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Abstract

Advanced fibres such as carbon, ceramic, and polymer fibres enable the fabrication of
structures and composites for applications reliant on lightweight, oxidation resistant,
mechanically strong, and electrically insulating materials, e.g. in all forms of land, air and space
transportation and in applications within extreme environments. Hexagonal-boron nitride
fibres (BNF) harness these advantages, and in addition, offer ultra-high-strength-to-weight
ratio and low density. Yet, existing precursors for polymer-derived BNF are limited to
insoluble and highly air/moisture sensitive polyborazylenes, hindering fibre production at

scale.

The future exploitation of BNF depends on the development of economically accessible
and safe production methods. These should also present a scope for BNF microstructural and
compositional tunability and output a high purity/crystallinity of BNF. In this thesis, two novel
synthesis pathways are proposed that are primarily motivated by the demand to address the
scalability challenges of BNF. Both pathways rely on the polymer-derived ceramic route based
on the recently developed robust synthesis of the pre-ceramic precursor: N-methyl
poly(aminoborane) [(H2B-NHCH3),, denoted as PMeAB]. The reliable synthesis of PMeAB,
when combined with its non-volatility, highly solubility, and high B- N-content, makes it a

promising single-source precursor for BN materials.

First, I demonstrate a straightforward synthesis of BNF through solution electrospinning
process. Examination of PMeAB solution properties, electro-spinnability, and thermal
behaviours, determine, for the first time, the optimal parameters for electrospinning PMeAB
solutions into fibres. Subsequent curing and high temperature annealing using ammonolysis

demonstrated the formation of cross-linked PMeAB fibres and its gradual transition toward



BNF with ~97 wt.% purity and turbostratic/hexagonal ordering. To my knowledge, the method
presented here represents the first instance of using additive-free solution electrospinning
process to produce BNF.

Secondly, two template-free synthesis approaches for high-purity, porous, three-
dimensional solids constructed from low-dimensional hexagonal-BN (h-BN) nanostructures,
including nanosheets (BNNS), nanofibers (BNNF), and/or nanotubes (BNNT) were proposed.
The first structure is synthesized via a one-step, template-free, and substrate-free reaction of
PMeAB with ammonia gas, resulting in a porous and mechanically stable interconnected
BNNS/BNNF hierarchical structure, where the thermal dehydrogenation process, known as
"chemical blowing", plays a pivotal role. The second structure utilises the eee-isomer of N, N, N-
trimethylcyclotriborazane [(H2BNMeH)3, denoted as MeCTB], repurposing a main-group
polymer as a precursor for 3D porous BN, constructed from fibrous BN (BNNT/BNNF).
Comprehensive microscopic and spectroscopic analyses confirm the high purity and
crystallinity of the resulting hexagonal-phase porous BN, marking the first reliable,
controllable, and scalable synthesis of BNNS/BNNF and BNNT/BNNF porous structures via
PMeAB-based chemistry.

Finally, a theoretical model is proposed for the PMeAB-to-h-BN conversion route, based
on a combination of density functional theory (DFT) calculations and reactive force field
(ReaxFF) molecular dynamics (MD) simulations. The thermal decomposition pathways of
PMeAB, its monomer unit MelB, and its cyclic derivative MeCTB were first systematically
investigated through potential energy surface (PES) mapping using DFT. Subsequently,
existing ReaxFF parameter sets were evaluated and validated against DFT-derived data for key
PMeAB-related chemistries. Large-scale MD simulations were conducted using the validated
ReaxFF, coupled with ChemTraYzer2 (CTY2), to enable detailed reaction pathway analysis.

The integrated framework of PES mapping and ReaxFF MD provides comprehensive insights



into the fundamental reaction pathways involved in the molecule evolution from precursors to
h-BN, i.e. (1) bond dissociation, (i1) dehydrogenation, (iii) cyclisation, (iv) carbon removal, and
(v) network formation.

This thesis describes the development of new polymer-derived ceramic routes to BN
nanomaterials based on PMeAB, a B-N polymer derived from commercially available starting
materials. It also provides fundamental, underpinning experimental and theoretical

observations that serve as a basis for the further design of other h-BN nanostructures.
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1.1 Thesis Overview

The thesis is structured into five chapters. It opens with an introduction chapter that outlines
the background, motivation, research gaps, and aims of the research project. Chapter 1 also
presents a comprehensive literature review covering: (1) BN structures and properties, (2)
various synthesis methods for producing BN nanomaterials, particularly BN fibres, (3)
computational methodologies used to model the target material system, and (4) potential
applications for the synthesized BN nanomaterials. Chapter 2 introduces a new approach for
producing BN micro- to nanoscale fibres with ultra-high purity and minimal porosity, using an
additive-free electrospinning process followed by a multistep thermal treatment. Chapter 3
presents two novel approaches for synthesizing 3D BN porous solids with tuneable
morphology and chemical composition, based on one-step thermal treatment. Chapter 4
integrates theoretical and experimental perspectives on the synthesis of BN nanostructures by
correlating empirical observations with results derived from computational approaches,
including DFT calculations and ReaxFF MD simulations. Finally, Chapter 5 presents the
conclusions and key new science from the research, along with proposed directions for further

development in this field.

1.1.1 Background and Motivation

The rapid integration of next-generation nanomaterials into space technology has sparked a
renewed era of innovation in both interplanetary missions and near-Earth exploration.! The
advantages of nanomaterials and nanostructured systems include substantial mass reduction,
enhanced multifunctionality, improved durability under extreme conditions, and increased
propulsion efficiency.? As a response to this momentum, The National Aeronautics and Space
Administration’s (NASA) 2015 Nanotechnology Roadmap® emphasized the need for novel

design paradigms that fuse space technology with new nanomaterials and nanostructures to
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Figure 1.1: Published research papers collected in Web of Science from 2006 to 2025
comparing ‘boron nitride fiber’ and ‘boron nitride nanotube’, orange and black

column, respectively.

enable the development of advanced, deep-space-capable, and adaptive spacecraft. These
nanomaterials are envisioned as critical components in systems such as ultracapacitors, active
and passive thermal management layers, nanofiltration membranes for water recovery, high-
efficiency energy storage systems, hybrid power generation platforms, advanced proton
exchange membrane fuel cells, and next-generation air revitalisation systems.

Over the past decade, the NASA Glenn Research Centre has advanced the development of
carbon and BN nanotubes (CNT and BNNT, respectively) for applications in space
environments.* These 1D nanomaterials are of particular interest due to their low densities
(1.7-2.1 g/cm?),>® high aspect ratios, exceptional thermal conductivity (>300 W-m K ),” and
outstanding mechanical properties, including Young’s moduli reaching into the TPa magnitude

(1-1.25 TPa).*? While CNT can be either metallic or semiconducting depending on their
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chirality,'” BNNT are consistently electrically insulating due to their intrinsic wide bandgap,
which originates from the electronic structure of alternating boron and nitrogen atoms, leading
to significant orbital splitting.!! This property, coupled with their superb elastic modulus (~1.3
TPa®), makes BNNT the strongest known insulating fibre to date.!> Moreover, BNNT exhibit
the rare dual functionality of being both dielectric and thermally conductive. In terms of
thermal stability, BNNT surpass CNT, withstanding oxidative degradation in air up to 800—
900 °C'3 and remaining stable up to 1500 °C in inert atmospheres.'* BNNT also possess a high
neutron absorption capacity, attributed to the large neutron absorption cross-section of boron
(1'B: 7.67 x 1072%; °B: 3.835 x 1072!; N: 1.9 x 102* cm?),!® a characteristic not exhibited by
CNT. Despite these advantages, the current NASA production method for BNNT—relying on
high-power lasers and operating under extreme pressures and temperatures—is resource
intensive and not amenable to large-scale implementation.'® Alternative synthesis techniques
such as chemical vapor deposition and template-based methods have also been explored;
however, these approaches face similar challenges in terms of scalability.!”

More recently, NASA’s attention has turned to spun BN fibres (BNF), which share
structural similarities with BNNT but may offer several distinct advantages. Spun BNF
demonstrate ultrahigh continuity and aspect ratios, increased flexibility in structural
modification, and potentially lower manufacturing costs.'® Despite these promising features,
BNF remain underexplored relative to BNNT (Figure 1.1), largely due to the absence of
efficient and reliable synthesis methods. For instance, NASA has employed a force-spinning
technique using carbon-rich polymer additives to produce BNF.!”?° However, the excessive
carbon content has thus far hindered the formation of high-quality BNF.

The development of a scalable, efficient, and cost-effective synthesis strategy for BNF

could offer a viable alternative to the expensive and technically demanding production of



BNNT.2!?2 However, three fundamental questions and concerns highlight the gap between the
theoretical promise of BNF and its practical applicability:
(1) Is BNF production truly low-cost? Currently, there is no robust or straightforward
method available, as the proposed precursors and processing routes are not readily
scalable and thus remain confined to laboratory-scale experiments.?3?*
(2) Do BNF products meet the quality standards required for advanced technological
use? Existing BNF products often exhibit poor quality, and critical details regarding their
BN phase, crystallinity, and purity are frequently lacking or insufficiently
characterized.?> !
(3) What are the underlying mechanisms governing BNF formation from various
precursors? Experimental data alone have not been sufficient to elucidate a
comprehensive reaction pathway. Further computational studies at the atomic and
molecular levels are necessary to map reaction landscapes and provide mechanistic insight,
which in turn could guide more rational design and control of BNF synthesis
processes.>>
Addressing these limitations is essential to bridge the gap between hypothesis and reality, and

to evaluate the true potential and viability of BNF as complementary or alternative materials

to BNNT in high-performance space applications.

1.1.2 Aim of the Thesis

The aim of this thesis is to address the questions highlighted in the motivation section. First, I
aim to demonstrate that BNF can be produced using a simple, scalable setup, including
electrospinning and/or direct thermolysis, with readily available precursors, PMeAB and
MeCTB, that are stable in ambient conditions—a key factor for scalability. Second, extensive

microscopic and spectroscopic characterisations are performed to confirm the presence of h-
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BN in BNF and evaluate the quality of the BN, focusing on purity, crystallinity, and phase.
Finally, I seek to understand the underlying mechanisms of the PMeAB-to-h-BN conversion.
To achieve this, a combined experimental and computational approach is employed, relying
heavily on computational tools such as Density Functional Theory (DFT) calculations and
Reactive Force Field (ReaxFF) simulations. These tools will provide atomistic insights that are
otherwise inaccessible experimentally. Through the comprehensive theoretical and
experimental investigation, this thesis aims to develop potentially scalable methods for
producing high-crystallinity and high-purity BNF capable of rivalling BNNT, while also
elucidating the mechanisms that govern their structural quality, thereby contributing to the

advancement in the field of BN nanomaterials and fibre research.

1.2 Literature Review

1.2.1 Hexagonal Boron Nitride (BN)

Boron nitride is a widely recognized and technologically significant ceramic material that
exists in various forms, such as amorphous or crystalline structures with rhombohedral (r-BN),
wurtzitic (w-BN), turbostratic (t-BN), cubic (c-BN), or hexagonal (h-BN) configurations.*
Among them, h-BN has attracted the most attention due to its versatility and ability to form
various nanoscale morphologies, including 2D nanosheets, 1D nanotubes, and 0D fullerene-

like structures.®® Crystal structures for each BN polymorph are presented in Figure 1.2.%¢
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Figure 1.2: Crystal structures of (a) cubic, (b) wurtzite, (¢) hexagonal, and (d) rhombohedral BN.*¢

h-BN is the most thermodynamically stable phase among the above-mentioned BN
polymorphs and serves as a low-density, sp>-hybridized counterpart to graphite. Its hexagonal
structure consists of borazine (B3N3) rings, which are structurally similar to benzene. The
lattice constants of h-BN (0.25 nm in-plane and 0.333 nm interlayer spacing) closely resemble
those of graphene (0.246 nm and 0.337 nm, respectively).?” Despite their structural similarity,
graphene’s delocalized n-electrons and h-BN’s localized electrons due to ionic bonding lead to
fundamentally different properties. The atomic layers in h-BN primarily exhibit an AA’
stacking arrangement, where each boron atom aligns with a nitrogen atom in the adjacent layer,
driven by electrostatic interactions.*® In contrast, graphene typically adopts AB (Bernal)
stacking, where half of the carbon atoms in one layer align with the centres of the hexagons in
the adjacent layer, minimizing repulsive interactions between identical atoms. h-BN
demonstrates high in-plane thermal conductivity (up to 2000 W-K-'-m™), superb mechanical
properties [friction coefficient <0.3, elastic modulus ~0.8 TPa, and wear resistance (specific
wear rates reported as low as 1-3 x 10 mm*/N-m under dry sliding conditions], excellent
thermal stability (stable in air up to 1100 °C) and chemical inertness, wide bandgap (5.6 eV),
low density (2.3 g-cm™), layered structure, and a negative thermal expansion coefficient (-2.90
x 10" K'! in the a/b-axis and 4.05 x 107 K™! in the c-axis).? These combined characteristics of
h-BN make it suitable for a wide range of applications, including, but not limited to engineered

components for space and aerospace vehicles and structures, thermal management materials in
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electronic packaging, filler materials for functional composites, high-temperature ceramics and
insulators, lubricants and adhesives, corrosion-resistant coatings, water purification systems,
and drug delivery platforms.*

Bulk h-BN powders have been produced for over a century, and extensive research has led
to the development of scalable and cost-effective synthesis methods, including CVD, ball
milling followed by annealing, high-temperature solid-state reactions, and mechanochemical
synthesis.***! Similar to graphene, obtained by exfoliating bulk graphite powders, exfoliating
h-BN into its sheet-like counterpart, BNNS, is highly desirable for various industrial
applications. However, h-BN is significantly more resistant to oxidation and intercalation than
graphite,* making exfoliation and the formation of stable colloidal dispersions particularly
challenging, thus limiting its practical applicability in real-world systems.**

A promising alternative is the synthesis of 1D BN nanostructures, such as BNNT and BNF.
These 1D nanomaterials inherently avoid the strong interlayer van der Waals interactions that
cause restacking in 2D BNNS, offering enhanced colloidal stability and dispersion without the
need for aggressive intercalation or chemical modification.* Their anisotropic morphology and
reduced tendency to aggregate make them feasible for uniform integration into various material
matrices.*> BNNT and BNF present a viable route to overcome the limitations associated with

BNNS, while preserving the desirable properties of BN at the nanoscale.

1.2.2 BN Fibres: Synthesis, Properties, & Applications

In recent years, 1D nanostructures, including nanofibres, nanotubes, nanorods, nanowires, and
nanowhiskers, have garnered significant research interest owing to their unique physical and
chemical characteristics,*® since the groundbreaking discovery of CNT by lijima.*’ Significant
progress has been made in the synthesis of macroscopic assemblies of these 1D nanomaterials
through a range of physical and chemical fabrication techniques.*® 1D nanomaterials have been

10



extensively used as functional elements or interconnects in the development of nanoscale

8 t,49

products, especially in electronic devices,*® thermal managemen multifunctional
composites,’® and environmental remediation.’’

As mentioned in section 1.2.1, the layered structure of h-BN enables its malleability to
transform into various 1D nanostructures, mainly BNNT and BNF,” expanding its
applicability in diverse scientific fields. BNNT, though structurally analogous to the well-
known CNT and exhibiting comparable mechanical strength, are distinguished by their wide
bandgap semiconducting nature. BNNT exhibit remarkable thermal stability, withstanding
temperatures up to 900 °C in air, and offer high optical transparency in the visible range. They
combine electrical insulation with high thermal conductivity, emit single deep ultraviolet (UV)
light, absorb thermal neutrons effectively, and demonstrate piezoelectric behaviour under
mechanical deformation. Additionally, the partial ionic character of B-N bonding, arising from
the significant electronegativity difference between boron and nitrogen, imparts unique
chemical properties distinct from those of CNT.>® Unlike the nonpolar in-plane C—C bonds in
graphene, the polarity of B-N bonds within the h-BN lattice introduces localized charge
distribution, influencing surface chemistry and adsorption behaviour. Macroscopic structures
composed entirely of BNNT (bulky papers, yarns, mats, and thin films) offer significant
potential for the advancement of innovative BNNT-based devices. Their high BNNT content,
extensive surface area, efficient carrier transport pathways, and inherent ability to
accommodate mechanical strain make them particularly advantageous for functional
applications.* Although significant attention has been directed toward BNNT, BNF have
potential to surpass certain properties of BNNT for its ultrahigh continuity with significantly

lower production cost (Table 1.1 summarises the comparison of the key properties of BNF

versus BNNT).> Reported BNF products generally exhibit higher electrical resistivity
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Table 1.1: A comparison of the properties of BNF versus BNNT.

Properties BNF BNNT
Appearance Light yellow to white>® White

. L. 3x107-3x107%7 30090
Electrical Resistivity (£2-cm) 10121014 5859 7 8x10% 61
Mechanical Properties 27-82 GPa®® 113 Tipat2

. a
(Young’s Modulus) 78 GPa?*®
Thermal Conductivity 35063
(W-m . K™)
e 8557 64

Thermal Stability (in air) (°C) 8005 700-900

compared to BNNT, but tend to have lower Young’s modulus and reduced thermal stability.
In addition, the thermal conductivity of individual BNF remains difficult to assess, and reliable,
standardised measurements are not yet available. Despite several BNF products have been
proposed through various methods in the past decade, the fibres’ size, crystal structure,
morphology, and quality vary widely.

Among various fabrication techniques, spinning process is the most used method to produce
free-standing fibres mats due to the relatively simple setups, the capability of mass production,
and the ability to create highly continuous and ultrathin products with controllable diameters,

compositions, and orientations.®® In addition to the well-reported polymer fibres, inorganic

6 7

fibres made of carbon,%® carbides,®” oxides,® and nitrides have been synthesized by heat
treatment of the polymeric precursor fibres to achieve polymer-to-ceramics conversion. This
so-called polymer-derived ceramics (PDC) route is an attractive approach for the design of
high-performance ceramics with well-controlled compositional and microstructural
homogeneities; especially in nitride compound systems.*’ To date, however, the large-scale

production of high-quality BNF via PDC route remains a challenge. This is mainly because

there is not yet a reliable single B- N-containing precursor system for a simple electrospinning

12



Table 1.2: Summary of the conditions for the synthesis of BNF by spinning methods.

Spinning Annealing
Precursor® Solvent” Additive® Voltage/ Temperature Diameter Ref.
Temperature (Atmosphere)
Electrospinning
1000°C (NHa) 2
PBMABZ  DMF PAN 4.5kV /RT 100-400nm
1800°C (N2)
BN NPs H>O PVA 20kV /RT 1000°C (Ar) 180-550nm 7
1100°C (NHa) 26
B20s EtOH PVB 20kV /RT 80-350nm
1500°C (N2)
1100°C (NHa) 5
B20O3 DMF PAN 20kV /RT 43-230nm !
1500°C (N2)
Boric acid 600°C (Air) avg. |
. H>O PVP 20kV /RT !
Melamine 1400°C (N7) 130.1nm
Melt-Spinning
0kV / 1000°C (NHa) )
PBMABZ - - 17.521pym 7
115-185°C 1800°C (N2)
P(PMABZ- 0kV / 800°C (NH3) .
- - avg. 7.6um
co-MABZ) 140°C 1800°C (N2)
PBMBZ or 0kV / 600°C (NHs) |
- - 10-30pum 3
PBMABZ 130-140°C 1800°C (N2)
0kV / 1000°C (NHa)
PBMABZ - - 5-50pum 37
70°C 1800°C (N2)
0kV / 1000°C (NHa)
PBMABZ - - 10pm 74
200°C 1800°C (N2)
0kV / 1000°C (NHa)
PBMABZ - - 10-25um 7
150-200°C 1800°C (N2)
0kV / 1000°C (NHa)
PBMABZ - - avg. 9um 76
140-160°C 1600°C (N2)
PBMABZ - - 0kV / 800°C (NH3)  avg. 12um 77

2 PBMABZ, poly[B-(methylamino)borazine]s; BN NPs, boron nitride nanoparticles; P(PMABZ-co-MABZ), poly[2-

propylamino-4,6-bis(methylamino) borazine-co-tri(methylamino) borazine]; PBMBZ, poly(B-methylborazine)s.

® DMF, N,N-dimethylformamide; H2O, deionized water; EtOH, ethanol.

¢ PAN, polyacrylonitrile; PVA, polyvinyl alcohol; PVB, polyvinyl butyral; PVP, polyvinylpyrrolidone.
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120-130°C 1600°C (N2)

, 1200°C (NH3) 78
PBMABZ - - Not specified avg. 13um
1400°C (Ar)

setup.

The precursors used in previous studies so far can be divided into two categories: (i)
colloidal particles with polymer-aid and (ii) polyborazylenes (PBZ)-based single-source
precursors. Table 1.2 summarises the attempted syntheses of BNF reported in the literature.
Qiu et al**? have fabricated aligned long BNNF through electrospinning of B,O3/PVB
mixture followed by high temperature nitridation. However, the obtained BNNF showed
porous structure due to low ceramics yield (<20 wt.%) and uneven solid vapor nitridation. PDC
route avoids the use of oxygen-containing precursors and offers precise control over the
precursor compositions.?’ The borazine (BZ) derivatives, with the potential to yield borazine
backbone cyclic polymers, PBZ, have attracted the greatest interest over the past three decades
as promising precursors for polymer-derived BN, especially fibrous BN.?%%%7 PBZ’s basal
structure units of hexagonal B—N rings limits the occurrence of complex structural
rearrangements upon ceramic conversion and giving rise to the highest ceramic yields (up to
90 wt.%),” crucial for reaching the ideal performance of final ceramics product.®® However,
PBZ suffer from high toxicity and moisture-sensitivity, poor spinnability and low solubility in

common electrospinning solvents (e.g. chloroform, dimethylformamide),’*%!-2

requiring
specially designed polymer melt processing equipment and strict operation conditions, limiting
its further development. Another major challenge for PBZ lies in complex production,
primarily due to the use of BZ as a starting material, which itself presents considerable
challenges in its synthesis, especially its isolation from the reaction mixture with a typical yield
of only 10%, due to the simultaneous formation of significant amounts of by-products.

My primary objective revolves around identifying a family of B- N-rich polymers that

possesses sufficient molecular weight to electrospin into fibres (typically with M,, > 10,000

14



g-mol~! but with considerable variation across diverse polymer categories),** exhibits high
solubility in common solvents, remains non-volatile under ambient conditions, and can be

synthesized from a straightforward route.

1.2.3 N-methyl Polyaminoborane (PMeAB): An h-BN Precursor

Pursuant to the objectives, I target B- N-rich polymer with a linear configuration. Linear
polymers confer several benefits in comparison to their cyclic counterparts, notably a higher
degree of chain entanglement, enhanced processability, and greater control over the molecular
weight.386 Most importantly, linear polymers typically demonstrate improved solubility in
various solvents, leading to more stable solution states—a critical factor for the uniformity of
the electrospinning process.®” Their intrinsic chain flexibility further facilitates the production
of nanoscale fibres.®® From a mechanical standpoint, chain flexibility results in high tensile
strength and elongation at break;® thus, particularly suitable for electrospun fibre

applications.”
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Figure 1.3: Molecular structures and abbreviations of PMeAB-related compounds.
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Ammonia borane [(H3B-NH3), denoted as AB] (Figure 1.3), has been gaining popularity

since first discovered by Shore and Parry in 1955,°! as a single source solid precursor for the

synthesis of BN materials because its naturally stoichiometric ratio of N:B.”?* Although AB

has polymerisation ability to form linear poly(aminoborane)s [(H,B—NH>),, denoted as PAB],

it has been more commonly utilised for synthesizing two-dimensional h-BN through vapor
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phase pyrolysis processes.”> In contrast, less emphasis has been given to BN production
through the direct pyrolytic decomposition of solid AB or PAB. All attempts to understand the
underlying mechanism remained speculative and were vaguely described as the combination
of two thermodynamically favored pathways, namely the AB-to-BZ-to-PBZ-to-BN pathway
and the AB-to-PAB-to-PIB-to-BN pathway, where PIB represent poly(iminoborane)s
(H2B=NH),.”

Despite being a non-volatile, air-stable, and non-toxic solid, pure PAB exhibits poor
solubility in common organic solvents, limiting its processibility toward BN.?” The
introduction of alkyl groups at nitrogen or boron positions enhances PAB’s solubility in polar
organic solvents, enabling the determination of molecular weights and spectroscopic
characterisation, as well as opening up the possibility of using polymer solutions processing
techniques.”” One such variant, N-methyl poly(aminoborane)s [(H.B-NMeH)y], the simplest
methyl derivative of poly(aminoborane)s [(H2B—NH>),], can be synthesized by the metal
catalysed dehydropolymerisation of methylamine borane [(H3B-NMeHz), denoted as
MeAB].”® The high B- N-content, linear polymer structure, high solubility in common solvents,
air-stable property, and sufficient molecule weight make it a promising precursor for solution
electrospun BNF. Latest study from Weller’s group® revealed a novel way of producing high
molecular weight PMeAB (M, = 37,900-78,100 g-mol ') using [Rh(L)(NBD)]CI ([1]CI) [L =

>-(‘Pr,PCH2CH:,):NH, NBD = norbornadiene] precatalytic system with very low catalyst
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Figure 1.4: (a) Generic dehydropolymerisation process using MeAB. (b) The proposed simple, easy to
assemble,  tolerant-to-air, precatalyst [Rh{(‘Pr,PCH,CH,),NH}(NBD)]CI, [1]Cl, for the
dehydropolymerisation of commercial, as supplied, MeAB in THF solvent. (c) The overlaid GPC traces
of isolated PMeAB samples with various well-defined molecular weights. (d) Air-tolerant
dehydropolymerisation of 10 g MeAB and 12 ppm [1]Cl to produce PMeAB.*

loadings (0.01 mol %) under ambient condition (Figure 1.4). The underlying mechanism
follows a ligand-cooperative dehydrogenation pathway, initiated by the formation of an active
Rh(III) hydride species (Rh(L)H3), which interacts with H3B-NMeH: through outer-sphere
dihydrogen bonding. This triggers N—H activation and Hb release via a turnover-limiting step,
generating the reactive Ho B=NMeH. Subsequent head-to-tail B-N coupling propagates the
polymer chain with very low barriers, while boronium salts act as chain-transfer agents,
enabling well control over molecular weight. The controlled synthesis of well-defined PMeAB
on a 10 g scale paves the way for mass production of high quality BNF (e.g. high purity,
crystallinity, homogeneity, continuity, etc.). To date, however, little information has been
published detailing the processing and thermolysis of PMeAB.% 102

Among the few examples, Brodie et al.”’ briefly explored the processibility of PMeAB

either in solutions or the molten state, and were exemplified by melt-extruded fibres, drop-
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Figure 1.5: (a) Examples of processed PMeAB: (1) melt-extruded; (2) drop-cast thin film; (3) SEM
image of drop-cast thin film; (4) electrosprayed thin film SEM image; (5) porous film SEM image; (6)
polymer beads SEM image.” (b) Schematic of thermolysis reactions of MeAB. Path A->B:
dehydropolymerisation. Path A>C->D: cyclisation. Path A>C->E->F: cross-linked network

formation.'®

casted thin films, and electrosprayed porous films (Figure 1.5a). Studies on the thermolysis of
PMeAB proposed by Bowden et al.'® highlighted the significance of the potential thermal
dehydrogenation pathways of MeAB in both monomeric and polymeric forms (Figure 1.5b).
The results, however, were limited to the low temperature region (below 250 °C) and conducted
under inert atmosphere. No data on the thermal cross-linking phenomenon, thermal behaviours
occurring at high temperatures, including pyrolysis, annealing, and crystallisation was
presented. The presence of methyl group in PMeAB introduces an additional complication into
the system: the presence of carbon impurities. Finding the way of controlling and removing
carbon becomes a crucial step in achieving high-purity BN materials. Another equally

important challenge is the preserve the fibre morphology and structure because MeAB is
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known to melt at temperature as low as 55 — 58 °C and suffer from excessive weight reduction
(>80 wt.%) upon heating, if not cross-linked.'® In order to preserve the desired morphology of
the final product, it is critical to include a curing step to form a non-volatile cross-linked
intermediate before subjecting the material to high-temperature annealing.®’

To fully utilise PMeAB as a precursor for h-BN materials, a comprehensive understanding
of its reaction mechanisms is essential for any meaningful technological advancement. The
integration of experimental and computational approaches is expected to provide
complementary insights, bridging existing knowledge gaps and advancing the understanding

and potential of PMeAB.

1.2.4 Density Functional Theory for H/B/C/N Chemistry

Computational modelling has emerged as a vital tool in materials science, particularly for
exploring the structure, dynamics, and reactivity of complex chemical systems. For
multicomponent systems such as my hydrogen, boron, carbon, and nitrogen system (H/B/C/N),
experimental investigation is often limited by resolution, cost, and timescale constraints. In this
context, atomistic simulations serve as a powerful complement to experimental methods,
enabling the study of material behaviour at the electronic, atomic, and molecular levels.
Figure 1.6 presents a hierarchical overview of computational methods. Quantum
mechanical (QM) approaches, such as ab initio and DFT,!%%1% offer high accuracy in predicting
material properties but are limited to small systems due to their high computational costs. On
the other end, general-purpose force fields (FF) like DREIDING'® and UFF!% can handle
much larger systems efficiently, but they are unable to model chemical reactions because their
bond potentials are fixed. The development of approximation methods such as ReaxFF!7 was
driven by the need to bridge this gap, offering a balance between the accuracy of QM methods

and the scalability of classical FF.
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Figure 1.6: Multiscale simulation framework.'?>3!°

Computational studies using DFT to investigate the thermal chemistry of H/B/C/N systems

remain limited compared to those focused on the H/B/N system, particularly AB. However,

findings from AB thermal decomposition simulations can serve as a valuable reference for the

H/B/C/N compounds due to their structural similarities and experimentally observed

mechanistic parallels.'® Thermal decomposition pathways of AB, as proposed in the

literature,”® can be broadly classified into four categories: (1) dehydrogenation, (2) dissociation,

(3) polymerisation, and (4) cyclisation. Among these, dehydrogenation has been the most

extensively studied,!”® owing to AB’s potential as a hydrogen storage material. More recent

studies, however, have highlighted the significant roles of dissociation and cyclisation

reactions.! 1! Dissociation yielding small molecular fragments have been shown to facilitate

dehydrogenation, while cyclisation, often following polymerisation, leads to the formation of
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Figure 1.7: Molecular structures of representative H/B/C/N compounds investigated
in the literature using DFT methods. (a) MeAB and dimethylamine—borane
[BH;NH(CHs),];'"> (b) Methylamine-borane octamer [(BH;NH.CH:)s];''® (c)
Allylamine-borane (CH,CHCH,NH,BHj3);''7 and (d) Cyclic compounds C,B,N,Hi»
and CsBNH;,.'"®

CTB, BZ, and other cyclic species. These reaction pathways are interdependent, with each
influencing the kinetics and overall decomposition mechanism of AB.

Among the limited DFT studies on H/B/C/N systems, most have focused primarily on the
crystal structures of the resulting compounds.''*!'* Of the few that address reaction

1.5, using

mechanisms, nearly all concentrate solely on the first dehydrogenation step. Sun ef a
the B3LYP functional, reported that MeAB and dimethylamine-borane [BH3NH(CHj3):]
(Figure 1.7a) exhibit slightly higher activation barrier for the first H> release compared to pure

AB, suggesting that methyl substitution enhances reversibility and suppresses BH3/NH3

formation, though it does not improve the Hx release rate. Liu et al.!'¢ studied the dihydrogen-
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bonded methylamine—borane octamers [(BH3NH>CHj3)s] (Figure 1.7b) using B3LYP,
revealing that stepwise release of six equivalents of H» leads to the formation of a six-
membered B—N ring. The process is exothermic, with increasing enthalpy along the
dehydrogenation pathway. Yaya et al.!'” employed B3LYP, M06-2X, and wB97XD3
functionals to investigate allylamine-borane (CHCHCH>NH>BHj3) (Figure 1.7c¢), identifying
the second dehydrogenation step as rate-limiting, though the overall Hr-release pathway
requires minimal energy. Matus et al.!'® explored the dehydrogenation energetics of CaBaN2Hi»
and C4BNH> cycles (Figure 1.7d) using B3LYP functional and found that dehydrogenation
across the B—N bond is energetically more favourable as compared to dehydrogenation across
the B—C, N—C, and C—C bonds.

Overall, there remains a significant knowledge gap regarding the complete
dehydrogenation, as well as the dissociation and cyclisation mechanisms in larger H/B/C/N
systems such as PMeAB and MeCTB, let alone their reactivity with other molecules or
potential structural evolution toward BN-like frameworks. Addressing these gaps is essential
for developing a comprehensive mechanistic understanding of H/B/C/N thermal chemistry and

advancing the rational design of BN-based materials from H/B/C/N precursors.

1.2.5 Reactive Force Field for H/B/C/N Chemistry

When simulating systems with timescales significantly greater than 100 ps and/or containing
more than 100 atoms, the computational cost becomes prohibitively high using the DFT
method. To address this limitation, the ReaxFF reactive force field has been developed, which
retains a level of accuracy that is comparable to QM methods, while substantially lowering
computational demands through the use of a FF approximation. In this approach, interatomic
interactions are described using parameterized empirical functions rather than solving the
Schrodinger equation, enabling efficient simulation of large, reactive systems without
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Figure 1.8: Elements currently described in available ReaxFF parameter sets.

120

sacrificing essential chemical fidelity.!!” Classical FF are capable of modelling large molecular
systems; however, they require the explicit definition of all chemical bonds, making them
unsuitable for simulating chemical reactions. In contrast, ReaxFF models chemical bonding
using bond orders rather than fixed bonds, enabling the dynamic formation and breaking of
bonds throughout a simulation.!%’

More specifically, ReaxFF integrates a bond-order formalism with polarizable charge
descriptions to capture both reactive and non-reactive interactions among atoms.'?® This
framework enables ReaxFF to reliably represent covalent bonding as well as electrostatic
forces across a broad spectrum of elements and materials (elements with published ReaxFF
parameter set are highlighted in Figure 1.8).!2° The total system energy within ReaxFF is
expressed as:

E system — Ebond + Eover + Eangle + Etors + EVdWaals + ECoulomb + Especiﬁc
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Here, Evond denotes a continuous function of interatomic distances that accounts for bond
formation energies. The terms Eangle and E'tors represent the energetic contributions arising from
valence angle strain (three-body) and torsional strain (four-body), respectively. Valence angle
strain occurs when bond angles deviate from their equilibrium values, introducing energy
penalties due to geometric distortion of the molecular framework. Torsional strain arises from
the rotation around bonds, where eclipsed or non-ideal dihedral angles increase steric and
electronic repulsion. Eover introduces a penalty for over-coordination based on valence rules—
for instance, a high energy cost is imposed when a carbon atom exceeds four bonds, reflecting
the severe instability associated with violating fundamental bonding constraints. Electrostatic
and van der Waals interactions, represented by Ecoulomb and Evawaals, are computed between all

atom pairs, independent of their bonding status or bond order. Finally, Especific encompasses
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system-dependent terms, which are included only when necessary to account for particular
features such as lone pairs, conjugation, hydrogen bonding, or Cx corrections.'?

As illustrated in Figure 1.9, existing ReaxFF parameter sets can be broadly categorized
into two primary branches, each internally transferable: (1) the combustion branch and (2) the
aqueous branch.'?’ Within the combustion branch, numerous studies have utilised ReaxFF to
explore reactive phenomena in systems comprising elements such as C/H/O'" and
C/N/B/S/O/H.'?' The present study is based on the HCONSB.ff force field,'?* which belongs
to this branch. Specifically, the ReaxFFuconsg parameterisation defines all relevant bond
dissociation energies, angular distortions, and reaction barriers for systems involving H/B/C/N
atoms. Originally developed for studying the dehydrogenation of ammonia borane (B/N/H
systems)'?*, ReaxFFnconss has been subsequently extended and refined through additional
parameterisations for C/H/O'?! and C/H/O/N/S!?* systems in two separate studies. Both of
these developments fall within the combustion branch, which, owing to its internal
transferability,'?° supports the application of ReaxFFnconsg to simulate a diverse range of atom
types present in my system. Therefore, I expect a decent transferability for ReaxFFuconss to
effectively capture the key steps in the reaction of H/B/C/N systems, including: (i) dissociation,
(i1) dehydrogenation, (iii) cyclisation, (iv) carbon removal, and (v) ceramic network formation.

Because ReaxFF parameters are derived from QM calculations, the method can be directly
applied to novel systems that have not been extensively studied experimentally. By further
integrating them with DFT and experimental observations, it becomes possible to elucidate
complex reaction mechanisms, predict material properties, and ultimately inform the rational
design of new materials. However, a validated ReaxFF parameter set for the H/B/C/N system

has yet to be established.
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2.1 Introduction

BN fibres (BNF) are sought after for ultra-lightweight applications that need to perform in
extreme environments, e.g., those encountered in space, aerospace, and other means of
transportation.'?>"'2” BNF are particularly interesting due to their isoelectronic relationship, and
closely related structures to carbon-based materials. BNF present certain advantages over
carbon fibre counterparts. Compared with carbon fibers, BNF are electrically insulating,'?® and
have superior thermal stability and chemical inertness.!?*"!3! These properties, coupled with
high Young's modulus of fibrous BN, make BNF potentially the strongest known insulating
material to date.!’® BNF also possess the exceptionally rare combination of being both a
dielectric and a thermal conductor.'*? It outperforms carbon fibres in thermal stability in both
oxidizing and inert atmospheres and exhibits much greater chemical resistance to extreme
conditions.®! Despite these outstanding properties, and existing demand, the availability of
BNF is limited as current synthetic routes are not straightforward. Therefore, very few reports
on the synthesis of BNF exist to date. Among the key bottlenecks are the properties of BN
precursor systems and their subsequent processability into fibres.?®% Despite various
systems being reported, the resulting BNF have shown considerable variability in terms of fibre

diameter, crystal structure, morphology, and overall quality, 2>~

and only minor progress has
been made towards their potential for scalable manufacturing.

In the past decade, NASA reported the synthesis of BN nanotubes (BNNT), however, the
process requires specialised high-power lasers and operates at high pressures and temperatures,
limiting wider adoption of these methods.!** Chemical vapour deposition and template methods
have also been explored.'** Other dedicated work on the production of BNF has mainly centred
around melt-spinning, hot extrusion (combining spinning and thermolysis), and
electrospinning of B, C, and N-containing polymer precusors.%’ Precursors employed in these

latter studies were either polymer additive-aided colloidal particles, or polyborazylenes (PBZ)-
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Figure 2.1: Schematic synthetic route toward PMeAB fibres (PMeABF) and BNF.

based single-source precursors. For instance, by electrospinning B.O3/PVB mixtures followed
by high temperature nitridation, Qiu et al. >%*” produced long, aligned, BN nanofibres (ca. 100
nm in diameter and ca. 13 cm in length) with a porous structure due to uneven solid vapor
nitridation and low ceramic yield (<20 wt.%). The polymer-derived ceramic route, on the other
hand, offers precise control over precursor compositions,?’ because polymeric precursors
derived from borazine already contain units of hexagonal B-N rings, and therefore leads to the

23,24,57,135-137

highest ceramic yield (90 wt.%) reported.?® Yet, PBZ is air-sensitive, and has low

solubility in common solvents and therefore requires specially designed polymer melt
processing equipment and strict operation conditions, limiting its further development.’>31:82
Electrospinning provides a straightforward and efficient way to create continuous polymer and
ceramic fibers with diameters ranging from micro- to nanoscale.'*? For the generation of high-
quality BNF, the design of precursors that are stable and can be dissolved in common solvents
is critical, as this will enable the efficient fabrication of ceramic fibres by means of
electrospinning.'®

One such potential precursor is the main-group polymer,'* N-methylpolyaminoborane,

[(H.BNMeH).] (PMeAB), which is best prepared by catalytic routes, (although stoichiometric

methods are also known!4%141) as first reported by Manners in 2008, using the catalyst Ir(‘Bu-
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Figure 2.2: (a) As-synthesized PMeAB powder. (b) Overlaid GPC traces of the PMeAB prepared as

shown in Figure 2c.

POCOP)H,, [Ir], (‘Bu-POCOP = «*-(OP'Bu,).C¢H3)."*>!%3 With this catalyst (at 0.3 mol%
loadings) the commercially available amine-borane pre-monomer, H;B-NMeH> (MeAB), was
reported to undergo an atom-efficient dehydropolymerisation to form PMeAB, where Hy is the
only co-product (M = 160,000 g-mol™!, B = 2.9).1421% Qur collaborator, the Weller Group,
has recently demonstrated that partial control'* over the degree of polymerisation (My) in
PMeAB synthesis can be achieved using the air-tolerant pre-catalyst [Rh(L)(NBD)|CIl, [Rh],
[L = «*-(‘Pr.PCH2CH,):NH, NBD = norbornadiene], and a boronium chain-control agent, that
reduces the My from 133,100 g-mol™ to, for example, 64,400 g-mol! (D = 1.7) in a controlled
manner.”” The molecular weight of PMeAB can be modulated through (1) temperature, (2)
catalyst loading, (3) catalyst type (structure and element), and (4) the rate of chain elongation.
Pre-catalyst [Rh] can also be used at low catalyst loadings (0.01 mol%) to produce PMeAB on
10g scale. However, methods to increase My in a systematic, controlled and scalable manner
above ~160,000 g-mol!, on a scale suitable for the study of BNF synthesis at low catalyst
loadings has not been reported.'*® PMeAB is a promising precursor for the manufacture of BNF
by electrospinning methods because of its: (i) high B—N-content, (i1) good solubility in
common solvents such as THF or CHCIs, and (iii) its stability at room temperature as an easy
to handle solid. However, the electrospinning and subsequent thermolysis of PMeAB have not

been reported in any detail,'**!*” and the optimal parameters for these processes with regard to
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Figure 2.3: Actual photo of (a) PMeABF and (c) BNF. Typical SEM images for (b) PMeABF
and (d) BNF.

polymer chain length has yet to be determined. There have been sporadic reports on the use of
powdered polyaminoboranes as potential pre-ceramics to BN over the last 25 years. The
thermolysis of parent [H,BNH:], was reported by Kim and co-workers,'*® while Manners and
co-workers reported thermolysis of pelletized PMeAB.!** The pyrolysis of MeAB'® has been
reported to form an ill-defined cross-linked solid. To my knowledge, there have been no reports
on the use of PMeAB to generate BNF.

In this chapter, I describe the development of a new polymer-derived ceramic route to BNF
using PMeAB (Figure 2.1). This approach uses a scalable, and straightforward, polymer pre-
ceramic synthesis of PMeAB, with low loadings of catalyst to offer fine control of the polymer
over a wide range of My (Figure 2.2). Subsequent additive-free electrospinning of polymer
samples with optimal My, (Figure 2.3a, b), curing (cross-linking), and pyrolysis yields ultra-

high purity micro- and nanoscale BNF (Figure 2.3c, d). Detailed characterisation provides

31



composition, phase, microstructure, and morphology characteristics of these BNF. My results
offer a straightforward method for producing high purity, solid BNF at scale from
commercially available starting materials, as well as fundamental, underpinning, observations

that serve as a basis for the further design of other BN-containing structures.

2.2 Materials & Methods

2.2.1 Materials

Table 2.1: Summary of reactants and solvents used in this chapter for synthesis of BNF.

Name Purity Supplier
Reactants
PMeABg >95% Weller's Group®
NHj() >99.94% BOC
Ar) 99.998% BOC
Solvents
CHCls) - Fisher Scientific
2.2.2 Synthesis
Syringe with

PMeAB Solution 1
=

HV Supply

= Grounded Collector

Figure 2.4: Schematic of the electrospinning setup.
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The fabrication of BNF can be divided into two main stages: (1) the electrospinning process to
produce PMeABF, and (2) the thermal treatment to convert the electrospun PMeABF into BNF.

In the electrospinning stage, the spinning solutions were prepared using PMeAB with
average measured molecular weights (My) ranging from 110,500 g-mol ! to 290,500 g-mol™!
dissolved in 2 mL of CHCI;. The dissolution process involved continuous stirring for 1 hour at
room temperature. Once the PMeAB was fully dissolved to form a homogeneous solution, it
was transferred immediately to a 1 mL syringe equipped with a 23-gauge stainless steel needle.
The syringe was connected to a high voltage supply (Genvolt High Voltage Power Supply).
The solution was gravity-fed without the use of a syringe pump. The tip-to-collector distance
was maintained at 30 cm throughout the electrospinning experiments. An applied voltage
ranging from 20 to 35 kV was used to ensure optimal electrospinning continuity. The
electrospinning process was conducted in a glove box with controlled temperature (20£1°C)
and humidity (15+1%). Finally, the PMeAB precursor fibres were collected on a piece of
aluminium foil attached to a grounded metal substrate and could be easily peeled off into free-
standing fibres mat. Although other solvents such as THF, DMF, and DMSO can dissolve
PMeAB, they fail to produce spinnable solutions and instead result in electrospraying,
primarily due to their higher boiling points compared to chloroform.

The conversion of PMeABF to BNF involved two essential steps: thermal curing followed
by high-temperature annealing under an NH3 atmosphere. The curing process was carried out
in a vacuum oven at a temperature of 100°C for 48 h, maintaining a vacuum pressure below
10°! bar. Subsequently, the cured PMeABF were annealed in a high-temperature tube furnace.
The fibres were heated directly to 1400°C and held at that temperature for 2 h in an atmosphere

consisting of a mixture of NH3 and Ar gases in a volume ratio of 1:2. The samples were then
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allowed to cool naturally to room temperature. The heating rate from room temperature to

1400°C was set at 10°C/min.

2.2.3 Characterisations

All polymeric materials were analysed by gel permeation chromatography (GPC) measured on
a Malvern Viskotec GPCnmax together with a Viskotec TDA 305 RI detector. Polymer M, is
referenced to polystyrene standards between M, 474 — 476,800 g-mol'. GPC measurements
were conducted by the Weller’s Group. All samples were passed through 3 columns consisting
of a porous styrene divinylbenzene copolymer (2 x T5000 and 1 x T4000 Malvern columns).
The eluent used was GPC grade THF containing 0.1% w/w [NBu4]Br and the flow rate was 1
cm’-min!. Each polymer sample was dissolved in GPC grade THF [NBu4]Br (2 mg mL™!) and
filtered through a PTFE filter (pore size: 45 um). The viscosity of the PMeAB solutions was
measured using a Brookfield DV-II viscometer with a cone spindle CP-41. A fixed volume of
2 mL of the solution was loaded into the sample cup, and a ramping of rotation speed was
employed from 50 to 120 rpm, corresponding to shear rates of 100—240 s~!. For highly viscous
PMeAB solutions, the rotation speed was reduced to 10 rpm to maintain the % torque between
10 and 100%. The viscosity measurement was conducted twice, and the averaged viscosity
values were reported. Surface tension measurements were performed using an Ossila contact
angle goniometer in ambient conditions and calculated manually by combining Eqgs. 1 and 2
proposed by Arashiro and Demarquette,? and by referencing the table of H values provided by

Andreas et al.® as a function of S, allowing y to be determined from the photograph of a pendant

drop.

4 Arashiro EY, Demarquette NR (1999) Use of the pendant drop method to measure interfacial tension between
molten polymers. Mater Res 2:23-32.
¢ Andreas JM, Hauser EA, Tucker WB (1938) Boundary tension by pendant dropsl. J Phys Chem 42(8):1001—
1019.
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_ gxDZxAp

e (1)
where vy is the surface tension, g is the gravitational constant, Ap is the density difference (in
this case, the difference between the density of the polymer solution and the density of air,
Ap = Psol — Pair. SINCE Psol > Pair, WE approximate Ap = psol — Pair = Psol), De 1S the equatorial
diameter of the drop, H is a correction factor which is related to the shape factor of the pendant

drop, S, defined as:

§=2x )

De
where Ds is the drop diameter measured horizontally at a distance D. away from the apex of
the drop. Scanning Electron Microscopy (SEM) images were acquired using a Zeiss Merlin
SEM and a JEOL JSM-840F SEM operating at an accelerating voltage of 3 kV. Prior to
imaging, the samples were coated with a 10 nm layer of platinum (Pt). Fiber diameters were
determined by analysing at least 200 unbiased counts (major diameter of a dumbbell-like cross
section) from the SEM images and fitting the resulting histogram. Energy-Dispersive X-ray
Spectroscopy (EDX) line scanning and elemental mapping were performed using a Zeiss
Merlin SEM operating at an accelerating voltage of 3 kV. Transmission Electron Microscopy
(TEM) images were obtained using a JEOL JEM-2100F TEM operating at an acceleration
voltage of 200 kV. X-ray Photoelectron Spectroscopy (XPS) analysis was conducted using a
Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer System. An ion pumped VG
Microtech CLAM 4 MCD analyser system equipped with unmonochromated Mg K, X-ray
radiation of 1253.6 eV was used. Fourier Transform Infrared (FT-IR) Spectroscopy attenuated
total reflection (ATR) spectra were recorded using a Varian Excalibur FTS 3500 FT-IR
spectrometer in the range of 600 to 4000 cm!. X-ray Diffraction (XRD) analysis was
performed at room temperature using a Siemens D5000 powder diffractometer with copper Ka
radiation (A = 0.15406 nm) and a secondary monochromator. The samples were continuously

rotated during data collection, and a step size of 0.05° 260 was used in the range of 10-100° 26
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with a count time of 12 s per step. Thermogravimetric analysis coupled with differential
scanning calorimetry and mass spectrometry (TGA-DSC-MS) was performed using a STA 449
F3 Jupiter® instrument, integrated with a 403 Aé&olos Quadro quadrupole mass spectrometer.
The samples were heated in Ar atmosphere from room temperature to 1400°C at a heating rate
of 10°C/min. The quadrupole was used to scan all m/z ratios from m/z=1 to m/z=150
approximately every 30 s. !'B magic angle spinning—nuclear magnetic resonance ('BMAS-
NMR) measurements were carried out at 128.39 MHz using a Varian VNMRS spectrometer
and 4 mm (rotor 0.d.) probe. Spectra were acquired at a spin rate of 12 kHz. All direct excitation
B spectra were acquired with a 1 us 30° solid pulse which was determined from a 6 ps
solution pulse determined on BF3-OEt. The spectra were acquired with a recycle delay of 1 s
determined on the sample. Boron spectral referencing is relative to BF3-OEt,. '"BMAS-NMR
measurements were conducted by the Weller’s Group. Nanoindentation tests were conducted
by Dr. Ed Darnbrough with a standard Berkovich diamond tip using a low load module on a
Hysitron TI Premier. The tip shape was calibrated using fused silica and the hardness and
reduced modulus measurements from the samples were calculated using the formulas
introduced by Oliver and Pharr.'* Precursor PMeABF were directly electrospun onto single
crystal silicon wafers and BNF were dissolved in acetone and drop-cast onto single crystal

silicon wafers prior to the measurements.

2.3 Results & Discussion

In this section, I report a reliable, controllable, and scalable synthesis methodology for
producing pure micro- and nano-BNF, offering a competitive alternative to NASA’s energy-
intensive BNNT production. The single-source precursor, PMeAB, plays a pivotal role in this
process due to its high B-N content and good solubility in common electrospinning solvents.

The catalytic, and scalable, synthesis of PMeAB with controlled molecular weights (M,, =
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110,500-290,500 g-mol '), enables the production of BNF by electrospinning method and

thermolysis under ammonia. PMeAB molecular weight and concentration were identified as

key factors dictating the viscosity and surface tension, and thus influencing the overall

spinnability of the PMeAB solution. I reveal that the subsequent formation of a cross-linked

intermediate during PMeAB thermolysis is essential to retain the fibrous morphology during

the conversion to BNF. Comprehensive characterisation demonstrated the purity and

homogeneity of the BNF, with ~97 at.% of B and N contents combined throughout the fiber

body. This newly disclosed route to BNF offers a route to potentially valuable multifunctional

material for lightweight composites suitable for applications in extreme environments such as

Space or acrospace.

2.3.1 Electrospinning PMeAB Solutions

Table 2.2: Dehydropolymerisation conditions and details of resulting polymers (see Appendix A for

full experimental conditions).

(mol%)

Entry Cat.
1 [Rh]
2 [Rh]
3 [Rh]
4 [Ir]
5 [Rh]
6 [Rh]
7 [Rh]
8 [Ru]
9 [Ir]
10 [Ir]

(0.01)
(0.01)
(0.01)
(0.1)
(0.01
(0.01
(0.01
(0.03
(0.1)
(0.1)

)
)
)
)

Conditions

Slow

Slow

Slow

Slow

Slow
NMeH,
NMeH,

Slow/NMeH,,

Temp (°C)

60
40
20
20
20
5
0
20
-15
-15

M,, (g-mol')

46,700

71,800

110,500
112,800
148,600
172,000
205,200
250,500
290,500
318,300

b
1.7
1.5
1.5
1.5
1.5
1.5
1.6
1.5
1.6
1.5

Scale (g)

10
10
10
1
50
10
10
5
5
6

Code
PMeAB1
PMeAB2
PMeAB3
PMeAB4
PMeABS5
PMeAB6
PMeAB7
PMeABS
PMeAB9

PMeAB10

The controlled catalytic synthesis of PMeAB with molecular weights ranging from My =

46,700 to 318,300 g'mol! was conducted by my collaborator, the Weller’s Group. The
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Molecular weight (M,,)
PMeAB6 PMeABS8

PMeABS

PMeAB concentration (wt.%)

Figure 2.5: Morphology of the electrospun PMeABF using
representative PMeAB (M,, = 148,600 g-mol'1; 172,000 g-mol;
250,500 g'mol ™) and concentrations ().

resulting PMeAB samples are designated sequentially as PMeAB1 through PMeAB10, where
a lower number corresponds to a lower molecular weight, and conversely, a higher number
indicates a higher molecular weight (Table 2.2).

The key solution parameters necessary for optimal electrospinning conditions were
determined using polymer samples PMeAB1 to PMeAB9. The concentration of PMeAB
solutions (CHCIs) varied from 5 to 30 wt.%; with the spinning solutions labelled as PMeABX-
Y%, where Y corresponds to the weight percentage of PMeAB. Figure 2.5 shows the key
results from these studies, that demonstrate that both PMeAB molecular weight and its
concentration determine the spinning behaviour and resulting fibre morphology.
Electrospinning of PMeAB with lower My, i.e. PMeAB1, PMeAB2, PMeAB3, PMeAB4,
PMeABS,, at concentrations below 10 wt.% typically resulted in the formation of droplets
instead of fibres. At polymer concentrations between 15 and 30 wt.%, the solutions became

spinnable. This corresponds to the overlap concentration (c*), wherein a sufficient level of
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Figure 2.6: Effect of solution viscosity on the spinnability of
PMeAB/CHCI; solutions. The spinnable window indicate the
optimal viscosity range for successful electrospinning of
PMeABF.

polymer chain entanglement is achieved.!>® While electrospinning of PMeAB5-15% led to
fibers with beads, Figure 2.5(V), increasing the concentration to PMeABS-20% and
PMeABS5-25% partially suppressed their formation, e.g. Figure 2.5(VI). Further increasing
the concentration to PMeABS5-30% makes the solution too viscous to be electrospun.
Comparing PMeABI, 2, 3, 4, and PMeABS with higher My, PMeAB, such as PMeAB6 and
PMeAB7, at the same polymer concentration (20% or 25%), revealed that PMeAB6 and
PMeAB7 form more homogeneous fibres with significantly fewer beads, see Figures 2.5(11I)
vs (V) and Figure 2.5(IV) vs (VI). Notably, electrospinning PMeAB6-20% yields fibres
without any beads. The further increase of the My using PMeAB8 and PMeAB9Y results in
high-quality bead-free fibres, when a concentration of 15 wt.% is used, Figure 2.5(I). PMeAB

with molecular weights ranging from My = 110,500 (PMeAB3) — 250,500 g-mol! (PMeABS),
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Figure 2.7: Effect of solution surface tension on the
spinnability of PMeAB/CHCI; solutions. The dashed line
indicates the threshold surface tension required for producing

homogeneous PMeABF.

at concentrations between 15 and 20%, were found to be optimal for the electrospinning in
CHCI; solvent. The very high molecular weight PMeAB10 was not tested further.

Parametric studies, focusing on the viscosity and surface tension of the PMeAB solutions,
have been used to establish optimal conditions for the electrospinning of PMeABF. A viscosity
of approximately 0.02 Pa-s is sufficient for the PMeAB/CHCI3 solution to be spinnable (Figure
2.6). However, above a viscosity threshold of ~1 Pa-s electrospinning is not possible due to the
high cohesion of the solution. Within this spinnable window (0.02 to 1 Pa‘s), the morphology
of the electrospun fibres vary. This variation is attributed to the surface tension of the spinning
solution, which is influenced by its composition and directly impacts the quality of the fibres
produced, and is a result of the intermolecular interactions between the polymer chains and the
solvent molecules.!>!1>2 As surface tension increases with an increase in polymer concentration,

this allows for an assessment of the lower limit for effective electrospinning, which is shown
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to be 26 mN/m (Figure 2.7). Above this limit, PMeAB solutions are spinnable, generating
fibers of good quality, high homogeneity and continuity. Conversely, when surface tension is
too low, the electrostatic forces dominate over capillary forces, causing the jet to break up into
droplets rather than forming a continuous filament, which results in beaded fibres. The
estimated optimal viscosity of 0.02~1 Pa-s and minimum ST value of 26 mN/m agree well with
values reported in literature.'>?

Fibre diameter can be tuned by the selection of solution and/or electrospinning parameters.
The electrospun PMeABF here have diameters ranging from several microns to less than 100
nm. Despite a broad diameter distribution within each sample, a general trend is notable: as the
concentration or molecular weight of the polymer increases, the average diameter of the fibres
tends to increase (Figure 2.8). This is consistent with literature precedent for other electrospun
fibres and shows that using higher concentrations or molecular weights of polymer results in
thicker electrospun fibres, due to increased polymer chain entanglement within the spinning
solution.!®# Notably, there was no change to the chemical composition of PMeABF after
electrospinning, as measured by solution 'H and !'B NMR spectroscopy (Figures 2.9, 2.10).
The 'H NMR spectrum for electrospun PMeABF also showed no residual CHCI3 solvent

(Figure 2.9).
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Figure 2.8: Polymer concentration and M, effects on the

diameter of the electrospun PMeABF.
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Figure 2.9: '"H NMR spectrum of as-spun PMeABF showing no solvent residue.
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Figure 2.10: "B NMR spectra of PMeAB7 (baseline corrected and uncorrected, top and bottom
respectively): CDCls, 193 MHz, 298 K.
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2.3.2 Conversion of PMeAB Fibres to BN Fibres

Figure 2.11: Actual photo of as-spun PMeABF
heating to 300°C in NH; without curing process.
Direct heating of PMeABF under NH; causes the

fibers to melt and fail to retain fibrous morphology.

The conversion of PMeABF to the desired BNF product requires two key steps: vacuum curing
and subsequent high-temperature annealing under NH3; (ammonolysis). One of the challenges
of any conversion process is preserving the shape of the fibres (Figure 2.11). The methodology
developed here was a sequential low temperature vacuum curing (100°C for 48h) of as-spun
(“raw”) PMeABF followed by high-temperature annealing in a NH3 atmosphere. As shown in
Figure 2.12a (and Figure 2.13), the surface and cross-section of the raw PMeABF are smooth
and dense, with an average fibre diameter of 3.64 um. Following curing (Figure 2.12b), the
average diameter of PMeABF becomes 3.56 um and the fibre now exhibit a dense surface with
slight roughness observed at the cross-section. After annealing (Figure 2.12¢), the BNF retains
its well-defined fibrous morphology, and the surface remains densely packed and non-hollow,

without visible defects or pores (Figure 2.14). Crystallisation is observable at the cross-section,
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Figure 2.12: SEM images of (a) a PMeABF, (b) a cured PMeABF, and (c) a BNF.

indicating the overall conversion from PMeAB polymer to BN ceramic. The average diameter
of the BNF is 3.38 um, which is not significantly different from PMeABF. Unlike other kinds
of polymer-derived ceramics that show notable size reduction,® PMeAB-derived BNF exhibit
only a small volume shrinkage of 7%.% The main difference between raw and cured PMeABF
is that the latter is not soluble in solvents such as CHCls;, THF or DMF. Following this electro-
spinning and curing process using solid-state ''B NMR spectroscopy showed no difference
between PMeAB and precured PMeABF, Figure 2.15, with a broad signal observed at & ~—8,
consistent with solution "B NMR spectra. In contrast the ''B solid-state NMR spectrum of the
cured PMeABF shows a decrease in the intensity of this & ~—8 signal, and new signals at 6 ~10
(broad) and & ~1 (sharp) are observed. The linewidths and chemical shifts of these new signals
are characteristic of three-coordinate, trigonal, BN3 environments, and four coordinate, BN4,
environments respectively; as previously noted for polymers derived from the dehydrocoupling
of hydrazineborane.!**!%> Computational ''B NMR calculations based on density functional
theory (DFT) using the KT2 functional (COSMO, ZORA) confirms these ''B assignments by
assigning the peak positions (details of the computational studies conducted by my
collaborators, the Swart’s Group, are provided in the Appendix B). Collectively, experimental
and computational results indicate the cross-linking behaviour toward higher BN coordination

numbers, which occurred within the PMeABF during the thermal curing process.
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Figure 2.13: SEM image and fibre diameter distribution of (a, b) raw PMeABF with an average fibre
diameter of 3.635 um, (c, d) cured PMeABF with an average fibre diameter of 3.563 um, and (e, f)

BNF with an average fibre diameter of 3.378 pum.

Figure 2.16 and Figure 3.14 show the TGA-DSC-MS spectra for cured PMeABF and
precursor PMeAB samples respectively, as measured under an argon atmosphere. While these
TGA-DSC-MS conditions do not replicate the actual conversion process, they give valuable

information about the thermal decomposition behaviours of both cured and uncured PMeABF.
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Figure 2.14: Scanning Transmission Electron Microscopy (STEM) images of a single synthesized
BNF in (a) HADF mode, (b) BF+DF mode, (c) ADF mode, (d) DF mode, and (e) BF mode.

The TGA of cured PMeABF showed significantly less weight loss, i.e. 36.1 wt.%, during
thermal decomposition, compared to 81.9 wt.% for the uncured precursor PMeABF. This
limited weight loss can be caused by (i) the gradual release of volatile substances during the
curing process and (ii) the formation of a stable cross-linked polymer structure in the cured

PMeABF, compared to the linear polymer structure of the precursor PMeABF. The curing
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Figure 2.15: Representative solid-state ''B NMR spectra of PMeABF

before and after curing process.

process, instead of rapid decomposition reactions during annealing, enables a controlled release
of substances, enhancing the thermal stability of PMeABF and reducing the overall weight loss.

The corresponding MS spectra obtained from precursor and cured PMeABF shows that
hydrogen, methane, ammonia, NHCH3 (m/z = 30), BNH2CH3 (m/z = 42), borazine (B3N3Hg,
m/z = 81), and tri-methyl-substituted borazine (BsN3H3(CH3)3, m/z = 121} were detected for
both samples during thermolysis. These species were initially hypothesised based on
decomposition pathways reported in TGA-MS studies of ammonia borane in the literature,
which exhibit similar B-N bond cleavage and cyclic borazine formation mechanisms. These
compounds are significant for PMeABF, while their relative concentrations were lowered for
the cured PMeABF. These observations agree those noted for PBZ under TGA-MS analyses
and underscores the importance of the curing step for the efficient conversion of PMeAB to
BN.!% In support of this hypothesis, when uncured PMeABF is exposed to the high

tempertaure annealing process in ammonia, melting and rapid release of gases occurs at
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relatively low temperatures above 120 °C (Figure 3.14). This behaviour has been noted to be
observed for PMeAB’s monomer MeAB and its close relative AB at temperatures ranging from
100-150°C.100:156

Analysis by XPS and FT-IR allows for the evolution of the gross elemental and structural

composition of PMeABF to BNF to be determined (Figure 2.17, 2.18). Figure 2.17 shows the
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Figure 2.16: Synchronous TG-MS analysis for the released
products during heating of cured PMeABF up to 100°C in Ar.

B, C, and N elemental content derived from the corresponding XPS spectra (Figure 2.19) for
electrospun precursor PMeABF, cured PMeABF, and cured then annealed PMeABF at various
temperatures between 150-1400 °C in NH3z. NHz3 is used to eliminate the carbon impurities,
introduced from methyl group in PMeAB, which is critical to achieve high-purity h-BN.

Guilhon ef al. studied tris(isopropylamino)borane as the precursor to synthesize BN through
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Figure 2.17: Element contents of PMeABF annealed at

different temperatures (calculated from XPS spectra).

thermal treatment in NH3, proposing that NH3 facilitates the elimination process of methyl
amine and CHa4.” This observation aligns with my XPS results, in which the C and N contents
decrease simultaneously up to 150 °C, while the N content starts to increase at 200 °C onward,
with the C content diminishing significantly, to less than 2%. It is proposed that the reducing
nature of the NH3 environment not only facilitates further release of amine and CH4 from the
precursor fibres but also provides an additional N source to react with B-rich intermediates.
Figure 2.18 shows FT-IR spectra for PMeABF, cured PMeABF, and cured PMeABF annealed
at temperatures between 150°C to 1400°C. The spectra for cured PMeABF that has been
annealed at 150°C, 200 °C, and 300 °C show a gradual increase in intensity of B—N stretching
(1320 cm ™) and B-N bending (758 cm™!) modes, while B-H (2342 cm ') and C—H (1456 cm ™!
and 2984 cm™!) stretching modes gradually decrease. In the temperature range between 300 °C
to 900 °C, N—H and N—C stretching modes disappear due to the removal of N—H terminal
group and the C content decreases due to ammonolysis.?®!4315¢ The spectra for cured PMeABF

annealed at 900 °C and above have only the B—N stretching and B—N bending modes
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Figure 2.18: FT-IR spectra of PMeABF annealed at different

temperatures.

present.'>” The effective removal of C species from B-C-N-rich polymers during the annealing
process in NH3 has been discussed previsouly.?-’8138°1€0 Thig process primarily relies on the
evolution of methylamine through transamination reactions, as well as carbothermal reactions
between carbon and NH3.!5%!%" The elemental ratio for BNF produced through annealing
PMeABEF at 1400 °C in NH3z is 1:1.2, which suggests a nearly stoichiometric composition of B
and N elements, with a negligible carbon impurity of 1.31%. In polymer-derived BN materials,
such low levels of carbon and oxygen impurities (with both below 2 wt.%) are considered
significant, as compared to the impurity levels reported in the literature (Table 2.3). As
observed, most papers in this field avoid even mentioning the content of carbon and oxygen

impurities.
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Figure 2.19: Typical XPS spectra of PMeABF heated at different temperatures. Peak
intensities are quantified by normalizing the relatively stable boron peak to 1 across all
temperatures. B, C, and N elemental contents derived from the XPS spectra show continual
reduction of C content as well as an initial decrease and following increase of N content. This

indicates that NHj3 serves a dual role, removing carbon while also providing nitrogen at

temperatures above 200°C.
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Table 2.3: Measured or calculated carbon and oxygen contents in synthesized BNF in

literature.
Carbon Oxygen Thermal
Reference
Content Content Treatment
This work 1.31% 1.61% 1400°C (NH3)
Thermal behaviour of a series of poly[B-
. . . 1000°C (NH3)
(methylamino)borazine] for the Not specified | ~2% 1800°C (No)
2
preparation of boron nitride fibers’?
A new class of boron nitride fibers with
tunable properties by combining an ) ) 1000°C (NH3)
o Not specified | Not specified
electrospinning process and the polymer- 1800°C (N2)
derived ceramics route?’
Design and synthesis of a novel spinnable
: oy : 800°C (NH3)
polyborazine precursor with high ceramic | <1% <1%
. . o 1800°C (N2)
yield via one-pot copolymerization'®!
Boron Nitride Fibers Prepared from
_ _ _ 600°C (NH3)
Symmetric and Asymmetric 2.5-3.2% Not specified
. . 1800°C (N2)
Alkylaminoborazines®!
Alkylaminoborazine-based precursors for
the preparation of boron nitride fibers by ] ) 1000°C (NH3)
. . Not specified | Not specified
the polymer-derived ceramics (PDCs) 1800°C (N2)
route’’
High-performance boron-nitride fibers . ‘ 1000°C (NH3)
_ ‘ Not specified | Not specified
from poly(borazine) preceramics?® 1800°C (N2)
High-performance boron nitride fibers
_ _ _ ‘ 1000°C (NH3)
obtained from asymmetric Not specified | Not specified 1600°C (No)
2
alkylaminoborazine*
Preparation and properties of hollow BN
_ . _ 1000°C (NH3)
fibers derived from polymeric <1% Not specified
1600°C (N2)

precursors’®
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Nearly stoichiometric BN fiber by curing

1200°C (NH3)
and thermolysis of a novel 0.14% 0.53%
‘ ' 1400°C (Ar)
poly[(alkylamino)borazine]’®
Electrospinning of boron nitride )
oy . ) 600°C (Air)
nanofibers with high temperature Not specified | Not specified
. 1400°C (N2)
stability”!
Boron Nitride Nanofibers by the . '
o . Not specified | Not specified | 1000°C (Ar)
Electrospinning Technique®
Large-Scale Production of Aligned Long
1100°C (NH3)
Boron Nitride Nanofibers by Not specified | Not specified
- . o 1500°C (N2)
Multijet/Multicollector Electrospinning>®
Synthesis of continuous boron nitride
_ ‘ _ ‘ 1100°C (NH3)
nanofibers by solution coating electrospun | Not specified | Not specified
1500°C (N2)
template fibers?’
Crystallinity, Crystalline Quality, and
. . . : 1000°C (NH3)
Microstructural Ordering in Boron Nitride | ~2% Not specified
1800°C (N2)
Fibers'®?
Controlling the chemistry, morphology
and structure of boron nitride-based
‘ ‘ 1000°C (NH3)
ceramic fibers through a comprehensive 2.4-7.6% <2%
o o 1800°C (N2)
mechanistic study of the reactivity of
spinnable polymers with ammonia'®
Texture, structure and chemistry of a
. . . . . . 1 8000C
boron nitride fibre studied by high Not specified | Not specified
. . 64 (NH3/N2)
resolution and analytical TEM
Effects and Control of Polymer-Converted
Carbon Impurity in Synthesizing 1100°C (NH3)
‘ o 0.5-5% 1-3%
Continuous Boron Nitride Nanofibers by 1500°C (N2)
Electrospinning'%’
Polymer-Derived Boron Nitride: A
‘ ‘ ‘ 900-1450°C
Review on the Chemistry, Shaping and
‘ . ‘ 1-5% 2-6% (NH3)
Ceramic Conversion of Borazine
1800°C (N2)

Derivatives®’
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Microstructures and properties of

polymer-derived hexagonal boron nitride . 800°C (NH3)
S ' Not specified | 0.5-5%

fibers with initial gradient oxygen 1600°C (N2)

contents’’

Pure & crystallized 2D Boron Nitride

sheets synthesized via a novel process 2.4% 11.5% 1800°C (N2)

coupling both PDCs and SPS methods'®
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2.3.3 Detailed Characterisation of the BN Fibres

B 52.34% N 1s
C1.31%
| N44.73%
2 01.61%
o
Py
2
5 B 1s
C
- O 1s
"“'\u C1s

1000 800 600 400 200 O
Binding energy (eV)

Figure 2.20: XPS survey spectrum, inset shows
calculated element content of B, C, N, and O. (g-h) XRD
pattern of synthesized BNF (orange) and exfoliated h-BN
(black). (h) Enlarged (002) peak. (i) Typical TEM image
of a BNF, inset shows FFT’s diffraction pattern.

An XPS analysis of the synthesized h-BN fibres shows B 1s (190.4 eV), C 1s (284.8 V), N 1Is
(398.0 eV), and O 1s (533.1 eV) peaks confirming the intrinsic BN nature (Figure 2.20).'¢
The presence of significantly weaker signals at approximately 188.7 eV and 396.6 eV for B-C
and N—C, respectively,'%%1 is consistent with less than 2% of these C impurities. B—O (~192.5
eV)!%® and N—O (~400.4 eV)'® modes for the BNF are present in low intensity (Figure 2.21).
The presence of minor oxygen impurities in the sample could potentially be attributed to small
amounts of oxidation or moisture adsorption occurring during sample preparation under an
ambient atmosphere. The atomic percentages of B and N are measured as 52.34% and 44.73%,
respectively, which aligns with the B-rich composition indicated by the EDX line profile results
(Figure 2.22). Flemental mapping analysis (Figure 2.22) provides evidence for the
homogeneous distribution of B and N within the h-BN fibres. Studies have shown that the

presence of oxygen impurities can influence the thermal conductivity of BN materials. For
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Figure 2.21: High-resolution spectrum of (a) B 1s, (b) C 1s, and (c) N 1s.

example, research on BNNT indicates that oxygen impurities, resulting from partial oxidation,
can affect their thermal properties.'*! However, given the minor impurity content in my
samples, any effect on the insulation and thermal conductivity is expected to be negligible.

The FT-IR spectra for both synthesized BNF and commercial exfoliated h-BN nanosheets
(BNNS) were compared (Figure 2.23). For BNNS, two distinct absorption peaks are observed
at 1359 and 802 cm™! corresponding to in-plane B—N stretching vibration of sp?>-bonded h-BN
and out-of-plane B-N-B bending vibration.!” The BNF shows two, very similar, sharp
absorption peaks at 1354 and 798 cm ! but the relative peak intensity for B-N to B-N-B
bending vibration is higher than that for BNNS. This is most likely due to the larger thickness
of BNF compared to BNNS.!”! No additional peak between 3000-3500 cm ™! was observed for
BNF.

The X-ray diffraction (XRD) pattern of the synthesized BNF also aligns with the pattern
obtained from BNNS, displaying similar peak positions, and confirms the crystalline structure
of BNF (Figure 2.24). In the XRD spectrum two broad peaks are observed at 20 ~25° and 43°,
corresponding to the (002) and (100) crystal planes of h-BN, respectively.!”? Compared with
BNNS, the peaks show broadened width [FWHM: BNF n2) peak = 5.25° and BNF100) peak =
4.06° vs BNNS(@02) peak = 0.29° and BNNS00) peak = 0.29°]. This is suggestive of a
turbostratic structure of BN, with less extended/ordered stacking along both a- and c-axes. The

calculated d(0o2) layer spacing for the BNF is 0.352 nm, slightly larger than that of BNNS (0.333
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Figure 2.22: EDX line scan profile and elementary mapping
of an individual BNF.

nm). This expansion is generally observed in 1D-structured BN materials due to the
combination of turbostratic ordering and wall curvature. The calculated average crystallite size
of BNF is 2.16 nm, indicating a polycrystalline structure (Figure 2.25). While the turbostratic
polycrystalline structure is evident, the presence of higher resolved peaks, e.g. (101), (102),
(004), (110), in the XRD pattern of BNF indicates that a certain level of ordering is still present
in the material.

High-resolution transmission electron microscopy (HRTEM) combined with fast Fourier
transform patterning (FFT) was used to further quantify degree of crystallinity of the
synthesized BNF. The measured d-spacing is 0.334 nm for (002) planes, and 0.214 nm for (100)
planes, in agreement with previously reported values (Figure 2.26, 2.27).'” FFT reveals the
partially ordered structure, with ring-like diffraction patterns dominating, that correspond to
turbostratic or polycrystalline regions, in addition to several visible diffraction spots
corresponding to hexagonal or crystalline regions.!”* These diffraction spots were assigned to
the (002) and (100) planes, consistent with the results obtained from HRTEM and XRD

analyses (Figure 2.27, 2.28). Combining both XRD and TEM results, I conclude that t-BN and
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Figure 2.23: FT-IR spectra of synthesized BNF (orange) and

exfoliated h-BN (black).

h-BN coexist within the ceramic fibres. This structural disorder is comparable to that observed

in turbostratic graphite, where misalignment between layers affects XRD results. In carbon

materials, such disorder does not imply the absence of crystalline regions but rather a lack of

consistent long-range order.!” Overall, the detailed characterisation of the annealed PMeABF

demonstrate fabrication of high purity polycrystalline hexagonal/turbostratic form of h-BN

fibres starting from a readily synthesized pre-ceramic B-N polymer precursor.
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Figure 2.24: (a) XRD pattern of synthesized BNF (orange) and exfoliated h-BN (black). (b) Enlarged

(002) peak.
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Figure 2.25: Crystallite size D calculation from the XRD pattern by fitting the three dominating peaks

e.g. (002), (100), and (110). The average crystallite size is calculated to be 2.16 nm, indicating a
polycrystalline structure of BN.
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Figure 2.26: HRTEM line profiles of BNF showing d-spacing of 0.334 nm for (002) planes and 0.214
nm for (100) planes.
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Figure 2.27: Line profiles of FFT derived from the HRTEM image of BNF (Figure 2.15) showing d*
of 3.0 nm™! for (002) planes and 4.7 nm™! for (100) planes.
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2.3.4 Mechanical Properties of BN Fibres

b1500 ........

Load (iN)

0 200 400 600 800 1000 1200

Displacment (nm)

Figure 2.29: (a) Optical image taken using the TI Premier, and (b) example load-displacement data

with optical before and after inserts.

Nanoindentation test were conducted in order to give an indication of the mechanical properties
of BNF. Precursor PMeABF were directly electrospun onto single crystal silicon wafers and
BNF were dissolved in acetone and drop-cast onto single crystal silicon wafers. This dispersed
fibres enough to allow individual fibres to be tested via nanoindentation (Figure 2.29). Figure
2.29a shows a low magnification optical image of dispersed fibres and Figure 2.29b shows a
single targeted indentation on a fibre resulting in fracture as demonstrated by the before and
after optical images and the large displacement jump in the load-displacement data. The large
increase in load after the displacement jump is indicative of the indenter impacting on the
silicon substrate, to avoid this the results collected on fibres have been conducted at low loads

(below 800 uN) to avoid fracture and minimize the impact of the substrate.
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Figure 2.30: (a) Example BNF load-displacement curve, and (b) example PMeABF load-displacement

curve.

The elastic reduced modulus of BNF (1.1+0.6 GPa) is in line with those observed in the
BNNT fibres (~1.4 GPa)!’® and in the BNNT “buckypaper” (~1.2 GPa).!”” The measured
hardness in the BNF (11.14+1.3 MPa) is also in line with the estimated tensile strength of the
BNNT fibres (~15.7 MPa)!’® and the BNNT “buckypaper” (~13.8 MPa)!”’

Some BNF showed regions of potential fibre movement/rotation during the test that is
distinct from the fracture jump as shown in Figure 2.30a where the fibre is still whole after
indentation but slightly rotated and there is no large step in displacement within the test.
Although this is not ideal and speaks to the difficulty of collecting mechanical properties data
from samples of this type the elastic values are calculated on unloading which is unaffected by
the rotation observed during loading. PMeABF did not show any movement or rotation during
testing and Figure 2.30b shows an example load-displacement of a fibre.

The data from BNF results in standard deviation in measurement of the hardness of less
than 12% of the mean which can be expected for the relatively small number of measurements
from fibres without obvious fracture (from post-test optical image) or impact with the substrate
(displacement jump) highlighting the difficulty of conducting this sort of measurement. The
PMeABEF results have almost 100% standard deviation and results may be affected by the

substrate in a more subtle way that is not easily triaged. This suggests that future attempts at
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measuring mechanical properties via this method should consider in-situ testing where the

impact point of the indenter tip on the sample can be directly observed and guaranteed.

2.4 Summary

A straightforward method for the production of BNF is reported, that uses a combination of
solution electrospinning and high temperature annealing, using the well-defined polymer pre-
ceramic, PMeAB. This air-stable, as a solid, main-chain B—N polymer is synthesized by a
controlled atom efficient catalytic dehydropolymerisation of the readily available premonomer,
H3;B-NMeHo>, using very low loadings of catalysts that are commercially available (i.e. [Ir],
minimising contamination of the resulting PMeAB, therefore reducing residual metal
impurities in the final BN products). The degree of polymerisation of PMeAB is readily
controlled, and PMeAB can be synthesized on 50 g scale. This straightforward synthesis of
PMeAB, when combined with its non-volatility, highly solubility, and high B-N-content, make
it a promising single-source precursor for BN materials. To validate this hypothesis,
examination of PMeAB’s solution properties, electro-spinnability, and thermal behaviours,
determined, for the first time, the optimal parameters for electrospinning PMeAB solutions into
fibrous forms of PMeABF. Subsequent curing and high temperature annealing using
ammonolysis demonstrated the formation of cross-linked PMeABF and its gradual transition
toward BNF with high purity and turbostratic ordering. To my knowledge, the method
presented here represents the first instance of using additive-free solution electrospinning
process to produce BNF. The other key contribution is the first proposal of a stabilised PMeAB
intermediate through curing and the first attempt at ammonia annealing of PMeAB, which
together enables the design of complex PMeAB-derived BN structures. My PMeAB-route to
BNF by electrospinning precisely controlled polyaminoborane pre-ceramic precursors offer
advantages over the current state-of-the art methods. It uses widely available, commercially
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accessible, precursors and catalysts to straightforwardly generate PMeAB suitable for
electrospinning and then BNF production. These practical improvements now allow for the
development of larger scale manufacturing routes, which will allow for the exploration of these
technologically important high-performance materials in a wide variety of settings such as fibre

reinforced composites.
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Chapter 3

Template-Free Synthesis of 3D
Boron Nitride Porous Nanostructures from
Linear and Cyclic B-N Molecular

Precursors
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3.1 Introduction

Low-dimensional materials have displayed unique potential in the fields of environment,
energy,'’8 catalysis,'” and electronics'® due to their reduced dimensions, high specific surface
areas, and facile tunability of size, shape, morphology, and microstructure. Among these
materials, 1D nanotubes and 2D nanosheets made from carbon and/or BN are notable
representatives. h-BN nanosheets and nanotubes are well known for their exceptional chemical
inertness and thermal stabilities (up to 1000 °C in air and over 2000 °C in inert atmosphere).*
In terms of electrically insulating applications, h-BN is preferred over its carbon counterpart
owing to its broader band gap, typically around 5~6 eV.?* Introducing porous structures into
BN nanomaterials can further enhance the surface area and offer additional active sites desired
for molecular separation and storage.'®! The stability and potentially high porosity of p-BN
have prompted several studies in the past decade, focusing on its synthesis and subsequent
applications in gas sorption processes. These applications include, but are not limited to, CO>

capture,'®? CO,/CHj separation,'®* paraffin/olefin separation,'®* and H, storage.!'®®

70



Table 3.1 Summary of synthesis methodologies for p-BN.
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Figure 3.1: Growth process of BN nanosheets using the chemical blowing method proposed by Wang

et al.'*¢

p-BN is typically obtained through high-temperature reactions between single or multiple
boron- and nitrogen-containing precursors. This can be carried out with or without the use of a
template. Table 3.1 summarises the synthesis methods, associated precursors,
structural/compositional properties, and thermolysis parameters for p-BN presented in the
literature. Template-based methods employ preformed porous templates onto which BN is
deposited or attached, forming p-BN; the template is subsequently removed by thermal
treatment or chemical means. Template-free methods are a better choice than template-based
ones, as they require fewer reagents and synthesis steps. Among various template-free methods
proposed for p-BN, Wang et al.'*® introduced a relatively new strategy, i.e. “chemical
blowing”, which relies on creating bubbles with atomically thin B-N-H polymer walls by

releasing H» gas from a precursor AB compound, as shown in Figure 3.1. This one-step, single-
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source approach avoids the use of templates, catalysts, or substrates, enabling fast, simple, and
cost-effective production of high-yield BNNSs at an industrial scale. Although it is evident that
porosity was introduced into the BNNSs during the H» release, the mechanism of porosity
formation and its subsequent development were not presented. To ensure the deployment of p-
BN at a larger scale, one must be able to tune its porosity and chemistry for a given application,

which clearly necessitates an understanding of its formation process.

PMeAB, a linear polymer with alternating boron and nitrogen backbone, can be
synthesized by the metal catalysed dehydropolymerisation of methyl-substituted AB, MeAB.
In Chapter 2, I described the potential of using PMeAB as the precursor to produce high quality
BN in fibrous form through thermolysis in flowing ammonia. Here, I have developed a one-
step template-free method to produce p-BN with tunable porosity, chemistry, and surface
texture based on the chemical blowing of PMeAB and its reaction with ammonia. This
approach relies on the thermal dehydrogenation of PMeAB to induce controllable porosity in
the initial stage, along with using ammonia to assist in forming BN nanomorphologies

(nanosheets, nanotubes and/or nanofibres).

Recently, Weller’s group reported that the addition of sodium bis(trimethylsilyl)amide
[NaN(SiMes)2] to the synthesized PMeAB induces a selective depolymerisation reaction,
resulting in the formation of the eee-isomer of N N,N-trimethylcyclotriborazane
[(H.BNMeH)s, denoted as MeCTB] (Figure 3.2).2°” Upon sublimation, the resulting MeCTB
self-assembles into a 3D sponge-like porous structure. Structurally, MeCTB contains a B-N
six-membered ring, analogous to cyclotriborazane [(HBNH2);, denoted as CTB], the
dehydrogenated form of borazine (BZ)—a well-known precursor for h-BN nanomaterials. This

structural similarity suggests that MeCTB could potentially exhibit a comparable thermal
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Figure 3.2: Depolymerisation of PMeAB using Na[N(SiMe3),] for the synthesis
of MeCTB proposed by the Weller’s Group.?"’

decomposition behaviour, wherein the B-N ring structure inherently restricts the occurrence of
volatile side reactions, thereby facilitating the formation of h-BN while preserving the original

porous morphology of the precursor.

Therefore, MeCTB, as a chemically repurposed derivative of the well-studied main-group
polymer PMeAB, presents itself as a promising precursor for fabricating 3D h-BN sponge
structures. However, unlike CTB or BZ, MeCTB incorporates methyl groups, introducing
carbon into the molecular framework. This additional element complicates the thermal
decomposition pathway, making the conversion to h-BN less predictable. In this study, I
demonstrate the successful synthesis of a highly porous 3D BN sponge with a large surface
area, derived from MeCTB via a straightforward one-step thermolysis process under an

ammonia atmosphere.

The integration of h-BN into 3D porous forms is considered to be one of the most effective
strategies to resolve the agglomeration issue caused by m-stacking among individual BN
components; thus, enabling the full realisation of the intrinsic 2D nature and high surface area
of h-BN.?% In this chapter, I present the development of two novel techniques to construct 3D
p-BN: (i) a thermal chemical blowing method utilizing PMeAB, and (ii) a similar but less
volatile chemical blowing method based on MeCTB. Through careful control over the

thermolysis process, p-BN with high specific surface areas and pore volumes can be produced.
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All samples were characterized comprehensively by analytical tools to investigate the porosity,

microstructure, composition, and surface texture of materials.

3.2 Materials & Methods
3.2.1 Materials

Table 3.2: Summary of reactants and solvents used in this chapter for synthesis of p-BN.

Name Purity Supplier
Reactants
PMeABys >95% Weller's Group®
MeCTB,) >95% Weller's Group®”’
NHj3(g >99.94% BOC
At 99.998% BOC
Solvents
CHClsqy - Fisher Scientific
THF - Fisher Scientific
DMEF; - Fisher Scientific
DMSOy, - Fisher Scientific
3.2.2 Synthesis
Gas flow controller Tubular furnace Bubbler

Outlet gases

ﬂm Teamm H}%

Vent

NH,/Ar
L |
I |

300 mL/min 1200 mm

Figure 3.4: Schematic of tubular furnace set-up with gas flow controller and bubbler.

The synthesis setup in this chapter is schematically presented in Figure 3.2. The setup includes

a tubular furnace (TSH15, Elite) with an alumina tube (ALM 5848 OD58mm x ID48mm x
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1200mm, Almath) connected to the gas inlets controlled by a mass flow controller (Mass-Flo®,
MKS instruments UK Itd). The other end of the alumina tube was connected to a bubbler filled
with water to prevent back flow, filter outgoing gases, and provide visual checking to ensure
the absence of leaks in the setup. Inside the alumina tube, 100 mg of PMeAB in either powder
or solution form is contained in an alumina boat with an alumina lid placed on top. Prior to the
heating of the furnace, 150 sccm of Ar for 10 mins is used to flush the system. The rector
furnace is heated up to 1400 °C in 300 sccm NH3/Ar flow with 10 “C/min heating rate for 2 hrs.
After reaction, the furnace is cooled under Ar flow and the setup is carefully removed for

further characterisation.

3.2.3 Characterisations

SEM images were acquired using a Zeiss Merlin SEM and a JEOL JSM-840F SEM operating
at an accelerating voltage of 3 kV. Prior to imaging, the samples were coated with a 10 nm
layer of platinum. EDX line scanning and elemental mapping were performed using a Zeiss
Merlin SEM operating at an accelerating voltage of 3 kV. BNNF diameters were determined
by analysing at least 200 unbiased counts from the SEM images and fitting the resulting
histogram. TEM images were obtained using a JEOL JEM-2100F TEM operating at an
acceleration voltage of 200 kV and a JEOL ARM-200F operating at an accelerating voltage of
80 kV. STEM images and EELS spectra, line-scans and maps were obtained on the JEOL
ARM-200F, with beam energy 80kV. The convergence and collection semi-angle were set to
30 and 40 mrad respectively. TGA-MS measurements were conducted using a STA 449 F3
Jupiter® instrument coupled with a 403 Aé&olos Quadro quadrupole mass spectrometer. The
samples were heated in Ar atmosphere from room temperature to target temperatures at a

heating rate of 10°C/min. The quadrupole was used to scan all m/z ratios from m/z =1 to m/z
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= 150 approximately every 30 s. Raman spectra were collected using a JY Horiba Labram
Aramis imaging confocal microscope with a 532 nm green light laser. The laser intensity was
tuned according to the Raman signal. No prior treatments were done on the product samples
for Raman spectroscopy studies. XPS analysis was conducted using a Thermo Scientific K-
Alpha X-ray Photoelectron Spectrometer System. An ion pumped VG Microtech CLAM 4
MCD analyser system equipped with unmonochromated Mg K, X-ray radiation of 1253.6 eV
was used. XRD analysis was performed at room temperature using a Siemens D5000 powder
diffractometer with copper K, radiation (A = 0.15406 nm) and a secondary monochromator.
The samples were continuously rotated during data collection, and a step size of 0.05° 20 was
used in the range of 10—-100° 26 with a count time of 12 s per step. FT-IR Spectroscopy
attenuated total reflection (ATR) spectra were recorded using a Varian Excalibur FTS 3500
FT-IR spectrometer in the range of 600 to 4000 cm'. BET surface area analysis was performed
based on N adsorption isotherm obtained by a Micromeritics Gemini VII BET surface area
analyzer. UV-Vis DRS was conducted on a Varian Carry 5000 UV-Vis-NIR spectrophotometer
using a Praying Mantis diffuse reflectance accessory. The powder samples were pressed into
non-transparent flat pellets before characterisation. All samples were characterized by ensuring

the same equipment calibration, and the results were presented without normalisation.

3.3 Results & Discussion

In this section, the structures of the as-synthesized p-BN were systematically analysed to
evaluate the effectiveness of the proposed fabrication methods in introducing a hierarchical
porous structure into the BN frameworks and to facilitate comparison of the quality and
quantity of p-BN structural/compositional properties with those in the literature. Next, the

microstructures and elemental compositions of the p-BN samples were examined in detail.
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Based on these observations, the formation mechanisms underlying the various BN
morphologies were proposed and will be further integrated with computational studies
discussed in Chapter 4. Finally, the controlled carbon doping into the p-BN matrix, resulting

in the formation of porous boron carbon nitride (p-BCN), is demonstrated.

3.3.1 Achieving 1D/2D Nano-BN Hybrid Porous Structures

Figure 3.5: Actual image of a
drop-cast PMeAB/CHCI; solution
after drying overnight.

PMeAB samples were first dissolved in various solvents, including CHCl3, THF, or DMF,
yielding viscous PMeAB solutions. These solutions were subsequently drop-cast into
containers and allowed to dry completely prior to undergoing high-temperature annealing, as
illustrated in Figure 3.5. PMeAB solutions prepared in CHClz, THF, or DMF with a PMeAB
weight percentage above 15% are suitable for drop-casting. A similar PMeAB concentration

in THF has been reported in the literature to produce transparent PMeAB thin films.”
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Figure 3.6: Morphology of PMeAB-derived p-BN. (a) Optical image of a 3D p-BN, showing a light-

grey BN specimen. (b-d) Typical SEM images of the microstructure of p-BN, revealing a hierarchical
1D/2D nano-BN architecture.

The as-grown p-BN exhibits a crushed, porous shell-like morphology, as shown in Figure
3.6b, consisting of numerous randomly stacked, collapsed 2D BNNS, each with a thickness of
approximately 150 nm and lateral dimensions often exceeding 10 um, uniformly distributed
across the entire area (Figure 3.7a). In addition, as-grown 1D nano-BN structures
homogeneously and densely distributed across the surfaces of these BNNS throughout the
entire p-BN specimen, as shown in Figure 3.6¢c, d. The diameters of these 1D nano-BN
structures are approximately 38 nm, with lengths reaching up to 10 um (Figure 3.7b). This
differs from the previously reported chemically blown BNNS by Wang et al.'>® As discussed
in Section 3.1, their method produces BNNS without the 1D nano-BN features observed in my

work, and the porosity and surface area of their BNNS were not characterized. Although the
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Figure 3.7: (a) Thickness distribution of as-grown BNNS in p-BN. (b) Diameter distribution of as-
grown 1D nano-BN in p-BN.

BNNS are thinner (generally ranges from 1 to 5 nm) than those produced in my study, the final
product exists as dispersed BN powder, lacking the 3D monolithic structure achieved in my p-
BN. The structural coherence of monolithic structure enables easier processing, shaping, and
integration into devices. The continuous 3D network facilitates improved mechanical stability
against stress, enhanced thermal management, and better chemical resistance compared to
dispersed BN powders, which tend to suffer from aggregation, poor structural cohesion, and

limited applicability in load bearing or thermally demanding environments.!'7*-2%°

HRTEM results reveal that the BNNS possess a few-layered structure, as shown in Figure
3.8a, b. The examined BNNS comprises approximately seven atomic layers, as determined by
the number of fringes observed at the folded edge. The interlayer spacing is measured to be

0.334 nm, which agrees well with the value reported for bulk layered h-BN.!” In Figure 3.8a,
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Figure 3.8: TEM characterisation of highly-crystallised BNNS in synthesized p-BN. (a) Low-
resolution and (b) High-resolution TEM images, showing the edge of a few-layer BNNS. (c)
Corresponding FFT pattern on the BNNS surface. (d, e) Line profiles of FFT, showing d* of 3.273 nm"
! for (002) planes and 4.611 nm™! for (100) planes.

a Moiré pattern can be observed in the top right corner, further indicating the presence of
stacked few-layer 2D BNNS.?!? FFT analysis shows a six-fold symmetric diffraction pattern,
with clearly defined spots corresponding to the (002) and (100) planes of h-BN (Figure 3.8d,
e), thereby confirming its hexagonal structure and multilayer nature.?!! These results indicate

the high crystallinity of the synthesized BNNS.

Some BNNS are found to be more disordered, forming randomly entangled networks that
contribute to a polycrystalline structure (Figure 3.9). Figure 3.9a illustrates the interlaced
connections between BNNS. Although the individual few-layer BNNS domains are well-
crystallised (Figure 3.9b), they lack long-range structural order. In other words, the

synthesized 3D p-BN frameworks can be regarded as ensembles of h-BN polycrystals. The
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Figure 3.9: TEM characterisation of partially disordered BNNS in synthesized p-BN. (a) Low-
resolution and (b) High-resolution TEM images, showing randomly interconnected of few-layer BNNS.
(c) Corresponding FFT pattern on the BNNS surface. (d, ¢) Line profiles of FFT, showing d* of 2.901
nm! for (002) planes and 4.761 nm™! for (100) planes.

FFT pattern in Figure 3.9¢ displays a ring-like structure corresponding to the (002) and (100)
planes of h-BN, with less distinct diffraction spots compared to those in Figure 3.8c. This

further confirms the polycrystalline nature of the synthesized h-BN.!

The 1D nano-BN structures observed on the surface of the BNNS are identified as either
hollow boron nitride nanotubes (BNNT) or solid boron nitride nanofibres (BNNF), as shown
in Figure 3.10. Figure 3.10a presents a multi-walled BNNT (MW-BNNT) consisting of
approximately seven concentric walls. The outer diameter is measured to be 6.67 nm, which is
relatively small compared to the typical MW-BNNT diameter reported in the literature, usually
ranging from 20 to 50nm or larger.!*® The BNNT in the p-BN sample exhibit a highly

crystalline structure with well-defined walls and a d-spacing of 0.33 nm. Although some
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Figure 3.10: TEM characterisation of 1D nano-BN structures in synthesized p-BN. High-resolution

TEM image of (a, b) a multi-walled BN nanotube and (c) a platelet BN nanofibre.

nanoparticle-like features are observed attached to the outer walls, I attribute these to 0D BN
nanostructures rather than impurities, given the high purity of the p-BN material, as confirmed
by XPS analysis (Figure 3.18a). Figure 3.10b shows a cross-sectional view of another BNNT
within the same p-BN specimen, where a clear tubular morphology is evident at the open tube

end.

In addition to BNNT, BNNF are also prominently observed (Figure 3.10c). These BNNF
are notable due to their unique platelet-like structure, in which layers of h-BN are stacked along
the rod axis, contrasting with BNNT, where the BN layers are oriented parallel to the tube axis.
The BNNF are generally larger than the BNNT (as shown in Figure 3.7b, the data exhibit a
bimodal distribution with two distinct peaks, indicating the presence of two dominant structural
features, i.e. the BNNT and the BNNF), with diameters in the range of 3040 nm and a
consistent d-spacing of 0.334 nm. Similar platelet 1D nanostructures have been reported in
carbon systems (e.g., platelet carbon nanofibres),?'? but such structures are rarely observed in
BN systems. The formation of these BNNF is likely influenced by the presence of excess
hydrogen or other heteroatoms for the stabilisation of the plates during synthesis,?!? a
hypothesis that will be further discussed based on the TGA-MS result presented in Section
3.3.2 combined with the computational studies in Chapter 4. Hydrogen tends to passivate the

dangling bonds at the edges of h-BN layers. Once passivated, newly arriving B or N atoms
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Figure 3.11: (a) FT-IR spectra of synthesized p-BN (red) and exfoliated h-BN (black). (b) XRD pattern
of synthesized p-BN (red) and exfoliated h-BN (black), inset shows enlarged (002) peak. (c) Raman
spectra of synthesized p-BN (red) and exfoliated h-BN (black).

cannot attach to the same basal plane but instead nucleate a new layer atop the existing one,
promoting the vertical stacking of h-BN layers along the growth direction and resulting in the

observed platelet morphology.>!?

To further characterize the properties of BN materials, FT-IR, XRD, and Raman
spectroscopy were employed, as shown in Figure 3.11. The FT-IR spectra of both synthesized
p-BN and exfoliated commercial BNNS were analysed over the range of 600—4000 cm’
(Figure 3.11a). For the exfoliated BNNS, two prominent absorption peaks were observed at
1359 and 802 cm™!, corresponding to the in-plane B-N stretching vibration of sp*-bonded h-
BN and the out-of-plane B-N-B bending vibration, respectively.!”® Similarly, the synthesized
p-BN exhibited two distinct peaks at 1323 and 763 cm™, indicative of the same characteristic
vibrational modes. Additionally, a peak at 1096 cm™! appeared in the spectrum of BNNS, which
can be attributed to the C-O stretching of tertiary alcohols, suggesting possible surface
adsorption of residual isopropanol used during the sonication process, despite post-treatment
removal efforts. Notably, no peaks were observed in the 3000-3500 cm™ region for p-BN,

indicating the absence of OH™ impurities commonly associated with hydroxyl groups.!”

XRD and Raman spectroscopy further confirmed the high crystallinity and hexagonal

phase of the synthesized p-BN, with results closely matching those of the exfoliated BNNS.
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The XRD pattern revealed four well-defined peaks at approximately 20 = 26°, 41°, 54°, and
76°, corresponding to the (002), (100)/(101), (004), and (110) crystallographic planes of h-BN,
respectively (Figure 3.11b).!7? The similarity in peak positions and intensities between p-BN
and exfoliated BNNS strongly indicates the preservation of the hexagonal structure. The inset
in Figure 3.11b highlights the (002) peak, showing near-identical position and a calculated d-
spacing of 0.333 nm for p-BN, in agreement with the value obtained from TEM analysis
(Figure 3.8). Raman spectroscopy also revealed strong correspondence between the
synthesized p-BN and exfoliated BNNS (Figure 3.11¢). Both materials exhibited a single,
sharp E», mode characteristic of h-BN, located at 1365.78 cm™ for p-BN and 1365.05 cm™ for
BNNS. The full width at half maximum (FWHM) of the p-BN Raman peak was 14.5 cm™,
only slightly broader than the 9.9 cm™ observed for exfoliated BNNS. A FWHM in the range

214,215

of ~10 cm™! typically indicates high crystallinity, reinforcing the structural quality of the

synthesized material.

The overall consistency of FT-IR, XRD, and Raman results between the synthesized p-BN
and exfoliated BNNS suggests that the p-BN is primarily composed of 2D BNNS with a
slightly greater thickness than that of the exfoliated BNNS. Notably, no carbon-related peaks
were detected in any of the characterisation techniques, confirming the high purity of the
synthesized BN and the effective exclusion of carbonaceous contaminants, similar to that of

commercially exfoliated BNNS.

3.3.2 Chemical Blowing of PMeAB

The fabrication process of BNNS is illustrated in Figure 3.12. During the thermal treatment of
raw PMeAB (Figure 3.12a) under an ammonia atmosphere, the initially ribbon-like

morphology progressively becomes disordered and diffuse upon heating above 80 °C (Figure
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Figure 3.12: Growth process of BNNS under proposed chemical blowing of PMeAB. SEM image of
(a) the as-prepared PMeAB at ambient temperature, (b) a moderately disordered ribbon-like structure
formed after thermal treatment at 80 °C in an ammonia atmosphere, and (c) an intermediate obtained at

300 °C, displaying a foam-like morphology composed of tightly packed, interconnected bubbles.

3.12b). This structural change is attributed to a phase transition into a more mobile intermediate
state, indicative of increased chemical reactivity. The emergence of this mobile phase
originates from slight thermal perturbation, which disrupts the hydrogen-bonding network
within PMeAB.!*621¢ Upon further heating, this intermediate undergoes dehydrogenation and
converts into poly(methyliminoborane) (PMelB), which subsequently transforms into BNCHx
species at approximately 300 °C (Figure 3.12¢), and finally crystallises into h-BN at 1400 °C
(Figure 3.6). This sequence aligns with previously reported reaction pathways.'>® Notably, the
BNCHx phase exhibits a bubble-like morphology composed of densely packed spherical
domains, suggesting a formation mechanism akin to “chemical blowing.” This mechanism
draws conceptual inspiration from the known blowing behaviour of ammonia borane (AB).'*°
In this process, the activated intermediate phase of PMeAB begins to decompose near 100 °C
(Figure 3.13a), releasing hydrogen gas and inducing inflation of the soft polymer matrix into
gas-filled bubbles. The inherent polarity of B-N bonds may facilitate chain alignment into
planar configurations that effectively entrap the evolving gas.!>* Owing to localised exothermic

reactions, the conversion from PMeAB to PMelB and subsequently to BNCHx proceeds

rapidly.
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The thermolysis is conducted under an ammonia-rich atmosphere. Ammonia preferentially
reacts with methyl groups in PMeAB, generating volatile NCHx species that aid in the removal
of carbon content.?!” Thus, the conversion pathway not only involves the transformation from
PMeAB to PMeIB to BNCHy, but also includes side reactions such as the formation of
polyaminoborane (PAB) and polyiminoborane (PIB), eventually contributing to the evolution
of BNHy intermediates. Hydrogen evolution effectively inflates the polymeric bubbles until
their walls become increasingly thin. In parallel, small volatile species—such as borane,
ammonia, methane, borazine, and methylborazine—are released, promoting additional
thinning of the bubble walls, as evidenced by TGA-MS spectra in Figure 3.13, displaying
characteristic peaks of these released species. At elevated temperatures (~1400°C), the
dehydrogenated bubble walls solidify into h-BN. Subsequent bubble collapse or rupture results

in the formation of thin BNNS.

To better understand the complex chemical transformations occurring during the thermal
decomposition of PMeAB, and to identify the volatile species released at various temperatures,
thermogravimetric analysis coupled with in sifu mass spectrometry (TGA-MS) was conducted.
While the actual thermolysis experiments for converting PMeAB to p-BN were carried out
under an ammonia atmosphere, the TGA-MS measurements were performed in an argon
atmosphere due to equipment constraints. Prior to heating, the system was thoroughly purged
with argon for two hours to eliminate residual gases, and the background signal was subtracted

to ensure accurate detection of decomposition products.

The mass spectrum recorded at both before (Figure 3.13b) and after (Figure 3.13c¢) the
point of maximum decomposition, corresponds to the peak observed in the differential
scanning calorimetry (DSC) curve (Figure 3.13a). This peak indicates the highest rate of heat
release, suggesting that the most vigorous, predominantly exothermic, reaction occurs at this

temperature. Among the numerous fragments detected, several were identified as well-known
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Figure 3.13: (a) TGA (black) and DSC (blue) profiles of PMeAB during heating from room
temperature to 1400 °C under an argon atmosphere. (b) Mass spectrum recorded at 92.5 °C, prior to the
onset of major decomposition. (¢) Mass spectrum recorded at 202.7 °C, after significant decomposition

has occurred, with peak profiles assigned to various evolved chemical species.

chemical species based on their characteristic mass-to-charge (m/z) ratios. To date, no reports
have documented the simultaneous detection of this broad range of decomposition products or
systematically explored their roles in h-BN synthesis from PMeAB. However, studies on AB
provide a useful point of reference for interpreting these results and for formulating initial

assumptions regarding the PMeAB system.?!®

Identified species include hydrogen (Hz, m/z ~ 2), borane (BH3, m/z ~ 13),2!® ammonia
(NHs, m/z ~ 17),2'8 diborane (B2He, m/z ~ 26),%'8 ammonia borane (BH3NHs, m/z ~ 30),

borazine and cyclotriborazane (B3N3Hx, m/z ~ 78-82),!90:219220 and methyl-borazine and
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cyclotrimethyl-borazane (B3;N3C3Hx, m/z ~ 120-122).!% In addition to these, two prominent
but less clearly assigned fragments appear in the m/z ~ 26-31 and m/z ~ 38—42 ranges. The
signal at m/z ~ 16 is likely attributable to methane (CH4), derived from the decomposition of
the methyl group in PMeAB. The fragment cluster in the m/z ~ 2631 range is consistent with
monomeric aminoborane (BNHy),?!%2?° as reported in earlier studies, or possibly with NCHx-
type complexes, considering the presence of methyl groups in the system. The m/z ~ 38—42
range appears to reflect a more complex mixture of species, potentially including hydrogen-
rich triborane (B3Hx),??' aminodiborane (BoNHy),??>?** and dehydrogenated methylamine
borane derivatives (BHxNHxCHy). Further, signals in the m/z ~ 51-54 range may correspond
to species such as BoNCHx and cyclodiborazane (B2N2Hx). However, the exact molecular
structures of these fragments remain uncertain. Chapter 4 will address this through
computational modelling, aiming to predict the most probable structures and assess their
relevance to the overall decomposition and BN formation pathway. It is worth noting that while
secondary decomposition or deposition during the transfer of species to the mass spectrometer
may occur, such effects are expected to be minimal, as most of the detected species are stable

within the timescale of the measurement.

Once the key chemical species were identified, subsequent measurements were carried out
to track their evolution during heating. The release profiles of all significant species were
monitored from room temperature up to 1400 °C, as shown in Figure 3.14. Notably, several
expected decomposition products of PMeAB, including H> (m/z = 2), dehydrogenated MeAB
(m/z=42), BZ (m/z=_81), and MeBZ (m/z = 121), first appear at approximately 200 °C. These
signals suggest that PMeAB undergoes a series of concurrent reactions: dehydrogenation to
generate Ho, dissociation to form MeAB-type species (BHxNHxCHx), and cyclisation to yield
BZ and MeBZ. From around 250 °C, the evolution of H», dehydrogenated MeAB, BZ, and
MeBZ continues. However, the signals for BZ and MeBZ diminish and disappear by 400 °C,
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Figure 3.14: The evolution profiles of individual released species recorded

from room temperature to 1400 °C.

while H; and dehydrogenated MeAB persist until approximately 500 °C. At 250 °C, additional
species are also detected, including CH4 (m/z = 16), NH3 (m/z = 17), and a range of BNHx-
and NCHx-type fragments (m/z = 26-31), which are likely products of simultaneous
dehydrogenation and dissociation processes. Above 500 °C, only H> remains detectable in
significant quantities, indicating that PMeAB continues to undergo dehydrogenation at
elevated temperatures. This observation is consistent with the DSC curve, which shows a

sustained exothermic signal extending into the higher temperature range.
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Notably, all PMeAB samples (PMeAB1 to PMeAB10), despite variations in molecular
weight (see Figure 2.5 for sample details), exhibit similar TGA-DSC profiles, as shown in

Figure 3.15. A minor endothermic dip appears at ~120 °C, just before a major exothermic peak
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Figure 3.15: TGA-DSC profiles of samples PMeAB1 to
PMeAB10 were recorded over a temperature range from room

temperature to 300 °C.
at ~160 °C. This endothermic feature corresponds to the melting behaviour of PMeAB, which
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Figure 3.16: SEM images of PMeAB after ammonia thermolysis at (a, d) 1200 °C, (b, ¢) 1300 °C, and
(c, f) 1400 °C.

occurs between 100 °C and 150 °C across all samples. The observed melting point (~120 °C)
is significantly higher than that of the monomer MeAB reported in the literature (55 °C)'% and
is comparable to that of AB (114 °C)*"”. These results indicate that the thermal decomposition
behaviour of PMeAB is largely independent of molecular weight and follows a similar profile
to MeAB and AB with only slight variations in melting and decomposition temperatures—a
minor endothermic transition followed by a major exothermic event. Thus, it is reasonable to
hypothesize that the B-N—H-containing species detected by MS are similar to those reported
in studies of MeAB or AB, and these prior investigations can be used as reliable

references.00-218:219

To investigate the formation of 1D BNNT and BNNF on the BNNS surface, SEM images
were obtained to observe surface morphology changes at different temperatures ranging from
1200 °C to the final target of 1400 °C under ammonia atmosphere thermolysis, as shown in
Figure 3.16. At 1200 °C (Figure 3.16a, d), only BN nanoflake-like structures are present, with
relatively small lateral dimensions (below 200 nm) and a flat orientation on the surface. This

result is in partial agreement with theoretical studies by Han et al.,*** who employed SCC-
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DFTB simulations to examine BN nanostructure formation using NH3-based precursors in arc
plasma environments. In their model, BN nanoflakes formed on small boron clusters under an
NHs-rich environment, resulting in flat structures. This scenario closely resembles my
experimental system. As supported by the XPS data presented in Figure 2.18 and Figure 2.20,
thermolysis of PMeAB leads to the progressive release of carbon and nitrogen, leaving behind
a boron-rich matrix. With the continuous supply of NH3, my system can effectively be regarded
as consisting of a boron-rich target exposed to NH3 feedstock, analogous to the conditions
modelled by Han ef al. In their study, the bombardment of NH3 supplies nitrogen to form a
stoichiometric h-BN sheet with a 1:1 B:N atomic ratio, while hydrogen atoms preferentially
bind at the sheet edges. This configuration results in a flat atomic layer that does not roll into
a tubular structure, due to edge passivation by hydrogen atoms, a condition that is very likely

applicable to the system presented here.

This observation is also analogous to carbon-based systems derived from hydrocarbon
precursors, where excess hydrogen released from hydrocarbon decomposition promotes the
growth of small carbon nanoflakes during the early stages prior to CNT growth. Khalilov et
al.*® simulated CNT nucleation from CHs precursors and identified three distinct growth
stages. They observed that small, free-standing graphene patches and other early carbon
structures can be etched away if the flux of hydrogen atoms is sufficiently high, as is the case
in CHy-based growth environments. This behaviour agrees with experimental study by Rao et
al.?*® in which CH4 precursors at temperatures above 800 °C lead to similar etching and

restructuring phenomena during the initial stages of CNT formation.

Upon increasing the temperature to 1300 °C (Figure 3.16b, e¢), 1D BNNT/BNNF begin to
emerge, seemingly originating from the BN nanoflakes, as their bases appear connected to the
flake surfaces. These hybrid BN nanoflakes/BNNT/BNNF also exhibit a more vertical

orientation, protruding from the surface, and the BN nanoflakes themselves grow larger
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compared to those at 1200 °C (up to 500 nm). This suggests that BN nanoflake formation
initiates at lower temperatures, followed by the growth of BNNT/BNNF as temperature

Increases.

A similar trend has been reported in carbon systems, where the formation of small, cap-
like carbon structures marks the initial stage of CNT and CNF nucleation. Zeng et al.?*’
demonstrated the metal-catalyst-free growth of CNT/CNF on carbon black (CB) particles, and
their TEM analysis revealed that the newly formed CNT/CNF likely extrude from individual
CB particles. This mechanism closely resembles my observation of 1D BN nanostructures
emerging from BN nanoflakes. In their study, carbon species derived from ethylene (C2Hs) and
acetylene (C>Hz) precursors deposit onto CB particles, forming multilayer graphene-like
structures that eventually lift off to become multi-walled CNT (MWCNT). Analogously, in the
system proposed here, BN nanoflakes resemble these multilayer graphene-like structures,
while the resulting BNNT/BNNF are analogous to MWCNT. The boron-rich intermediate
matrix derived from PMeAB thermolysis plays a role similar to the carbon-rich CB substrate
in the carbon system. Importantly, their study provides direct evidence of CNT growth on a
non-metal substrate. Unlike CNT grown on metal nanoparticles, where chemical composition
significantly influences nucleation, CNT growth on CB follows a vapor-liquid—solid (VLS)
mechanism, driven by the structural properties of the carbon substrate itself. Similarly, in my

case, no catalyst is used, and the growth of BN nanostructures is driven entirely by the presence

of a boron-rich target and an NH3 atmosphere.

At 1400 °C (Figure 3.16¢, ), only 1D nanostructures are observed, indicating that the BN
nanoflakes have fully transformed into BNNT and BNNF. This strongly supports the
hypothesis that BN nanoflakes act as seeds for the subsequent growth of 1D BN nanostructures.
The diameters of the BNNT/BNNF increase relative to those formed at 1300 °C, growing from

approximately 22 nm to 47 nm.
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This observation aligns well with the simulation work by McLean et al.,**

who employed
ReaxFF molecular dynamics to model BNNT nucleation via network fusion on nickel and
boron catalysts using AB as the precursor. Their study demonstrated that, following catalytic
formation and polymerisation of B—N chains and rings, BNNT cap structures form
“perpendicular” to the catalyst surface through the direct fusion of adjacent BN networks. This
closely resembles the experimental observation of vertically oriented BN nanoflakes in this
work. Experimentally, it is also well established that at elevated temperatures, BN nanoflakes
tend to disappear as they convert into the more energetically favourable BNNT.?* This

transformation is driven by the thermal instability of hydrogen-passivated flake edges, leading

to structural rearrangement that minimizes dangling bonds and edge energy.

These observations provide preliminary insight into the temperature-dependent
morphological evolution of the system. However, a more detailed understanding of the growth
mechanisms requires theoretical support, which will be addressed in Chapter 4 through
computational modelling. These results also highlight that controlling the thermal profile
during ammonia thermolysis enables tuning of BNNS surface morphology in p-BN, allowing

for the tailored design of materials for specific applications.

Overall, the dominant thermal decomposition pathways—dehydrogenation, dissociation,
and cyclisation—will be discussed in detail in Chapter 4, supported by DFT and ReaxFF that

further validate and interpret the experimental findings.
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3.3.3 From BN to Boron Carbonitride (BCN)

Introducing carbon into h-BN to form B—C—N nanomaterials presents a promising strategy for
developing semiconducting materials, offering tunable electronic properties and broad
functional applicability.?** The potentially adjustable bandgap of the B-C—N system enables
versatility across applications such as luminescence, electronics, gas sorption, and molecular
separation.?}! This tunability comes from the incorporation of carbon into the BN lattice, which
alters its electronic structure. Carbon reduces the strong ionic character of BN and introduces
regions of m-conjugation, effectively narrowing the bandgap from that of pure BN toward
semiconducting or even conductive behaviour. This section demonstrates that the PMeAB-
derived route can also be employed to synthesize porous boron carbonitride (p-BCN). By
making only minor modifications to the thermolysis conditions, reducing the NH3-to-Ar ratio
to below 1:4, p-BCN can be obtained using the same experimental setup. These findings
confirm the feasibility of PMeAB-based synthetic route and highlight its potential for the
rational design of B—-C—N nanomaterials with tunable compositions tailored for specific

applications.

The as-synthesized p-BCN was characterized by FT-IR and XPS to confirm the presence
of carbon and to quantify the level of carbon doping. As shown in Figure 3.17, the FT-IR
spectrum of p-BCN displays two prominent peaks at ~1338cm™ and ~721cm’,
corresponding to the in-plane stretching vibration of B-N and the out-of-plane bending
vibration of B-N-B, respectively.?*? These features are similar to those observed in p-BN (B—
N: 1323 cm-1; B-N-B: 763 cm™!, as shown in Figure 3.11a), only with slight shifts. The
reduced intensity and broadening of these peaks in p-BCN, relative to pure p-BN, suggest an

233,234

increased degree of structural disorder, introduced by carbon binding. The CO> peak

remains unchanged in intensity across both spectra, which can be a reliable reference. Several
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Figure 3.17: FT-IR spectrum of synthesized p-BCN.
carbon-related peaks are observed in the p-BCN spectrum that are absent in p-BN, including
peaks at 636, 1020, and 1196 cm™!, corresponding to B—C,?*>23¢ C=N,?*” and C-N bonds,**>>3
respectively. The peak at 1020 cm™, attributed to sp>-hybridized C=N bonds, indicates that
carbon and nitrogen atoms are coplanar.*’ In the out-of-plane direction, if graphene- and h-
BN-like layers are covalently bonded, a broad band between 2900 and 3200 cm™ can appear,
suggesting amide bond formation between the layers.>*® Such a feature is also observed in the
p-BCN spectrum. These results suggest that carbon not only dopes into the same plane as h-
BN, introducing in-plane disorder, but also contributes to the formation of graphene-like

carbon regions that stack and interact with h-BN layers.

XPS analysis was conducted to investigate the chemical states and elemental compositions
of the synthesized p-BN and p-BCN, as shown in Figure 3.18. The elemental composition
results (Figure 3.18a, e) indicate that p-BN is highly pure, with boron and nitrogen contents

exceeding 96% and a carbon content of approximately 1%, comparable to the high purity
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observed in BNF discussed in Chapter 2. When the NH; concentration was reduced during
synthesis, the resulting p-BCN showed a significantly increased carbon content of 11.69%,
while boron and nitrogen remained the dominant elements, accounting for a combined 87%.
This composition suggests successful carbon doping within the h-BN matrix. Notably, the
oxygen content remains below 2%, which is critical as it confirms that carbon incorporation
does not compromise the material by introducing significant oxygen contamination. This

enables precise compositional control over p-BCN from PMeAB.

The deconvoluted high-resolution spectra of the B 1s, C 1s, and N 1s regions are presented
in Figure 3.18b—d for p-BN and Figure 3.18f~h for p-BCN. Both materials exhibit similar
peak positions, indicating comparable bonding environments for B and N atoms. The primary
B 1s peak appears at 190.5 eV for p-BN and 190.31 eV for p-BCN, corresponding to B atoms
surrounded by N. Likewise, the N 1s peak is located at 398.1 eV for p-BN and 397.94 eV for
p-BCN, indicative of N atoms coordinated with B.2** In the C 1s spectrum of p-BCN, the main
peak at 284.49 eV is consistent with sp?-hybridized carbon, similar to graphite.?*” A sub-peak
at 285.02 eV is attributed to C—N bonding, and a minor peak at 282.3 eV corresponds to C—B
bonds.?*!**2 The corresponding signals of N-C or B-C bonds are also observed as sub-peaks in
the N 1s and B 1s spectra located at 389.63/400.53 eV and 188.75 eV, respectively.?*!**> While
the B 1s and N 1s peaks are nearly identical in position for both p-BN and p-BCN, the C Is
signal in p-BCN is significantly more intense due to the increased carbon content. The
dominant forms of carbon in p-BCN appear to be C=C, indicative of graphene-like regions,
and C-N, suggesting in-plane doping of carbon into the h-BN lattice. These findings are
consistent with the FT-IR results discussed earlier, supporting a structural model where carbon

exists both within and alongside the h-BN layers.
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Figure 3.18: Survey spectra of (a) p-BN and (b) p-BCN, inset shows elemental contents of B,

C and N calculated from XPS result. Deconvolutions of Bls, Cls and N1s peaks of (b-d) p-
BN and (f-h) p-BCN.
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3.3.4 PMeAB-Derived Porous BN Thin Films
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Figure 3.19: The preparation and characterisation of the BN thin film formed from spin coating PMeAB

solutions. The actual photo of the Si substrate (a) before and (b) after growth. Cross-sectional SEM
images of the thin film on Si substrate (¢) before and after growth at (d) 1250 °C and (e) 1400 °C. SEM
image of the edge of Si substrate after growth. (g) High-magnification SEM image of the as-grown
BNNT/BNNF.

It 1s important to note that PMeAB, the precursor used in this work, is soluble in common

solvents. The solution form of PMeAB enables not only drop-casting into 3D bulk forms, as
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demonstrated earlier in this chapter, but also other polymer solution-based processing such as

spin-coating onto silicon substrates, which will be presented in this section.

PMeAB can be dissolved in solvents such as THF, DMF, and DMSO at concentrations
between 10-20 wt%, forming true solutions rather than particle suspensions, suitable for spin-
coating. Outside this concentration window, the solutions are either too dilute or too viscous,
resulting in non-uniform or incomplete film coverage on Si substrates. As shown in Figure
3.19a, a homogeneous and transparent PMeAB thin film was successfully spin-coated onto a
Si substrate. The corresponding cross-sectional SEM image (Figure 3.19¢) reveals a uniform
film thickness of approximately 10 pm. To grow a BNNT-based thin film, the spin-coated Si
substrate was subjected to thermolysis at 1400 °C in a horizontal furnace under an NHj3
atmosphere, using the same conditions as in p-BN synthesis. A partially covered combustion
boat was employed to trap and accumulate vapor-phase intermediates, promoting BNNT
nucleation, similar to mechanisms proposed in thermal CVD processes for BNNT growth.?#
As shown in Figure 3.19b, the resulting BNNT/BNNF nanostructures grew directly from the
Si substrate surface, forming a non-aligned but adherent BN thin film. The cross-sectional SEM
image (Figure 3.19e) shows vertically oriented, though non-aligned, nanostructures exceeding
50 um in length. Additional SEM analysis following thermolysis at 1250 °C (Figure 3.19d)
reveals early-stage vertical growth of ~300 nm-long 1D BN structures emerging from the Si
substrate, supporting the hypothesis that the PMeAB layer acts as a seed layer. Figure 3.19f
shows the edge of the Si substrate, where BNNT/BNNF growth ceases sharply, again
confirming that the film is localised to the PMeAB-coated area. Higher-magnification SEM
(Figure 3.19g) clearly displays the 1D morphology of the nanostructures, resembling the

hybrid BNNT/BNNF forms previously discussed in the case of p-BN (Figure 3.10).

The crystallinity of the as-grown BNNT/BNNF film was assessed via Raman spectroscopy

and FT-IR (Figure 3.20). In Raman, sharp and intense E», vibrational modes indicate a well-
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Figure 3.20: (a) Raman spectrum and (b) FT-IR spectrum of as-grown BN thin film on Si substrate.

ordered lattice, whereas peak broadening suggests disorder. Similarly, FT-IR reveals
crystallinity through the sharpness and symmetry of B-N stretching bands, with broader
features signifying reduced structural order. Raman analysis shows a characteristic h-BN Ea,
peak at 1365.4 cm™ with a FWHM of 12.1 cm™! (Figure 3.20a), closely matching the signal
from exfoliated BNNS (Figure 3.11c). A prominent peak at 517.68 cm™ is also observed,
corresponding to the Si substrate. For reference, the first-order Raman mode of crystalline Si
appears at approximately 520.2+0.5 cm™,*** which is commonly used as a reference and
calibration standard in Raman spectroscopy. FT-IR spectra further confirm the presence of BN
bonding, showing the in-plane B-N stretching vibration at ~1354 cm™ and the out-of-plane B—
N-B bending vibration at ~785 cm™! (Figure 3.20b). All additional peaks observed in the FT-
IR spectrum of the BN thin film, when compared to exfoliated h-BN, can be attributed to
silicon-related bonding. This is consistent with the findings of Dillon et al.>* in their study on
ammonia decomposition on silicon surfaces. The peak at 669 cm™ can be assigned to Si—H
deformation modes (reported at ~620 cm™! in the reference). The broad feature around 1001 cm”
! may result from overlapping contributions of SisN stretching vibrations (symmetric at
1088 cm™ and asymmetric at 930 cm™), SiH, scissoring (~910cm™), Si-NH, stretching

(~827 cm™), and SioN—H deformation (~1102 cm™'). The peaks at 3209 cm™ and 3417 cm™! can
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be assigned to symmetric and asymmetric stretching modes of Si—NH»>, which have been
reported at 3388 and 3465cm’, respectively. These observations suggest that the high-
temperature NH3 treatment not only converts the PMeAB thin film into a BN thin film but also

significantly nitridises the underlying silicon substrate.

These results are comparable to those obtained using the "B-ink" method for BNNT film
fabrication, as reported by Li et al.>* In that approach, a mixture of ball-milled boron powder
and metal nitrate catalysts in ethanol is painted onto a Si substrate and annealed in a NHj
atmosphere at 950—-1300 °C to form BNNT films. The resulting films exhibit strong substrate
adhesion, with a reported shear failure stress of approximately 4.67 kPa, as measured by DMA
adhesion testing, and their high surface roughness leads to super-hydrophobicity (contact angle
>170°), making them attractive for applications such as self-cleaning optical coatings.>® The
PMeAB-derived BNNT/BNNF thin films exhibit comparable morphology and hydrophobic
functionality (Figure 3.21), following similar growth mechanisms. During thermolysis,
PMeAB converts into a B-rich intermediate similar to the B-rich matrix in B-ink systems. Both
methods rely on NH3 as a nitrogen source and produce vertically oriented 1D BN
nanostructures directly from the substrate. However, unlike the B-ink method, which requires
pre-processing such as ball milling and catalyst addition, the PMeAB-route is more

straightforward.
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Figure 3.21: Photographs showing the water contact angle on BN thin films synthesised at (a) 1100
°C, (b) 1200 °C, (c) 1300 °C, and (d) 1400 °C. AFM topography images of BN thin films synthesised
at (e) 1100 °C, (f) 1200 °C, (g) 1300 °C, and (h) 1400 °C.
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Figure 3.22: Structural and compositional characterisations of as-received MeCTB precursor. (a-c)
SEM images. (d) FT-IR spectrum.

105



3.3.5 N,N,N-Trimethylcyclotriborazane-Derived BN Nanostructures

(a) p~0.0128 gilcm?®

Figure 3.23: (a) Actual photo of MeCTB-derived p-BN. (b-d) SEM images of
MeCTB-derived p-BN.

The chemical recycling of carbon-based polymer, particularly their depolymerisation into
valuable molecules, is a key strategy in advancing closed-loop circular polymer economies.>*’
Similarly, developing efficient approaches to repurpose B—N-containing polymers, such as
PMeAB, presents a promising and underexplored opportunity. Recently, Weller’s group
reported that PMeAB can be selectively depolymerized to yield a single isomer of the cyclic
compound N,N,N-trimethylcyclotriborazane, [(H.BNMeH]);, denoted as MeCTB].2”
Following sublimation, MeCTB forms a foam-like porous structure, as shown in Figure 3.22a—
¢. The FT-IR spectrum of MeCTB (Figure 3.22d) shows distinct characteristic peaks
corresponding to the vibrational modes of B-N-B (809 cm™), C-N (1120, 1171 cm™!), B-N

(1364 cm™), B-H (2351 cm™), C—H (2995 cm™), and N-H (3223 cm™).23%-24824 Notably, there
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Figure 3.24: TEM images of (a, b) a porous BNNF and (c, d) a bamboo-like BNNT.

are no signals corresponding to B—C bonds (typically observed around 661 or 1080 cm™) or C—
C bonds (around 1580 cm™), supporting the molecular structural consistency and purity of the

MeCTB product.?*

While the formation mechanism of the porous MeCTB morphology after sublimation
remains unclear, the focus of this section is to explore its potential as a precursor for p-BN
materials. Owing to its intrinsic B-N ring structure and high B-N—H content, MeCTB offers a
promising route for the synthesis of p-BN.* For the first time, 3D monolith p-BN has been
successfully synthesised from MeCTB via thermolysis under an NH3 atmosphere (Figure
3.23). As shown in Figure 3.23a, the resulting material appears as a lightweight, white, 3D
bulk solid with a density p~0.0128 g-cm™, approaching that of air. This combined features is
characteristic of what is commonly referred to as a "BN aerogel".>** Figures 3.23b—d show

representative SEM images of the internal structure of MeCTB-derived BN aerogel, revealing
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a network of densely packed, randomly entangled 1D nanostructures. TEM images further
confirm that these 1D nanostructures are either porous BNNF (p-BNNF) (Figure 3.24a, b) or
bamboo-like BNNT (b-BNNT) (Figure 3.24¢, d). Both exhibit porous structures that
contribute additional nanoscale porosity to the already p-BN aerogel framework. These 1D

structures serve as structural skeletons, interweaving to form an open-cell, isotropic network.

The first type, p-BNNF, exhibits relatively disordered structures compared to b-BNNT,
and diameters in the range of 150-200 nm, smaller than those typically reported for p-BNF
based BN aerogels synthesized via freeze-drying of melamine diborate, which range from
~500 nm to 1 um.'®>°! The p-BNNF extends several hundred micrometres in length, resulting
in ultrahigh aspect ratios (Figure 3.23). A representative TEM image (Figure 3.24a) shows an

individual p-BNNF with a uniform diameter ~188.7 nm. Numerous bubble-like holes are
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Figure 3.25: TEM characterisation of b-BNNT in synthesized
BN aerogel. (a) High-resolution TEM images, showing the
intersection of a kink and a wall. (b) Corresponding FFT pattern
of the internal kink. (c¢) Corresponding FFT pattern of the outer

wall.

distributed along the fibre body. High-resolution TEM (Figure 3.24b) reveals that the walls of
these holes are composed of few-layer h-BN with high crystallinity. These few-layered h-BN
domains appear randomly distributed and intricately interwoven. The d-spacing of 0.334 nm,
corresponding to the (002) planes of h-BN.?*! This porous morphology is attributed to a

"chemical blowing" mechanism, as discussed previously in Section 3.3.2 and illustrated in
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Figure 3.26: (a) FFT pattern of the internal kink. (b-¢) Line profiles of FFT, showing d* of 2.923 nm'!
for (002) planes, 4.632 nm™' for (100) planes, 5.865 nm™ for (004) planes, and 8.927 nm™! for (006)

planes.

Figure 3.12. Notably, the thermolysis of MeCTB under the same conditions as PMeAB also

generates sufficient gaseous byproducts to induce a similar foaming effect.

A more crystalline structure, b-BNNT, is also observed in the MeCTB-derived BN aerogel,
as shown in Figures 3.24c, d. These b-BNNT exhibit diameters below 100 nm and wall
thicknesses around 15 nm. The higher degree of structural order in b-BNNT suggests a different
growth pathway compared to the less crystalline, chemically blown p-BNNF. Various
synthesis methods have been developed to produce b-BNNT, including thermal reactions,**?
ball milling-annealing,?>* and CVD,?>**?*° relying on either high-temperature processes or a
vapor—liquid—solid (VLS) mechanism. However, the growth mechanism of b-BNNT remains
less well understood compared to that of conventional cylindrical BNNT. Previous studies
suggest that the growth of b-BNNT is influenced by both catalyst presence and precursor
composition.”>*»*>* For instance, Ma et al.*** synthesized cylindrical BNNT and b-BNNT using
ammonia thermolysis of different BN-containing precursors. They found that using B4N3;O>H
led to the formation of pure cylindrical BNNT, while using commercial BN precursors resulted
in the appearance of b-BNNT. They attributed this to the reduced oxygen content in the BN
precursor, which limits the supply of boron oxide vapour necessary for continuous tube

elongation via nitridation. Such reduction leads to localised growth instability, preventing the
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Figure 3.27: (a) High-resolution TEM images, showing few-layer BN randomly distributed across p-
BNNF and (b) corresponding FFT pattern. (c-d) Line profiles of FFT, showing d* of 2.969 nm™ for
(002) planes and 4.739 nm™! for (100) planes.

formation of long cylindrical tubes and instead favouring the formation of hemispherical caps
within the nanotube and sealing the existing tube internally as a way to minimize surface
energy. In the present study, MeCTB containing B-C—N was utilised. During thermolysis, the
absence of oxygen prevents the formation of boron oxide vapour, inhibiting continuous
cylindrical growth and instead promoting localised growth instabilities that eventually lead to

bamboo-like segmentation.

Figures 3.25 and 3.26 present detailed TEM and FFT analyses of b-BNNT to assess their
crystallinity. As shown in Figure 3.25a, the hemispherical caps across the tube, hereafter
referred to as 'kinks', exhibit high crystallinity, highlighted in the blue circle. Corresponding
FFT patterns (Figure 3.25b and 3.26) display intense diffraction spots, clearly indexed to the
h-BN planes (002), (010), (004), and (006).2!! The presence of higher-order reflections such as
(004) and (006) further confirms the high degree of crystallinity in the kinks regions. In
contrast, the red-circled area in Figure 3.25, representing the outer wall of the b-BNNT, shows
comparatively lower crystallinity. This is evident from the less intense spots in the FFT (Figure
3.25¢), indicating a less ordered structure. Both the kinks and wall regions of the b-BNNT

demonstrate higher crystallinity than the p-BNNF, as illustrated in Figure 3.27. The FFT of
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Figure 3.28: (a) FT-IR spectra of synthesized BN aerogel (orange) and exfoliated h-BN (black). (b)
XPS survey spectrum of synthesized BN aerogel, inset shows calculated element contents. (c) Raman

spectra of synthesized BN aerogel (orange) and exfoliated h-BN (black).

the p-BNNF (Figure 3.27b) still shows diffraction spots, but with much lower intensity
compared to those in Figures 3.25b and 3.25c¢, confirming that p-BNNF are less structurally

ordered than b-BNNT.

The purity and crystallinity of the MeCTB-derived BN aerogel were further examined
using FT-IR, XPS, and Raman spectroscopy. As shown in Figure 3.28a, the FT-IR spectrum
of the BN aerogel displays characteristic absorption bands at 1359 cm™ and 804 cm™,
corresponding to the B-N stretching and B-N-B bending modes, respectively, closely
matching those observed in exfoliated h-BN. Notably, no additional peaks associated with
carbon-containing species were detected, suggesting a high level of purity. XPS analysis
further confirms the purity of the BN aerogel (Figure 3.28b). The carbon content was measured
at only 2.16%, indicating that the NH3 thermolysis process effectively removed the methyl
groups from MeCTB while converting it into h-BN. The overall reaction mechanism between
MeCTB and NH;3 will be further explored through simulations in Chapter 4. Raman
spectroscopy corroborates the presence of h-BN, revealing a characteristic Eog peak at 1372.12
cm’!, which is also close to that of exfoliated h-BN (1365.05 cm™) (Figure 3.28¢). However,
the observed Raman peak is significantly broader, with a FWHM of 54.7 cm’!, indicating
reduced crystallinity. This broadening suggests the presence of structural disorder, likely due

to a high proportion of p-BNNF. TEM and FFT analyses confirm that b-BNNT also contain
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Figure 3.29: TGA (black) and DSC (blue) profiles of MeCTB during heating from room

temperature to 1200 °C under an argon atmosphere.

slightly disordered wall regions, and p-BNNF are inherently less ordered. In addition, the
porous nature of these nanostructures contribute to the overall reduction in crystallinity.'®?
Taken together, the FT-IR, XPS, and Raman results demonstrate that MeCTB, through NH3
thermolysis, is effectively converted into BN with high purity comparable to that of BN derived
from PMeAB, although it exhibits lower crystallinity and a slightly higher oxygen content

(5.18% versus 2.39% for PMeAB-derived p-BN).

TGA-DSC was conducted to investigate the formation of the porous structure during
thermolysis of MeCTB (Figure 3.29). The thermal decomposition of MeCTB begins at
approximately 121.6 °C and continues until around 212.3 °C, resulting in a high ceramic yield
of 89.2%. The DSC curve reveals an initial endothermic event, attributed to the melting

behaviour of MeCTB, followed by a major exothermic peak associated with thermal
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decomposition, during which multiple volatile species are simultaneously released. The TGA
and DSC profiles exhibit a pattern similar to that observed for PMeAB (Figure 3.13). However,
a key difference lies in the final ceramic yield after thermolysis at 1200 °C: MeCTB-derived
BN retains a significantly higher yield (~89.2%) compared to PMeAB-derived BN (< 20%).
This difference is attributed to the intrinsic molecular structure of the precursors. MeCTB
contains preformed B—N ring structures, which are more thermally stable and structurally
favourable for ceramic conversion,”> whereas PMeAB is constructed of linear B-N backbone
chains. As reported in the literature,”” BZ and PBZ, B-N ring-structured precursors, can yield
up to ~90% BN upon thermolysis, owing to its stable ring configuration that promotes the
formation of an h-BN ceramic network. The presence of B-N rings in MeCTB likely facilitates
a similar transition, stabilizing the intermediate structure and suppressing excessive reactions

and the release of volatile species during thermolysis.

Compared to perfectly ordered cylindrical BNNT, b-BNNT generally possess more
structural defects and active surface sites, such as dangling bonds, which make them promising
candidates for further functionalisation. Their segmented structure and thinner walls may offer

improved hydrogen uptake at elevated pressures,?°

along with enhanced elastic and
mechanical properties.””” These characteristics are relevant for potential applications in
electron emission devices and high-performance composite materials. Although the focus of
this section is not on applications, the successful synthesis of b-BNNT via the MeCTB route

developed in this thesis highlights the potential of MeCTB as a viable precursor for producing

b-BNNT based 3D BN aerogel.
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3.3.6 Porosity Measurements of Porous BN
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Figure 3.30: N, isotherm linear plot of (a) precursor PMeAB and (c) p-BN derived from PMeAB. Pore
size distribution of (b) precursor PMeAB and (d) p-BN derived from PMeAB.

The porosity of p-BN synthesized from PMeAB and MeCTB was analysed using Brunauer—
Emmett-Teller (BET) N> sorption measurements. Figure 3.30a shows the N> adsorption—
desorption isotherms of drop-cast PMeAB, which already exhibit signs of porosity, likely due
to the minor release of gases during the drying process of the precursor solution (Figure 3.12a).
In contrast, Figure 3.30c presents the isotherms of p-BN derived from PMeAB, revealing a
substantial increase in nitrogen uptake, indicating the successful development of a porous

structure upon thermolysis. The calculated specific surface area (SSA) is approximately 431
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Figure 3.31: N; isotherm linear plot of (a) precursor MeCTB and (c¢) p-BN derived from MeCTB. Pore
size distribution of (b) precursor MeCTB and (d) p-BN derived from MeCTB.

m?-g’!, with a corresponding pore volume (PV) of about 0.892 cm?-g”'. Figure 3.31a shows the
isotherms for sublimed MeCTB, which display minimal N> adsorption quantity, suggesting a
non-porous or very weakly porous structure in the precursor. After thermolysis, the p-BN
derived from MeCTB (Figure 3.31c) demonstrates a significant enhancement in N> adsorption
compared to its precursor, confirming the formation of a porous network. The calculated SSA

is approximately 660 m?-g”!, with a corresponding PV of about 0.693 cm?-g™.

According to IUPAC classification,?® the isotherms of both PMeAB- and MeCTB-derived
p-BN can be described as a hybrid between Type II and Type IV, accompanied by H3-type

hysteresis loops, typical of microporous/mesoporous materials. The similar shape of the
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isotherms for both samples indicates that they share comparable pore structures. The non-
overlapping adsorption and desorption branches point to capillary condensation and a
distribution of pore sizes. At low relative pressures (P/Po < 0.1), a sharp increase in adsorption
indicates the presence of micropores (< 2 nm). A gradual rise at intermediate pressures (0.1 <
P/Po < 0.7) suggests multilayer adsorption within mesopores (2—50 nm), while a steep increase
at high pressures (P/Po > 0.8) reflects capillary condensation within macropores (> 50 nm). The
hysteresis loops are characteristic of ink-bottle-shaped pores and confirm mesoporosity.?>® The
irreversible and nearly parallel nature of the adsorption and desorption branches over the full
pressure range implies the presence of cylindrical pores open at both ends and slit-like pores
open on four sides. Notably, the hysteresis loop does not close at low P/Po, indicating
significant residual adsorption capacity and the presence of well-developed micropores that are
not easily desorbed. The pore size distribution (Figure 3.31d) reveals a dominant pore size
around 2 nm for MeCTB-derived p-BN, falling within the micropore range, while Figure 3.30d
shows a dominant pore size greater than 25 nm for PMeAB-derived p-BN, indicating the
presence of larger mesopores. This distinction is consistent with the observed differences in

morphology.

The differences in pore size distribution can also be correlated with the TEM images.
PMeAB-derived p-BN primarily contains larger pores, which result from a chemical blowing
mechanism that forms wide gaps between BNNS (Figure 3.6b). In contrast, MeCTB-derived
p-BN exhibits smaller, more uniform pores primarily originating from micropores within the

p-BNNF and b-BNNT (Figure 3.24).
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3.4 Summary

In summary, two types of 3D p-BN monoliths, namely BNNS/BNNT/BNNF hierarchical
frameworks and BNNT/BNNF hybrid networks, have been successfully synthesized through a
thermal treatment process under an NH3 atmosphere, without the use of any catalysts or ex situ
templates. The choice of precursors, PMeAB and MeCTB, plays a crucial role in determining
the resulting structures and properties of the p-BN materials. Thermal decomposition of
PMeAB yields a BNNS/BNNT/BNNF composite with an SSA~431 m?*g! and PV~ 0.892
cm’ g, while MeCTB leads to a BNNT/BNNF network with an SSA~660 m*-g"! and PV~
0.693 cm®-g’!. Compared to other reported synthesis routes, the methods presented here involve

fewer steps, utilise readily available precursors, and achieve comparable porosity.

A notable feature of the PMeAB route is its ability to control over structure, composition,
and surface texture and potentially tunable porosity through a chemical blowing effect upon
heating, similar to that proposed for AB. This process, for the first time, results in the formation
of BNNF with filament-like morphology. This unique structure is hypothesized to arise from
the excessive H» generated during thermal dehydrogenation of PMeAB, which stabilises the
thermodynamically unfavourable filamentous BNNF structure while suppressing the formation
of conventional cylindrical BNNT. In the MeCTB route, a key outcome is the formation of b-
BNNT and p-BNNF, which contribute significant microporosity to the resulting p-BN material.
The thermal decomposition of MeCTB proceeds more moderately than that of PMeAB, leading
to an exceptionally high ceramic yield (~89%), a critical factor for the performance and
integrity of the final BN product. Unlike many p-BN materials reported in the literature, which
typically consist of amorphous or turbotratic BN phases, the p-BN synthesized in this work

exhibit hexagonal BN phase. This crystalline component is essential for applications that
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exploit the unique thermal, chemical, and electronic properties of h-BN rather than those of its

disordered forms.

These 3D p-BN monoliths, mainly comprising interconnected networks of 1D BN
nanostructures, exhibit high purity, phase crystallinity, large SSA, and structural integrity.
Their open-cell architecture and lightweight nature may enable extremely low thermal
conductivity and contribute to outstanding absorption capacities for a wide range of organic
solvents and oils, with high recovery efficiency. Overall, the p-BN developed hold significant
promise for a broad range of applications, including space and aerospace components, thermal
management composites, wastewater treatment, air purification, catalyst supports, energy

storage, and advanced building materials.
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Chapter 4

Mechanistic Insights into the Thermal
Decomposition Pathways of

Polyaminoborane
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4.1 Introduction

When developing a new synthesis methodology, it is critical to understand the reaction
mechanisms of the conversion process from precursors to the final product. This is especially
true in the case of PDC routes, where the structural and chemical differences between the
preceramic polymer and the resulting ceramic material are significant. As such, the conversion
process inherently involves a complex network of chemical reactions. The molecular structure
and chemical composition of the precursor not only influence the final elemental makeup but
also affect the number and distribution of phases, the microstructure, and ultimately, the
macroscopic properties of the ceramic material.

The present study focuses on the PDC route from polymer precursor PMeAB and its
chemically repurposed cyclic derivative, MeCTB, to ceramic h-BN nanomaterials. Based on
the data presented in the previous experimental chapters, I have gained preliminary insights
into the key reactions occurring during the thermolysis of PMeAB. TGA-MS (Figure 3.13 and
3.14) revealed the release of large amounts of H> and small molecular species, indicating the
occurrence of dissociation, dehydrogenation, and cyclisation reactions. ''B NMR spectroscopy
(Figure 2.16) suggested the presence of a stabilised, cross-linked structure, consistent with
cyclisation reactions of the linear PMeAB backbone. XPS (Figure 2.18 and 2.20)
demonstrated a gradual reduction in carbon content, which in this case, the removal of methyl
groups from PMeAB during NH3 thermolysis. However, due to the complexity of the overall
conversion process which involves the simultaneous occurrence of above-mentioned reactions
with multiple bond-breaking and bond-forming steps, the formation of intermediate species,
and phase evolution, experimental techniques alone are insufficient to fully resolve the
underlying mechanistic pathways. Limitations in both spatial and temporal resolution hinder

the direct observation of critical molecular-scale transformations.
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In this respect, computational tools could be very useful in providing direct evidence of
chemical reactions occurring at an atomistic scale. Among wide variety of simulation
approaches, QM DFT method can offer precise energy and molecule information of the
reaction pathway; however, the high computational cost of DFT calculations limits the size of
the modelling system (normally limited to <10 picoseconds and <100 atoms).2®
Approximation method based on ReaxFF is, therefore, more useful for simulating large-scale
models such as PDC systems, as they enable computationally feasible simulations with
reasonable accuracy.

Although experimental and theoretical studies on the thermolysis of MeAB, PMeAB, and
MeCTB, as well as their potential for h-BN formation, remain limited in the literature, both
DFT and ReaxFF simulations have provided valuable insights into the formation mechanisms
of h-BN nanostructures during the thermolysis of their close relative, AB, and derivatives of
AB (Figure 1.3). Most computational studies based on DFT have focused on elucidating the
dehydrogenation mechanisms of AB.”® Due to its six hydrogen atoms and the low atomic
weights of boron and nitrogen, AB possesses a high gravimetric hydrogen content (19.6 wt.%
H), making it promising for chemical hydrogen storage materials.’®' However, the thermal
decomposition of AB has proven to be more complex than the originally proposed combination
of two thermodynamically favoured pathways, namely the AB-to-BZ-to-PBZ-to-BN pathway
and the AB-to-PAB-to-PIB-to-BN pathway, through experimental studies.?!” The complexity
arises from several reasons: (1) In addition to H», several volatile byproducts are formed,
including NH3, DB, IB, BZ. (2) Two possible key intermediates, IB and DADB, initiate
decomposition. Both are highly reactive and short-lived, and they can yield linear and cyclic
intermediates such as NH;BH>NH>BH3, CDB, CTB, and/or BCDB. (3) Continued H» release
leads to the formation of linear and branched PAB, PIB, and PBZ. (4) The decomposition of

AB within microcrystalline grains is likely to proceed unevenly, resulting in a mixture of
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partially decomposed species such as dehydrogenated AB, DADB, and various polymeric
products.”%1%8

Given the structural similarity between AB and its methylated analogues, a comparable
level of complexity is anticipated in the thermal decomposition of MeAB, PMeAB, and
MeCTB. This is supported by the experimental results in Chapter 2 and 3, which indicate even
greater complexity due to the presence of carbon from methyl groups and the added reaction
with reactive NH3. However, prior DFT studies on AB establish the method’s reliability in
modelling key reaction steps, including dehydrogenation, dissociation, and cyclisation; thus,
transferable to investigating the mechanisms underlying the thermolysis of MeAB, PMeAB,
MeCTB and related compounds.

To confirm that the calculated mechanisms are scientifically reliable and feasible,
benchmarking against experimental data and established theoretical results is essential. This
involves:

o Energy Validation: Comparing calculated activation energies and reaction enthalpies

with experimental calorimetric or kinetic data.

e Structural Consistency: Verifying predicted intermediate structures and bond lengths

against spectroscopic evidence (e.g., NMR, XPS, IR).

e Cross-Method Comparison: Using multiple computational approaches (DFT wvs.

ReaxFF) to ensure consistency in predicted trends.

o Sensitivity Analysis: Assessing the influence of simulation parameters (e.g., functional

choice in DFT, force-field parameters in ReaxFF) on the results.

o Literature Benchmarking: Aligning predicted pathways with previously reported

mechanisms for analogous systems (e.g., AB and its derivatives).

123



By integrating these validation steps, the computational predictions can be considered robust
and scientifically credible, thereby complementing experimental observations and providing a
comprehensive understanding of the PDC-to-h-BN conversion process.

DFT calculations using the Becke, 3-parameter, Lee—Yang—Parr (B3LYP)?*>%? functional
have been benchmarked and are the most widely applied in theoretical studies of H/B/C/N
systems. B3LYP is a hybrid functional that combines Hartree—Fock exchange with density
functional exchange-correlation terms, offering a good balance between accuracy and
computational cost. It is well-suited for H/B/C/N systems because it reliably predicts
geometries, vibrational frequencies, and reaction energetics, making it ideal for modelling both
covalent and non-covalent interactions in borane—amine compounds. It has been employed to
investigate MeAB and related compounds, including dimethylamine—borane and MeAB
octamers. However, existing simulations have primarily focused on the initial release of H»
(BH3 —NMeH> - BH, —NMeH + H») and do not extend to later stages of decomposition, such
as bond dissociation leading to reactive intermediates, cyclisation, or the formation of larger
molecular species. In addition, no computational studies have yet explored the polymeric forms
of MeAB or larger, more complex molecular structures. While some studies have examined
cyclic compounds such as C;BoN>Hi 2 and C4BNH 2, these systems incorporate carbon into the
ring structure, rather than representing pure B—N ring systems. To better understand pathways
relevant to h-BN formation, it is important to investigate B—N-based ring structures such as
MeBZ and MeCTB, the methyl-substituted derivatives of BZ and CTB, due to their structural
similarity to h-BN and their potential to serve as precursors for h-BN synthesis.

Mapping the potential energy surface (PES) based on DFT provides an efficient approach
to identifying reaction pathways by evaluating the energy landscape of molecular structures
along predefined collective variables. This method enables the estimation of activation energies,

even for barrierless reactions that lack a well-defined transition state (TS), via constrained
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minimization techniques. In such cases, once a reaction geometry reaches the dividing surface,
the system is minimised under constraints that fix the positions of atoms involved in bond-
breaking or bond-forming events. This strategy preserves the reaction coordinate while
minimising thermal noise and irrelevant structural fluctuations.?®*

The concept of a reaction pathway has become a key aspect in the investigation of PES
associated with chemical reactions. In general, the reaction pathway is defined as the trajectory
on the PES that connects the reactant and product regions through the TS. This trajectory is
typically determined by following the steepest-descent, or minimum energy path (MEP), from
the TS toward both the reactants and the products.?®> Constrained minimisation on the PES
provides a first approximation of the reaction barrier height (£.), which is particularly useful

in the preliminary screening of reaction mechanisms,?%*

allowing for the prioritisation of
pathways before applying more computationally expensive QM methods such as TS theory
(TST) or high-level ab initio optimisations. Importantly, this barrier estimation approach is
robust and less sensitive to the initial guess structure compared to full TS searches, of which
successful location of transition states often depends on good initial guesses and can suffer
from convergence failures if the input is poor.2%®

PES scanning has been successfully applied to a wide range of chemical systems. For
example, studies on borazine (BZ) formation from ammonia borane (AB),''* furfural
(C5H40,),%7 alkyl formate radicals such as ethyl-2-yl formate (CH,CH,OCHO),?** nitramine
explosives like cyclotrimethylenetrinitramine (RDX),?® and complex ionic liquids such as
tributyloctylphosphonium bis(oxalato)borate ([P444s][BOB])*® have demonstrated the
effectiveness of PES mapping in prescreening potential reaction pathways. These applications
demonstrated the use of PES methods for guiding both subsequent high-level computational

investigations and experimental design strategies, particularly in complex or poorly understood

systems.
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More comprehensive studies on AB-related compounds have been conducted using the
ReaxFF approach, beginning with the foundational work of Weismiller ef al.'?* In their study,
the thermal dehydrogenation behaviour of AB was investigated using the ReaxFFupn
parameter set, which they developed and benchmarked specifically for simulating hydrogen—
boron—nitrogen systems. This specialised parameterisation was derived by fitting ReaxFF’s
bond-order-based potential to high-level quantum mechanical data for hydrogen—boron—
nitrogen species, ensuring accurate representation of bond dissociation, formation, and charge
redistribution during reactive processes. The resulting force field captures the complex
interplay of covalent and ionic interactions characteristic of H/B/N systems, making it
particularly suitable for simulating AB’s thermolysis and combustion pathways under realistic
conditions. This parameterisation then served as the basis for a range of studies on related
compounds, including ammonium octahydrotriborate  (NH4B3Hs),>”  ammonium
aminodiboranate (NB2Hs-NH4"),?’! and diammoniate diborane (BN>Hs"-BH4).”! In addition,
the ReaxFFupn framework has been utilised to study AB combustion,'?*’? the formation of
BNNT via Ni-catalysed CVD of AB,*?® and the development of the ReaxFFcpn parameter set
tailored for simulating liquid CBN-based hydrogen storage materials.?’”® It has also been
instrumental in exploring growth mechanisms of BNNS on catalytic surfaces’’* and in gas-
phase systems involving precursors such as BoHe/NH3.27?

The original ReaxFFupn parameters were later extended and refined through additional
studies (bond-order parameters, valence angle terms, torsional interactions, and the
incorporation of improved charge equilibration schemes to better capture polarisation effects
in reactive environments). Notably, Kamat et al.'** applied the method to simulate laser-
induced incandescence of soot, while Castro-Marcano et al.'?! used it to model the combustion
of Illinois No. 6 coal char. These extensions resulted in the development of the ReaxFFuconss

parameter set, which now enables the simulation of more complex H-B—C—-N-O-S systems.
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Despite extensive prior experimental and theoretical investigations into AB and its
derivatives, certain compounds, particularly MeAB, PMeAB, and MeCTB, remain relatively
underexplored. Specifically, the detailed reaction pathways, key intermediates, PES, molecular
dynamics (MD), and the kinetics underlying the formation of h-BN nanostructures are still not
well understood. To address these knowledge gaps, this study employs a combination of DFT
and ReaxFF simulations. In this chapter, I first investigate the pyrolytic decomposition
pathways of the three precursors—MeAB, PMeAB, and MeCTB—used in the previous
experimental chapters. These pathways are examined using PES mapping, with calculations
carried out using the B3LYP functional within DFT. Next, the ReaxFFuconss parameter set
was validated against the DFT-derived QM data, with particular emphasis on capturing the
kinetics of H» evolution. Using this validated force field, I conducted both single- and multi-
molecule MD simulations of the thermolysis of MeAB, PMeAB, and MeCTB under NVT
(constant number of atoms, simulation volume, and temperature) or canonical ensemble
conditions. Finally, in order to better reflect the experimental conditions conducted under an
NH3 atmosphere, NH3 molecules were introduced into the simulation systems for TST
explorations. In the case of ReaxFF, due to the inherent timescale limitations of large scale MD
simulations, direct reactions between NH3 and precursor molecules were not readily observed.
To address this, a molecular sink model was employed to simulate the removal of CHx species.
The molecular sink concept refers to an artificial mechanism introduced in reactive simulations
to mimic an open system where certain species are continuously consumed or transported away.
In practice, when CHx fragments form during decomposition or combustion, they are removed
from the simulation domain at predefined intervals or upon detection. This prevents unrealistic
accumulation of intermediates that would otherwise occur in a closed simulation box, which
could alter reaction kinetics and thermodynamics. By acting as a “sink,” the model

approximates real physical conditions such as diffusion into surrounding media or catalytic
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consumption, enabling more accurate representation of large-scale processes within finite
computational systems. These modifications more accurately representing the reactive
environment and gas-phase dynamics observed in experimental thermolysis of precursor
compounds under NH3s. Overall, the combined DFT/ReaxFF simulations effectively capture
the relevant chemistry of the targeted systems associated with (1) dissociation, (2)
dehydrogenation, (3) cyclisation, (4) carbon (methyl group) removal, and (5) the formation of

ceramic networks.

4.2 Methods

4.2.1 Density Functional Theory (DFT)

All DFT calculations are performed with the Amsterdam Density Functional Package (AMS
Version 2024.104).27¢ The B3LYP exchange—correlation functional combined with a Double-
Zeta (DZ) basis set was employed for all potential energy surface (PES) calculations. Spin-
polarisation was included to account for open-shell configurations, and Grimme’s DFT-D3
dispersion correction was applied. The system was considered optimized when the residual
forces on all atoms were below 5.0 x 10 Hartree/Bohr, as determined using the Quasi-Newton

optimisation method.

4.2.2 Reactive Force Field (ReaxFF)

All ReaxFF simulations were carried out using the Reactive Force Filed Package (AMS
Version 2024.104).27° To investigate the thermal decomposition pathways of MeAB, PMeAB,
and MeCTB, MD simulations were performed using the ReaxFFuconss parameter set, an
extended version of ReaxFFugn originally developed by Weismiller et al.'** for studying the
thermal decomposition of AB. The key QM data used in the parameterisation of ReaxFFugn
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included: (1) bond dissociation energies for B/N/O/H atom combinations, (2) angular distortion
potentials in AB-related molecules, and (3) reaction barriers and energies for critical reaction
steps, such as H» release from AB, dimerisation of IB, and AB oxidation. These properties
encompass the majority of the chemical transformations expected during the thermal
decomposition of MeAB, PMeAB, and MeCTB, particularly those involving hydrogen, boron,
and nitrogen. For the carbon-related interactions (i.e., bond, angle, and torsional parameters)
in the ReaxFF force field, the ReaxFFuconss parameterisation incorporates QM data from the
works of Castro-Marcano et al.'*! and Kamat et al.'**, thus enabling modelling of systems
containing H/B/C/N elements. Given that all the target precursor molecules contain an AB
moiety within their main structure and exhibit similar thermal decomposition behaviours as
observed experimentally, the ReaxFFuconss parameters set is expected to exhibit good
transferability and yield reasonably accurate and reliable simulation results for these systems.

To evaluate the effectiveness of the ReaxFF force field, two complementary simulation
approaches were employed. In the first approach, a single molecule of PMeAB3-nocap, MelB,
or MeCTB was placed in a periodic cubic simulation box with a side length of 0.75 nm. In the
second approach, multiple molecules systems were studied, consisting of (1) 10 uncapped
PMeAB3 (BH.NHCH3BH,NHCH3BH>NHCH3, denoted as PMeAB3-nocap), (2) 30 MelB, (3)
10 MeCTB, (4) 30 MeAB, and (5) 10 PMeAB trimers (BH;NHCH3;BH,NHCH3:BH>NH>CH3,
denoted as PMeAB3). These systems were simulated within a larger periodic cube of side
length 1.5 nm. All simulations were carried out under both canonical NVT and canonical

conditions. Temperature control was achieved using a Berendsen thermostat®”’

with a damping
constant of 0.1 ps. Due to the requirement to accurately capture translational, rotational,

torsional, and vibrational motions of the molecules, a small time step of 0.25 fs was

employed.'?
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For the single-molecule simulations, different configurations were sampled to enable a
statistical assessment of decomposition behaviour. These configurations were generated from
snapshots taken at different time steps of a 300 K equilibration simulation. The time required
for the initial release of H> from PMeAB3-nocap, MelB, or MeCTB was determined for each
configuration across a temperature range of 1000—-3500 K.

The larger multi-molecule systems were subjected to a continuous heating protocol, in
which the thermostat temperature was ramped from 300 K to 5000 K at a constant rate of 0.01
K/fs, or held constant for 100 ps at temperatures of 1500, 2000, 2500, or 3000 K. From these
simulations, several key metrics were determined, including the rate of H> evolution per unit
molecule, the release of volatile small B-N species, the formation of larger molecular structures,
the development of B—N ring networks, and the temperature-dependent reaction kinetics. To
mimic decomposition in an NH3 environment while avoiding system flooding, a molecular sink
model was applied to selectively remove CHx and H> species during the simulation. Post-
simulation compositional analysis of product and intermediate species was performed using
ChemTraYzer2 (CTY2),2”#2% employing a bond order cutoff of 0.3 to identify molecular
fragments. While this cutoff has no effect on the simulation dynamics, it influences molecular
recognition. A low cutoff value was chosen to accommodate the relatively weak B-N bonds
present in the precursor molecules.'??

Table 4.1 summarises the initial densities, temperature profiles, starting pressures, and
final pressures for each of the MD simulations. High temperatures and pressures promote

sufficient collision frequencies, enabling reasonable simulation times.'??

4.3 Results and Discussion
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4.3.1 Thermolysis Pathways of PMeAB to h-BN based on Potential

Energy Surface Mapping

Reaction pathways can be elucidated by identifying the transition states (TS) and
corresponding activation energies (Ea) through potential energy surface (PES) calculations
across various molecular configurations. By mapping the PES for possible reaction routes,
comprehensive and rational reaction mechanisms can be proposed for the formation of h-BN,
starting from the precursors used in the experimental chapters, namely, PMeAB and MeCTB.
Note that the energy profiles shown in this section represent electronic energy rather than Gibbs
free energy and does not include entropy contributions. Despite this limitation, the results are
still scientifically referenceable because electronic energy provides a reliable measure of
relative stability and activation barriers for elementary steps, which dominate reaction kinetics
at the molecular level. Therefore, mapping PES based on electronic energy remains an accepted
approach for elucidating reaction mechanisms in condensed-phase and polymer systems.
Although PMeAB is a high-molecular-weight polymer, performing full DFT calculations
on the entire chain is computationally impractical due to system size and timescale limitations.
To address this, representative fragments were selected—PMeAB3-nocap (linear backbone),
MelB (monomer unit), and MeCTB (cyclic derivative)}—to capture the key chemical
environments and reactive sites. While smaller than the full polymer, these fragments preserve
the essential bonding motifs governing cyclisation and dehydrogenation, making them
chemically relevant. This approach is widely accepted for polymer-derived ceramic systems
because it balances computational feasibility with mechanistic insight, and results are cross-
validated against my own experimental data (TGA-MS, NMR, XPS) and literature on
analogous systems (e.g., AB derivatives). Thus, the calculations provide reliable molecular-

level understanding that can be extrapolated to the full PMeAB-to-h-BN conversion process.
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Figure 4.1: Energy diagram for the thermal decomposition of PMeAB3-nocap. Black: cyclisation to
form MeCTB; blue: cyclisation to form BCDMeB (middle B atom); purple: cyclisation to form
BCDMeB (middle N atom); orange: dehydrogenation across B-N; green: dehydrogenation across B-B.
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The PMeAB3-nocap fragment is designed to represent the linear backbone of the PMeAB
polymer while maintaining chemical stability under quantum mechanical optimisation.
However, truncation introduces unsaturated terminal atoms, which would otherwise lead to
unrealistic dangling bonds and distort the electronic structure. Therefore, the terminal boron
atom shares one hydrogen with the adjacent boron, forming a B—-H-B bridge bond. This feature
is not arbitrary, it reflects boron’s electron-deficient nature and its tendency to form three-
centre two-electron bonds, as observed in diborane chemistry.

PMeAB3-nocap wundergoes three primary thermal decomposition pathways:
dehydrogenation, cyclisation, and bond dissociation. Among these, cyclisation to form MeCTB
is the most favourable, with a lower activation energy (E. = 4.1 kcal/mol) compared to
dehydrogenation (E. > 32.56 kcal/mol), dissociation (E. > 15.16 kcal/mol), or alternative
cyclisation pathways such as the formation of BCDMeB (£, > 47.83 kcal/mol) (Figure 4.1 and
4.2). MeCTB emerges as a key intermediate, indicating that the transformation from the linear
configuration of PMeAB to the cyclic MeCTB is both thermodynamically favourable and
kinetically accessible given low thermal energy. The inherent stability of MeCTB reinforces
its importance as a key intermediate likely to present during thermolysis. This can be attributed
to several factors: (i) ring closure reduces conformational entropy and creates a rigid, cross-
linked structure, lowering steric strain; (ii) the cyclic arrangement enhances orbital overlap
between B and N atoms, promoting electron delocalization and reducing electronic energy; and
(ii1) reactive chain ends present in linear fragments are eliminated, removing high-energy sites.
Dehydrogenation is also energetically favourable, particularly across B-N and B-B bonds,
with the latter pathway exhibiting a lower barrier (B-N: E. = 48.33 kcal/mol vs B-B: E. =
32.56 kcal/mol), in agreement with the single molecules MD simulation results for PMeAB3-
nocap presented in Section 4.3. However, while the initial release of H> across B-B is feasible,

subsequent dehydrogenation (second and third H> molecules) involve higher barrier (£, > 50
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kcal/mol), suggesting that complete dehydrogenation relying solely on intramolecular reactions
is not energetically favourable. Dissociation of various B-N bonds to yield smaller molecular
fragments is also observed. Specifically, the dissociation of B-N bonds 1 (£ =37.89 kcal/mol
to form BH> and E. = 15.66 kcal/mol to form BH3), 2 (E. = 27.18 kcal/mol to form MelB), and
4 (Ea = 26.97 kcal/mol to form MelB), are among the preferred pathways. These findings
suggest that the thermal decomposition of PMeAB through B—N bond cleavage is not random
but rather selective. Here, dissociation (bond breakage) is considered because it represents a
fundamental step in polymer fragmentation, enabling the formation of smaller, more mobile
species that can undergo subsequent cyclisation and dehydrogenation reactions. The resulting
intermediates, BH>, BH3, and MelB, are therefore likely to play important roles in later stages
of h-BN formation and will be discussed in detail in subsequent figures.

The reactions of these intermediates with PMeAB3-nocap are illustrated in Figure 4.3.
Among them, BH> significantly lowers the activation energy (E. = 17.27 kcal/mol) for
dehydrogenation by forming a bond with the nitrogen atom in PMeAB3-nocap, facilitating the
release of one H> molecule (one H atom originating from BH> and the other H atom from the
N atom of PMeAB3-nocap). In contrast, BH3 (E. = 54.46 kcal/mol) and MeIB (E, = 55.44
kcal/mol) do not demonstrate a similar effect. This suggests that dehydrogenation in PMeAB
can proceed via both intra- and intermolecular pathways, which likely occur concurrently
during thermal decomposition.

Figure 4.4 presents the reaction pathways for the PMeAB2-nocap dimer, a relevant
intermediate/product resulting from the dissociation of the PMeAB3-nocap trimer. The dimer
exhibits behaviour analogous to the trimer, including cyclisation to form MeCDB (E. = 16.34
kcal/mol), dehydrogenation across B-B (£a. = 10.67 kcal/mol) and B-N bonds (£. = 32.95
kcal/mol), and dissociation to yield two MelB molecules (E. = 17.92 kcal/mol), all proceeding

with relatively low activation energies. Dehydrogenation across B-B is favoured over B-N

137



because the bridging hydrogens in three-centre two-electron bonds are much weaker bound
than N-H bonds. These multi-centre bonds are characteristic of electron-deficient boron
species. In contrast, N-H bonds are stronger and more localized due to nitrogen’s higher
electronegativity and lone-pair stabilisation, requiring significantly higher E. for cleavage.
These findings indicate that the thermal decomposition of PMeAB is largely independent of
chain length, and thus, molecular weight. Therefire, the PMeAB3-nocap trimer serves as a

suitable and representative model for simulating the thermal behaviour of PMeAB.

138



C
“ <
© —B-N % —B-N
i <
50 C 50 F—
x Ay
; .
40 . 40 0 \'\
3 — S 3 A,
£ 2 N | £ 34 !
8 ; \ E ;
= 5 i = !
5 ; e 5" /
2 10 ; ! 2 104 i N
i} ; A w h
]
0 t+— 0 C 1 P o
)
-10 - § ¢ -10 4
Y
-20 R S -20 4 L
C
—N-C ‘ —BC
60 \ 60 J
v\ S ) X
50 4 i 50 4 i '
s i
1 f .
40 / _ 404 [ e h
S i S { ‘.\
§ 30 ! § 30 4 i g
S ! 8 4 iy
= ! L = ! i
= 201 ! = 204 J E
> Il o> P C
2 10 2 10 i S
i} ; ] 2 A
0 e 0 4+
c
=10 -10 4
I
-20 - -20 3
o 120
J 100 4 i
; y s
5 -5 80 ;
E . SE | »
= 204 _A' =
2 i 2 404
c 10 1 c
im] ; i i
1 J — 20 4 i
-10 0
-20 4 -20 4

Figure 4.5: Energy diagram for the dehydrogenation of MeAB and MelB. Black: dehydrogenation
across B-N of (top left) MeAB and (top right) MelB; orange: dehydrogenation across N-C; blue:
dehydrogenation across B-C; green: dehydrogenation across B-B; purple: dehydrogenation across39
C-C.



50 Dehy (B-N) m—— 50 Dehy (+BH;)
! N
' ‘\
40 | | “ 40
i b
f‘ )
304 ; 30
’_(; .’I %
£ 201 ; £ 20 o
o i b C
= j £
= 10 4 ; = 104 —_—
b / 5 o . &
5 0— 5 o+4—m— .
.
-10 -10
-20 -20
<
[
50 4 Dehy (+BH;) ‘\Q" 50 4 Dehy (+MelB)
40 4 40 W
304 C 30 C
= = —
o L o
E 204 E 204 J '
£ ¢ E: )
= 10+ — = 104 ;! \
o ’ v =g \
g ’ i 2 ' )
0 04— | ] 0 4+ |
) B
=10 ' -10 |
3 4
. !
-20 4 f ~201
—
(T
€
C

Figure 4.6: Energy diagram for the dehydrogenation of MelB with additional reaction intermediates.
Black: dehydrogenation across B-N; orange: dehydrogenation with BH, bonding to the N atom; blue:
dehydrogenation with BH3 bonding to the N atom; green: dehydropolymerisation with MelB.

140



120 4
100—-
80—-
60—-
40—-

20

Poly (+MelB)

—— Addi (+BH,)
— Addi (+BH,)

- é Diss (C-N)
p — Diss (B-N)
.]'_----._
PMeAB2-nocap
PMeAB3-nocap

Energy (kcal/mol)

-20 -
-40 4

—-60 4

MelB

Figure 4.7: Energy diagram for the thermal decomposition and reaction with additional reaction

intermediates of MelB. Black: polymerisation to form PMeAB2-nocap and PMeAB3-nocap; orange:

addition of BH, bonding to the N atom; green: addition of BH; bonding to the N atom; blue: dissociation

of C-N bond; purple: dissociation of B-N bond.

141



Figure 4.5 illustrates the dehydrogenation pathways of the monomers MeAB and MelB.
The dehydrogenation of MeAB across the B-N bond to form MelB proceeds with a relatively
low activation energy (Ea = 34.68 kcal/mol), slightly lower than the values reported in the
literature (E. = 43.3 kcal/mol)'!® and those estimated via the Arrhenius equation based on
single-molecule MD simulations (E. = 38.82 kcal/mol) discussed in Section 4.3. In contrast,
further dehydrogenation of MelB exhibits significantly higher activation energies across all
examined pathways, B-N (Ea. = 51.34 kcal/mol), N-C (E, = 61.26 kcal/mol), B-C (E. = 54.93
kcal/mol), B-B (Ea = 66.22 kcal/mol), and C—C (E. = 134.32 kcal/mol), relative to the initial
H; release from MeAB. As a result, such subsequent dehydrogenation steps are less likely to
occur. However, in practical systems, the presence of various intermediates, reaction products,
as well as coexisting monomers MeAB and MelB or polymers PMeAB may facilitate
intermolecular reactions. Figure 4.6 compares the intramolecular and intermolecular
dehydrogenation mechanisms of MelB. The addition of intermediates such as BHz (E. = 9.34
kcal/mol), BH3 (Ea = 10.41 kcal/mol), and MelB (E. = 25.89 kcal/mol) significantly lowers the
activation barriers for MelB dehydrogenation. These findings suggest that MelB
dehydrogenation predominantly relies on intermolecular interactions rather than intramolecular
mechanisms. Notably, the addition of MelB promotes the so-called “dehydropolymerisation”,
leading to the formation of the dimer PMeAB2-nocap.

Figure 4.7 demonstrates that these intermediates can react with MelB not only via
dehydrogenation but also through direct addition reactions that occur with negligible energy
barriers (BHz: E, = 0.62 kcal/mol; BH3: E, = 0.79 kcal/mol; 1% MelB: E, = 6.63 kcal/mol; ond
MelB: E. =2.23 kcal/mol), without the release of Hz. These addition reactions are significantly
more favourable than the dissociation pathways of MelB. This suggests that MelB is unlikely
to undergo further bond cleavage, such as cleavage of B-N (E. = 119.93 kcal/mol) or N-C (E,

= 57.52 kcal/mol) dissociation. Instead, MelB is more likely to serve as a stable building block
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for the formation of larger molecular structures, such as through polymerisation reactions

leading to the dimer PMeAB2-nocap or the trimer PMeAB3-nocap.
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Figure 4.8 presents the dehydrogenation behaviour of MeCTB, a thermodynamically
stable cyclic derivative of PMeAB. Dehydrogenation is most likely to occur across B-N (E, =
39.56 kcal/mol) and B-B (E. = 7.52 kcal/mol) bonds, while pathways across B—C (E. = 81.5
kcal/mol), N-N (E. = 60.8 kcal/mol), or N-C (E. = 66.27 kcal/mol) are less favourable.
Specifically, dehydrogenation across B-N bonds can lead to the release of up to three H»
molecules, ultimately forming another key intermediate, MeBZ. In contrast, dehydrogenation
across B-B bonds is not sustainable; the release of the second H> molecule requires
prohibitively high activation energy (E. = 61.96 kcal/mol). Notably, the addition of
intermediates such as BH», BH3, MelB, or PMeAB3-nocap does not lower the activation barrier
for MeCTB dehydrogenation (Figure 4.9), in contrast to their effect on PMeAB3-nocap and
MelB. In fact, these species may destabilise the MeCTB ring structure by bonding with it and
inducing ring opening, converting back it into a linear configuration. This suggests that MeCTB
is an intrinsically stable compound, thermodynamically more stable than its linear counterpart,
PMeAB. Figure 4.10 illustrates the thermal decomposition of MeBZ, the dehydrogenation
product of MeCTB. MeBZ can undergo further dehydrogenation, most favourably across B—B
bonds (Ea = 22.39 kcal/mol). This continued dehydrogenation is a critical step, as the final
product, h-BN, is a hydrogen-free ring network. Notably, dissociation of MeBZ is not favoured,
suggesting that ring-opening reactions leading to linear structure PMeAB are unlikely (E. =
60.31 kcal/mol). This behaviour is consistent with that observed for MeCTB. Therefore, once
cyclisation occurs to form MeCTB and subsequently MeBZ, the system tends to remain in a
cyclic configuration, indicating the stability of these ring-based key intermediates during
thermolysis. This suggests that such cyclic species play a crucial role in the transformation of

the linear PMeAB precursor polymer into the ceramic h-BN ring network.
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To simulate the experimental NHs thermolysis process, the interaction of NH3z with
precursor/key intermediate molecules were investigated. Both PMeAB3-nocap and MelB
exhibit similar reactivity toward NH3, which preferentially bonds to B atom or C atom rather
than N atom (Figure 4.11 and 4.12). When NHj3 coordinates to a B atom, it tends to remain
stably attached, forming a higher coordinated BN3 environment, effectively incorporating into
the molecular structure (PMeAB3-nocap: E. = 13.16 kcal/mol; MelB: Ea. = 3.99 kcal/mol). In
contrast, NH3 bonding to a C atom results in the abstraction of a CH3 group from the precursor,
facilitating the so-called “demethylation”. This demethylation process proceeds with a lower
activation energy (PMeAB3-nocap: E. = 35.47 kcal/mol; MelB: E, = 54.1 kcal/mol) compared
to the direct dissociation of the CH3 group from the molecule (PMeAB3-nocap: E. = 51.91
kcal/mol; MelB: E. = 57.52 kcal/mol), indicating that NH3 can serve as an efficient methyl
group scavenger, consistent with literature reports on its role in removing methyl groups from
B-N-C polymers.?!’

For MeCTB, NHj preferentially bonds to the C atom (E. = 31.62 kcal/mol), while bonding
to the B atom is not favoured (Ea = 57.84 kcal/mol). Similar to the behaviour observed for
PMeAB3-nocap and MelB, NH3 coordination to the C atom in MeCTB facilitates CH3 group
release, promoting demethylation (direct demethylation E. = 56.36 kcal/mol). In the case of
MeBZ, however, NH3 preferentially bonds to the B atom (£, = 17.45 kcal/mol) rather than the
C atom (E. = 51.18 kcal/mol). While NH3 bonding to the C atom in MeBZ can also lead to CH3
release, the associated activation energy is not lower than that of direct CH3 dissociation (Ea =
51.21 kcal/mol). Through its reactions with precursor and key intermediate species, NH3 not
only aids in the removal of carbon from the system but also contributes to the formation of a
stabilised, cross-linked BN3 coordination environment, essential requirements for the synthesis

of a carbon-free, pure h-BN network.
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Figure 4.16: Energy diagram for the network formation of MeCTB. (a) Black: reaction of MeCTB +
MeCTB; orange: dehydrogenation of MeCTB + MeCTB. (b) Black: dehydrogenation of MeCTB-CH3
+ MeCTB-CH3; orange: dehydrogenation of MeCTB + MeCTB-CHs. (¢) Black: dehydrogenation of
CTB + CTB; orange: dehydrogenation of MeCTB + CTB. (d) Black: dehydrogenation of BZ + BZ;

orange: dehydrogenation of MeBZ + MeBZ.
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Having established the thermal decomposition pathways of individual precursor molecules,
I now examine the interactions between two thermally decomposed species, as these represent
the initial steps in the formation of the h-BN network (Figure 4.15 and 4.16). Figure 4.15
illustrates the interaction between two linear B—N species. Two intact PMeAB3-nocap
molecules do not favour the formation of a branched network without prior dehydrogenation;
in such cases, the polymer chains are prone to eventual fragmentation (Figure 4.15a). However,
upon prior demethylation to yield PMeAB3-nocap-CHj3, the resulting species tend to form
stable branched structures, either with each other (E£. = 7.29 kcal/mol) or with undecomposed
PMeAB3-nocap (E. = 24 kcal/mol) (Figure 4.15b). Further demethylation to produce fully
demethylated PAB3-nocap enhances this branching behaviour, promoting the formation of
cross-linked networks (Ea. = 35.24 kcal/mol for bonding between two PAB3-nocap; E. = 11.35
kcal/mol for bonding between a PAB3-nocap and a PMeAB3-nocap) (Figure 4.15c).
Additionally, dehydrogenation leading to PMelIB , as well as combined demethylation and
dehydrogenation to yield PIB, also favours the formation of stable branched structures (Ea. =
13.3 kcal/mol for bonding between two PMelB; E. = 25.26 kcal/mol for bonding between two
PIB) (Figure 4.15d). Both PMeIB and PIB are capable of interacting with each other to form
robust, network-like architectures, supporting their role as key intermediates in the early stages
of h-BN network formation.

Figure 4.16 illustrates the interaction between two cyclic B-N species. Dehydrogenation
facilitates the bonding between two MeCTB molecules (E. = 44.73 kcal/mol with
dehydrogenation; E. = 77.17 kcal/mol without dehydrogenation) (Figure 4.16a), while
demethylation to form CTB further promotes the assembly of BN ring networks (E. = 41.1
kcal/mol for bonding between a MeCTB and a CTB; £, =23.16 kcal/mol for bonding between
two CTB) (Figure 4.16¢). Complete dehydrogenation to produce MeBZ, as well as the

combined effect of full dehydrogenation and demethylation to produce BZ, also contributes to
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network formation (£, = 7.15 kcal/mol for bonding between two MeBZ; E, = 24.58 kcal/mol
for bonding between two BZ) (Figure 4.16d). Overall, this indicates that both dehydrogenation
and demethylation are critical in promoting molecular branching and cross-linking, marking
the initial transition from linear/cyclic precursors toward the formation of a fully developed,

carbon-free h-BN ceramic network.
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4.3.2 Verification of the Chosen ReaxFF (ReaxFFuconsg) Parameters

Set

To identify the most suitable force field (FF) from the available FF libraries, I conducted a
comparative analysis between DFT and ReaxFF-calculated energies for key reactions relevant
to PMeAB chemistry. The FF evaluated include ReaxFFucnoss, ReaxFFcpn, and
ReaxFFchnongaisicl. The selected benchmark reactions are fundamental processes such as B-H,
C-H, and N-H bond dissociation (Figure 4.17); B-N bond dissociation (Figure 4.18); C—C,
C—N, and N-N bond dissociation (Figure 4.19); angular distortions involving B-N-B, C-N—
B, and N-B-N (Figure 4.20); and H-H bond formation (Figure 4.21). By validating the
performance of each FF against DFT reference data for these representative reactions, I can
confidently select the most accurate FF for modelling the extended thermal decomposition
pathways of precursor PMeAB and related compounds. These benchmark reactions
collectively capture the essential chemical transformations underpinning PMeAB thermolysis

and are therefore critical for ensuring the reliability of the FF in subsequent simulations.
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Figure 4.17: Comparison between DFT and ReaxFF for PMeAB related chemistry. The black, orange,
blue, and green curve represent result based on DFT, ReaxFFucnoss, ReaxFFcpn, and ReaxFFcrnongaisici,
respectively. (a) Reaction energy for the B-H bond dissociation of a BH molecule. (b) Reaction energy
for the C-H bond dissociation of a CH molecule. (¢) Reaction energy for the N-H bond dissociation of

a NH molecule.
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Figure 4.18: Comparison between DFT and ReaxFF for PMeAB related chemistry. The black, orange,
blue, and green curve represent result based on DFT, ReaxFFrcnoss, ReaxFFcgn, and ReaxFFcuonsaisicl,
respectively. (a) Reaction energy for the B-N bond dissociation of a MeAB molecule. (b) Reaction
energy for the B-N bond dissociation of a MelB molecule. (c) Reaction energy for the B-N bond

dissociation of a BH=NCH; molecule.
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Figure 4.19: Comparison between DFT and ReaxFF for PMeAB related chemistry. The black, orange,
blue, and green curve represent result based on DFT, ReaxFFrcnoss, ReaxFFcgn, and ReaxFFcuonsaisicl,
respectively. (a) Reaction energy for the C-C bond dissociation of a CH3-CH3 molecule. (b) Reaction
energy for the C-N bond dissociation of a NH,-CH3 molecule. (c) Reaction energy for the N-N bond

dissociation of a NH,-NH, molecule.
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The ReaxFFchonaisici performs poorly in predicting reaction energies for systems
containing boron. Specifically, it shows significant deviation from DFT reference data in cases
such as B-H bond dissociation (Figure 4.17a), B-N bond dissociation (Figures 4.18b and
4.18¢), and B-N bond formation in MeAB and MelB (Figure 4.21). Due to its poor agreement
with DFT results, this FF was excluded from further consideration. In contrast, the other two
FF, ReaxFFucnoss and ReaxFFcgn, generally show better agreement with DFT data across
reactions involving B, C, N, and/or H atoms. However, ReaxFFcgn exhibits abnormal
behaviour in certain cases, such as B-N bond dissociation (Figure 4.18) and C-N bond
dissociation (Figure 4.19b), where the energy curves display abrupt drops or discontinuities.
These artifacts suggest potential instability or unreliability in MD simulations. On the other
hand, ReaxFFucnoss consistently produces smooth and continuous energy profiles in all tested
cases, indicating more stable and physically meaningful performance. Based on these
observations, I expect a decent transferability for the ReaxFFucnoss to study the PMeAB-

related thermal decomposition chemistry.
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4.3.3 Large-Scale Molecular Dynamics Simulations based on

ReaxFFuconss

Single-molecule simulations were performed using multiple unique initial configurations to
statistically assess the decomposition behaviour. Atomic coordinates and velocities for these
configurations were extracted from different time steps of a prior simulation equilibrated at
300 K. The initiation of H» release from PMeAB3, MeAB, and MeCTB is expected to be at
least partially unimolecular in nature; thus, single-molecule simulations provide an efficient

and appropriate method for investigating this process.

In parallel, multi-molecule simulations were conducted across a range of temperatures by
continuously increasing the thermostat from 300 K to 5000 K at a constant heating rate. It is
important to note that this temperature ramp represents a computational modelling strategy
rather than an experimental condition. The upper limit of 5000 K is intentionally chosen to
accelerate reaction kinetics and observe significant chemical transformations within an
accessible simulation timeframe, given the constraints of molecular dynamics timescales.
These simulations enabled the calculation of the H: release rate as a function of temperature,
as well as the identification of the temperature at which maximum H> evolution occurs. To
more accurately represent experimental conditions, a molecular sink model was implemented
by selectively removing H> and/or CHx species during the simulation. This approach mimics
the effect of NHj3 thermolysis, which removes methyl groups, and prevents excessive H» in the

system.

A compositional analysis of the reaction products and intermediates was performed using

the ChemTraYzer2 model to identify the key molecular species involved in the decomposition
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process and to elucidate the overall reaction pathways. The simulation parameters, including

temperature range, heating rate, and simulation box dimensions, are summarised in Table 4.1.

Table 4.1: Respective configurations for ReaxFF MD simulations.

Heating Cube
Simulation Temperature [K] Rate Length
[K/fs] [nm]
1200; 1300, 1400; 1500;
1 PMeAB3-nocap molec. const. temp. 1600; 1700; 1800; 1900; N/A 0.75
2000
2000; 2100; 2200; 2300;
1 MelB molec. const. temp. 2400; 2500; 2600; 2700; N/A 0.75
3000
1000; 1100; 1200; 1300,
1 MeCTB molec. const. temp. 1400; 1500; 1600; 1700; N/A 0.75
1800; 1900; 2000
10 PMeAB3-nocap molec. temp. ramp  300—5000 0.01 1.5
30 MeIB molec. temp. ramp 300—5000 0.01 1.5
10 MeCTB molec. temp. ramp 300—-5000 0.01 1.5
10 PMeAB3-nocap molec. const. temp.  1500; 2000; 2500; 3000 N/A 1.5
10 PMeAB3 molec. const. temp. 1500; 2000; 2500; 3000 N/A 1.5
30 MeIB molec. const. temp. 1500; 2000; 2500; 3000 N/A 1.5
30 MeAB molec. const. temp. 1500; 2000; 2500; 3000 N/A 1.5
10 MeCTB molec. const. temp. 1500; 2000; 2500; 3000 N/A 1.5
10 MeBZ molec. const. temp. 1500; 2000; 2500; 3000 N/A 1.5
10 PMeAB3-nocap molec. temp. ramp
) . 300-5000 0.01 1.5
with molec. sink model (-Hz; -CHx)
10 PMeAB3-nocap molec. temp. ramp
. . 300-5000 0.01 1.5
with molec. sink model (-H»)
30 MelB molec. temp. ramp
300-5000 0.01 1.5

with molec. sink model (-H»; -CHx)
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30 MelB molec. temp. ramp

. . 300-5000
with molec. sink model (-H2)
10 MeCTB molec. temp. ramp
. . 300—5000
with molec. sink model (-Hz; -CHy)
10 MeCTB molec. temp. ramp
300-5000

with molec. sink model (-H2)

0.01

0.01

0.01

1.5

1.5

1.5
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Figure 4.22: A 1 PMeAB3-nocap constant temperature simulations. (a)
Sequence of images showing the release of H, from PMeAB3-nocap.
(b) Reaction rate constant (k) versus inverse temperature, inset shows

the calculated activation energy (F.).
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Figure 4.23: A 1 MeAB constant temperature simulations. (a)
Sequence of images showing the release of H; from MeAB. (b)
Reaction rate constant (k) versus inverse temperature, inset shows the

calculated activation energy (E.).
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Figure 4.24: A 1 MeCTB constant temperature simulations. (a)
Sequence of images showing the release of H, from MeCTB. (b)
Reaction rate constant (k) versus inverse temperature, inset shows the

calculated activation energy (Ea).
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Figure 4.22a, 4.23a, and 4.24a show the sequence of single molecule simulations for
PMeAB3-nocap at 1500 K, MeAB at 3000 K, and MeCTB at 1500 K, respectively, each
depicting the release of one H> molecule. As the temperature increases, the hydrogen bonds in
all three molecules undergo significant stretching. For PMeAB3-nocap and MeCTB, this
ultimately results in a H atom bonded to one boron atom forming a bond with a H atom bonded
to a neighbouring boron. In the case of MeAB, a H atom bonded to boron forms a bond with a
H atom bonded to nitrogen, similar to the mechanism observed in AB ReaxFF simulations by
Weismiller et al.'** The newly formed H, molecule then dissociates from the parent molecule,
leading to a dehydrogenated product. Figure 4.22b, 4.23b, and 4.24b present plots of the
reaction rate constant (k) as a function of the inverse temperature (1/T). The rate constants were
determined by conducting single molecule simulations initiated from random configurations
after equilibration at 300 K for 100 ps. Simulations were performed across a temperature range
of 1000-3000 K, and the time required for H> release was recorded. At temperatures above
3000K, molecular backbones frequently dissociate, whereas at temperatures below 1000K, H»
release occurs over a prolonged timescale, often exceeding hundreds of nanoseconds to
microseconds, which is infeasible to capture within the practical duration of typical molecular
dynamics simulations (usually limited to 10—-100 ps for reactive studies).

An exponential fit to the data was used to extract activation energies based on the Arrhenius
equation. The calculated activation energies are as follows: E, = 30.06 kcal-mol! (125.78
kJ-mol!) for PMeAB3-nocap, E, = 38.82 kcal-mol™! (162.4 kJ-mol™!) for MeAB, and E, = 25.44
kcal'mol™! (106.46 kJ-mol ™) for MeCTB. E. of MeAB is in good agreement with the previously
reported computational value of 43.3 kcal-mol™!.!"> This value also compares reasonably with
the experimental activation energy of 28 kcal-mol™! for the dehydrogenation of AB,?*! and 32.6
kcal-mol™! for the dehydrogenation of C2He.?*? Among the three, MeCTB exhibits the lowest

E., likely due to its ring structure, which brings two H atoms into close proximity, facilitating
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H-H bond formation. It is worth noting that at temperatures approaching 3000 K, some
simulation trajectories exhibit dissociation of B-N or N—C bonds, leading to the formation of
BHx + NCHx or CHx + BNHx fragments prior to the target H> release. These instances were

excluded from my analysis and were not considered in the reported results.
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Figure 4.25: A 10 PMeAB3-nocap temperature ramp simulation. (a) Snapshots at 300, 2000,
3500, and 5000 K. (b) Rate of H, release per change in temperature. (c-¢) Evolution of the

reactants, major intermediate products, and radicals observed.
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Figures 4.25b, 4.26b, and 4.27b show the rate of H; release per molecule from temperature
ramp simulations of 10 PMeAB3-nocap molecules, 30 MeIB molecules, and 10 MeCTB
molecules, respectively. For PMeAB3-nocap, H» release starts at 1800 K, peaks at 2900 K, and
remains substantial until 4250 K. In the case of MelB, H» release begins at 2120 K, peaks at
2490 K, and remains until 3760 K. The delayed onset of MelB dehydrogenation is due to its
dependence on dehydropolymerisation, a process that releases H» through the formation of
polymeric B-N chains, as shown in Figure 4.26a at 2000 K. Unlike PMeAB3-nocap, which
exhibits a single dominant release peak, MelB displays three additional minor peaks at 3380
K, 3970 K, and 4440 K, corresponding to ongoing dehydropolymerisation events. For MeCTB,
H; release starts much earlier at 890 K, peaks at 3160 K, and continues substantially until 3760
K. The early onset of H> release in MeCTB is likely due to its ring structure, which spatially
favours hydrogen elimination by bringing two hydrogen atoms into close proximity. An
additional release peak appears at 1960 K, prior to the main peak, which is attributed to the
inherent stability of the B—N ring structure, facilitating early-stage dehydrogenation prior to
the volatile dissociation of B-N bonds. As shown in Figure 4.27a at 2000 K, intact B-N rings
are still observable at this stage. The main dehydrogenation peak at higher temperatures
corresponds to H» release along B-N chain structures, similar to the behaviour observed in
PMeAB3-nocap. At elevated temperatures, most MeCTB rings break apart to form linear B-N
chains, leading to dehydrogenation dynamics comparable to those of PMeAB3-nocap.

The release of four equivalents of H> per molecule was observed for both PMeAB3-nocap
and MeCTB, which explains the earlier onset and of H> release and its continuous release over
a broader temperature range. In contrast, the MelB simulations show the release of only
approximately one equivalent of H, per molecule. Complete dehydrogenation of all three cases
require the formation of extended B—N polymeric structures. Although partial polymerisation

is observed in the simulations, the time scales required for full polymer growth or ring structure
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network formation extend well beyond the duration accessible in these simulations. It is
important to note that experimental TGA-MS results in Chapter 3 show vigorous H release
from PMeAB at 92.5 °C (Figure 3.13) and MeCTB at 121.6 °C (Figure 3.29). MeAB exhibit
H; release from 55 °C as reported in the literature.!%’ To make the simulations computationally
feasible, elevated temperatures and rapid heating rates were employed, allowing H> release to
be captured within the short simulation time frame (~1 ns).!?

All three molecular precursors produce B-N—C chains, as shown in the insets of Figure
4.25a, 4.26a, and 4.27a. Carbon atoms are found bonded to boron, nitrogen, or both, which
disrupts the formation of stable B—N rings, an essential structural feature for the development
of a h-BN ceramics network. To further investigate this effect, I conducted additional
simulations incorporating a molecular sink model, which removes H> and CHx species during
the simulations. These results serve as a comparison to the standard simulations and will be
discussed later. Without removing molecules, only MeCTB yields B-N ring structures, with
methyl groups still attached. The preexisting ring structure facilitates ring retention during
decomposition. In contrast, PMeAB3-nocap forms only chain-like structures, although these
chains are longer than those derived from MelB due to the molecule’s inherently extended
structure. MelB, owing to its small molecular size and greater freedom for bonding, tends to
form excessive C—B—N three-member ring structures, interfering with the formation of
extended B—N chains, as seen in PMeAB3-nocap.

Figure 4.25c—e, 4.26¢—d, and 4.27c—e show the evolution of reactants, key intermediate
products, and radicals during the simulations. Despite differences in the initial molecular
structures, all three systems converge to a similar final count of approximately 70 molecules,
indicating a comparable extent of decomposition. The PMeAB3-nocap molecules are fully

decomposed by 1630 K, earlier than both MeCTB and MelB. This can be attributed to the

molecular structure of PMeAB3-nocap, which consists of relatively long B-N chains that are
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more susceptible to thermal degradation. In contrast, the ring structure in MeCTB provides
greater stability, delaying decomposition. Similarly, MelB’s compact results in fewer reactive
sites and greater resistance to fragmentation, slowing its decomposition relative to PMeAB3-
nocap.

The dissociation pathways of the three molecular precursors: PMeAB3-nocap, MeCTB,
and MelB, are broadly similar, leading to the formation of four common small species: NHy,
CHy, BNHy, and NCHx. Among these, CHy is the most dominant decomposition product across
all three systems. The peak release temperatures for CHx are 2850 K for MelB, 2410 K for
PMeAB3-nocap, and 2500 K for MeCTB. Larger quantities of CHy are observed in PMeAB3-
nocap and MeCTB compared to MelB, suggesting that larger molecular frameworks, such as
the B-N chains in PMeAB3-nocap and B-N rings in MeCTB, favour CHx release. This
behaviour is likely due to structural stabilisation offered by the B-N motifs, which facilitates
selective C—N bond cleavage.?8?% The formation of BNHy species follows that of CHy, though
in smaller quantities, indicating partial fragmentation of B-N chains and rings. NHx formation
peaks at higher temperatures than CHx, as it requires the cleavage of stronger B-N bonds (bond
dissociation energy ~90—105 kcal/mol), compared to N-C bonds (~70-85 kcal/mol).?** These
four dominant species are consistent with the TGA-MS results (Figure 3.13), where my initial
assignments suggest that the signals at m/z = 15-17 likely correspond to CHx and NHx
fragments, while those at m/z = 26-31 are attributable to BNHx and NCHv species. Small
amounts of NCHy are observed at lower temperatures (~1500 K), while BHx species are notably
absent as major products. This observation somewhat contradicts the experimental TGA-MS
data (Figure 3.13), where I detected a signal at m/z = 13, likely corresponding to BH3, and
another at m/z = 26, which can be attributed to B2He. Previous studies on AB pyrolysis also
identify BH; and B2Hs as key intermediates, playing a critical role in the dehydrogenation

process and appearing as dominant species during thermal decomposition.?!® The absence of
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BCHx species also reflects the unfavourable nature of B—C bonding in these systems, as both
boron and carbon preferentially form bonds with nitrogen.?®® Larger molecular fragments, such
as PMeAB2-nocap, MelB, CHsB2N, and C2H10BN, are also detected in the MeCTB and
PMeAB3-nocap simulations. These fragments result from the dissociation of the B-N
backbone, either along the chain or within the ring, reflecting the various dissociation pathways
accessible at high temperatures. In the case of MelB, polymerisation is observed, including the
formation of BoN>CoHx-type dimers, which peak around 1840 K (see Figure 4.26a for the
example dimer). Ultimately, all three precursor types converge toward the formation of MelB-
like units, which continue to dehydrogenate up to 5000 K, following similar thermal behaviour

in the latter stages of decomposition.
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In addition to the temperature ramping simulations, I also investigated the dehydrogenation
process under constant temperature conditions. Figure 4.28, 4.29, and 4.30 show the number
of released H> molecules as a function of simulation time for PMeAB3-nocap, MelB, and
MeCTB, respectively, at fixed temperatures of 1500, 2000, 2500, and 3000 K. These
temperatures were selected based on the observation of significant B-N bond formation and
dissociation events in the temperature ramping simulations (Figure 4.25, 4.26, and 4.27). For
all three molecules, the amount of H> released increased with temperature and eventually
saturated over time (Figures 4.28b, 4.29b, and 4.30b). At 1500 K and 2000 K, all three systems
released a similar amount of H> (~5—10 molecules). However, at 2500 K, the amount nearly
doubled to around 20 molecules, and at 3000 K, it doubled again to around 40 molecules,
indicating a strong temperature dependence of the dehydrogenation process, and suggesting
the existence of a threshold temperature above which significant H; volatilisation occurs.

At 1500 K, after 100 ps, the B-N chains in PMeAB3-nocap remained largely intact, with
only minimal chain breaking observed, resulting in the preservation of B-N trimer chains (see
inset for an example molecule). However, methyl groups exhibited mobility, either dissociating
from the B-N chain or re-bonding to boron or to both boron and nitrogen atoms. This suggests
that the N—C bond is less stable than the B-N bond, which may facilitate conversion to BN-
based materials in experiment, suggesting the potential of PMeAB as a precursor for BN
materials with minimal carbon impurity. For MelB, due to its small molecular structure and
the relatively low temperature, no significant polymerisation into extended B—N chains was
observed within 100 ps. This could potentially change over longer simulation times. In addition,
the formation of B-N—C three-membered ring structures was frequently observed, likely due
to the uncapped nature of the B and N atoms, which readily form bonds with carbon. These
small ring structures appear to hinder the formation of extended B-N chains. In the case of

MeCTB, the majority of the ring structures broke apart within 100 ps, transforming into chain-

182



like structures resembling those of PMeAB3-nocap. Despite the relatively low temperature,
sufficient simulation time allowed for ring opening. Once converted into chains, methyl groups
exhibited similar behaviour to those in PMeAB3-nocap, either migrating along the chain or
dissociating. Notably, MeCTB exhibited the highest number of H> molecules released (~10) at
1500 K, compared to PMeAB3-nocap (~5) and MelB (~7), which aligns with single-molecule
simulation results showing that MeCTB has the lowest £, for dehydrogenation among the three.

At 2000 K, the B-N chains in PMeAB3-nocap tend to break apart, leading to the formation
of MelIB-like units, although most H atoms remain attached. This suggests that the temperature
has not yet reached the threshold required for extensive H» release, limiting the re-
polymerisation of MeIB units into extended B—N chain structures. In the case of MelB, partial
polymerisation is observed, with the formation of B-N dimers; however, no trimers are
detected. This may be attributed to a higher degree of H; release compared to PMeAB3-nocap,
despite both systems being primarily composed of MelB-like units at this temperature. Notably,
in MeCTB, a reformation of ring structures is observed at 2000 K, contrasting with the
behaviour at 1500 K, where B-N chains were predominant. This phenomenon is likely due to
increased H: release at higher temperatures, which creates more available bonding sites on
boron and nitrogen atoms, thus facilitating ring closure. Additionally, an increased release of
methyl groups may reduce the formation of B-N—C three-membered rings, which would
otherwise hinder the reformation of larger B-N rings. However, B-N chain structures similar
to those seen at 1500 K are still present.

At 2500 K, all three systems exhibit extensive bonding among boron, nitrogen, and carbon
atoms, resulting in the formation of large, yet disordered structures. The temperature exceeding
the dehydrogenation threshold, leading to significant H» release and the consequent creation of
numerous active bonding sites on boron, nitrogen, and carbon atoms. Among the three,

PMeAB3-nocap yields the least ordered molecular structures after 100 ps, with no obvious B—
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N chains observed. In contrast, MeIB exhibits some degree of ordering with the presence of
short B-N chains, although the overall structure remains relatively small and less developed.
MeCTB shows the highest degree of structural ordering. Long, alternating B-N chains are
predominantly observed throughout the system and are likely to grow further into longer chains
or networks with extended simulation time. Moreover, coordination environments resembling
BNj3 and BN4 motifs are observed in MeCTB, suggesting the initial formation of cross-linked,
stabilised networks. These features are consistent with those detected in experimental ''B NMR
data discussed in Chapter 2 (Figure 2.16), further supporting the potential of MeCTB as a
promising precursor for BN-based materials.

At 3000 K, both PMeAB3-nocap and MelB continue to evolve into larger and more ordered
structures compared to those observed at 2500 K. In contrast, the ordered structures previously
observed in MeCTB at 2500 K are no longer present. Instead, MeCTB primarily forms smaller
B-N-C species at 3000K or above, often with double or triple bonds. This behaviour suggests
that different precursor molecules have different optimal temperature windows for the
formation of B—N ordered structures. Below this window, insufficient thermal energy prevents
overcoming FE,, limiting the growth of large, ordered B—N networks. On the other hand, at
temperatures above this optimal range, the pre-formed ordered structures tend to decompose
into smaller fragments. Therefore, identifying and maintaining an optimal temperature is

crucial in experimental settings to achieve high-quality, well-ordered h-BN materials.
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To mimic the continual removal of carbon during NH3 thermolysis (Figure 2.18), a
molecule sink model was applied in which H>, CH, CH», CH3, and CH4 species were removed
from the system every 25 fs. Across all three precursors, PMeAB3-nocap, MelB, and MeCTB,
at all temperatures (2000K, 3500K, 5000K), only B—N bonds were observed; no B-B or N-N
bonds were detected.

At 2000 K, PMeAB3-nocap formed B-N chains without methyl groups. The removal of
methyl groups, which otherwise tend to bond with boron or migrate along the B-N backbone
(see Figure 4.25a), helped stabilise the linear B-N chain structures. However, no B-N ring
structures were observed, likely due to PMeAB3-nocap’s linear configuration, which prevents
the chain ends from interacting within the limited simulation timeframe. For MelB, the product
showed the highest degree of molecular ordering among the three systems, with both B-N
chains and rings being prominent. This supports the claim that MelB, upon releasing CHx and
H; yielding IB (BH2NH2) and BHNH-like units, serves as an efficient building block for
constructing extended B—N chain and ring structures. These findings are consistent with prior
experimental and theoretical studies. Thompson et al. reported that the major product formed
from the reaction of pulsed-laser-ablated boron atoms with NH3 is BHNH, a highly reactive
molecule that trimerizes under ambient conditions to form BZ.2%” The theoretical study from
Cheng et al. further support this, suggesting that both BHNH and IB species directly contribute
to BN flake growth by reacting with the edges of h-BN crystals.>? Similarly, Anafcheh et al.
proposed that BHNH plays a crucial role in expanding square-ring motifs within BN cages,
facilitating the formation of larger h-BN nanostructures.?®® For MeCTB, only pure B—N rings
were observed, with no evidence of B-N chain formation. Among the ring structures, BsN3He,
also known as BZ, was predominant, which is a well-known intermediate or product in the
thermal decomposition of AB. This selectivity toward BZ is due to the inherent ring structure

of MeCTB and the absence of disruptive methyl groups, preventing ring opening.
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At 3500 K, all three precursors began to partially decompose into smaller fragments
compared to 2000 K, although some large structures remained intact. This suggests that the
temperature exceeds the stability threshold for some B—N bonds. At 5000 K, all three systems
formed extremely large molecular networks, with most of the system effectively converting
into a single, interconnected B—N structure. This occurs because nearly all H> and CHx species
have been removed, leaving boron and nitrogen atoms free to bond extensively. Notably, at
5000 K, MeCTB formed pure B-N rings entirely free of hydrogen for the first time, structures
that serve as fundamental building units of h-BN. These results strongly suggest that, given
sufficient simulation time and the continued application of the molecule sink model, the
formation of a more ordered, ceramic-like h-BN network is likely.

Figure 4.31b—d, 4.32b—d, and 4.33b—d illustrate the evolution of reaction products and
intermediates over time. The total number of molecular species in all three systems exhibits a
similar trend: after an initial period of relative stability, the molecule count begins to decline,
marking the onset of H, and CHx formation as the temperature increases. For PMeAB3-nocap,
this decline begins at 2760 K. In the case of MelB, molecular decomposition starts earlier at
960 K. MeCTB shows a slight increase in molecular count at 2460 K, followed by a decline at
2760 K. In all three systems, the predominant reaction products are B3N3Hyx, BoNoHx, and
BNHjx species. These molecules are more abundant than species containing unequal B:N ratios
or those incorporating carbon atoms. This indicates that all three precursors preferentially
decompose into products with B:N stoichiometry = 1:1, indicating their suitability as
precursors for the synthesis of BN-based materials with minimal structural irregularities. A
modified molecule sink model, in which only H> was removed while CHx species remained,
was also evaluated (Figures 4.31e, 4.32¢, and 4.33e¢). The results show that, without H»
accumulation, the evolution of reaction products and intermediates closely mirrors the

behaviour observed in simulations without any molecule removal (Figures 4.25, 4.26, and
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4.27), both in terms of composition and quantity. This indicates that the presence of excess H»
in the system does not significantly influence the overall decomposition pathway. Furthermore,
no evidence of passivation or re-bonding of H to B—N-containing molecules was observed,
confirming that H> does not substantially interfere with the formation or breakdown of B-N

networks in the simulations.

190



_ » H NCH; P35 75%

HN—CH; ———
—>»  CH, : NH P6: 25%
H, w BNCHs = B,NCHy  PT: 44%
HzB\H/B\H/BHz > B - BN,CHy, P8 17%
N
| \Q\l BNCH,  + B,NCH, P9 17%
CH,4 CH, \ ¥ 4 . BsN,CoHys P10: 17%
 BH, 4 B,N.CzHyy  P11: 6%
H H
B2 B2 NCHs 4 B,N,CoHyy  P12: 50%
~ZONH TN
HN N NH <—» NCH, +  BN:CoH;y P13: 25%
P1: 45% | | e .
CHy,  CHa CH, H : NaCsHis Pl14: 25%
N
BH, NCH, A B,NCH,  P15: 43%
H H NCHs  + B,NCH;  P16: 29%
2 2 . 0
H,B BLH_B_ P2: 27% H .+ BN,CHyy PI7: 14%
N N

BN.C,Hy  PI8: 14%

CH; CHz CHs
NCH;  P19:30%

PMeAB3-nocap BNCHs  P20: 26%
P3: 18%

CHj P21: 15%

BCH, P12: 7%

P4: 9% NCH;  P23: 4%
BNH,  P24: 4%

BCH, + NH, P25: 7%

NH, P26: 4%

+ BNCH,4 P27: 4%

H
NCHs + BsN,CoHy, P28: 71%
+
B,NCHs - BN,C,Hy  P29: 18%
BSN303H1T

BNCH,  +  BN,CHyy P30: 6%

BH, + BoNsCsHyg P31: 6%
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To statistically analyse the composition of thermal decomposition products, I employed
the CTY2 package to study the evolution of reaction products, intermediates, and radicals in
temperature ramping simulations of three systems: 10 PMeAB3-nocap molecules (representing
a polymeric precursor), 30 MelB molecules (representing a monomeric precursor), and 10
MeCTB molecules. Notably, more than 100 unique reactions and distinct chemical species
were identified. These large numbers reflect the successful identification of transient reactive
intermediates, providing a comprehensive view of the decomposition pathways.

To better understand the thermal decomposition process of these precursors, I analysed the
initiation steps and subsequent reactions in detail (Figure 4.34, 4.35, and 4.36). For PMeAB3-
nocap (Figure 4.24), the most frequently observed reactions involved dissociation pathways,
including the cleavage of various B-N bonds along the B-N chain (P1-P3). These yielded
intermediate  species such as NHCHs + BH>NHCH3BH.NHCH3BH,, BH, +
NHCH3;BH,NHCH3;BH>NHCH3, and BH>NHCHj; + BH>NHCH3;BH>NHCH3.
Dehydrogenation reactions were also observed, producing species such as H + B3N3CsHj9 (P4).
These intermediates underwent secondary reactions (P5—-P31), leading to smaller fragments
including H, H>, BH>, BH3, NH2, CH3, NCHx, BNHx, BNCHx, BoNCHx, and minor quantities
of BCHx. These computational findings are in good agreement with the TGA-MS results
(Section 3.3.2, Figure 3.13). Specifically:

- m/z=1-2 corresponds to H and Ho,

- m/z=13-17 is attributed to BH>, BH3, NH>, and CH3,

- m/z=26-31 likely represents both AB-like species (BNHx) and NCHy,

- m/z =38-42 is more plausibly attributed to MeAB-like species (BNCHx), rather than

earlier assumptions of B3Hx or BoNHx, given the low detection of methyl-free species,

- m/z =51-54 is more consistent with BNCHx than with B2N2>Hx, as the latter’s ring

structures are rarely observed in the simulations.
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Additionally, m/z =78-82 and 120-122 are likely associated with BZ and MeBZ-type species.
While such ring structures were not directly observed in the simulation given the limited
simulation timescale, I propose that these signals may also correspond to dehydrogenated
dimers (PMeAB2) or trimers (PMeAB3) alongside BZ and MeBZ. Here, m/z stands for mass-
to-charge ratio, a key parameter in mass spectrometry that represents the ratio of an ion’s mass
(m) to its charge (z).

For MelB (Figure 4.35), only two primary reaction pathways were detected: B-N bond
dissociation (P32) and dehydrogenation (P33). This observation is consistent with previous
transition state studies of its close analogue, AB, which undergoes two dominant
intramolecular reactions: dissociation into NH3 and BH3, and dehydrogenation to form IB.*
The products resulting from the initial dissociation and dehydrogenation of MelB undergo
secondary (P34-P43) and ternary reactions (P44—P55), which include further dissociation and
dehydrogenation steps. The final decomposition products include small species such as H, Ho,
BH», BH3, NH»>, CH3, CH4, NCHx, BNHx, and BNCHy, closely resembling those observed in
the decomposition of PMeAB3-nocap. This similarity suggests that the thermal decomposition
mechanisms of monomeric and polymeric forms MelB are fundamentally alike. It also implies
that the molecular weight of PMeAB has a limited effect on the overall thermal decomposition
behaviour.

For MeCTB (Figure 4.36), the primary decomposition pathway involves ring opening
through the dissociation of B-N bonds (P56-P59), while dehydrogenation (P60) and
demethylation (P61) are observed as minor pathways. The subsequent secondary reactions
(P62—P104) appear to be more complex and diverse compared to those in PMeAB3-nocap and
MelB. However, the resulting decomposition products are largely similar to those observed in
the other two systems. These include H, H>, BH>, BH3, NH>, CH>, CH3, CHs4, NCHy, BNHx,

and BNCHx, B.NCHx, BN>CHsx.
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Table 4.2: Comparison of the main products from TGA-MS and simulations.
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Figure 4.37: Proposed thermal decomposition pathways of PMeAB.
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Table 4.2 compares the thermal decomposition species identified through three different
approaches: experimental detection via TGA-MS, predicted molecule structures from PES
based on DFT calculations, and large-scale simulations from ReaxFF-based MD. The tentative
assignments of molecular species to observed m/z values have become clearer, with additional
structural insights supported by both computational methods.

e m/z = 1-2: These species are unambiguously assigned to hydrogen atoms and

molecules (H and Hy).

e m/z=13-17: These species are likely composed of all BHx, NHy, and CHx units, with

several plausible structural configurations now supported by PES and MD analyses.

e m/z = 26-31: Both BNHx and NCHx structures were confirmed, consistent with the

initial hypotheses.

e m/z=38-42: These species are most likely MelB or partially dehydrogenated MeAB,

as both computational approaches yield similar species.

e m/z = 51-54: Strong evidence from both PES and MD supports the assignment to

BoNCHy species.

o m/z=78-82: These are better described as PMeAB dimer or cyclic derivative MeCDB,

rather than the previously assumed CTB or BZ structures.

e m/z=120-122: These species are most likely dehydrogenated PMeAB trimer and their

cyclic derivative MeCTB.
This comprehensive comparison provides important insights into the likely reaction
intermediates and products, and help construct an overall thermal decomposition pathway from
the PMeAB precursor to the final BN structure.

Figure 4.37 illustrates the proposed thermal decomposition pathways of PMeAB. Three
primary  mechanisms—dissociation,  cyclisation, and  dehydrogenation—are  all

thermodynamically favourable. These pathways lead to the formation of borane, cyclic species
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MeCTB and MeCDB, monomeric building units MelB, and dehydrogenated products such as
PMelB. In addition to pyrolytic decomposition, the reactivity of PMeAB in an NH3 atmosphere
is shown in Figure 4.38, and interactions between MeCTB and NH3 shown in Figure 4.39.
NHj3 preferentially bonds with boron and carbon atoms rather than nitrogen, promoting the
removal of methyl group and enhancing the boron coordination environment. The subsequent
elimination of methyl groups enables molecular branching, an essential early step in the
formation of extended BN networks. Collectively, these results shed light on the mechanistic

transformation of PMeAB toward h-BN.
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4.4 Summary

In this chapter, I presented a comprehensive investigation of the thermal decomposition
pathways of PMeAB and related compounds by integrating PES mapping using DFT and MD
simulations using ReaxFF. DFT-based PES calculations enabled the identification of essential
reaction steps, including transition states and key intermediates, during the evolution of the
precursor. Among the various pathways explored, cyclisation of linear PMeAB to form the
thermodynamically stable cyclic intermediate MeCTB was identified as the most favourable,
occurring with nearly barrierless energy compared to dehydrogenation or bond dissociation.
Intramolecular dehydrogenation across B-N and B-B bonds was found to be energetically
preferred over other combinations for both linear and cyclic precursors, though the E, increases
significantly for the second and third H» releases. Selective B-N bond dissociation in PMeAB
yields small molecular fragments such as BH», BH3, and the monomer MelB, species that
further facilitate dehydrogenation reactions. These findings demonstrate that both intra- and
intermolecular dehydrogenation mechanisms contribute to the overall decomposition process.
MelB, a key thermal decomposition intermediate/product, is shown to be a likely fundamental
building unit in the formation of extended BN structures due to its strong tendency to undergo
addition and polymerisation, rather than further dissociation or dehydrogenation. Moreover,
NH3 is found to act as an efficient methyl scavenger, preferentially bonding to the methyl
groups of precursor molecules. By bonding with carbon atoms, NH3 effectively abstracts
methyl groups with a lower E, than direct methyl dissociation. In addition, NH3 bonding to
boron atoms forms higher-coordination BN3 environments, promoting cross-linking and
structural stabilisation, both critical for the formation of a pure, carbon-free h-BN network.
This behaviour was further supported by modelling the interactions between pairs of precursor

molecules. The formation of branched structures is promoted by both dehydrogenation and
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demethylation, representing early stage of h-BN network formation. These pathways are
critical in transitioning from molecular precursors to an extended h-BN network.

To enable large-scale simulations, I evaluated several ReaxFF for their accuracy in
modelling PMeAB-related thermal chemistry. Among the available parameter sets,
ReaxFFucnoss, adapted from the ReaxFFupn developed for AB (a monomeric structural
analogue of PMeAB), showed the best agreement with DFT benchmarks for dehydrogenation
and bond dissociation energies; thus, it was selected for further MD simulations. Single-
molecule MD simulations combined with CTY?2 statistical analysis revealed that H» release
occurs via both intra- and intermolecular mechanisms. However, full dehydrogenation requires
long simulation times. Multi-molecule simulations indicated that dissociation into BHx, CHx,
NHx, NCHx, BNHx, BNCHx (MeIB), and B.NCHy are dominant pathways, occurring alongside
dehydrogenation. To mimic experimental NH3 thermolysis, I incorporated a molecular sink
model to remove CHx species, which are known to hinder B-N network formation by forming
excessive and disruptive bonds with boron and nitrogen atoms within B-N chains and rings.
Among the studied species, MelB, despite being the smallest precursor, forms the most
extensive B-N networks, including both B-N chains and rings. PMeAB predominantly forms
linear B-N chain structures, while MeCTB favours the formation of B-N ring structures with
six hydrogen atoms, the so-called BZ species, which have also been observed both

219 and in simulations'!® during the pyrolysis of AB.

experimentally

Overall, the integration of DFT-based PES mapping and ReaxFF-based MD simulations
provides a powerful computational framework for investigating thermal decomposition
pathways under both pyrolytic and NHj3 reactive conditions. The mechanistic insights gained
here into precursor evolution and key intermediate formation offer valuable guidance for the

experimental synthesis of h-BN and related BN nanostructures. More broadly, the

identification of critical intermediates and fundamental building units represents a foundational
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step toward predicting reaction kinetics, growth dynamics, and resulting material morphologies

across a range of synthesis environments and material systems.
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5.1 Conclusions

The primary objective of this thesis was to develop straightforward and versatile synthesis

pathways for the fabrication of low-dimensional h-BN nanostructures, while advancing the

fundamental understanding of the underlying formation mechanisms. This concluding chapter

summarises the major findings of the study and outlines potential directions for future research

aimed at fully utilising the exceptional properties of h-BN nanomaterials for real-world

applications.

This work has demonstrated the feasibility of novel synthesis strategies for producing a

diverse range of h-BN nanostructures, including:

e Solid micro- and nano-fibres
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e Cylindrical and bamboo-like nanotubes

e Filamentous and porous nanofibres

e Few-layer nanosheets

e Vertical nanoflakes
, and their macroscopic assemblies into nonwoven mats, 3D interconnected monoliths, and thin
films. These pathways represent a significant step toward straightforward, and potentially
scalable h-BN nanomaterial production.

The synthesis approaches are primarily based on the morphological processing of the
PMeAB precursor using techniques including electrospinning, drop casting, and spin coating,
followed by NHj3 thermolysis. For the MeCTB precursor, sublimation is required prior to NH3
treatment. Electrospun BNF exhibit smooth, non-porous morphologies with tunable diameters
ranging from the microscale down to the nanoscale. Few-layer BNNS were synthesised via a
chemical blowing effect, reported here for the first time using PMeAB, showing behaviour
analogous to that of AB. The formation of cylindrical BNNT, filamentous BNNF, and BN
nanoflakes proceeds via a catalyst-free surface growth mechanism, relying on the reaction of
reactive, boron-rich PMeAB intermediates with NHs. This enables precise control over surface
morphology and porosity. Bamboo-like BNNT and porous BNNF were produced from MeCTB
through moderate thermal decomposition and NH3 treatment, also under catalyst-free
conditions, leading to enhanced microporosity.

Comprehensive characterisation of the synthesised h-BN nanostructures revealed notable
advantages over existing methods, including high phase and chemical purity, minimal carbon
and oxygen contamination, and a high degree of crystallinity in the hexagonal BN phase. These
properties are critical for applications that require well-defined h-BN structures rather than

disordered or amorphous forms.
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Complementary computational modelling supported the experimental findings and
provided deeper insight into the mechanisms governing the PMeAB-to-h-BN evolution. The
simulation study concludes that the cyclic intermediate MeCTB plays a pivotal role in the
transition from linear PMeAB precursors to ring-based h-BN networks. MelB, formed through
precursor dissociation, serves as a fundamental building block in B-N network growth. H»
release in PMeAB and its derivatives proceeds via a combination of intra- and intermolecular
mechanisms. NH3 functions as an effective methyl scavenger, and the resulting demethylation,
combined with dehydrogenation, promote the h-BN network formation. The proposed theories
offer a valuable framework for future researchers, serving as a guideline for the rational design
and synthesis of a broader array of h-BN nanostructures from B—N molecular precursors.

It is intended that information gained from the experiments and simulations presented in
this thesis are used to guide future experimental design for enhanced-production or control of

PMeAB and MeCTB-derive h-BN nanomaterials synthesis.

5.2 Future Work

The results of this thesis highlight several recommended paths for future research following on.
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5.2.1 Downsizing to Electrospun BN Nanofibres

in pure chloroform
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Figure 5.1: SEM image and fibre diameter distribution of PMeABF spun from (a, b) a pure chloroform
solution, (c, g) a 2% DMF/98% chloroform solution, (d, h) a 4% DMF/96% chloroform solution, (e, 1)
a 6% DMF/94% chloroform solution, (f, j) a 8% DMF/92% chloroform solution.
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Figure 5.2: (a) SEM image, (b) cross-sectional HRSEM image, and (c) fibre diameter distribution of
PMeABF spun from a 30% DMF/70% chloroform solution.

To achieve more control over the diameter of electrospun PMeABF, and consequently the
diameter of the resulting BNF, which is directly influenced by the precursor fibre, I investigated
several co-solvent systems for electrospinning PMeAB solutions. The originally used pure
chloroform was replaced with mixtures of DMF and chloroform. As shown in Figure 5.1, the
addition of just 2 vol.% DMF significantly reduced the average diameter of electrospun
PMeAB) from above 2 pm to ~1 um. With further increases in DMF content up to 8 vol.%, the
fibre diameter dropped below 1 um. At 30 vol.% DMF content (Figure 5.2), the average fibre
diameter approached 600 nm. The observed diameter reduction is attributed to enhanced jet
splaying induced by DMF, which increases the solution’s conductivity and reduces fibre
coalescence. Similar trends have been reported for poly(e-caprolactone) (PCL), where adding
10 vol.% DMF to chloroform enabled the production of fibres with diameters around 150 nm,
compared to an average diameter of 450 nm when using pure chloroform alone.?* Furthermore,
the addition of DMF yielded a narrow, unimodal PCL fibre diameter distribution, in contrast
to the bimodal distribution typically associated with electrospinning from highly volatile
solvents, such as pure chloroform. This trend was also observed in the PMeAB system:
electrospinning PMeAB from pure chloroform produced a bimodal distribution with peaks at
2.35 um and 3.15 pm. In addition to size reduction, a distinct morphological transformation
was noted, the fibre cross-section changed from ribbon-like (Figure 2.6) to cylindrical. This

shift is consistent with the known effect of solvent volatility on fibre morphology.?**?°! The
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high volatility of chloroform (boiling point = 61 °C) can lead to rapid solvent evaporation and
collapse of the fibre surface, resulting in ribbon-like structures. By contrast, the addition of
DMF (boiling point = 153 °C) moderates the evaporation rate, reduces skin collapse, and
promotes the formation of cylindrical fibres.??

These findings suggest that further reduction of PMeABF diameters to the sub-micrometer
or even nanoscale range, and consequently, the fabrication of nanoscale BNF, is achievable
through solvent system modification alone. While additional optimisation is required,
particularly since the inclusion of DMF has been observed to reduce overall fibre yield
compared to pure chloroform, the ability to decrease fibre diameter without altering the
experimental setup demonstrates a straightforward and effective strategy for fine-tuning
PMeABF/BNF morphology. A systematic investigation of various solvent systems is
recommended to better understand the relationship between solvent composition and fibre

morphology, as well as to optimise fibre yield.

5.2.2 Up-Scaling BN Fibres Assemblies

Figure 5.3: Actual photo of electrospinning setups: (a) needle-based

electrospinning of PMeAB solution, as employed in Chapter 2 of this

thesis; (b) needle-free electrospinning of a PVA solution.*?°
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The traditional single-needle electrospinning setup, typically employing a metallic hollow
capillary as the spinneret, is inherently limited in production capacity, yielding only 0.01-0.1
g/h, as it only generates a single jet during operation. To overcome this constraint and enhance
fibre production, needleless electrospinning has emerged as a promising alternative.'® This
technique fundamentally changes the formation of Taylor cones: due to electrohydrodynamic
instabilities, the polymer solution spontaneously organizes into an array of capillary waves on
the free liquid surface, each acting as a Taylor cone. This self-organized jet formation not only
eliminates issues associated with nozzle clogging but also significantly increases the number

of jets, enabling more scalable fibre production.?*?

As shown in Figure 5.3a, electrospinning of PMeAB solution using the single-needle setup
produces only one visible jet throughout the process. To upscale the production of PMeABF
and the subsequent BNF, the adoption of needleless electrospinning with multiple jets is
recommended for future investigation (Figure 5.3b). However, successful implementation will
require systematic investigation of several key parameters, including solution properties,
applied voltage, working distance, and the potential integration of a rotating collector and

controlled solution feeding system.
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5.2.3 Fabrication and Applications of BN Fibres-Filled Polymer

Composites

Figure 5.4: BNF/PDMS composites. (a) Actual photo of a pristine PDMS and a
BNF-filled PDMS composite. SEM image for (b) a pristine PDMS and (c) a BNF-
filled PDMS composite.

By incorporating the synthesised BNF into a polydimethylsiloxane (PDMS) matrix, good
dispersibility (Figure 5.4) is achieved using a co-solvent approach adapted from the work of
Snapp et al.*** on BNNT/PDMS composites. Direct mixing of BNF into PDMS proved
unfeasible, as even at a loading of 1 wt.%, the resulting mixture became too viscous for

effective stirring, the stirrer failed to rotate. This is due to the 1D morphology of the BNF,
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which promotes extensive entanglement, a behaviour also reported for BNNT.?** To address
this challenge, I implemented a co-solvent strategy by introducing THF into the system at a
PDMS:THEF ratio of up to 1:1 by volume. This significantly reduced the viscosity of the PDMS,
as PDMS is soluble in THF, resulting in a homogeneous and diluted solution. Under these
conditions, BNF could be added at concentrations up to 10 wt.% while maintaining adequate
stirrability, thus enabling uniform dispersion within the polymer matrix. During stirring, the
container is left open to allow gradual evaporation of THF overnight. Once the solvent has
fully evaporated, a homogeneous dispersion of BNF in pure PDMS remains, with no detectable
residual THF. The results demonstrate that the BNF synthesised in this work can be effectively
incorporated into a polymer matrix and processed into composites, confirming the potential of
this approach for the development of BNF-based composite materials.

Future work should focus on increasing the BNF loading beyond the current maximum of
10 wt.% by exploring alternative solvent systems that are compatible with PDMS. Achieving
higher BNF loadings is essential to realise more significant enhancements in the mechanical,

thermal, or functional properties of PDMS-based composites.

5.2.4 PMeAB: Potential Precursor for 2D h-BN & BCN
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Figure 5.5: TGA-DSC-MS measurements of MeAB under Ar flow.
(a) DSC result. (b) TGA result. MS result at (¢c) m/z=2
corresponding to H, and (d) m/z = 122 corresponding to MeBZ. (¢)
MS result of the gas released during MeAB thermolysis at 125°C in
the m/z range 1-140 a.m.u. (excluding the H» peak at m/z=2).2%

The use of MeAB as a single-source precursor for the CVD growth of 2D BCN layers has been
previously demonstrated by Leardini et al?*> The gaseous species released during the
thermolysis of MeAB under CVD conditions have been identified via TGA-MS (Figure 5.5),
revealing the evolution of gaseous MeAB (m/z = 43) and cyclic MeBZ (m/z = 122), which
serve as the actual precursors for 2D BCN formation on copper substrates. This synthesis

pathway leads to the formation of graphene-like and h-BN nanodomains within the resulting
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BCN films. MeAB, being the monomeric unit of PMeAB, exhibits thermal decomposition
behaviour that closely resembles that of PMeAB, as evidenced by TGA-MS analyses (Figure
3.13-3.15). Both compounds release the same major gaseous products: H> (m/z = 2), MeAB
fragments (m/z ~ 42), and cyclic MeBZ (m/z ~ 121). TGA-DSC further confirms their
similarity: MeAB displays an endothermic peak at 55 °C (corresponding to its melting point),
followed by decomposition onset at ~100 °C, peaking at 125 °C and ending around 135 °C. In
comparison, PMeAB shows an endothermic peak at 125 °C (melting), with decomposition
starting at 100 °C, peaking at 160 °C, and ending near 200 °C. These findings confirm the
analogous thermal behaviour of MeAB and PMeAB, suggesting that PMeAB can potentially
serve as a viable single-source precursor for 2D BCN synthesis via CVD.

The CVD synthesis of 2D BCN and h-BN layers has also been successfully achieved using
a chemically similar H-B—C—N compound, trimethylamine borane [(CH3);N-BH3], as a single-
source precursor.?®* By carefully controlling the sublimation temperature, Tay et al. were able
to incorporate carbon doping into the h-BN lattice, effectively tuning the composition of the
resulting BCN films. These findings suggest the potential of single-source molecular
precursors for precise compositional control in 2D h-BN and BCN synthesis. Building on this,
future work should investigate the use of PMeAB in CVD processes, with controlled
adjustment of key parameters, such as sublimation temperature, growth atmosphere, and

substrate type, to enable the tailored growth of both 2D BCN and phase-pure h-BN films.
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5.2.5 Molecule Separation of Synthesized BN Assemblies

Figure 5.6: Contact angle profile of (a) water and (b) silicone oil on an electrospun PMeABF
derived BNF mat.

The separation of oil and water remains a significant global challenge, driven by the growing
volume of oily industrial wastewater, increasingly polluted oceanic waters, and the rising
frequency of oil spill incidents.?”® BN nanomaterials have been investigated as potential
candidates for this application,”’ primarily in the form of nanosheet films,>****° fibre

39 and nanotube mats.**! Among advanced fibrous materials, electrospun fibres stand

aerogels,
out due to their tunable surface wettability, large specific surface area, high porosity,
interconnected structure, flexibility, and scalable production.’*? These attributes make them
highly promising for environmental applications such as oil-water separation. To date,
however, BNF produced via electrospinning have not been evaluated for oil-water separation
performance. In this study, preliminary findings based on contact angle measurements of water
and silicone oil on electrospun BNF mats were investigated (Figure 5.6). Water exhibited a
contact angle of approximately 97°, maintaining the droplet over an extended period without

absorption. In contrast, silicone oil was immediately absorbed into the BNF mat in under one

second. These results suggest that the synthesised BNF exhibits a combination of
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hydrophobicity and lipophilicity, the key characteristics for effective oil-water separation
membranes.>®* Future work should focus on evaluating the actual separation efficiency of the
BNF mats with various types of oily wastewater, aiming to further establish their potential for

practical environmental remediation applications.

5.2.6 ReaxFF Simulations for Extended BN Nanostructures

a

Boron Oxide

Figure 5.7: MD simulations demonstrating (a) h-BN
nucleate during boron oxide CVD using B,O3 and NH;
as precursors®® and (b) BNNT cap structures form

during Ni-catalysed CVD of ammonia borane.??*

In this thesis, the computational results provide an initial insight into the molecular evolution
of PMeAB toward the formation of h-BN. However, due to limitations in computational
resources and simulation time (less than 1 ns), only the formation of isolated h-BN rings was
observed in my simulations. To gain a more comprehensive understanding of the nucleation
and growth mechanisms leading to extended h-BN networks, future studies should employ

larger-scale simulations, ideally utilizing high-performance computing facilities. Moreover,
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experimentally observed h-BN nanostructures, such as filamentous nanofibres and vertically
oriented nanoflakes, may also be explored computationally to better understand their formation
mechanisms. Simulating the growth pathways of these complex morphologies could provide
valuable insight into how processing conditions influence structural outcomes.

The MD simulation in Chapter 4 is based on an existing ReaxFF parameter set,
ReaxFFuconss, which, although validated, could be further optimised. The development of a
customized ReaxFF parameter set, possibly using the ParAMS module within the Amsterdam
Modelling Suite, could improve the accuracy of the simulation results.

Previous studies have demonstrated the use of MD simulations in elucidating the CVD
nucleation processes of BN (Figure 5.7).22%3%4305 Byilding on this, I propose that the key
reaction intermediates and decomposition products identified in this work could serve as
starting units or building blocks in future simulations. This approach could help reveal which
molecular species are most effective in driving the formation of the experimentally observed
BN nanostructures, ultimately advancing the understanding of h-BN growth mechanisms from

molecular precursors.
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Appendix A. PMeAB Synthesis

A.1 Detailed Reaction Conditions

Table A.1: Reaction conditions for the synthesis of PMeAB.

En- Code Ca Cat. Scale [Me Temp Additional Selec Yi- M, M, b
try t. loading MeAB  AB] (°0) Comments  tivity  eld (gmol™)  (gmol™)
(mol%) (& M) %) (%)
1 PMeABI 2 0.01 10 5 60° Dropwise' - - 27,900 46,700 1.68
2 PMeAB2 2 0.01 10 5 40¢ Dropwise' - - 47,900 71,800 1.5
3 PMeAB3 2 0.01 10 5 20° - 99 - 74,200 110,500  1.49
4 PMeAB4 1 0.1 1.12 2 20° - 99 64 76,600 112,800 1.47
4a PMeAB4a 1 0.1 0.1 2 20° 5 eq. 99 55 103,600 181,300 1.75
NH,Me*
5 PMeABS 2 0.01 50 5 20 Dropwise! 99 - 101,200 148,600 1.47
6 PMeAB6 2 0.01 10 5 5° Dropwise®& 99 87 115,400 172,000 1.48
7 PMeAB7 2 0.01 10 5 0 Dropwise®& 99 82 131,800 205,200 1.56
8 PMeABS 3 0.033 5 1 20° 10 eq. 99 78 162,300 250,500 1.54
NH,Me*
9 PMeAB9 1 0.1 5.6 2 -15° 5 eq. 99 92 186,300 290,500 1.56
NH,Me*
10 PMeABI10 1 0.1 1.12 2 -15° 5 eq. 99 74 196,100 318,300  1.62
NH,Me*
Dropwise
11 PMeABI1 4 0.1 0.1 2 20° - 99 66 146,000 218,600  1.49

Temperature: (a) Reaction temperature of the vessel was maintained by water/ice bath, (b) Temperatures
maintained by circulating cooler, (c) Temperature maintained by an oil bath. (d) As measured by ''B NMR
spectroscopy of aliquot taken upon catalysis completion. Amine (NHzMe): (e) For reactions with 1 where methyl
amine was indicated as a reagent, 5 equivalents relative to the catalyst were used. For reactions with 3 where
methyl amine was indicated as a reagent, 10 equivalents relative to the catalyst were used. In each case the amine
was added in tandem with the catalyst addition as a 2 M solution in THF. Entries 4 and 4a exemplify the increase
in molecular weight when NHoMe (5 equiv., 2M in THF solution) is added. Dropwise addition: (f) With
precatalyst 1, the catalyst was dissolved in THF, NH,Me was added and then MeAB was added by slow addition
of an MeAB/THF solution via syringe pump (0.1 mL/min) to the reaction vessel throughout the duration of the
reaction. With pre-catalyst 2, 10% of the MeAB was initially added to 2 to initiate catalysis. Once active catalysis
commenced (bubbling), 90% of the MeAB was added by slow addition of an MeAB/THF solution via syringe
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pump (0.33 mL/min) to the reaction vessel throughout the duration of the reaction. Conditions: (g) Reaction

initially set up in air.
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A.2 NMR Spectra

'"'B NMR spectra of PMeAB samples: solution state
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Figure A.1: "B NMR spectra of Entry 3 (PMeAB3). Baseline corrected and uncorrected, top and
bottom respectively: CDCls, 193 MHz, 298 K.
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Figure A.2: "B NMR spectra of Entry 5 (PMeAB5). Baseline corrected and uncorrected, top and

bottom respectively: CDCls, 193 MHz, 298 K.
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Figure A.3: ''"B NMR spectra of Entry 6 (PMeAB6). Baseline corrected and uncorrected, top and
bottom respectively: CDCls, 193 MHz, 298 K.
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Figure A.4: ''B NMR spectra of Entry 7 (PMeAB7) Baseline corrected and uncorrected, top and bottom
respectively: CDCls, 193 MHz, 298 K.
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Figure A.5: ''B NMR spectra of Entry 8 (PMeABS8) Baseline corrected and uncorrected, top and bottom
respectively: CDCls, 193 MHz, 298 K.
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Figure A.6: ''B NMR spectra of Entry 9 (PMeAB9) Baseline corrected and uncorrected, top and bottom
respectively: CDCls, 193 MHz, 298 K.
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'H and ''B NMR spectra of PMeAB samples, electrospun fibres, and cured fibres

Cured fiber

A Electrospun fiber

Raw polymer j*

. . . , ; ;
7 6 5 4 3 2
S (ppm)
Figure A.7: "H NMR spectra of Entry 7 (PMeAB7), 600 MHz, CDCl;, 298 K. Raw powder (bottom),

Electrospun fibre (middle) and cured fibre (top). Note: the cured fibre was very insoluble in chloroform

-

compared to the electrospun fibre [* indicates residual solvent (THF)].

Cured fiber

Electrospun fiber

Raw polymer

T R
o (ppm)

Figure A.8: ''B NMR spectra of Entry 7 (PMeAB7), 600 MHz, CDCl;, 298 K. Raw powder (bottom),

Electrospun fibre (middle) and cured fibre (top). Note: the cured fibre was very insoluble in chloroform

compared to the electrospun fibre.
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"B NMR spectra of PMeAB samples: solid state

-8.54

60 40 20 0 -20 -40 -60
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Figure A.9: ''B Solid state NMR of Entry 6 (PMeABS5) — raw polymer (128 MHz, 12 kHz spin rate,

303 K).
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Figure A.10: ''B Solid state NMR of Entry 5 (PMeABS5) — as-spun fibers (128 MHz, 12 kHz spin rate,

303 K).
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Figure A.11: ''B Solid state NMR of Entry 7 (PMeAB7) — raw powder (128 MHz, 12 kHz spin rate,
303 K).
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Figure A.12: ''B Solid state NMR of Entry 7 (PMeAB7) — as-spun fibers (128 MHz, 12 kHz spin rate,

303 K).
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Figure A.13: !'B Solid state NMR of Entry 7 (PMeAB?7) — as cured fibers (128 MHz, 12 kHz spin rate,

303K).
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Figure A.14: ''B MQMAS of Entry 7 (PMeAB7) — as cured fibers (Performed on aBruker Avance III
HD spectrometer, 128 MHz, 12 kHz spin rate, 300K).
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Figure A.15: '"B MQMAS isotropic trace of Entry 7 (PMeAB7) — as cured fibers (12 kHz spin rate,
300 K).
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ICP-OES

Table A.2: ICP-OES analysis of polymer samples.

Sample Element Concentration (ppm w/w)
PMeAB7 Raw powder Rh 183
PMeAB7 Electrospun fibers Rh 191
PMeAB7 Cured fibers Rh 241
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Appendix B. Computational NMR Studies

B.1 Validation of the KT2 Functional with the Experimental Data?’6-3%¢-307

The Marcel’s group have made a data set of boron containing compounds with experimentally
known chemical shifts. They found a linear correlation between the experimental data and their
computed results. Based on the linear fit, they can rationalise the possibility of various nitrogen
and carbon containing boron intermediates in the nanomaterials that may be present in the

reaction mixture.

Results for the data set

The geometry of each of the compounds of the data set was optimized with S12g/TZ2P
(COSMO, ZORA), after which the NMR shielding constants were computed with KT2/ET-
pVQZ (COSMO, ZORA). These were used to compute the chemical shifts Scaic (as shown in
the Tables below). Plotting the computed shifts against the experimental values, an almost
perfect linear correlation was observed, with an offset of 7.2 ppm. This systematic difference
between experiment and theory is most likely due to vibrational, dynamical or spin-orbit effects,
and influence of the choice of density functional used in the optimisations and NMR nuclear
shielding calculations. Because of its systematic nature and the almost perfect correlation, they
can use it to predict the experimental chemical shift, by adding the 7.2 ppm offset to the

computed chemical shift.

Implicit solvation: CH»Cl,

Compound "B cate. (ppm) B 8exp. (ppm) "B Sprediction (Ppm)
B(NHMe); 17.4 245308 24.7
B(NMe>); 20.6 27.3%8 27.9
(Me:N),BNCO 13.0 21.1°9 20.3
(Me:N),BNCS 10.6 19,53 17.9
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Implicit solvation: CHCl3

Compound HB 6calc. (ppl’ll) HB 6epr (ppm) “B 6prediction (ppm)
B(OMe)s 13.3 19.031° 20.6
B(OPh); 9.4 16.4310 16.7
BH;3;NEt; -23.0 -14.031 -15.8
Ph,BOH 37.9 457312 45.2
BEt; 81.1 86.5%!3 88.6
tBu-B=N-tBu -2.3 2.4308 4.9
NH
<: B—Ph
NH 20.0 28.4°12 273
4@) 15.5 24,010 22.7
B 3

Implicit solvation: Benzene

Compound

"B 8catc. (ppm)

"B 8exp. (ppm)

B 6prediction (ppm)

9.0 -2.6% 1.9
314

9.9 19.7 17.1

20.7 28.9312 28.0
iPr;N-B=N-tBu -0.09 5.8308 7.1
Trimethyl Borazine 24.7 33.2315 32.0
Borazine 21.7 30.2316 29.0

Implicit solvation: THF

Compound llB Scalc (ppm) IlB Sexp. (ppm) ”B Sprediction (ppm)
BH;NH;3 -29.1 -22.037 -22.0
[B(NHMe)4] 3.2 0.2318 4.0
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BMe; 78.7 86.0°" 86.2

B.2 Correlation of Experiment and Theory

90

80 4

70 4

60 4

50

04

30 4

Calculation (ppm)

204

10 4

04

~10 4

—20 4

—30 T T T T T T T T T T T T
-30 —-20 -10 [} 10 20 30 40 50 60 70 80 920
Experiment (ppm)

RMSE=1.5306ppm R*= 0.9965

Their results with KT2 shows good correlation with the experimental results.’ They then moved
on to the nanomaterials, where they explored a wide range of different geometries of small
compounds, within different conformations. Shown in the Tables below are the results for the

PMeAB)-related compounds that are consistent with the experimentally observed peaks.

PMeAB-related compounds (calculated chemical shift value in red beside the target boron

nucleus)
(1) Precursor PMeAB
-19.1 MeHgN\'B-G
BH; Me BH, Me
MeH,N—B —NH,Me —— MeHN_- N _¥' —— MeHN _~ _N__=
_ B BH3 B BH2
5.1 Ha H> N\
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(i) Cured PMeAB

e (entral boron bonded to three nitrogen atoms

13.0

H
\\B//

NH,Me

MeH,N

MeHN_ 1

NHMe

NHMe

NH;
Me .

|
NH,Me  MeHN

|
N-BH, ,353
H
2 |

BH3 ?Hg
NHMe

~H_~

_E|3 7.2
NHMe
BH,

— ?140

HaN NH;
BH, H,B
| |
MeHN __y_NHMe
NHMe
|

BH;
e
H3N

HsN NH3
oHe D

NMe

j 140 —

NMe

BH,
HsN

e Central boron bonded to four nitrogen atoms

\

| ol

_ 3.9
\l\"'B\
HN! / \H

&

\
NH,

| 8.7
NH

B

HNe B

{0
—NH

NH»
2.7

|
||I"'B\
HN! / N

—NH,

MeH,N NH;Me

\\?Hz H,B
1

MeHN._ 1 _NHMe
125|

NHMe

|

BH,

Ve

MeH,N
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Compound

B cate. (ppm)

B Sprediction (ppm)

B Osolution (ppm)

B Osolid (ppm)

H,
MeH,N—B  —NH,Me

MeH,N NH,Me

H
\B/

NH,Me

NH»

nl"‘B\
HNe NH,

VA

-12.3

5.8

13.0

2.7

9.7

1.5
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Appendix C. Configurations and Energy Profiles of PES Mapping

Energy (kcal/mol)
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Collective variable (A)

Figure C.1: PES energy profile of the cyclisation reaction of PMeAB3-nocap to form MeCTB.
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Figure C.2: PES energy profile of the cyclisation reaction of PMeAB3-nocap to form BCDMeB
(middle-boron bonding).
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Figure C.3: PES energy profile of the cyclisation reaction of PMeAB3-nocap to form BCDMeB
(middle-nitrogen bonding).
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Figure C.4: PES energy profile of the dehydrogenation reaction of PMeAB3-nocap across (B—N) (1%

H; release).
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Figure C.5: PES energy profile of the dehydrogenation reaction of PMeAB3-nocap across (B—B).

Energy (kcal/mol)
—_ - (%] n [ w By
w (=) wm o w o 14 o

(=]

1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 3.2
Collective variable (A)

Figure C.6: PES energy profile of the dissociation reaction of PMeAB3-nocap (1 B—N) to produce
BHo,.
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Collective variable (A)

Figure C.7: PES energy profile of the dissociation reaction of PMeAB3-nocap (1 B—N) to produce
BHs.
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Figure C.8: PES energy profile of the dissociation reaction of PMeAB3-nocap (2" B—N) to produce
MelB.
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Figure C.9: PES energy profile of the dissociation reaction of PMeAB3-nocap (3™ B—N).
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Figure C.10: PES energy profile of the dissociation reaction of PMeAB3-nocap (4" B—N) to produce
MelB.
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Figure C.11: PES energy profile of the dissociation reaction of PMeAB3-nocap (5" B—N).
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Figure C.12: PES energy profile of the addition/dehydrogenation reaction of PMeAB3-nocap with
BHo.
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Figure C.13: PES energy profile of the addition/dehydrogenation reaction of PMeAB3-nocap with
BHs.
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Figure C.14: PES energy profile of the addition/dehydrogenation reaction of PMeAB3-nocap with
MelB.
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Figure C.15: PES energy profile of the addition/dehydrogenation reaction of PMeAB3-nocap with
PMeAB3-nocap.
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Figure C.16: PES energy profile of the cyclisation reaction of PMeAB2-nocap to form MeCDB.
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Figure C.17: PES energy profile of the dissociation reaction of PMeAB2-nocap to form MelB.
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Figure C.18: PES energy profile of the dehydrogenation reaction of PMeAB2-nocap across (B—N).
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Figure C.19: PES energy profile of the dehydrogenation reaction of PMeAB2-nocap across (B—B).
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Figure C.20: PES energy profile of the dehydrogenation reaction of MeAB across (B—N).
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Figure C.21: PES energy profile of the dehydrogenation reaction of MelB across (B—N).
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Figure C.22: PES energy profile of the dehydrogenation reaction of MelB across (N—C).
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Figure C.23: PES energy profile of the dehydrogenation reaction of MelB across (B—C).
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Figure C.24: PES energy profile of the dehydrogenation reaction of MelB across (B—B).
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Figure C.25: PES energy profile of the dehydrogenation reaction of MelB across (C—C).
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Figure C.26: PES energy profile of the polymerisation reaction of MelB to form dimer.
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Figure C.27: PES energy profile of the polymerisation reaction of MeIB to form trimer.
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Figure C.28: PES energy profile of the addition reaction of MelB with BH..
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Figure C.29: PES energy profile of the addition reaction of MelB with BH3.
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Figure C.30: PES energy profile of the dissociation reaction of MeIB (C—N).
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Figure C.31: PES energy profile of the dissociation reaction of MeIB (B—N).
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Figure C.32: PES energy profile of the addition/dehydrogenation reaction of MelB with BHo.
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Figure C.33: PES energy profile of the addition/dehydrogenation reaction of MelB with BH3.
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Figure C.34: PES energy profile of the addition/dehydrogenation reaction of MelB with MelB.
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Figure C.35: PES energy profile of the dehydrogenation reaction of MeCTB across (B—N) (1* H»

release).
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Figure C.36: PES energy profile of the dehydrogenation reaction of MeCTB across (B—N) (2™ H,

release).
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Figure C.37: PES energy profile of the dehydrogenation reaction of MeCTB across (B—N) (3™ H,

release).
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Figure C.38: PES energy profile of the dehydrogenation reaction of MeCTB across (B—B) (1*' H»

release).
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Figure C.39: PES energy profile of the dehydrogenation reaction of MeCTB across (B—B) (2™ H,

release).
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Figure C.40: PES energy profile of the dehydrogenation reaction of MeCTB across (B—C).
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Figure C.41: PES energy profile of the dehydrogenation reaction of MeCTB across (N—N).
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Figure C.42: PES energy profile of the dehydrogenation reaction of MeCTB across (N—C).
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Figure C.43: PES energy profile of the addition reaction of MeCTB with BH».
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Figure C.44: PES energy profile of the addition/dehydrogenation reaction of MeCTB with BH,.
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Figure C.45: PES energy profile of the addition reaction of MeCTB with BHs.
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Figure C.46: PES energy profile of the addition/dehydrogenation reaction of MeCTB with BH3.
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Figure C.47: PES energy profile of the addition reaction of MeCTB with MelB.

60
50
40 -
30

20

Energy (kcal/mol)

10 -

-10
3.5 3.0 2.5 20 1.5

Collective variable (A)

Figure C.48: PES energy profile of the addition/dehydrogenation reaction of MeCTB with MelB.
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Figure C.49: PES energy profile of the addition reaction of MeCTB with PMeAB3-nocap.
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Figure C.50: PES energy profile of the addition/dehydrogenation reaction of MeCTB with PMeAB3-

nocap.
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Figure C.51: PES energy profile of the dehydrogenation reaction of MeBZ across (B—B).
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Figure C.52: PES energy profile of the dehydrogenation reaction of MeBZ across (B—C).
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Figure C.53: PES energy profile of the dehydrogenation reaction of MeBZ across (C—C).
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Figure C.54: PES energy profile of the dissociation reaction of MeBZ across (B—N).
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Figure C.55: PES energy profile of the dissociation reaction of PMeAB3-nocap to produce CHs.

Energy (kcal/mol)
=y = 3] N w w B
o w o o o o o

4]

o

32 30 28 26 24 22 20 18 16 14
Collective variable (A)

Figure C.56: PES energy profile of the addition reaction of PMeAB3-nocap with NH3 (on C).

266



15

10

Energy (kcal/mol)

-10

-15

3.2 3.0 2.8 2.6 24 2.2 2.0 1.8 1.6 1.4
Collective variable (A)

Figure C.57: PES energy profile of the addition reaction of PMeAB3-nocap with NH; (on B).
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Figure C.58: PES energy profile of the addition reaction of PMeAB3-nocap with NH3 (on N).
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Figure C.59: PES energy profile of the addition reaction of MelIB with NH3 (on C).
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Figure C.60: PES energy profile of the addition reaction of MeIB with NH; (on B).
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Figure C.61: PES energy profile of the addition reaction of MelIB with NH3 (on N).
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Figure C.62: PES energy profile of the dissociation reaction of MeCTB to produce CHs.
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Figure C.63: PES energy profile of the addition reaction of MeCTB with NH; (on C).
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Figure C.64: PES energy profile of the addition reaction of MeCTB with NH; (on B).
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Figure C.65: PES energy profile of the addition reaction of MeCTB with NH3 (on N).
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Figure C.66: PES energy profile of the dissociation reaction of MeBZ to produce CHjs.
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Figure C.67: PES energy profile of the addition reaction of MeBZ with NH3 (on C).
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Figure C.68: PES energy profile of the addition reaction of MeBZ with NH3 (on B).
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Figure C.69: PES energy profile of the addition reaction of MeBZ with NH3 (on N).
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Figure C.69: PES energy profile of the addition reaction of PMeAB3-nocap with PMeAB3-nocap.
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Figure C.70: PES energy profile of the addition reaction of PMeAB3-nocap-CHs with PMeAB3-
nocap-CHs.
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Figure C.71: PES energy profile of the addition reaction of PMeAB3-nocap with PMeAB3-nocap-
CHs.
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Figure C.72: PES energy profile of the addition reaction of PAB3-nocap with PAB3-nocap.
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Figure C.73: PES energy profile of the addition reaction of PAB3-nocap with PMeAB3-nocap.
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Figure C.74: PES energy profile of the addition reaction of PIB3 with PIB3.
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Figure C.75: PES energy profile of the addition reaction of PMelIB3 with PMelB3.
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Figure C.76: PES energy profile of the addition reaction of MeCTB with MeCTB.
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Figure C.77: PES energy profile of the addition/dehydrogenation reaction of MeCTB with MeCTB.
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Figure C.78: PES energy profile of the addition/dehydrogenation reaction of MeCTB-CH; with
MeCTB-CHs.
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Figure C.79: PES energy profile of the addition/dehydrogenation reaction of MeCTB with MeCTB-
CHs.
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Figure C.80: PES energy profile of the addition/dehydrogenation reaction of CTB with CTB.
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Figure C.81: PES energy profile of the addition/dehydrogenation reaction of CTB with MeCTB.
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Figure C.82: PES energy profile of the addition/dehydrogenation reaction of BZ with BZ.
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Figure C.83: PES energy profile of the addition/dehydrogenation reaction of MeBZ with MeBZ.
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