 820
ave. H3.7+14 815 + 22

Table C.7: Water barrier properties of PHB + 0.0625 wt % BN.

PET
WVTR Permeability
(gm2d?) (Barrer)
1 6.0 208.6
2 6.0 208.6
3 6.2 215.9
ave. 6.1 + 0.1 211.0 &+ 4.2

Table C.8: Water barrier properties of PET.

PHB
T (K) T, (K) X, (%)
1 451.52 355.23 41.30
2 45137 359.43 43.30
3 451.02 369.96 38.31
ave. 451.3 £ 0.26 363.87 + 5.45 40.97 £ 2.51

Table C.9: Thermal properties and crystallinity of neat PHB.
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Table C.10: Thermal properties and crystallinity of PHB + 10 wt % TA.

Table C.11: Thermal properties and crystallinity of PHB + 10 wt % TA + 1 wt

% BN.
PHB_1BN
T (K) T, (K) X. (%)
1 452.03 388.24 63.38
2 451.02 387.59 60.61
3 450.71 387.89 68.69
ave. 451.25 £ 0.69 38791 £ 0.33 64.23 = 4.11

Table C.12: Thermal properties and crystallinity of PHB + 1 wt % BN.

PHB TA
T (K) T, (K) X. (%)
1 449.63 360.36 42.46
2 44878 362.37 41.64
3 44981 372.36 62.07
ave. 449.41 £ 0.55 365.03 4+ 6.43 48.72 £ 11.57

PHB_TA/1BN
T, (K) T. (K) X, (%)
1 447.66 388.13 62.20
2 448.14 389.83 71.73
3 449.94 389.26 74.48
ave. 44858 +1.20 389.07 + 0.87 69.47 + 6.45

PHB_0.25BN
T (K) T. (K) X. (%)
1 450.79 390.52 68.42
9 451.07 390.73 61.76
3 451.68 390.16 65.09
ave. 451.18 + 0.46 390.47 + 0.29 65.09 + 3.33

Table C.13: Thermal properties and crystallinity of PHB + 0.25 wt % BN.
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PHB_0.06BN
T (K) T. (K) X. (%)
1 451.89 387.47 70.06
2 452.08 387.27 72.64
3 450.90 390.03 71.16
ave. 451.62 + 0.63 388.26 + 1.54 71.28 + 1.29

Table C.14: Thermal properties and crystallinity of PHB + 0.0625 wt % BN.

PHB
Force (mN) Distance (mm)
1 1069 0.66
2 932 0.63
3 834 0.68
4 981 0.60
b} 991 0.56
ave. 961 + 88 0.63 = 0.05

Table C.15: Force and distance to burst of neat PHB.

PHB_TA
Force (mN) Distance (mm)
1 637 0.83
2 441 0.62
3 979 0.78
4 588 0.81
b} 939 0.87
ave. 959 £ 69 0.78 £ 0.10

Table C.16: Force and distance to burst of PHB + 10 wt % TA.
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PHB_TA /1BN
Force (mN) Distance (mm)
1 667 0.73
2 873 0.64
3 1030 0.87
4 843 0.69
5 912 0.67
ave. 863 £ 127 0.72 £ 0.09

Table C.17: Force and distance to burst of PHB + 10 wt % TA + 1 wt % BN.

PHB_1BN
Force (mN) Distance (mm)
1 1049 0.60
2 834 0.52
3 1363 0.69
4 755 0.59
) 853 0.52
ave. 971 £ 245 0.58 £ 0.07

Table C.18: Force and distance to burst of PHB + 1 wt % BN.

PHB_0.25BN
Force (mN) Distance (mm)
1 932 0.95
2 1089 1.08
3 1157 1.07
4 1255 1.01
) 1383 1.00
ave. 1163 £ 167 1.02 £ 0.05

Table C.19: Force and distance to burst of PHB + 0.25 wt % BN.
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PHB_0.06BN
Force mN) Distance (mm)
1 1422 0.84
2 1206 1.25
3 1157 0.68
4 1255 0.84
5 1383 0.89
ave. 1285 £+ 118 0.90 £ 0.21

Table C.20: Force and distance to burst of PHB + 0.0625 wt % BN.
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