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Abstract

The attractiveness of polymers generally stems from their lightweight, low cost, and offer
freedom-of-design using large-scale manufacturing techniques. Their corrosion resistance, low
dielectric constants among other attributes are appealing properties for specific applications
such as heat exchangers for corrosive environments and heat sinks in compact electronic
devices. However, polymers are considered thermal insulators, therefore these applications
have been, primarily restricted to metals and their alloys. Nonetheless, our fundamental
understanding of thermal transport in polymeric systems needs to be drastically improved to
gain the capability to design systems for thermal applications from the outset. The abundance
of variety of polymers systems renders this task highly challenging. Here, we use polymers
with model functional groups such as poly(vinyl alcohol) (PVAL) to discuss the various effects
of solid-state structure on overall thermal transport. Blending with an oligomer was shown to
influence the local chain order via hydrogen bonding, and in turn, influencing the thermal
conductivity. It was revealed that at low concentrations (5-15 wt.% of the oligomer), a localised
extension of the PVAL backbone bonds occurred. However, with higher oligomer

concentrations, the main change observed was a plasticising effect.

Organic/inorganic hybrid systems were studied next. They are an attractive new field of
research as they offer tunability of a range of properties, yet the effects on thermal conductivity
were yet to be investigated. The hybrid system based on PVAL / titanium oxide hydrate was
revealed to have favourable thermal transport network despite having a lesser ordered
molecular structure. This system was compared to a conventional PVAL — TiO> composite to

draw contrasts with the formed structures.

Finally, a novel preparation of PVAL with Aramid nanofibers (ANF) films was studied and
the effect on thermal conductivity was explored. A more intimate interaction between the ANF
and PVAL chains compared to methods reported in literature was revealed using various
vibrational and electron spectroscopy techniques. The effects on the thermal conductivity were
more significant compared to the hybrid and blend systems. Overall similarities can be drawn
between the three multicomponent systems, which allows us to establish design rules and
broadly applicable structure-thermal conductivity relationships. Ultimately, we provided a
general understanding on a broad range of systems that can be used to tune the thermal

conductivity of macromolecules to the final required properties.
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1 Thermal Transport in Materials

In order to study the effect of solid-state structure, chain morphology and confirmation on
thermal conductivity (TC), an understanding of how thermal energy is transferred within a
material must be established. A review of fundamental theories and current research is
presented in the following sections. A description of how energy is transported in polymers is
detailed, highlighting fundamental factors affecting the thermal conductivity. Furthermore,
current and commercially available methods for altering thermal conductivity in polymer
systems are examined, while highlighting some limitations of the findings and how this thesis

is aiming to address them.

1.1 Thermal conductivity in materials
Thermal conductivity is the transport of thermal energy throughout a medium across a
temperature gradient. This flow of energy is based on the atomic and molecular structures of

the medium [1]. For bulk materials, Fourier’s law defines this as:
q = —KAT (1.1)

Where g is the heat flux, K is the thermal conductivity and AT is the temperature gradient. K is
a function of T if the temperature range is wide, yet can be considered constant for small AT [2].

For solid materials, the thermal conductivity is the sum of two main components:
K= K,+ K, (1.2)

Where K, relates to conductivity by phonons and K. relates to the electrons’ contribution [1].
Phonons are defined as quantum mechanical vibrations of the crystal lattice or chemically
bonded atoms that carry thermal energy through the material [3]. They are similar to photons
as they have a particle-wave nature [4]. In metals, electrons are the primary thermal energy
carriers and phonons’ contribution is considered negligible. On the other hand, for dielectric
materials, such as most ceramics and polymers, the contribution of electrons is ignored due to
the lack of free electrons. Therefore, thermal energy propagation via phonons is the primary

heat transfer mechanism [1].

Phonons can be represented by a sound wave, hence the term “acoustical phonons” being used

to identify them, as they travel at the speed of sound within a material [1]. These waves are of
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relatively low frequencies (<100 kHz) and travel through crystal planes and chemical bonds
between atoms. Phonons in a material can interact, exchange or dissipate their energy. These
occasions are described as phonon scattering events [5, 6]. They can be scattered by other
phonons, lattice defects in crystalline structures, molecular chain bends in polymers, interfaces

between phases, or impurities [6-8].

The phonon’s heat conductivity equation can be derived from the kinetic theory of gasses to

this simple form:

K, = (1.3)

Where C is the specific heat capacity at constant volume, v is the speed of sound and A is the
phonon’s mean-free path: the average distance a phonon can travel before being scattered. The
specific heat capacity can be considered as how fast the material can acquire or lose thermal
energy [9]. The dimensions of the sample relative to the mean-free path, governs the transport
regime. If the dimension D >> A, the transport is termed “diffusive”. This leads to overall lower
TC, as phonons would face more scattering events. On the other hand, when D < A, “ballistic”
thermal transport is occurring, and high TC is achieved [1, 6]. Thus, one of the strategies of
increasing TC is increasing A by reducing phonon scattering events; i.e. making the phonons

travel more efficiently through the material [4].

1.2 Thermal conductivity in polymers

Polymers are materials consisting of long chains of repeating units called monomers. Chains
can range from a few monomers (oligomers) to more than thousands in ultra-high molecular-
weight polyethylene (UHMWPE). Bulk polymers contain a large number of these long chains
interacting with each other. Polymers can also be considered in simplistic form as cooked
spaghetti with many chains interacting with each other in a random fashion. The relative
randomness of the structure is the reason behind many polymers being low in TC as phonons
cannot pass throughout the material without facing many scattering events [4, 5]. However,
polymers can be described by several parameters such as the monomer type, number of
monomers, and tacticity to name but a few. Polymer chains can also be either linear
(high density polyethylene, HDPE) or branched (low density polyethylene, LDPE). The
simplest, and most widely spread polymer type is HDPE, which is a linear chain of carbon

atoms covalently bonded with hydrogen atoms on each side [10]. These different parameters
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can all influence the thermal transport in polymers and are vital to be understood to design

polymer systems from on the onset.

1.2.1 Single molecule chains

To understand TC of bulk polymers, it is important to understand how a single chain transports
thermal energy. Based on observations on one-dimensional materials, it is hypothesised that
single polymer chains may have very high thermal conductivities [11]. This was shown
theoretically that a single PE chain can have TC as high as 300 W/m.K, noticeably higher than
some metals (consider aluminium at 237 W/m.K) [12, 13]. In another molecular dynamics
simulation study, single-chain stretched poly(p-phenylene terephthalamide) (PPTA) and a
(poly(2,2'-disulfonyl-4,4'-benzidine terephthalamide)) (PBDTA) derivative was calculated to
be ~148 W/m.K and ~120 W/m.K respectively [14]. The PBDTA derivative had the disulfonyl
groups substituted with hydrogen.

In the case of shorter chains such as oligomers, a study of energy transport along organic chains
with different lengths and end-groups was made [15]. The oligomers were placed in a solution
to isolate them, and in turn, removing phonon-phonon scattering events. To measure the energy
transport, one end-group was excited by a wave, and the time taken to reach the other end was
recorded by a method of wave detection (relaxation-assisted two-dimensional infrared
spectroscopy (RA 2DIR)). The results show ballistic transport along the chain (1440 m/s) then
the transport regime turns into slow diffusive (130 m/s) at the end-groups. Furthermore, energy
transport velocity was observed to be primarily dependant on the chain length rather than the
end-group type [15]. The results complement previous theoretical studies that single chains of

carbon covalently bonded are extremely good energy carriers [12, 16].

1.2.2 Monomer type (backbone)

By perceiving heat transport as vibrations and waves, it is clear to see that rigid structures are
better at conduction than flexible structures [5]. In a long, flexible polymer chain, bends will
exist along its length, creating phonon scattering points hindering phonon propagation. In a
flexible polymer, typically, the phonon’s mean free path A is less than 10 nm or a few
monomers in length [17]. Changing the monomer type, can introduce stiffness to the polymer
chain, which changes the overall bulk properties such as melt temperature, elastic modulus,
etc. Double bonds, oxygen atoms and aromatic rings in the backbone all introduce some degree

of rigidity [10].
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This is presented in the study by Liu and Yang, where the role of monomer type and hence
backbone rigidity on TC was investigated [18]. Single chain polymers made from eight

different monomer types were simulated. Figure 1 presents their findings. The polymers were:
e Polyethylene (PE) (simple carbon-carbon bonds as reference)
e Polyacetylene (double bonds along the backbone chain)
e Polybutadiene (PB) (alternating double and single bonds along the backbone)
¢ Poly(methylene oxide) (POM) and Polyethylene glycol (PEG) (oxygen in the backbone)

¢ Polybenzimid, Poly(p-phenylene (PPP) and Poly(phenylene ether) (PPE) (aromatic rings
in the backbone)
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Figure 1: Effect of monomers on thermal conductivity. (a) Presents the effect of an aromatic ring in the
backbone. (b) Illustrates the effect of double bonds in the chain. (c) Shows the effect of oxygen in the
backbone. (d) Presents the dependence on chain length rather than number of monomers. Reprinted
from [18]. Copyright (2012) by the American Physical Society.
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The results concluded that a polymer chain with an aromatic ring in the backbone was up to 5
times higher in TC than a simple PE chain due to higher rigidity, (Figure 1 a). Having double
bonds along the entire chain increases TC, yet isolated double bonds reduces TC due to “bond-
disorder”, (Figure 1 b). Oxygen in the backbone creates “mass-disorder” and reduces TC as

well, (Figure 1 ¢) [18].

The effect of chain stiffness was examined using molecular dynamics simulations in another
study [19]. Using PE, different possible scenarios were simulated and their effect on TC was
calculated. The scenarios were chain morphology, temperature range, density of chains, and
chain stiffness. The conclusions showed that the intra-chain interaction was the dominant factor
in TC similar to the findings presented earlier by Rubtsova et al. [15]. A notable observation
from the study was that larger backbone stiffness resulted in anisotropic increase in TC. This
is due to the rigid chains being aligned in one direction without bends. The increase in TC was
observed in the chain direction [19]. Further to chain rigidity, single chain rotation was studied
using molecular dynamics more recently [14]. PPTA and PBDT derivatives were simulated to
have different degrees of chain rotation factors that they have introduced for this study. It was
found that chain rigidity was directly proportional to higher thermal conductivities due to more
efficient phonon transport in the form of high group velocities and higher larger mean free path

[14].

1.2.3 Molecular weight

Further to the type of monomer, polymers are defined by their molecular weights (MW) which
affects macro-properties such as mechanical and viscoelastic properties [10]. Naturally, MW
would affect TC as well. This stems from understanding that phonons along the chain are
transported by strong, intramolecular covalent bonds more efficiently than weaker
intermolecular bonds such as van der Waals (vdW) [5]. Furthermore, phonons will be scattered
by the chain ends and having higher MW reduces the total number of chain ends [17, 20]. The
chain ends’ effect was observed in Rubtsova et al. where the velocity of energy transport was
reduced from ballistic to diffusive [15]. The effect of MW was also presented in Figure 1. TC

increased linearly with the increased repeating units (MW) for modelled single chains [19].

Work on bulk Polystyrene (PS) found that higher MW yielded higher TC [21]. It supports that
phonons travel more efficiently along a single chain rather than between chains. Further
theoretical studies show that the positive effect of higher MW holds for linear polymers rather

than branched polymers [22]. This was later supported empirically, due to branches acting as
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scattering points for phonons reducing their mean-free path [23]. A more recent study using
molecular dynamic simulations of different bottle-brush polymers show significant decrease in
TC with increasing side chain lengths [24]. This signifies that phonons would travel more

efficiently through the backbone in an aligned polymer.

1.2.4 Inter-chain interactions

Further to studies on single chains, bulk polymers have several inter-chain interactions that
give rise to many intrinsic polymer properties [10]. As presented earlier, intramolecular
covalent bonds are excellent in thermal energy transport, yet when phonons reach chain ends,
energy is dissipated. Moreover, phonons travel less efficiently over weaker intermolecular

bonds.

Strengthening the intermolecular bonds by crosslinking, hence having strong covalent bond
reinforcement between chains signifies better TC. However, experimentally, the results
fluctuated in affecting TC [25]. In another study, PE and PS chains were simulated and their
degree of crosslinking varied. By doing so, it was found that crosslinks influenced TC
positively in high degree-of-crosslinking (DC) (>20%). The interpretation stems from that
crosslinking contributes to TC in two ways: positively influencing, in increased covalent bonds,
or negatively contributing, as increased phonon structural scattering points. The increase in TC

is still relatively low for PE (from 0.2 to 0.6 W/m.K at 80% DC) and negligible for PS [26].

On the other hand, some simulation studies show a decrease in the TC after crosslinking [27].
Experimental work also show a decrease in TC with the increase of DC in HDPE using a
peroxide cross linker. It is suggested that this is due to the reduction overall crystallinity of the
material [28]. The fluctuation between the results of the effect of crosslinking on TC was
investigated recently by Rashidi et al. [29]. The work focuses on understanding how different
cross-linking agents affect thermal conductance. Two PMMA polymer chains were simulated
and cross-linked with different chemical moieties. The length of the crosslink was found to be
significant in thermal transport. Shorter covalent links were not only created, but also allowed
further interactions of inter-chain bonds such as Van der Waals (VdW). Their work is
summarised in Figure 2 & Figure 3. The work clarifies the discrepancies between several

experimental crosslinking studies on TC.
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Figure 2: Thermal conductance of 100% cross-linked polymers. Thermal conductance simulation
measurements based on different cross-linking agents on two PMMA polymer chains. The mass of the
carbon atoms in the benzenes were either kept normal (‘“benzene”), doubled (“heavy benzene”), or
halved (“light benzene”). The simulations were conducted with the three different variations of the
chemical bonding. The squares represent all bonding (covalent) and nonbonding (VAW & columbic)
types. The circles represent the nonbonding interactions of the cross linker being removed. With the
triangles, all nonbonding interactions in the system have been removed (cross-linker and polymer
chain). The results show that the shorter carbene cross-linker had the most positive effect on the thermal
conductance. Adapted with permission from [29]. Copyright 2017 American Chemical Society.
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Figure 3: Thermal conductance of 100% cross-linked polymers presenting how the inter-chain distance
affects thermal transport. The graph is from the same study presented in Figure 2. Here, all bond
interactions were included. It can be observed that the shorter the inter-chain distance due to the
crosslinking species, the higher the calculated thermal conductance. Adapted with permission from
[29]. Copyright 2017 American Chemical Society.
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Furthermore, observing polymers that create hydrogen-bonds between their chains, which are
stronger than VAW, such as PA 6,6 is still not significant in measure (0.41 W/m.K) [30, 31].
However, the effect of inter-chain bonding on TC show that having hydrogen bonds (H-bonds)
on their own is not enough [32]. How the H-bond donor or acceptor is linked to the backbone
and the density of the bonds affect TC significantly. Kim ef al. in their study used an H-bond-
accepting polymer (poly (N-acryloyl piperidine)) (PAP) with different H-bond donating
polymers: poly (acrylic acid) (PAA), PVAL, and poly(4-vinyl phenol) (PVPh). Their variable
was how the H-bond donating part, in this case (OH), was linked to the backbone [32]. In PAA
and PVAL, the hydroxyl group is closely connected to the polymer backbone. In PVPh, the

hydroxyl group is attached via a benzene ring to the backbone.

Further to the H-bonds, they kept the MW of the H-bond donating polymer relatively low in
comparison to the PAP. The idea behind this was to keep both polymer chains extended by
means of high H-bond densities, improving both the intra and inter-chain thermal energy
transfers. Their method was believed to only function with miscible blends, as the bonds would
be distributed homogenously in the polymer and not at the interfaces between phases. The
results show that the higher H-Bond density (PAP: PAA, ®PAP 0.3) gave the highest TC
improvement. Their results are presented in Figure 4. It was interpreted that at that volume
fraction, the chains where most extended giving rise to the highest positive improvement to TC

[32].
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Figure 4: Thermal conductivities of amorphous polymer blends from Kim et al’s. study [32]. Blending
PAP with a strong hydrogen bond donor PAA gave the highest improvement (left panel). With PVAL,
the improvement was more modest but still doubling the initial thermal conductivity (middle panel).
With a large benzene ring between the hydroxyl group and the backbone, the PAA:PVPh blend showed
a decrease in the measured TC (right panel). Reprinted by permission from Springer Nature: Nature
Materials, High thermal conductivity in amorphous polymer blends by engineered inter-chain
interactions, Gun-Ho Kim et al.[32] , Copyright 2014 Springer Nature.
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A more recent study looked at the effect of blending PEG of multiple MWs and ratios with
PVAL [33]. The hypothesis was similar to what was stated by Kim ez al.’s [32] in that heat
conduction pathways would be created via the extension of polymer chains using the stronger
H-bond interactions. The main conclusions found in the study was that the lower molecular
weight PEGs (400 g/mol in this case) had a more positive effect on the system’s TC. The higher
MW (1000, 20,000 & 200,000 g/mol) created agglomerates and phase separation between the
two polymers which reduced TC. As for the lower MW, it created a large number of thermal
bridges via the hydrogen bonds as well as being miscible. When varying the ratio of PEG to
PVAL, they found that the conductivity increases then decrease similar to the trends in the
amorphous blends (PAP:PAA and PAP:PVA) presented in Figure 4 [32]. Further to the
PVAL/PEG study, several smaller ethylene glycols such as (diethylene
glycol (DEQG), tetracthylene glycol (TEG) and hexaethylene glycol (HEG)) were blended with
PVAL [34]. It was found that the shorter DEG had the most positive effect on the system’s TC
by reaching 0.52 W/m.K in comparison to 0.32 W/m.K in neat PVAL [34].

Further to studies mentioned, another method of inducing localised stretching of polymer
chains is ionising polyelectrolytes [35]. Their results show that due to the electrostatic repulsion
of the ions, the chains became stiffer and extended which increased the measured TC from 0.36
W/m.K in a pH 1 environment to ~ 1.2 W/m.K at pH 12. However, this magnitude of increase
in the result was observed only in the spin-coated samples of the study. While the blade-coated
(thicker films and slower in solvent evaporation) showed an increase, albeit to a lower extent
(~ 0.6 W/m.K). This is due to the chains having a longer time to relax and coil back to a more

thermodynamically favourable position [35].

1.2.5 Morphology (semi-crystalline vs amorphous)

From a morphology standpoint, polymers can be divided into two forms: amorphous or semi-
crystalline. Amorphous polymers are considered to have random chains entangled and
interacting with each other with no long-range order. In semi-crystalline polymers, ordered
parts, called lamellae or spherulites, are embedded in the amorphous polymer matrix [10].
Hence, a semi-crystalline can be considered as a two-phase material. A study presented that
semi-crystalline polymers have higher TC compared to amorphous polymers. This is due to
ordered sections leading to more efficient phonon transport [17]. Figure 5 presents some
commercial polymers and the difference of their thermal conductivities based on their

morphologies. As observed from the graph, amorphous polymers have relatively equal thermal
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conductivities. However, in semi-crystalline polymers, the values span a wider range. TC is
believed to increase with increasing degrees of crystallinity (the ratio of crystalline phases to
amorphous) [17]. This is also apparent in HDPE where it has the highest TC due to the linearity

of its chains leading to high degrees of crystallinity.
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Figure 5: Thermal conductivity of commercial amorphous and semi-crystalline polymers at room
temperatures. Graph plotted using values derived from [31].

1.3 Increasing TC by polymer chain orientation

Expanding on the studies shown in Section 1.2 that aligned chains have high TC, this section
highlights chain alignment methods observed in industry. The role of chain alignment has been
previously exploited to increase elastic modulus, which is demonstrated in different industrial
fibres: such as UHMWPE, Polyhydroquinone diimidazopyridine (PIPD (M5)), PPTA, and
Poly(p-phenylene-2,6-benzobisoxazole) (PBO) [10]. Such fibres are created by very high draw
ratios (20 — 400 times) and are mainly processed from solutions rather than melt; owing to their
high molecular weights, that increases viscosity. Additionally, stretching increases crystallinity

in polymers, thus reiterating that it will enhance TC for semi-crystalline polymers [10].
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1.3.1 Fibres

An early study focused on commercial high modulus fibres, mainly UHMWPE, with different
draw ratios. It was found that conductivity was up to 60 W/m.K [36]. A more recent study
revisited high modulus fibres and included nine different polymers such as (PIPD (MS5)) and
Kevlar. The method used for measuring thermal conductivity was time-domain
thermoreflectance (TDTR), which measured conductivity along the fibres’ axis (different from
the previous study [36]). At room temperature, liquid crystal PBO fibres showed the highest
conductivity at ~ 20 W/m.K, UHMWPE was less at ~ 15 W/m.K [37]. Yet these are two orders

of magnitude higher than average bulk polymers seen in Figure 5.

A significant experiment followed on from those studies and sought to improve TC by reducing
the defects along the fibres [38]. PE nanofibers were created by growing from a gel and drawing
for up to 400 times. The fibres created were highly conductive with TC reported at
~ 104 W/m.K. The work confirms that highly aligned polymer chains, and reduction of
impurities such as voids and bends, make excellent phonon transport media. It also proved that
carbon-carbon covalent bonds can be as efficient as some metals in thermal transportation [38].
Yet, they were only able to reduce the impurities by reducing the scale drastically with very

high draw ratios.

Electrospinning is another method of creating highly oriented polymer fibres using an electrical
field. Studies on PEG have shown that highly oriented fibres can reach thermal conductivities

of around 28 W/m.K in comparison to 0.2 W/m.K in bulk PEG [39, 40].

Another study on nanofibres was done using polythiophene (PT) as the focus [41]. Arrays of
PT nanofibres were made by electropolymerisation on a nano-template. The chains obtained
were highly oriented along the fibre axis yet still amorphous. TC of the arrays were found to
be ~ 4.4 W/m.K and consistent over multiple cycles at 200°C signifying their practical use in
sensors [41]. The rigid backbone and the conjugated structure of polythiophene add to the high
melting point and thermal stability thus making it suitable for high temperature

applications [42].
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1.3.2 Stretched films

Similar to fibres, stretched films are considered as highly oriented materials. They have their
own practical advantages over fibres especially in heat dissipation purposes, as those
applications are directly linked to surface area. Early experiments made on UHMWPE highly
oriented strips were conducted to measure TC [43]. The implemented method to measure the
thermal diffusivity used a point source heater then fitted the spatial infrared radiation to a
solution of the heat equation. They recorded thermal conductivities of 37.5 W/m.K due to the

highly aligned nature of the films [43].

A more recent study made UHMWPE films from a sol-gel solution with different draw
ratios [44]. Very high mechanical stretching rates, up to 125 times were needed to reach
15.38 W/m.K. However, at a draw ratio of 25, a significant increase was reached with a TC of

11.66 W/m.K [44].

However, the drawback of highly aligned chains in fibres, stretched films or nanofiber arrays,
is the method of production that requires high draw ratios from solution. Such methods are not
suitable to the mass-market production such as roll-to-roll for solution-processed materials or
injection moulding for melt processed polymers. Nevertheless, these studies are crucial in
understanding that high thermal conductivities could be achieved with increased chain

alignment.

1.4 Increasing TC by highly conductive fillers

In current commercial products, thermally conductive polymer products are based on
composites. They are available either as electrically isolative or both thermally and electrically
conductive. The latter products are higher in TC, as the fillers used have higher TC to begin
with (compare up to 100 W/m.K for both electrically and thermally conductive to 1-10 W/m.K
in electrically isolative) [45]. Adding highly conductive fillers is a simpler method than

mechanical stretching for improving polymer TC.

Different models predicting thermal behaviour of composites show various degrees of
agreement with empirical data [46-48]. A basic model predicts that the TC of a composite
would increase linearly with the TC of the filler. However, this does not hold for K¢Kn ratios
greater than 100 as the trend plateaus [47]. Where Ky is the TC of the filler and Ky, is the TC
of the matrix. Figure 6 better describes the variation based on the ratios. Furthermore, a very
high loading of the filler must be achieved before realising the full potential of the filler’s

thermal conductivity [4, 47]. Further to the models, several studies’ results of thermally
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conductive polymer composites was compiled by Guo et al. [49]. It shows discrepancies
between the composites TC and the rule of mixtures despite having an overall positive impact

on the end system.
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Figure 6: Modelling calculations representing ratio of filler/matrix TC on composite TC. K. is the TC
of the composite, K, is the TC of the matrix and Ky is the TC of the filler. From the graph, it is seen
that that only at high volume fraction loadings that the composite start to benefit from the high thermal
conductivity of the filler. Graph obtained with permission from [50] © 2011 IEEE.

Generally, it is believed that the TC of a composite is based on the TC of both the matrix and
the filler. It is also significantly affected by the filler’s loading, shape, size, dispersion as well
as the matrix/filler thermal interface [48-50]. The following subsections will cover the main
filler types of ceramics, carbon-based and metals as well as their respective benefits and

limitations.

1.4.1 Ceramics

Polymer/ceramic composites can be split into three main categories for simplicity: oxides,
nitrides, and carbides. Some oxides are apparent in industrial polymer/ceramic composite
products such as SiO» in epoxies, ZnO in rubber tyres, and AlbO3[50]. However, as one of the
main applications of high thermally conductive polymers is the electronic market, these
ceramics have some drawbacks. SiO; has low TC (~1.5 W/m.K), ZnO is intrinsically a

semiconductor, and Al>O3 has a relatively high dielectric constant [49, 50].

Another type of ceramics more commonly used are nitrides [50]. AIN is of interest because of
its high TC, but similar to Al2Os, it has a high dielectric constant - making it unsuitable to
electronic devices. BN is even more appealing to the composite industry, especially due to the

low density and high temperature resistance. Furthermore, its main stable shape is a hexagonal
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crystal that creates powder platelets - leading to improved processing performance [50]. It has
also been made into nanotubes and nanosheets, which enable less filler loading in weight

percentage yet, improve TC [51].

Carbides such as silicon carbide (SiC) have high intrinsic TC and high thermal stability [49].
However, similar to ZnO, it is considered as a semi-conductor, which limits its applications in
dielectric materials [50]. Furthermore, carbides are considered to have high hardness thus

making them detrimental to melt processing equipment [52].

Intrinsic TC is only one factor required to have a highly conductive composite. A study
evaluated the TC of composites made with different ceramic fillers with the difference between
the fillers being solely based on their intrinsic TCs [53]. The ceramics used were Al2Os, BN,
TiB2, and SiC all in an epoxy matrix. The result show that TC increases with higher filler
loading, as hypothesized. Surprisingly the difference between Al,Os;, TiB2, and SiC is
negligible at similar loading values, despite the difference in their intrinsic thermal
conductivities. Those three fillers reached a maximum of ~ 4 W/m.K at maximum loading of
45%. BN on the other hand, could be packed until 65% with TC value measured at 13 W/m.K.
It s credited to the relatively soft nature of BN platelets, which allowed them to deform in the
matrix and increased their packing factor, hence their contact area [53]. Nonetheless, such
ceramics are relatively hard and are abrasive to the processing equipment leading to much
higher production costs. Furthermore, a high loading increases the weight of the product,
reduces some mechanical properties as well an increase in price, which are generally

unfavourable [49].

1.4.2 Carbon-based fillers

An extensive review into carbon nanotubes (CNT) / polymer nanocomposites was published
in 2011 [54]. Theoretically, single-walled carbon nanotube (SWCNT) should have a TC value
of 6600 W/m.K at room temperature [55]. On the other hand, experimental values for MWCNT
show that the value is closer to 3000 W/m.K, which is still one of the highest values for
materials [56]. Similarly to ceramics, despite the fact of their high TC, CNT or other carbon-
based filled polymer composites do not follow the theoretical rule of mixtures. The review by
Han and Fina illustrated that discrepancy by comparing several results of carbon based
composites with theoretical limits [54]. Undesirably, the measured result seem to be closer to

the lower bound limit [54].
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1.4.3 Metals

The addition of metallic particles not only increases the TC, but also the electrical conductivity.
As mentioned earlier, the TC of electrically conductive material can range an order of
magnitude greater than electrically isolative [45]. The large discrepancy is due to that the free
electrons in metals are the main thermal energy carriers that travel much faster than phonons.
However, this limits the applications in dielectric applications, but can be beneficial for heat
management applications such as heat exchangers [49]. Furthermore, the addition of high
density metallic fillers increases the total weight of the composite thus losing on the light-

weighting advantage of polymers [54].

Metal powder and carbon-based filler hybrids have been studied to achieve a balance from both
types of fillers [57]. The results show significant improvement in TC measured. It is believed
that the presence of metal powder alone, below the ‘percolation threshold” would not improve
the transfer of thermal energy. This is due to the difference between the thermal carriers
(electrons in metals and phonons in polymers) creating a thermal barrier. With the inclusion of
MWCNT however, the transfer was enhanced as both the Al powder and MWCNT created a

network of conductivity in the matrix [57].

1.4.4 Particle shape and size

Physically, a large interface area would increase phonon scattering and reduce TC, giving rise
to the theoretical outcome that having large sized fillers would reduce the interfacial area and
improve TC [50]. Furthermore, it is generally believed that usually fillers and polymers have
mismatching polarities, the dispersion of nanofillers is difficult as agglomerates are created

[49].

This is observed in the results of an experiment where for the same AIN, particles with average
diameter 22 pm showed higher thermal conductivities at the same filler loading than particles
with 4 um diameter [58]. Yet, the results of several papers conclude that finer fillers are the
recommended size for higher conductivity [59-61]. Those papers hypothesize that smaller
particles can create thermal pathways (percolation networks) and hence reduce matrix/filler
interface making thermal transport across the filler mainly. As observed, there are some
discrepancies in particle size recommendations. The type of filler and its shape will govern the
recommended size together with how well it bonds with the matrix. This is also seen in some

studies on polymer/ceramic composites in that an increase then a decrease of the TC was
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observed with increasing filler loading. This was attributed to the fillers creating agglomerates
in the polymer matrix [62, 63]. This could be due to the processing methods used as they were

electrospun in [62] and 3D printed in [63].

Lee et al. studied the effects of adding two different ceramic fillers to a HDPE matrix to create
a hybrid thermal pathway and network [58]. AIN spheres with either SiC whiskers, or
woolastonite were examined. The work was based on creating a thermal path network with a
hybrid of filler shapes (spherical and acicular) to reduce filler content. The results show that
for AIN spheres with woolastonite hybrid filler show an improved TC value even below the
maximum packing factor (MPF) of the filler (60% in this case) despite the lower inherent
conductivity of woolastonite. Above the MPF, the effect was negative as the AIN network was
already existing. With SiC, that has higher TC than woolastonite, the effect was prominent
throughout filler loading range.

To aid in creating percolation networks, some work have shown that adding the inorganic filler
to an immiscible blend of two polymers will make the filler assemble at the interface between

the two polymer phases, thus a network is introduced with low filler loading [50].

As for metallic powder filled polymers, the main conclusions were, similar to ceramic filled
polymers, where the shape of the filler affects the packing factor and hence the thermal and
electrical properties. The percolation threshold depends on the particle shape and size

distribution [64].

1.4.5 Interfaces

Adding a high thermally conductive material will improve heat transport in the composite as
thermal carriers travel faster in the filler than the polymer. Consequently, that difference in the
phonon spectra (or electrons and phonons) introduces thermal resistance — known as the
Kapitza thermal resistance [65]. Additionally, the interface will act as a phonon scattering
point. This is one of the reasons believed why TC does not strictly follow the rule of mixtures
[4]. If filler loading is low, the particles will be isolated in the matrix and a travelling phonon
would face multiple matrix/filler interfaces and be scattered easily. If the loading is above the
percolation threshold, a network of conductive fillers is created, thus the phonon will travel
through this network instead of the matrix [4]. In order to maximise TC in a composite, one
must maximise the thermal pathway network, minimise the thermal resistance of the filler and
decrease the thermal resistance at the interfaces [66]. This is one of the reasons why high

loadings of fillers is usually required to create a thermally conductive composite.
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Various surface treatments on BN in an epoxy matrix were investigated in an experiment [66].
The results show significant improvement especially with silane treatment. It is believed that
covalent bonds have formed between the filler and the matrix through the interface layer hence
the higher conductivity [66]. It is worth noting that the results mentioned hold only for high
filler loadings (57 wt.%).

Another study was done where ZnO particles in EVA matrix were used with several modifying
and coupling agents [67]. The results show that conductivity was improved with all the studied
treatments in varying degrees. Most treatments increased TC with the amount of modifying
agent until an optimum point before decreasing. Signifying that with the added thickness of the
interfacial layer, another thermal barrier was created. The best interface modifiers found in the

experiment are the ones that created a covalent bond between the matrix and the filler [66, 67].

Another dimension of the metal powder/carbon based fillers study mentioned earlier, was
modifying the filler/matrix interface [57]. For MWCNT, an electrostatically bonding
improvement showed a 50% enhancement in TC. Yet, for that report’s most positive result in
TC, the 40% exfoliated graphite, an electrostatic attachment actually reduced the measured
value. Metal coated carbon nanofibres such as Ag, Cu and Ni were experimented as well,

however the result showed decrease in TC compared to untreated fibres [57].

1.4.6 Processing and anisotropy

Similar to chain alignment and stretching mentioned in the previous section, anisotropy is
apparent in almost all polymer composites. Hence, the reporting of in-plane and out-of-plane
measurements in data sheets of commercial thermal conductive polymers is essential. This

emphasizes the effect of careful processing on the properties required for the final application.

Anisotropy was studied in the measurements of thermal diffusivity in BN filled PI films [68].
Focusing on the effects of the filler size, orientation, aggregation and chain rigidity of the
polymer matrix. The results show high anisotropy in particles with high aspect ratios, as they
are easily oriented during processing. Less anisotropy was found in aggregates and small
flakes. Furthermore, using the more rigid polymer chains of PI gave rise to even higher
anisotropy for the same filler as the chains also orient during processing [68]. These effects
could explain some of the discrepancies observed in filler-size’ effect mentioned earlier as

different methods used in those studies could be biased to certain planes.
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1.5 Summary

This review presented various methods of how polymer TC could be tuned. To increase TC,
the focus was to increase the mean free path of phonons travelling through the polymer by
reducing scattering events. The stretching of polymer chains lead to higher TC as observed in
simulations on single molecules or fibres [12, 14, 38]. This is due to the high efficiency in
thermal transport of carbon-carbon covalent bonds along the chains [15]. However, this
increase in the property was observed anisotropically for fibres and foils. This is unfavourable

in mass production as it limits some design aspects of the polymer products.

In commercial products, polymer matrix composites are readily available. Nonetheless,
ceramic as well as metal fillers are abrasive to the processing equipment leading to much higher
production costs [50]. Furthermore, high filler loading is usually required (>30 wt.%) to
achieve thermal networks which leads heavier products [49, 54] Studies have shown that
reduction in filler loading can be achieved by mixing two different fillers together or modifying
the matrix/filler interface [58, 66]. But careful consideration to the coupling agent as well as
the thickness of the interfacial layer is still problematic [67]. Furthermore, almost all polymer
composites come with a high degree of anisotropy due to the shape of the fillers which raises

limitations in product manufacturing and design [68].

Modifying intermolecular interaction is an upcoming route for tuning and improving polymer
TC as observed in [32-34]. It was shown how designing polymer blend systems from the outset
could tune the thermal pathways and manipulate the chain conformation. Moreover, the
findings from crosslinking simulations and experimental studies show a different route in
achieving an isotropic increase of TC [26, 29]. These routes give insight on how thermal energy

is transported in a polymer system and how it is possible to create efficient phonon pathways.
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1.6 Scope of the thesis

This thesis provides insight using polymers with model functional groups (PVAL), to discuss
the various way in which solid-state structure is linked to overall thermal transport. This is
achieved by using the same base polymer and keeping the processing of the samples invariable,
thus, only the influence of the changes in structure is observed. We present novel
multicomponent systems that are theorised to create unique solid-structures and in turn, tune

the thermal transport.

Chapter 3 follows from the work of [32] on amorphous polymer blends and [33] on the
important of hydrogen bonding and short polymer chains by using a polymer / oligomer blend.
The addition of the relatively small molecules to the polymer matrix can influence local order
as it is theorised to introduce localised chain extensions of the polymer matrix. In Chapter 4,
organic / inorganic hybrids are investigated. New material properties are achieved by creating
new chemical bonds between mixtures of two dissimilar materials. This produces a
macromolecular network with attractive and tuneable properties. The unique structure is
compared to a conventional composite to highlight the differences in the thermal conductivity

based on solid-state structure and phonon pathways.

A polymer / polymer nanofibers system is proposed in Chapter S using aramid nanofibers
(ANF). The strong hydrogen bonding between the ANF and the PVAL is expected to present
a distinctive structure that is more favourable to phonon transport. Comparing the rigid
molecules of ANFs to the more flexible TEG oligomer, a larger impact on the thermal
conductivity is predicted. Furthermore, as the structural changes proposed in this thesis are
expected to be homogenous across the samples and systems, the thermal conductivity is
expected to be isotropic. Finally, in Chapter 6 we conclude with a summary and future outlook
of the work in tuning the thermal conductivity of macromolecules to the final required

properties.
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2 Materials and characterisation techniques

2.1 Materials and solutions

2.1.1 PVAL solutions in water

PVAL was purchased from Sigma — Aldrich. Mowiol®18-88 that is 88% hydrolysed and has a
weight-average molecular weight, My = 130,000 g/mol. It was used to prepare the
PVAL - tetracthylene glycol (TEG) blends, PVAL / titanium oxide hydrate hybrids, and
PVAL — TiO2 composites. The concentration of PVAL used was 60 mg/ml for all materials
systems, by dissolving the required amount in deionised water (DIW). The PVAL solution was
kept stirring at 90°C overnight at 400 rpm to dissolve the polymer completely. It was then
stored in a refrigerator until being used when it was allowed to reach room temperature before
mixing with other solutions. Prior to mixing, the solution was filtered using a Supor® syringe

filter with a pore size of 0.45 um.

2.1.2 PVAL solutions in DMSO

PVAL was purchased from Sigma — Aldrich with average My = 130,000 g/mol and 99%
hydrolysed. PVAL was dissolved in dimethyl sulfoxide (DMSO) purchased from VWR which
has < 0.03% water. The required amount of PVAL was added to DMSO and mixed at 70°C for
2 hours to obtain homogenous, clear solutions with concentrations of 40 mg/ml. Solutions were
then filtered using a nylon syringe filter with a pore size of 0.45 um. This PVAL solution was
used for the PVAL — Aramid nanofibers (ANF) systems. Solutions were stored at room

temperature.

2.1.3 Tetraethylene glycol (TEG) solutions

TEG was purchased from Sigma-Aldrich with a number-average molecular weight M, of 200
g/mol. The required amount was added to DIW to create a 6 wt.% solution. The solutions were
kept stirring for at least 1 hour before mixing. They were stored in a refrigerator and allowed

to reach room temperature before usage.
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2.1.4 TiO:; suspensions

Titanium(IV)oxide anatase nanopowder with < 25 nm particle size was purchased from Sigma
— Aldrich. The required amount was added to DIW to create a 5 wt.% suspension. The
suspension was sonicated for 20 minutes, and then stirred for one hour to prevent large
agglomerates to form. It was then extracted by pipettes while it was being stirred and mixed

with PVAL solutions to create PVAL — TiO2 composite solutions.

2.1.5 Titanium oxide hydrates

Titanium oxide hydrates were used to prepare organic / inorganic hybrids as described by
Russo et al[l] and other studies [2-4]. The titanium oxide hydrate is prepared via the
hydrolysis of the titanium precursor. The precursor used here is titanium tetrachloride, TiCls,
99.9 % trace metal basis purchased from Sigma - Aldrich. The hydrolysis step is fast due to the
halide nature of the precursor and is highly exothermic. The required amount of precursor was
placed in a column and slowly added (~1 drop/second) in to a round bottom flask with the
required amount of water to create a 2 M concentration of Ti in the final solution. To avoid the
condensation of the metal oxide hydrate, the flask was placed in an ice bath and a magnetic
stirrer 1s used for agitation [1, 3, 5]. The set-up is shown in Figure 7 below. The hydrolysis in

its simplistic form can be described as follows:

TiCl, + XH,0 - TiO,Hyy_, + 4HCL 2.1)

However, the hydrolysis reaction can be very complex as to whether mononuclear or
polynuclear species of the hydrate are created. A more realistic hydrolysis reaction was

described by Nussbaumer et al. [6] :

TiCl, + (a + b)H,0 - Ti0,(OH),Cl* + (2a+ b)H" + (4 —c)Cl™ (2.2)
Wherea =4—2a—b—c.

The hydrate solution was prepared and stored in a freezer at -5°C to avoid such hydrolysis

reactions and the creation of titanium dioxide particles.
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Figure 7: TiCls hydrolysis set up. A round bottom flask with the required amount of DIW is placed in
an ice bath on top of a magnetic stirring stage. The TiCls is measured with syringes and added to the
column above. The valve at the neck is then slowly opened to allow a steady, 1 drop/sec flow to be
introduced to the water in the flask.

2.1.6 PVAL / titanium oxide hydrate hybrids

Russo et al. first introduced the preparation of PVAL / titanium oxide hydrate hybrids [5]. They
are based on the condensation of the functional groups of the PVAL and titanium oxide hydrate
by creating new covalent bonds between the polymer and the inorganic component.
Mononuclear or polynuclear amorphous networks can thus be created between the PVAL
chains and the inorganic species. Indeed, only at high inorganic content (>80% vol.), titanium
oxide nanoparticles can be observed, [3] while PVAL — titanium oxide hydrate networks
resemble a cross-linked polymer system as reported in previous studies and shown further in

this thesis [1-4]. Figure 8 illustrates the hybrid structure.

The hydrate solutions were removed from the freezer and allowed to reach room temperature
before mixing. PVAL solutions with 6 wt.% concentration were mixed with 1 M titanium oxide
hydrate solutions to create the hybrids. The solutions were kept stirring at room temperature
for one hour before deposition to ensure homogeneity. However, these hybrid solutions are not
stable for long periods as condensation reactions may occur. This can lead to a gel is after a
few hours of stirring especially at lower inorganic content (10-30% vol.). All hybrid films
were left to age in a desiccator for ~7 days [4]. Films were then hydrothermally annealed in a
humidity oven at 80°C for 1 minute to promote further condensation reactions and remove

residual chlorine before any measurements were performed [2, 4].
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Figure 8: PVAL / titanium oxide hydrate hybrid structure. On the left, a polynuclear titanium
oxide hydrate connects to separate PVAL chains. This polynuclear form is more likely to be
present in higher inorganic content hybrids. In the middle, a mononuclear PVAL / titanium
oxide hydrate network is illustrated. Covalent bonds are created between the titanium atoms
and the PVAL as well as hydrogen bonds with the remaining hydroxyl groups. Some residual
chlorine is present as well. The segments on the right depict unreacted PVAL chain with
residual acetate.

2.1.7 Preparation of aramid nanofiber dispersions (ANF)

Aramid (p-phenylene terephthalamide (PPTA)) nanofibers are prepared following the method
first described by Yang, M. et al. [7]. It was shown that by adding aramid microfibers in a
solution of DMSO and potassium hydroxide (KOH), a controlled, slow deprotonation of the
N-H bond follows. This breaks down the intermolecular hydrogen bonds. Figure 9 depicts the
structure of PPTA molecules. Further electrostatic repulsion between the molecules, creates a
stable dispersion of aramid nanofibres [7]. Further experimentation by Yang, B. ef al. 8],
presented faster methods to obtain such ANF fibres by either mechanical agitation, higher
temperatures, or reduction of viscosity. The method used in this thesis was by mechanical
agitation using a sonication bath and a slightly elevated temperature. Twaron 1055 yarn para-
aramid fibres were obtained from Teijin Aramid. A solution of DMSO and required amount of
KOH were left to dissolve for 20 minutes at 45°C. Aramid fibres were cut to ease initial
dispersion then added to the solution. After all the fibres were added, the bottle was moved to
a sonication bath and was agitated for one hour to break up most of the fibres and speed up the
process of deprotonation. The bottle was then moved to a stirring hot plate at 45°C and kept
stirring overnight until a clear, dark red solution was obtained. The final concentration was

2 mg/ ml. The dispersion was stored at room temperature.
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Figure 9: PPTA para-aramid structure. The para structure relates to the amide groups being linked to
the aromatic rings at the 1 and 4 positions. Hydrogen bonding occurs between the amine and carbonyl
groups highlighted in red. I Reproduced from [9] with permission from the Royal Society of Chemistry.

2.1.8 Preparation of PVAL/ANF solutions

Previous studies using ANFs with polymers have a step of isolating and protonating the ANFs
before incorporating them in different systems [7, 8, 10, 11]. The isolation step was usually
prepared by solvent substitution, and then followed by vacuum assisted filtration. In this thesis,
no isolation step was taken. In Yang, M. ef al. s work, the ANFs appear to have a distribution
of lengths from 200 nm up to 10 um after protonation [7]. Due to that, the ANF dispersion was
first filtered using a syringe filter with a nylon membrane having a pore size of 0.45 um to limit
the length of the dispersed fibres. The filtered dispersion was then mixed with PVAL in DMSO
solution at room temperature. The solutions were kept stirring for one hour before deposition.
However, similar to the PVAL / titanium oxide hydrate hybrid solutions, they were not stable
for long times and a gel seems to be formed within the solution after one day. This is especially
prominent with low ANF loading of 2.5 wt.%. Spin coated films prepared from these solutions
were further annealed at 75°C for 3 minutes to speed up the solvent evaporation as DMSO has

a high boiling point.
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2.2 Film deposition methods

Throughout this thesis, two main film deposition techniques have been used. It is crucial to
note that the dynamics of film formation is directly related to the properties observed and each
technique would produce films with different features. It is also worth noting the similarities
between the solution processing techniques used here and their counterparts in melt processing.
For example, spin coating, where the solvent evaporates quickly, is similar to the fast
quenching of molten polymer in injection moulding. Drop casting on the other hand, would be

similar to compression moulding with the slow cooling rate [12].

2.2.1 Substrates

Glass substrates have been purchased from VWR in the form of microscope slides. They are
Imm thick and have been cut to 10 x 10 mm squares. These were cleaned in a sonication bath
with acetone and isopropanol for 10 minutes and then dried with nitrogen. After drying, they
were placed in the UV-ozone chamber to activate the surface before depositions. Silicon and
sapphire substrates were used for the 3-o technique. Undoped silicon wafers were purchased
from University Wafers with a crystal orientation <100>, > 20,000 Q resistance and 525 um
thickness. They were cut into 10 x 10 mm squares and cleaned as the glass substrates before
film depositions. Sapphire substrates were purchased from Ossila with a surface orientation in
the C-plane. The dimensions were 1.1 mm thick, 20 mm width and 15 mm length. They had a
coarse finish with a surface roughness of ~ 0.7 nm. These were not cut further and were cleaned

as the rest of the substrates.

For drop cast films, PS crucibles, either a petri dish of 55 mm diameter or a square container
with 15 x 15 x 10 mm dimensions, were purchased from VWR and cleaned with isopropanol

and dried with nitrogen before casting the solutions in them.

2.2.2 Spin coating

Spin coating is a useful technique when a small area film needs to be prepared. The solution
(or ink) 1s dropped on the substrate and the centripetal force is used to spread it. This creates
an even thin film after all the remaining solvent has evaporated. The desired thickness can be
obtained by controlling the speed of rotation (faster spinning leads to thinner films) and the
viscosity of the ink (more viscous solutions, lead to thicker films). The fast spinning and
evaporation rate, freezes molecules in a higher entropy state. Furthermore, most of the solution
is lost during the spreading stage, which could be costly for expensive materials [13]. Figure

10 describes the three stages of spin coating.
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Figure 10: Diagrams showing the stages of the spin coating technique. The solution is first placed on
the substrate that is held by a rotating platform (a). The platform and the substrate are then spun at high
speeds and at specified times to spread the solution. Most of the ink is ejected from the substrate in this
stage (b). The solvent is then evaporated and a solid, dry, thin film is left on the substrate (c).

2.2.3 Drop casting

Drop casting is one of the simpler methods of preparing a film from solution. The solution is
dropped on a substrate or in a crucible and the solvent evaporates after time and a film is left
behind. The rate of evaporation can be increased by placing the substrate on a hot plate and
increasing the temperature. This would also affect the formation and structure of the film. With
this method, hardly any material is lost and usually thick films are prepared. However, the films
are usually not homogenous in thickness and it is slow in comparison to spin coating. Figure

11 illustrates the stages of drop casting.

(a)

Aok A A A 4 4

(b) |
(c) [

Figure 11: Diagram showing the stages of drop casting. The solution is first dropped on a clean
substrate or crucible (a). Then the solvent slowly evaporates and a film starts to form (b). After all the
solvent has been evaporated, a film is created on the substrate (c)
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2.3 Solid — State Spectroscopy characterisation

2.3.1 Raman spectroscopy

Raman spectroscopy is an electromagnetic vibrational spectroscopy technique used in the
analysis of materials. It based on the interaction between electromagnetic waves and the
vibrations of atoms and molecules in a material. The energies of molecular and atomic
vibrations of organic materials are usually in the range of visible and near infrared
electromagnetic waves. The interactions detected are either absorption or scattering. Such
vibrational spectroscopy techniques are non-destructive, reasonably quick (in the order of
seconds or minutes), and can be obtained from gasses, liquids or solids. It is mainly used on
organic or inorganic materials but metallic materials are incompatible as they mostly reflect

the incident light [ 14].

Choosing the right laser wavelength is dependent on the material being investigated [14, 15].
If the sample is thin enough, background photoluminescence from the substrate can occur and
thus shadowing material’s signal [15]. As light interacts with a material, it can be either
reflected, absorbed or scattered. When the incident light is scattered after interacting with a
material, it can do so either elastically or inelastically. Elastic scattering is where the energy is
conserved but a change in direction occurs. This is also called Rayleigh scattering. For inelastic
scattering, the scattered light can have a higher or lower energy than the incident light.
Considering that the inelastic scattered photons can have a higher or lower energy than the
incident photon, Raman scattering is thus split into Stokes Scattering (Ascattered > Aincident) and
anti-Stokes scattering (Ascattered < Aincident). Figure 12 below illustrates these conditions. As the
intensity of anti-Stokes scattering is usually much lower than Stokes scattering, most Raman
spectra are obtained by detecting the latter [ 14, 16]. In order for a molecule vibration to exhibit
Raman scattering, must have vibrational modes that are Raman active. Vibrational modes in
molecules can be either stretching or bending of bonds between nuclei. A change in
polarizability in a molecule based on the stretching or bending of bonds renders the vibrational
mode Raman active. A change in the dipole moment on the other hand makes the mode Infrared
active [14]. In some cases, the incident photon’s energy corresponds with an optical transition
of the material. This results in a much stronger Raman signal and is called resonance Raman

scattering [17].
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Figure 12: Schematic describing the different scattering events an incident photon can have when
interacting with a molecule. Anti-stokes scattering on the left shows an increase of the photon’s energy
after interaction. In Rayleigh scattering, which is the most dominant type, the photon energy is constant
and elastic scattering is observed. In Raman scattering, the incident photon loses energy and the
scattered photon is observed to have less energy.

Most Raman instruments use an optical microscope to focus the incident beam on the sample.
Hence the name Raman microscopy. Simply described, the incident photons are a continuous
laser beam focused by an optical microscope on the sample. The same lens then collects the
scattered photons. Those photons are passed through a holographic filter to separate them from
the incident high intensity laser beam. They are then passed through a diffraction grating before

reaching a charge-coupled device (CCD) detector. [14]

2.3.1.1 Choosing the right substrate and wavelength for Raman

At first, silicon wafers were used as substrates for the films. The results from that showed the
Si spectra overlapping the PVAL trace as it had a stronger observed signal [18]. This is shown
in Figure 13.

—— Si wafer
M —— PVAL

Intensity (a.u.)

N
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Figure 13: Raman spectra of silicon wafer and PVAL film deposited on silicon wafer. The signal from
the silicon bands (900-1050 cm™) overshadow the PVAL band signals.

The same issue happened when a quartz substrate was used. The quartz’s signal overshadowed

the PVAL bands and differences could not be discerned.
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Further investigation on the above showed how the substrate affects the obtained Raman signal
and which substrate is best used based on the sample/material being measured [18].
Merlen et al. [19], showed how a simple substrate used for Surfaced Enhanced Raman
Spectroscopy (SERS) can be prepared. A glass substrate sputtered with a thin layer of gold can
create a SERS effect. By depositing the correct thickness of gold in relation to the wavelength
of the excitation laser used in Raman spectroscopy, a characteristic Raman signal can be
obtained. Then the parameters of the laser power, accumulation time and number of

accumulations can be varied to obtain a clearer signal.

To test this, a previously prepared film of 10% wt. TEG in PVAL on a 3-» chip was used. The
chip had a pre-patterned gold electrodes and the film was deposited on top by spin coating. The
laser can be focused on the part of the film above the gold electrode to observe the SERS effect.

The Raman spectra obtained can be seen in Figure 14.

Intensity (a.u.)
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Raman shift (cm™)

Figure 14: Raman spectra of 10% TEG film obtained from onto of the gold electrode on a 3-w chip.
The signal showed the distinct peaks of PVAL.
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2.3.1.2 Raman sample preparation

To prepare the correct substrates, microscope glass slides were cut in to squares of 10 x 10 mm.
They were then cleaned with acetone and isopropanol in a sonication bath for 10 minutes each.
Then mounted on SEM stubs and placed in a gold sputtering apparatus (Emitech K675x).
Sputtering times used were 45 seconds coating time for the 785 nm laser or 30 seconds when
using the 633 nm laser. All substrates prepared using 40 mA of current and under 5x102 mbar
pressure. Parameters used following work found in [19]. The SERS substrates prepared by the
parameters above were used for all Raman measurements. Solutions were prepared and
deposited directly on the gold films by spin coating and stored in desiccators for at least two
days before measurements. Hybrid samples were kept for 1 week before hydrothermal

annealing similar to other measurements.

2.3.1.3 Raman signal acquisition

Renishaw inVia Raman microscope was used for all samples. As two different equipment were
used during this study, two different lasers were used; 785 nm and 633 nm HeNe lasers based
on availability. The gold sputtering thickness was chosen according to the laser source used.
The lens used to focus the laser was 100x objective. Microscope calibrated with Si reference
and CCD, optics, and grid were auto aligned and calibrated using WiRE™ software before
each session. The spectral resolution for both apparatuses was 0.5 cm™ based on the diffraction
grating, detector, and optical setup. Value of resolution given by equipment manufacturer [20].
For the PVAL —TEG blends, PVAL / titanium oxide hydrate hybrids, and PVAL — TiO;
composites, 30 seconds acquisition time and four accumulations were used. For the PVAL —
ANF systems, 50 seconds and 5 accumulations were used instead. Laser power was at 100%
for the PVAL — TEG samples but reduced to 50% for PVAL — ANF systems and 10% for the

hybrids and composites.

2.3.1.4 Raman signal processing

Only cosmic ray anomalies were removed using the WiRE™

software, all other signal
processing were done using Origin. Spectra was smoothed using the Savitzky-Golay method,
10 pts window and a 2" order polynomial. Baselines were removed using asymmetric least
squares method with asymmetric factor 0.0001, threshold: 0.02, smoothing factor: 4, and 10
iterations. Normalisation of PVAL — TEG blends was made by dividing with the peak at 2800
cm’! and all the rest normalised between 0 — 100 for clearer representation. Peak fittings were
performed using Voigtan profiles using Origin software on all vibration modes for consistency.

The peak fitting were performed on windows of the spectra (e.g. from 700-1000 cm™) and the
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least amount of peaks were chosen based on previous literature and the current signals to have
the best fit. Some iterations on the peak fitting parameters were done to reach the best R squared

value (e.g. no negative intensity peaks were allowed).

2.3.2 Fourier transform infrared spectroscopy (FTIR)

Similar to Raman Spectroscopy, FTIR, is an electromagnetic vibrational spectroscopy
technique to characterise materials. It is based on the interactions between light and atomic and
molecular vibrational modes [14]. Table 1 and Figure 15 below summarise the differences

between Raman and FTIR spectroscopy.
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Figure 15: Energy state difference between Raman spectroscopy based on scattering and FTIR
spectroscopy based on absorbance.

Table 1: Comparison between FTIR and Raman spectroscopy

FTIR Raman
Light source Globar (heated silicon Laser in visible-IR region (most common
wavelength carbide) 2500 — 25000 nm  are 532nm, 638nm, 785nm and 1064nm)
Based on Light absorption Light scattering

Vibrational active
modes

Change in dipole moment

Change in polarizability

Molecular bond types

Ionic bonds give strong
signals

Covalent bonds give strong signals

52



2.3.2.1 Attenuated Total Reflectance FTIR — (ATR-FTIR)

ATR is one of the more common setups for obtaining an IR spectrum. It is based on the total
internal reflectance of the IR light inside a crystal with high refractive index such as diamond
or germanium. The alignment of the incident angle is critical to create the evanescent wave just
above the crystal where the sample is placed. The penetration depth is around 0.5 um to 2 um
thus making it suitable for thin films or laminates [21]. The diagram in Figure 16 describes the

set-up.

Evanescent wave

A Sample ,\/
\ / \/ \ / Detector
IR Source Diamond ATR crystal

Figure 16: ATR-FTIR set-up depicting where the signal is generated and detected. The light source is
positioned to obtain an evanescent wave within the sample. The penetration depth is 0.5 pm to 2 um.

2.3.2.2 FTIR Sample preparation & signal acquisition

PVAL - TEG, PVAL — TiO; composites, and PVAL / titanium oxide hydrate hybrids were all
drop cast from solution in PS square crucibles. PVAL — ANF samples were drop cast on clean
glass slides as DMSO dissolves PS. They were then stored in a dissector for around 3 days
before measurements. The equipment used was Agilent Cary-630 FTIR with a diamond ATR
crystal. Film samples (~1 pum) were peeled off from the PS crucibles, placed on top of the ATR
crystal. PVAL — ANF films were placed directly face down on the crystal. Signals obtained in
transmission mode between 4000 — 650 cm™', resolution of 2 cm™ and with 32 scans.

Background signal was obtained before each measurement.
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2.3.3 Brillouin light scattering (BLS) spectroscopy

BLS spectroscopy is another electromagnetic spectroscopic technique based on the inelastic
scattering of light similar to Raman spectroscopy. However, Raman scattering is between the
incident light and molecules but BLS, it is between the light and the acoustic phonons in the
material [22, 23]. It is an alternate, non-destructive method of measuring the elastic modulus
as opposed to the more traditional tensile test [24]. Here, contrasts based on changes of
mechanical properties are utilised to characterise the material rather than chemical composition

observed in Raman. This is given by the following relationship:

_ 2n M B
wp = = 5 sm(2 (2.3)

Where o is the Brillouin shift, n & p are the material’s refractive index and density
respectively, A is the excitation wavelength, M is longitudinal modulus, and 6y is the scattering

angle [22].

2.3.3.1 BLS sample preparation and data analysis

Only PVAL — TEG systems were measured using BLS. Other systems proved difficult to obtain
the correct thicknesses and film quality for a clean signal. The films were prepared by spin
coating to have as similar properties as possible to samples prepared for Raman and thermal
conductivity measurements. PVAL — TEG samples were spin coated on clean glass substrates
to obtain thicknesses greater than Ium. An excitation laser from a cobalt source was used
generating a 561 nm wavelength. An oil emersion objective lens (UPlanSApo 60x, NA =1.35)
was used to avoid reflectance of scattered light due to large refractive index mismatch between
the film and the air. PVAL — TiO; composites and PVAL — ANF films could not be produced
without altering the concentrations of the solutions which will change observed signals from
the films made previously. PVAL / titanium oxide hydrate hybrids films could be made by spin
coating multilayers of the films to create a 1 um film, however the signal showed some
reflection that could be due to the Fabry-Pérot oscillations and the excitation laser falling on a

trough of those oscillations.

The Brillouin shifts were calculated from the spectra using the method found in [22]. It is based
on the distances between the Rayleigh, Stokes and anti-Stokes peaks measured. It is given as

follows:

wp = 5 (FSR— Af) (2.4)
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Where FSR is the free spectral range (the distance between the first and 2" Rayleigh peaks)
and Afis the distance between the first anti-Stokes peak and the second Stokes peak. A detailed

description of the method can be found in [22].

To calculate the sound velocities, a system-based approach was used to calibrate the Brillouin
shifts with six known materials: DIW, Methanol, 1-Propanol, Ethanol, Glycerol, and Mono
Ethylene glycol. The corresponding velocities were then corrected with their refractive indices

and a regression line was made. For the BLS system used here, the equation was

V=27721 X wg (2.5)

2.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy technique based on the interaction of x-rays and the electron
shell around the atoms in a sample. It is surface sensitive and information is taken from the top
few nanometres of the film. The electrons are emitted due to the energy of the incident beam
and are knocked out of the electron shell. A detector then separates the electrons based on their
kinetic energies and counts them. From the measured kinetic energy Ek, the electron binding

energy Ep can be calculated using the following equation:
Eb = hv — Ek - o (25)

Where h is Plank’s constant, v is the frequency and @ is a parameter related to the energy
required for the electron to escape from the surface. Information on stoichiometry,
composition, chemical and electronic states of the material can be inferred from the

spectra [14].

Samples were prepared by spin coating on glass substrates similar to Raman and thermal
conductivity measurements. PVAL / titanium oxide hydrate hybrids samples were aged for

1 week in a desiccator before annealing similar to the rest of the measurements.
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2.4 Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique used in this thesis. DSC is used to measure several
properties such as reaction temperature, phase changes, specific heat as well heat of reaction
temperatures [25]. The setup of a DSC falls under two groups: heat flux or power compensated.
The former measures the heat flow between a sample and reference placed in the same furnace
in order to keep the differential temperature between them equalling zero. The power
compensated setup has the sample and reference in two separate furnaces and the power
required to keep the temperature at equilibrium is recorded as heat flow [25]. The focus of this
study is on measuring the critical temperatures such as the glass transition and melting
temperatures (Ty & Tm respectively) to characterize the polymer blends. Such transition
temperatures are effected by the interactions between the polymer molecules and therefore

have a direct physical meaning to the signals obtained [26].

2.4.1 DSC Sample preparation

PVAL — TEG, PVAL — TiO; composites, and PVAL / titanium oxide hydrate hybrids were all
drop cast from solution in PS square crucibles. PVAL — ANF samples were drop cast on clean
glass slides as DMSO dissolves PS. They were then stored in a dissector for 7 days before
measurements. The films were then peeled from the PS containers, cut into strips using a razor
blade and placed in the standard aluminium DSC crucibles (40 pul). The weight of each sample
ranged between 3 — 5 mg. The PVAL — ANF films were scraped off using a razor then placed
in the DSC crucibles.

2.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) uses an electron beam that is rastered on the surface of
the sample to obtain an image. Electrons interact with the sample in various ways and different
information can be obtained. For example, secondary electrons coming from the first ~100nm
of the surface can give information on the topography. These are created by inelastic scattering
of the electrons and the surface. The contrast is based on the number of electrons reaching the
detector. Another type of interaction is backscattered electrons. These come from elastic
scattering of the electrons and the atoms and are generated from deeper in the film ~1 pm.

Heavier atoms scatter more electrons and thus giving information on the composition [14].
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2.6 Thermal conductivity: 3 — ® Technique

To measure a material’s thermal conductivity, several methods have been developed. These
methods can be grouped under two main umbrellas: steady state or transient methods. Steady
state techniques are mainly based on obtaining thermal conductivity from Fourier’s law of

thermal conductivity [27].

Transient methods on the other hand, measure thermal conductivity from temporary signals.
These signals are then processed and analysed to obtain the thermal conductivity. Examples of

such signals are thermal conductance and thermal diffusivity.

Steady state techniques are generally more accurate; however, they take longer to conduct the
measurement, as thermal equilibrium must be achieved at each sampling point. Transient
methods are relatively lower in price and signals can be obtained rather quickly. The slight

disadvantage is that analysis of the signals can be more complicated [27].

The 3 — o technique is a transient thermal conductivity measurement technique. It is mainly
used for thin films (<10 pm) and with relatively low thermal conductivities (0.2 — 20 W/m.K)
thus making it well suited for polymer thin films [27]. The sample film is deposited on a
substrate that is considered to have infinite thickness compared to the sample (~100nm for the
film and >500 um for the substrate). The substrate’s thermal information and thickness is well
characterised and is used as the reference in the post measurement calculations. Typically,
metal electrodes (gold in all these measurements) and heater lines are deposited on top of the

polymer film. See Figure 17 and Figure 18 below for illustration.
In a typical 3 — o setup, an AC current with a given angular frequency .
I = 1, cos(wt) (2.7)

This current, in turn results in periodic Joule heating of the line at angular frequency 2 ® and a

phase lag of ¢.
AT = AT, cos(2w + @) (2.8)

The phase shift is dependent on the geometry of the heater line, its thermal properties, and the
thermal properties of the film underneath. Due to the change of the temperature of the heater

line, an oscillating change in its resistance follows at 2 .

R = R,(1+ BAT) (2.9)

57



Based on Ohm’s law: V = IR, an amplitude modulated voltage signal is obtained with
components at 1o and 3w. However, the amplitude at the first harmonic is orders of magnitude
larger than at 3w, so a lock-in amplifier is used to modulate it [28-30]. If the measurement was
taken at two different frequencies, the thermal conductivity (K) can be calculated using the
following equation from [29]:

f2

4mIR2(V3,1-V3,) dT

(2.10)

Where V is the voltage across the line at . R is the heater line resistance, V31 is the voltage at
3w at frequency f1 and V32 is the voltage at frequency f2. dR/dT is the slope of the heater line’s

calibration at the temperature of measurement [29].

2.6.1 Sample preparation for 3 — ®

An undoped Si wafer with high resistivity and no SiOx layer was used as a substrate. This was
considered as the reference point with a known thermal properties and thickness. The thickness
of the Si substrate was considered infinitely larger than the sample deposited on top (compare
525 pm to 200 nm). The polymer film was then deposited on top by spin coating. The gold
electrodes and heater lines were deposited on top of the film by evaporation and a shadow mask
for patterning. The mask has heater lines with different widths to allow for a range of
resistances based on the expected thermal conductivities of the samples measured. The thinner
the line, the higher the resistance and temperature increase and vice versa. The voltage
measurements were taken at several points by varying the input’s current frequency. The
frequency was varied with 60 Hz steps from 200 — 2000 Hz with an amplitude of 40 or 60 mA
based on the thickness of the heater line used. A typical signal would show a linear decay of
the voltage’s amplitude and an increase in the phase lag with increasing frequency. The
thickness was then measured using a profilometer. The profilometer was used to measure the
thicknesses of the PVAL — TEG systems. For the PVAL / titanium oxide hydrate hybrids,
composites and PVAL — ANF systems, the Transfer Matrix Method (TMM) was used using
UV-Vis transmission data. A detailed description of the method can be studied in [3]. This
method proved to be more accurate as it acquires the signal from the entire surface are of the
film instead of several points using a contact profilometer. To obtain that, crystal sapphire
substrates were used instead of the opaque silicon wafers. The film deposition, electrode

deposition, and voltage measurements remained the same.
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Figure 17: Side view (a) and top view (b) of a sample for 3-0 measurement. (a) Shows the substrate
that is considered infinitely thick in comparison to the polymer film. The gold electrodes and heater
lines are then evaporated on top. (b) Shows the electrodes and heater lines. The dimensions of the heater
lines are crucial to the measurement as it is linked to the resistance and the voltage signal. Any
fluctuation results in fluctuation in the measured signal.

Figure 18: A film with gold electrodes and heater lines deposited for 3-w measurement. Four

electrodes are used; two for the input current and two to measure the voltage difference.
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3 Polymer/Oligomer Blends

3.1 Motivation

Blending PVAL with TEG is expected to alter the polymer’s chain conformation and structure.
Moreover, TEG is predicted to create strong hydrogen bonding with PVAL due to the pendant
hydroxyl groups, and thus altering the thermal energy pathways [1-3]. The study by Kim ef al.
[1] showed how the strong hydrogen bonding between a high molecular weight polymer and a
lower molecular weight polymer could be used to tune the system’s thermal conductivity. In
the study by Mehra et al. [2], it was found that by blending short PEG chains into the matrix
of long PVAL chains, an increase in thermal conductivity was achieved. In that study it was
found that the shortest PEG molecule (1000 g/mol) resulted in the highest increase in thermal
conductivity [2]. Here, we incorporated even shorter ethylene glycol molecules in the form of
TEG to tune the structure. The addition of the relatively small molecules to the polymer matrix
can influence local order. This is theorised to introduce localised extension of PVAL chains
and reduction of chain bends by TEG molecules with strong interaction between the functional
groups. Figure 19 (a) and (b) illustrate the chemical structure of PVAL and TEG, respectively.
Figure 20, illustrates the theorised change in solid-state structure of the PVAL due to the
addition of TEG.

OH
HO e G\fﬁ““o T~ D“-.,/H““OH

(a) (b)

Figure 19: PVAL (a) and TEG (b) chemical structure
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Figure 20: Theorised structure change based on introduction of TEG molecules in PVAL matrix

3.2 Solid-State Structure

The theorised changes in structure by the introduction of TEG (illustrated in Figure 20) is
difficult to observe as an image due to the low atomic weight of the chemical elements in the
system (C, O, and H). As aresult, there is hardly any contrast difference between these elements
e.g. when using SEM. Therefore, different spectroscopic techniques are utilised here to study

and infer the changes in solid-state structure.

3.2.1 Raman Spectroscopy

As Raman spectroscopy can probe the changes in the C-C bonds in the polymer backbone as
well as the pendant hydroxyl groups, it was used here to observe the changes on PVAL. Table
2 shows the peak positions and assignments of PVAL films (peak fitting can be found in
Appendix A). Figure 21 shows the Raman spectra of neat PVAL. The spectra was split into
several bands assigned to the different vibrational modes. The spectra from a TEG droplet can
be seen in Figure 86 in Appendix A. The peak positions and assignments are presented in Table
3. R squared value of peak fitting of PVAL was 0.9993 , 0.9979, and 0.9993 for the 700 — 1000
cm!, 1000 — 1200 cm™ , and 1300 - 1500 cm™ parts of the spectrum respectively. The peak fit
with lowest R squared value of 0.9826 was for the 50 wt.% TEG film in the 1000 — 1200 cm!
window. The rest of the R squared values fall between these two. (Peak fitting curves and

statistics can be found in Appendix A)

64



Table 2: Raman peak assignments of neat PVAL.

Peak Centres (cm™) Assignment Reference
853 (shoulders at 808 & 836) C-C stretching [4-6]

898 C-C stretching [4, 6]

936 C-C stretching [4, 5]
1022 C-O stretching O-H bending (4, 7]
1070 C-O stretching O-H bending [4-6]
1098 C-O stretching O-H bending [4-6]
1126 C-O stretching O-H bending [4, 6, 8]
1143 C-O stretching C-O stretching [4-6, 8, 9]
1359 C- bending O-H bending [4,5,7,9]
1441 C- bending O-H bending [4,5,7,9]
1657 C=0 stretching (residual acetate) [9]

1732 (shoulder at 1711) C=0 stretching (residual acetate) 9]

1882 C-0O asymmetric stretching (residual acetate) [9]

2909 C-H stretching [4]

2936 C-H stretching [4]

Table 3: Raman peak assignments of neat TEG

Peak Centres (cm™) Assignment Reference
839 (shoulders at 810) C-H rocking [10, 11]
887 (shoulder at 869) C-H rocking (C-O) [10, 11]
923 C-H (C-O) [11]

1072 (shoulder at 1035) C-OC-H [10, 11]
1131 C-CC-H [10, 11]
1239 C-H,C-H [10, 11]
1284 C-H,C-H [10, 11]
1452 C-H [10, 11]
1473 C- [10, 11]
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Figure 21: Raman spectra of a PVAL film. The spectra is divided into the main regions where
characteristic vibrations were observed. The main contributor(s) to each band is highlighted
above and can be observed with further detail in Table 2.

/L

A AY 50% TEG
M - ~_30% TEG

M\—w 25% TEG

./\’\,f\_/\/\_.Mf 10% TEG

_/\\/-/\/\l\_/\’\' 5% TEG
/\’\,-f-w._/\/k_.__—«, _~__PVAL

/L
1 N 1 N 1 N 1 N 1 1 771 1 N 1
750 1000 1250 1500 1750 2000 2750 3000 3250
Raman Shift (cm™)

Intensity (a.u.)

Figure 22: Raman spectra of PVAL - TEG blends. The key changes occur below 1500 cm™.
The bands were split into three main regions of interest based on the C-C stretching (760-
950 cm™), C-O stretching and O-H bending (1000 — 1200 cm™), and C-H and O-H bending
(1250 — 1500 cm™).
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Figure 22 displays the Raman spectra of the PVAL — TEG films on gold SERS substrates. The
addition of TEG to the PVAL films has influences on the three main regions in the 750-
1550 cm™' range. The C-H stretching bands at 2909 and 2936 cm™! show no significant changes.

For the C-C stretching bands (760-950 cm™), a broadening of the 853 cm™ peak and a shift of
its shoulders towards lower wavenumbers is observed upon addition of TEG. This is illustrated
in further detail in Figure 23. This shift is indicative of an elongation of the C-C bond and is

similar to a tensile stretch on the film sample as seen from studies on PE [12, 13].

Figure 24 describes the C-O stretching and O-H bending region between 1000 and 1200 cm™.
The signal intensity here is relatively low in comparison to the other bands, which is due to the
nature of the molecular vibrations. The 5, 10, 15 wt.% TEG samples reflect an increase in the
middle peaks (1098 and 1126 cm™!) while the intensity of the 1143 cm™! peak was decreasing.
This is indicative of a lower degree of local order [5, 6, 8, 14]. This change is likely due to the
formation of new hydrogen bonds between the PVAL and TEG molecules that lead to
backbone torsion. This in turn, would disrupt inter and intrachain hydrogen bonding of PVAL.
However, as more TEG molecules were introduced, that effect is reduced and the peaks appear
at similar positions as neat PVAL. This could be due to TEG molecules aggregating and
creating relatively phase-pure domains within the PVAL matrix. Leading to a relatively
heterogeneous distribution of the TEG molecules [1, 2]. However, Raman provides information

on local-order that can be interpreted rather than long-range order and morphology.

In the third region of interest, C-H bending and O-H bending region between 1250 and
1500 cm™!, the 1359 cm™! peak has been shifted to lower numbers in all TEG samples. The peak
centred at 1356 cm™! is shifted due to new hydrogen bond formation between the PVAL and
TEG molecules. The 1441 cm™! peak shows minimal shift (~3-5 cm™') in relation to loading of
TEG but a shift to lower numbers nonetheless. Figure 25 illustrates these changes. Another
change is that the relative intensity between the 1356 and 1441 peaks is increasing. This could
be linked to the reduction in local range order due to the formation of hydrogen bonds and the

disruption of inter and intrachain interaction of PVAL molecules [4, 6, 14].
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Figure 23: Raman spectra of PVAL - TEG blends in the C-C stretching region. (a) The peaks are shifted
to lower wavenumbers with increasing TEG content. The peak position shift of two of the peaks to
show the trend is presented in (b). Error bars based on resolution of the apparatus. Further errors due to
peak fitting are not represented in the graph. The dashed line is used to highlight the shift to lower wave

numbers.
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Figure 24: Raman spectra of PVAL - TEG blends in the C-O stretching and O-H bending region. (a).
The intensity of peak 1126 cm™ (linked to disordered segments) relative to peak 1143 cm™ (linked to
ordered segments) is the main change and illustrated in (b). The intensity of the 1126 cm™ peak grows
significantly compared to the peak at 1143 cm™ in the 5 and 10 wt.% TEG samples before decaying
exponentially. The dashed lines were drawn using an exponential decay function as a guide for the eye.
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Figure 25: Raman spectra of PVAL - TEG samples in the C-H and O-H bending region (a). The peak
at 1359 cm™! was shifted to lower numbers with increasing TEG content. While the position of the peak
at 1441 cm™! was shifted, it was not comparably a large shift. However, the intensity ratio between the
two peaks grows with increasing TEG. The amount of shift is illustrated in (b). Error bars based on
resolution of the apparatus. Further errors due to peak fitting are not represented in the graph. The
dashed lines were used as a guide for the eye by fitting the data with polynomial curves.

3.2.2 Fourier-Transform Infra-Red (FTIR) Spectroscopy

Table 4 below shows the assignment of bands observed using FTIR for the neat PVAL film
(peak fitting can be found in Appendix B). Figure 26 shows the FTIR spectra of a neat PVAL
film with the bands split up and contributors to each band is highlighted. For FTIR, the
interactions on the pendant hydroxyl group are much more prominent than the C-C bonds, as
the latter is not infrared active. Interactions between the functional groups can thus be observed

by using FTIR.

Table 4: FTIR band assignments of PVAL.

Band centres (cm™) Assignment Reference
3276 O-H stretching inter and intrachain [15, 16]
2937, 2905 C-H stretching [15, 16]
1733, 1709 C=0 stretching (residual acetate) [16]

1430 C-H stretching [15, 16]
1123 C-O stretching (ordered segments) [15, 16]
1083, 1051, 1021 C-O-C stretching [16]
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Figure 26: FTIR spectra of PVAL. The spectra is divided to the main regions where characteristic
vibrations were observed. The main contributor(s) to each peak is indicated above and can be observed
in further detail in Table 2.
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Figure 27: FTIR of PVAL — TEG blends of different compositions. The changes observed are primarily

with the pendant hydroxyl (3276¢m™) and carbonyl from the residual acetate (1733 cm™). The other
changes are in the C-O stretching around 1123 cm’!.
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Comparing the FTIR spectra of PVAL — TEG films of different compositions (Figure 27), the
traces look very similar. The largest difference is with the O-H peak, which is shifted to higher
wavenumbers. The C-H band has a higher intensity at 2865 cm™, but no shifts in peak positions.
In some of the other bands such as 1733 and 1430 cm™!, the peaks appear to be shifted but they
are within the resolution of the measurement apparatus, which is 2 cm™'.

The hydroxyl bond peak is shifted to higher wavenumber (from 3276 cm™ in neat PVAL to
3318 cm! in the 50 wt.% TEG) as shown in Figure 28. The shift to higher wavenumbers
indicates a reduction in the overall hydroxyl hydrogen bond strength [1, 2]. It seems to follow
a linear trend with the addition of TEG molecules with the exception of the 5 wt.% TEG
sample. This is illustrated in Figure 29. The 5 wt.% TEG could be an outlier or it may be that
the hydrogen bonding had a significant effect in this sample e.g. because of formation of a solid
solution. The main strength of the hydrogen bond signal comes from PVAL inter and intrachain
interactions [16]. The addition of TEG seems to infiltrate those hydrogen bonds and creates
new ones with the ether group (middle of TEG molecule) and hydroxyl group (ends of TEG

molecule) [2].

There was also an apparent increase then reduction in intensity of the C=0O peak around
1700 cm™ with increasing amount of TEG (Figure 30). This peak results from the residual
acetate in the PVAL and is reduced, indicating there are less total carbonyl groups in the system
with increasing TEG loading [16, 17]. Further changes to the C-O-C band were observed which
are likely due to the interaction of the pendant hydroxyl group with the TEG. The shift is also
indicative of change in observed local order [15, 16]. However, as the FTIR measurement
obtains the signal from a small area, it cannot be concluded that the changes here are of long-
range order. The changes are noted to be on short-range similar to the changes observed in

Raman above.
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instrument. Further errors due to peak fitting are not represented in the graph. The dashed line drawn as
a guide to the eye with the data point from the 5 wt.% TEG film masked out as an outlier.
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Figure 30: FTIR spectra of C=0 stretching peak between PVAL — TEG samples. The intensity of
absorption seems to increase up to 15wt.% TEG then decrease.
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3.3 Differential Scanning Calorimetry (DSC)

Figure 31 (a) and (b) show the DSC thermograms for the first heating and first cooling of the
PVAL - TEG systems, respectively. Figure 32 (a) and (b) show the second heating and cooling
cycles of the PVAL — TEG systems, respectively. In Figure 31 (a), two endothermic peaks are
centred at 77 °C and at 187°C in the PVAL trace. These are respectively, residual water
evaporation (from the solvent) and the melting temperatures of PVAL. The samples were kept
in a desiccator before measurements, but due to the hygroscopic nature of PVAL, water
retention still occurred. This water evaporation endothermic peak obscures the glass transition
temperature in this first heating cycle [18]. However, a clear T, can be observed in the second
heating cycle where a characteristic step change is seen. The transition temperatures are
recorded in Table 5. It can be observed that with the addition of TEG molecules, the Ty is
decreased from 65 °C in neat PVAL to 27 °C in the 50 wt.% TEG sample. TEG molecules
appear to interrupt the intermolecular hydrogen bonds of the PVAL acting as a plasticizer for
PVAL. This increases the inter-chain mobility thus requiring less energy to transition from the
glassy state to the rubbery state [17, 19]. It must be noted that this change in solid-state structure
and the plasticising affect by the TEG molecules are detected after a slow melting cycle only;
1.e. the films are melt processed rather than solution processed in the second heating cycle. The
addition of TEG to PVAL appears to have a nucleating affect during the cooling cycle as it
crystallises earlier (Figure 31 b) Additional information can be obtained from the melting
temperature, where the crystalline phase of PVAL transitions into a liquid phase [2, 19]. The
melting temperature and the enthalpy of fusion are recorded in In the first heating cycle, the
melting point is slightly increased upon addition of TEG but not significantly up to 25 wt.%
TEG. At 30 and 50 wt.% TEG, the melting point is observed at ~205 °C; an increase of around
20 °C. The other noticeable feature is the slight increase then decrease of the melting peak
(representing the enthalpy of fusion) with increasing TEG content, signifying the reduction of
the crystalline fraction in the overall film above 15 wt.% TEG. This trend is presented in Figure
33. This may be expected due to the plasticising effect of the TEG on PVAL, disruption of the
crystal growth upon TEG addition leading to a larger amorphous fraction [17, 19].
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Another piece of information that can be obtained from DSC measurement is the miscibility of
the blend. In fully miscible blends of two different polymers, the melting point is based on the
ratio of the blend and generally follows a linear trend. PPE/PS is considered a classic example
of a fully miscible blend [20]. Focus here was on the glass transition. A single T is observed
which indicates some degree of miscibility. Furthermore, the changes in T and Ty, is retained
in the second heating cycle further supporting the view of strong hydrogen bonds between
PVAL — TEG, the retention of TEG within the system, and the retention of the thermoplastic
behaviour of PVAL [20].

(a) 1st Heating — 50% TEG (b) - TuTEG
T 30% TEG

MTEG

—

MTEG -\’r__ﬂTEG
20%TEG

P N >
T~ e —— ¥
o e N L MTEG
/‘\_/\——5-5"—T EG 5% TEG

T T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275 -25 O 25 50 75 100 125 150 175 200 225 250 275

Endo —
Endo —

15% TEG
S

Temperature (°C) Temperature (°C)

Figure 31: DSC thermograms of PVAL — TEG blends for the first heating (a) and cooling cycles (b).
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Figure 32: DSC thermograms of PVAL —TEG blends for the second heating (a) and cooling cycles (b).
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Figure 33: Enthalpy of fusion of PVAL - TEG films with various TEG content. AHpyar measured
from the first heating. Error bars based on systematic error of the DSC of a single measurement.

Table 5: Measured glass transitions, melting transitions and enthalpies of fusion of PVAL - TEG

films
Sample  Ty* (°C) Tm (°C) AHpvar (J/g)** T, (°C) Tum (°C)
(1°* heating)  (1*' heating)  (1°* heating) (2" heating)  (2"? heating)

PVAL 77 187 30 65 152

5% TEG 76 188 33 63 154

10% TEG 76 186 36 56 156

15% TEG 76 184 31 48 153

20% TEG 76 186 27 36 161

25% TEG 70 188 22 26 160

30% TEG 72 204 1 51 161 (193)
50% TEG 74 205 12 27 193

*Tw 1s the peak associated with water evaporation. Temperature recorded as the peak

position.

** Enthalpy of fusion normalised by weight fraction of PVAL for the first heating.

75



3.4 Brillouin Light Scattering Spectroscopy (BLS)

Using BLS, the Brillouin shifts were calculated for the PVAL — TEG films using the method
described in [21]. The samples had to be of relatively large thickness to obtain a good signal in
comparison to the other spectroscopy techniques used in this thesis. This is to allow the
excitation laser beam focus to be within the material, avoiding the edge effects of the oil and
substrate. Such films were prepared by spin coating so the observed properties should be
comparable. For the 20 wt.% TEG sample, the thickness was not sufficient to obtain a clean
signal so it was not included in the sound velocity calculations. Figure 34 shows the calculated
sound velocities of the films deduced from their Brillouin shifts. The sound velocities here are
considered to have contributions from both longitudinal and transverse directions. The apparent
sound velocity appears to increase slightly at 5 and 10 wt.% TEG before being significantly
reduced at higher loadings. At increasing TEG content (> 15 wt.%), TEG starts to act as a
plasticiser and the mechanical properties are reduced due to that effect, in agreement with the
decreased Ty that was measured in the DSC. However, at low loadings, the sound velocity
appears to increase, signifying a higher phonon group velocity due to a change in solid-state
structure. This could also be a slight error from the measurement, as the films absorb moisture
and that can affect the measured Brillouin shift. This has not been quantified here
systematically. From Raman, higher degree of disorder is observed at these TEG loadings (5
and 10 wt. %). The intensity ratio between the peak attributed to less ordered segments and
more ordered segments followed a very similar trend (Figure 24 b). From, FTIR, the 5 wt.%
TEG sample showed a significant change in the O-H stretching band as well (Figure 28 b).
This suggests that a more localised order is created in such systems due to the strong interaction
between TEG molecules and PVAL chains. This in turn, makes the system slightly more

favourable to a phonon’s path within the material.
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Figure 34: Calculated sound velocities of PVAL — TEG blends based on measured Brillouin shifts. The
dashed line was added as a guide to the eye.

3.5 Thermal conductivity (3-®)

Figure 35 shows the through-plane thermal conductivities of PVAL — TEG films. Error bars
are based on the variation between three films measured at each loading. The neat PVAL’s film
thermal conductivity was measured to be ~ 0.32 W/m.K, in agreement with [2, 3, 22, 23]. With
the addition of TEG, the thermal conductivity slightly increased to ~ 0.36 W/m.K before
decreasing at loadings above 20 wt.% TEG. This may tentatively be attributed to TEG
molecules intermixing with the PVAL matrix, with the strong interactions that form creating
small thermal bridges [1-3, 22, 24]. This is also comparable to the trend observed in a similar
system study between PVAL and ethylene glycols of different lengths [22]. Specifically the
changes are in agreement with the creation of thermal bridges made of TEG due to the strong
interaction of the hydroxyl groups observed in Raman, FTIR, and BLS measurements
described above. This view is supported by the fact that the C-C backbone seems to extend due
to hydrogen bond formation, as observed in the Raman measurements. This is analogous to
creating mini splints along the backbone of the PVAL and keeping them in a stretched position
at several points. The trend is also very similar to the calculated sound velocities as the thermal
conductivity is directly related to the phonons’ group velocity (see Figure 34) [25]. The
increase in TC is likely due to the changes in the local polymer chain arrangement, as it does
not follow the rule of mixtures [22]. However, with increasing amounts of TEG, the thermal
conductivity is reduced as more TEG molecules interact with each other and create clusters

and agglomerates within the PVAL matrix [1, 2, 22].
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Moreover, above 20 wt.% TEG, the addition of TEG acts as a plasticiser and reduces the
crystallinity of the PVAL film. This can be observed in DSC by the reduction of the melting
endotherm. The sound velocity measurements give further evidence of this effect. The
phonon’s mean free path appears to be hindered in comparison to films with higher loadings,
leading to a reduction of the system’s thermal conductivity. Above 20 wt.% TEG, the low
molecular order in the system results in more phonon scattering events thus reducing the
phonon mean free path and overall thermal conductivity. This effect has been observed in
different studies of filler-free blends and how the thermal conductivity can be tuned by the

amount of small molecules added [1, 2, 22].
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Figure 35: Thermal conductivity of PVAL — TEG blends at room temperature. Measured using 3-®
technique. Error bars based on three film samples measured at each loading. The dashed line was added
as guide to the eye.
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3.6 Conclusions

It was shown that with the addition of TEG molecules to PVAL, the thermal conductivity could
be tuned. This was attributed to changes in solid-state structure, making it distinct from
approaches that use highly conductive fillers to create a composite. From Raman spectroscopy,
localised extension of the PVAL backbone was observed as well as changes in the local order
due to hydrogen bonding. FTIR spectroscopy assisted to identify the extent of hydrogen
bonding, and how the functional groups of TEG and PVAL interact with each other. The
miscibility of the blend and the effect of hydrogen bonding on the polymer chain mobility were
deduced from DSC data. A reduction in the overall crystallinity was observed, signifying that
with the addition of TEG a system with a lager molecular disorder is created. From the BLS
shifts, the sound velocities were calculated which are directly related to the phonons’ mean free
path. This was related to the observed changes in thermal conductivity of such blends. The
similarity in the trend of thermal conductivity with composition and sound velocity with
composition suggests that the interactions between PVAL and TEG and the changes in
structure affect the phonon mean free path. Thereby, we assume the systems to be isotropic.
Surprisingly, the magnitude of the changes in thermal conductivity is not as significant as seen
in similar studies. This could be due to different sample preparations, measurement setups and
the type of molecules used. Larger effect may be introduced using a more rigid small molecule

that can still strongly interact with PVAL.
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4 Organic / Inorganic Hybrids

4.1 Motivation

It was observed in Chapter 3 how engineering inter-chain interactions could influence the local
chain order and conformation. Another method of influencing chain interactions is the creation
of a cross-linked network. Organic / inorganic hybrids are an attractive way of realising
promising properties out of materials. This is achieved by creating new chemical bonds
between mixtures of two dissimilar materials. It differs from a conventional composite which
is considered as a dispersion of particles within a matrix [1-3]. PVAL / titanium oxide hydrate
hybrids have been studied for their optical properties and their applications in photonic
structures, yet the effect of the structure on the thermal conductivity is yet to be investigated
[4-9]. The theorised structure of the PVAL / titanium oxide hydrate hybrid is illustrated in
Figure 36. To differentiate between the PVAL hybrid structure and a conventional PVAL
composite comprised of TiO; nanoparticles, side-by-side comparisons were conducted and

studied. An illustration of the PVAL — TiO2 composite is shown in Figure 37.

Figure 36: PVAL / titanium oxide hydrate hybrid structure. On the left, a polynuclear titanium
oxide hydrate connects to separate PVAL chains. This polynuclear form is more likely to be
present in higher inorganic content hybrids. In the middle, a mononuclear PVAL / titanium
oxide hydrate network is illustrated. Covalent bonds are created between the titanium atoms
and the PVAL as well as hydrogen bonds with the remaining hydroxyl groups. Some residual
chlorine is present as well. The segments on the right depict unreacted PVAL with residual
acetate.

82



—C—3k

H
|
C
|

—0O — T

I
|
H

e
TZ—0Q —I

ot OH H Of

O—T‘i—O—i“i—O—Ti—O
TiO, nanoparticles
0O—!11—0—!IL—0—I1L—O0

OH OH

HOOH © OH H

|1 | |eva
—i—i———0——

I T

H H H H H H

Figure 37: PVA-TiO; nanocomposite structure. TiO; particles infiltrate free volume in PVAL
and interact with hydrogen bonds with the polymer’s hydroxyl groups. Structure adapted from
[10]. Copyright (2018) John Wiley and Sons.

4.2 Solid-State Structure

The changes in the structure due to the introduction of the titanium oxide hydrate creates a
cross-linked network with PVAL as shown in Figure 36. This schematical structure has been
studied before for its optical properties in photonic crystals and Bragg mirrors applications [4-
9]. In this thesis, several alternative characterisation techniques were employed to study the
changes in solid-state structure and draw contrasts with PVAL - TiO; composites to highlight
the differences in the created structures. Spectroscopic techniques were utilised as in the
PVAL — TEG blends in Chapter 3. X-ray photoelectron spectroscopy was also used here to

study the differences between the organic / inorganic hybrids and the composites.

4.2.1 Raman Spectroscopy

Raman spectroscopy was employed to probe the changes in the backbone as well as the pendant
groups. We, thereby, focused on the changes due to the formation of the organic/inorganic
hybrid structure and compared it with a conventional composite. Table 6 presents the peak
assignments for PVAL films, extended from the in Chapter 3 to include the region between
100 and 700 cm™'. (Peak fitting can be found in Appendix C). Figure 38 shows the Raman
spectrum of PVAL film in the region between 750 and 3200 cm™. Figure 39 shows the
spectrum of PVAL film in the 100 to 700 cm™! region. R squared value of peak fitting of PVAL
was 0.9784, 0.9993 , 0.9979, and 0.9993 for the 400 — 700 cm™, 700 — 1000 cm’,
1000 — 1200 cm™ , and 1300 - 1500 cm™! parts of the spectrum respectively. The peak fit with
lowest R squared value of 0.9383 was for the 50 % hybrid film in the 400 — 700 cm™ window.
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The rest of the R squared values fall between these two. (Peak fitting curves and statistics can

be found in Appendix C)

Table 6: Raman peak assignments form PVAL. The three peaks observed in the lower

Raman shift are highlighted first.

Peak Centres (cm™)
414
481
635

853 (shoulders at 808 & 836)

898

936

1022
1070
1098
1126
1143
1359
1441
1657

1732 (shoulder at 1711)

1882
2909
2936

Assignment

C-O wagging and bending

C-O bending out of plane

O-H wagging and twisting

C-C stretching

C-C stretching

C-C stretching

C-O stretching O-H bending
C-O stretching O-H bending
C-O stretching O-H bending
C-O stretching O-H bending
C-O stretching C-O stretching
C- bending O-H bending

C- bending O-H bending

C=0 stretching (residual acetate)
C=0 stretching (residual acetate)
C-0O asymmetric stretching (residual acetate)
C-H stretching

C-H stretching

Reference
[11]

[11]

[11]
[12-14]
[12, 14]
[12, 13]
[12, 15]
[12-14]
[12-14]
[12, 14, 16]
[11-14, 16]
[11-13, 15]
[11-13,15]
[11]

[11]

[11]

[12]

[12]

/L

C-C C-OC-H Cc=0 " C-H
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Figure 38: Raman spectrum of PVAL. The spectra is divided into the main regions where
characteristic vibrations were observed. The main contributor(s) to each band is highlighted
above and further details are given in Table 2.
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Figure 39: Raman spectrum of PVAL between 100 and 700 cm™1. The spectra is divided into
the main regions where characteristic vibrations were observed. The main contributor(s) to
each band is highlighted above and further discussed in Table 6.
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Figure 40: Raman spectra of PVAL / titanium oxide hydrate hybrid films between 700 and
3200 cm’!. The key changes occur below 1500 cm™. The bands were split into three main
regions of interest based on the C-C stretching (760-950 cm™"), C-O stretching and O-H bending
(1000 — 1200 cm™), and C-H and O-H bending (1250 — 1500 cm™).The C-H peak around
2909 cm™! appears to reduce in intensity with increasing inorganic loading.
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Figure 41: Raman spectra of PVAL - TiO> composites between 700 and 3200 cm™! at spots
taken where no particles were visible under the microscope lens. The notation of the letter "M"
next to each sample is in reference to "matrix". This notation will be used in all the following
graphs. See Appendix C for microscope image.
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Figure 42: Raman spectra of PVAL — TiO> composites between 700 and 3200 cm™ at spots
taken from where a particle was visible under the microscope lens. The notation of the letter
"P" next to each sample is in reference to "particle". This notation will be used in all the
following graphs.

86



To simplify the analysis, the Raman spectra were split into two main ranges of interest: one
from 100 to 700 cm™! and the other from 750 to 3200 cm™'. The former region is where the Ti-O
vibrations were expected based on literature and the latter is where PVAL vibrations are
primarily observed. Figure 40 displays the Raman spectra of the PVAL / titanium oxide hydrate
hybrid films on gold SERS substrates. The creation of the hybrid structure has significant
changes in all the regions in the 750-1550 cm! range. The C-H stretching bands at 2909 and
2936 cm! show no significant changes except a reduction in intensity with increasing Ti
content. Note that the residual acetate peaks (1600 — 2000 cm™ window) are still apparent in
the hybrids however weaker. The 10 and 20 vol.% Ti hybrids have two large peaks in that
region at 1593 cm™ and 1630 cm™. These are characteristic of C=C stretching in the PVAL
backbone and typically occur during thermal degradation of the polymer [17, 18]. In studies on
thermochromism of PVAL / titanium oxide hydrate hybrids, it was for instance observed that
the hybrid structure accelerates the thermochromic behaviour of PVAL and allows it to occur
at a lower temperature (in neat PVAL it was at 200 °C) [7]. The thermochromic response of
PVAL was due to the increase of unsaturated bonds in the backbone (i.e. C=C in the backbone)
at high temperatures [7]. The signals seen here could be from the increased temperature by the
laser as this characteristic C=C vibration was not observed in other spectroscopic techniques.
Furthermore, the laser power was reduced for the hybrid samples with greater than 30 vol.% Ti.
Figure 41 & Figure 42 show the Raman spectra of the PVAL — TiO2 composite films where
the microscope was focused on the PVAL (matrix) or particles, respectively. Some differences

between the spectra can be observed but not with the significant changes that are detected with

the hybrid films.

For the C-C stretching bands (760-950 cm™), the spectra are presented in further detail in Figure
43 for the PVAL / titanium oxide hydrate hybrid films. It is clear that a significant change
occurs on these bands as they appear to be separated at low loadings then coalesce in one broad
peak above 40 vol.% Ti. Contrary to a shift to lower numbers indicating an increase in bond
length, a shift to higher number is indicative of compression of the bonds and some molecular
restriction [19, 20]. The shift to higher numbers observed in the hybrids could thus suggest that
the C-C stretching vibration has been restricted in motion due to the creation of covalent bonds
with the titanium. Moreover, the contraction observed of the C-C backbone may furthermore
suggest that the Ti is covalently bonded to two neighbouring pendant oxygen atoms from the

PVAL as represented in Figure 36.
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Conversely, the PVAL — TiO> composites does not show such a shift in those bands with
addition of TiO» nanoparticles. This can be observed in detail in Figure 44. It is observed that
there is only a shift to lower numbers indicating a slight extension of the backbone due to the

incorporation of the filler, similar to what was seen in with the PVAL — TEG system.

Figure 45 follows the C-O stretching and O-H bending region between 1000 and 1200 cm™ for
the PVAL / titanium oxide hydrate hybrid films. For all hybrid compositions, the signal
intensity appears to be higher than for the neat PVAL film. This may be indicative for strong
interactions that form between the titanium atoms and the oxygen atoms in the pendant groups.
For all hybrid compositions, the peaks at 1098 and 1126 cm’! appear to have the highest
intensity. Furthermore, the intensity of the 1143 cm™ peak appears to disappear. As deduced
from previous studies and earlier in this thesis, this change and increase in the 1098 and
1126 cm™! peaks is suggestive of a lower degree of local order in PVAL. [13, 14, 16, 21]. This
change may be anticipated as the hybrid creates a cross-linked network via the oxygen atoms,
which would decrease local order [4, 8, 11, 22]. Furthermore, the reduction in local order is
observed at all inorganic content of the hybrid films indicating a relatively homogenous
distribution of the cross-linked network in agreement with the reported optical properties [4-6,
22]. Still, the Raman signal was taken from small points over the film and may not be
representative of the whole film. Therefore, only information on local order rather can be

inferred.

For the composites on the other hand, no shift is observed, independent of particle content.
That region i1s presented in further detail in Figure 46. Indeed, at 10 wt.% TiO2 a strong
1144 cm™! peak was still observed which could suggest that the particles acted as nucleating
sites for the PVAL crystals [21]. However, at higher loadings the 1098 and 1126 cm™! peaks
are more apparent, which suggest lesser local order. This change signifies the hydrogen
bonding between the TiO, particles and the PVAL matrix but no indication for strong covalent

bonding is found as for the hybrids.

In the third region of interest, the C-H bending and O-H bending between 1250 and 1500 cm™!,
at 1356 and 1441 cm! both peaks were shifted to lower wavenumbers in all PVAL / titanium
oxide hydrate hybrid films. Figure 47 illustrates these changes. The 1441 cm™! is reduced in
intensity and shifted to lower wavenumbers which is indicative of formation of bonds between
the hydroxyl group and the titanium oxide hydrate [11]. The shift is also observed for the
1356 cm™! peak that is coupled to the 1441 cm™ peak . The shifts due to strong interactions
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between the titanium oxide hydrate and the PVAL are similar to what was observed in
crosslinking studies of PVAL in literature [14, 15, 21]. A sol-gel study of PVAL-SiO, also
showed a similar trend, however, the loading used in that study were much lower (only up to
15wt.%) [16]. Here, with high loadings ( > 40 vol.% Ti) the two peaks appear to coalesce into
one large peak or 50 & 80 vol.% Ti hybrid films.

For the PVAL — TiO; composite films in that region, hardly any shift of those peaks is
observed. This is shown in detail in Figure 48. The main change noticed here is the reduction
of intensity in the 1441 cm™! peak relative to the 1356 cm™! peak with increasing TiO2 loading.
This is similar to what was observed in the PVAL — TEG system studied in Chapter 3 and other
studies of PVAL and inorganic filler membranes. It is linked with hydrogen bond formations

between the matrix and the filler [11, 13, 14, 23].
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Figure 43: Raman spectra of PVAL / titanium oxide hydrate hybrids in the C-C stretching
region (a). The 853 cm’! peak was shifted to lower wavenumbers with increasing inorganic
content but the 936 cm™' peak was shifted to higher Raman shifts (b). Error bars based on
resolution of the apparatus. Further errors due to peak fitting are not represented in the graph. The
dashed line is used to highlight the positive and negative shifts.
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Figure 44: Raman Spectra of PVAL — TiO; composite films in the C-C stretching region. (a)
Spectra taken in areas where no particles were observed and (b) in areas with visible particles.
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Figure 45: Raman spectra of PVAL / titanium oxide hydrate hybrids in the C-O stretching and
O-H bending region (a). The relatively large shift of the 1143 cm™! peak is illustrated in (b). Error
bars based on resolution of the apparatus. Further errors due to peak fitting are not represented in the
graph. The dashed line is used to highlight the negative shift.
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Figure 46: Raman Spectra of PVAL — TiO> composite films in the C-O stretching and O-H

bending region. (a) Regions where the matrix was dominant and (b) regions with visible
particles.
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Figure 47: Raman spectra of PVAL / titanium oxide hydrate hybrids in the C-H bending and
O-H bending region (a). The peaks appear to be shifted to lower wavenumbers with the
1441 cm' showing a larger shift (b). Above 50 vol.% Ti, the two peaks merge into one broad
peak. Error bars based on resolution of the apparatus. Further errors due to peak fitting are not
represented in the graph. The dashed line is used to highlight the negative shift.
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Figure 48: Raman Spectra of PVAL — TiO2 composite films in the C-H bending and O-H

bending region. (a) regions dominated by the matrix and (b) Regions where particles were
observed.
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The Raman spectra in the lower Raman shifts window of the PVAL / titanium oxide hydrate
hybrids films is displayed in Figure 49. Figure 50 and Figure 51 show the Raman spectra of

the PVAL - TiO, composite films taken from the matrix and particles, respectively.

Taking Raman spectra obtained from the particle as reference, three main characteristic peaks

are observed of conventional anatase TiO> (Figure 51). These peaks are assigned in Table 7.

Table 7: Peak assignment for anatase TiO2 based on Raman of PVAL-TiO2 composites.

Peak Centres (cm™) Assignment Reference
395 O-Ti-O bending [13, 24, 25]
517 Ti-O antisymmetric stretching [13, 24, 25]
638 Ti-O symmetric stretching [13, 24, 25]

For the PVAL / titanium oxide hydrate hybrids, no sharp peaks characteristic for anatase are
observed at any composition. One of the changes is the apparent formation of a broad peak
centred at 434 cm™'. This peak is centred in the middle between the C-O bending and wagging
modes of the neat PVAL (414 and 481 cm™), and appears to grow in intensity with higher
inorganic content. Furthermore, the 634 cm™! peak in PVAL associated with O-H wagging and
twisting appears to broaden and reduce in intensity with increasing loading. Remarkably, these
spectra do not look like any known crystal structure of TiO2 which typically give clear and
sharp peaks [25]. It is inferred from these traces that an amorphous network of Ti-O with PVAL
was created [26, 27]. This is in agreement with previous studies on the PVAL / titanium oxide

hydrate hybrids where no crystal structures were observed [4-9].

Conversely, the PVAL — TiO composite films show the sharp peaks typically for anatase
crystals. Even at the points were it was considered that only PVAL is present, the peaks at 395,
517 and 638cm™! are apparent in 10 wt.% TiO, composites, though they were not as sharp in
the 30 and 50 wt.% TiO> nanocomposite films. This could be due to the presence of particles
much smaller than the optical microscope can resolve. Note that the spectra are in agreement

with studies in literature of similar systems [13, 23].
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Figure 49: Raman spectra of PVAL / titanium oxide hydrate hybrid films between 220 and
700 cm™.
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Figure 50: Raman spectra of PVAL — TiO, composite films between 220 and 700 cm™ taken
where predominantly the matrix was observed.
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Figure 51: Raman spectra of PVAL — TiO, composite films between 220 and 700 cm™! in
regions where the particles were observed.
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4.2.2 Fourier-Transform Infra-Red (FTIR) Spectroscopy

We recall the assignment of the FTIR bands of neat PVAL film in Table 4. Figure 52 shows
the FTIR spectra of a neat PVAL film with relevant bands highlighted and contributors to each
band indicated.

Table 8: FTIR band assignments for PVAL.

Band centres (cm™) Assignment Reference
3276 O-H stretching inter and intrachain [28, 29]
2937, 2905 C-H stretching [28, 29]
1733, 1709 C=0 stretching (residual acetate) [29]
1430 C-H stretching [28, 29]
1123 C-O stretching (local ordered segments) [28, 29]
1083, 1051, 1021 C-0O-C stretching [29]
C-0-C
O-H C-H C=0 CH2 C-O
100
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Figure 52: FTIR spectra of PVAL. The spectra is divided into the main regions where
characteristic vibrations are observed. The main contributor(s) to each peak are indicated.
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Figure 53: FTIR spectra of PVAL / titanium oxide hydrate hybrid films.
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Figure 54: FTIR spectra of PVAL - TiO2 composite films.

The FTIR spectra of both the PVAL / titanium oxide hydrate hybrids and the PVAL — TiO»
composite films are presented in Figure 53 & Figure 54, respectively. For the hybrid films, the
O-H band that originally is at 3276 cm™' is shifted considerably to lower wavenumbers and
with an increase in intensity. The C-H stretching bands at 2937 and 2905 cm™! appear to be
overshadowed and merge with the O-H band creating a very broad absorption band. This
change is similar to a PVAL crosslinking study using terephthalic acid which complements the
cross-linked network of the hybrids [30]. This drastic shift to lower number was also reported
in a PVAL / boric acid study when the boron atom links to two consecutive oxygen atoms on
the PVAL [31]. This could also indicate strong water absorbance from residual solvent during

the film formation [10].
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The C=0 bands at 1733 and 1709 cm' assigned to the residual acetate are significantly shifted
to lower wavenumbers with increasing inorganic loading (1634, 1616, 1607 cm™). Form
literature, absorption peaks around 1630 cm™ are associated with C=C skeletal stretching and
O-H bending from free water molecules [32]. However, it is not expected that C=C would be
created in the hybrid films without exposing them to elevated temperatures to observe a
thermochromic response [7]. Moreover, the carbonyl group has a wide range in the FTIR
spectra and is generally observed between 1800 and 1600 cm™ [33]. It was also observed that
a carbonyl group linked to more restricted carbons like an aromatic ring or cross-linked
polymers, have a signal closer to 1630 cm™ [34, 35]. This shift to a lower wavenumber was
observed in PVAL cross-linked with boric acid where it was shifted to 1658 cm™ [35]. It is
likely that a similar structure is created in this organic/inorganic hybrid. Figure 55 describes an

illustration of the acetate group linked to a PVAL hybrid network.

The C-H stretching band around 1430 cm™ appears to reduce in intensity with increasing
inorganic content. Reduction is similar to the symmetric and asymmetric bands at 2937 and
2905 cm’!. For the C-O stretching region, the hybrid formation seems to restrict that vibration
and the intensity of that peak is reduced with higher inorganic content. The strong absorption
bands around 475 cm™! assigned to Ti-O stretching and bending and it increases in intensity

with increasing inorganic content [10, 36, 37].

\ /
D’f \D
O

Ti

n

Figure 55: PVAL / titanium oxide hydrate hybrid structure with a residual acetate group.

In strong contrast to the hybrids, the 30 wt.% and 50 wt.% TiO2 nanocomposite films appear
to have a lot of scattering and the signal has much more noise. A shift to lower wave numbers
of the O-H stretching can be observed but it is not as significant as the one for the hybrid films.

This shift is likely due to the interaction of the hydroxyl group with the TiO, nanoparticles and
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disrupting the hydrogen bonding in PVAL [10, 36]. Furthermore, the intensity of the peak
decreases with increasing amount of TiO». This could be due to increased scattering in that
range or that the films were not sufficiently thick. The C=0 band is slightly shifted to lower
number for the 10% TiO; film but at the higher loadings, the signal was too noisy to discern
any changes. The C-H stretching is reduced in intensity with increasing TiO». This could be
due to the higher inorganic content in the system. For the C-O band at 1123 cm!, a deformation
of the peak is observed due to the introduction of TiO2 nanoparticles. The peak is linked with
ordered regions of PVAL and the addition of the particles disrupts the formation of crystalline
regions in the PVAL film. This complements what is observed with Raman spectra in that
region. Moreover, a strong absorption peak is detected at 475 cm™!, which is assigned to the

Ti-O stretching mode similar to what was observed in the hybrids films.

4.3 Differential Scanning Calorimetry (DSC)

Figure 56 (a) and (b) show the DSC thermograms for the first heating and first cooling of the
PVAL / titanium oxide hydrate hybrid films, respectively. For the hybrid films, two large
endotherms are apparent for the different hybrid compositions. However, no characteristic
crystallisation peaks are apparent in the cooling cycle signifying that the endothermic reactions
observed are irreversible [8]. There are no apparent features in the second heating cycle for the

hybrid films presented in Figure 58 supporting the view of an irreversible transition.

From TGA studies of hybrid films performed previously, the endotherms observed in the first
heating scan could indeed signify various reactions including: evaporation of residual water,
evaporation of residual hydrochloric acid from the titanium oxide hydrate, further hydrolysis
reactions of the Ti-Cl followed by evaporation HCI, crosslinking between Ti atoms and
hydroxyl groups, and polycondensation of titanium oxide hydrate moieties prior to vaporisation
of H>O molecules [8]. However, the first feature could also be a glass transitions, that increases
with increasing inorganic content signifying that the chains in the amorphous region are
restricted in motion [38]. Furthermore, the reduction in the melting temperature could signify
that the chemical crosslinking increase the inter-chain distances and reduces the crystalline

region [21, 39]. Tg and Tw, are listed in Table 9.

Figure 57 (a) and (b) show the first heating and cooling cycles for the PVAL — TiO; composite
films, respectively. The composites show a single large broad endothermic peak in the first
heating with a shoulder at lower temperatures. These features are apparent in the consequent

cooling and the heating cycle implying that those transitions are reversible. Considering the
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shoulder as the T, and the large endotherms as T, the values are presented in Table 9. The
glass transition appears to be higher than for neat PVAL in all composites while the melting
temperature is reduced in comparison to PVAL. The increase in T is linked to increased
interaction between the particles and the PVAL chains especially in the amorphous regions
[36]. The presence of the filler moreover hinders the crystal formation resulting in a lower
melting temperature. This can also be observed in the second heating cycles in Figure 59 where

no melting peak is observed and only a glass transition was apparent.

(a) 1st Heating — (b) ~— 1st Cooling 50% Hyb,

50% Hyb.
I

30% Hyb,
30% Hyb.

10% Hyb.
10% Hyb.

PVAL
PVAL "_V

T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250

Temperature (°C) Temperature (°C)

Endo —
Endo —

Figure 56: DSC thermograms of PVAL / titanium oxide hydrate hybrids showing the first
heating (a) and cooling cycles (b).
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Figure 57: DSC thermograms of PVAL — TiO2 composites showing the first heating (a) and
cooling cycles (b).
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Figure 58: DSC thermograms of PVAL / titanium oxide hydrate hybrids showing the second

heating (a) and cooling cycles (b).
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Figure 59: DSC thermograms of PVAL — TiO> composites showing the second heating (a)
and cooling cycles (b).

Table 9: Measured glass transitions and melting temperatures of PVAL / titanium oxide

hydrate hybrid films and PVAL — TiO2 composite films.

Sample T, (°C) T, (°C) T (°C) T (°C)
(1°* heating) (2"! heating)  (1° heating) (2" heating)

PVAL 77 65 187 152

10 vol.% Ti hybrid 59* N/A 180* N/A

30 vol.% Ti hybrid 93* N/A 173* N/A

50 vol.% Ti hybrid 94%* N/A 168* N/A

10 wt.% TiO; 94 88 146 N/A

30 wt.% TiO, 90 87 148 153

50 wt.% TiO, 102 86 152 N/A

*Hybrid T and T points may be hidden by different reactions as mentioned in the analysis
above.
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4.4 X-ray photoluminescence spectroscopy (XPS)

XPS spectra were split in to three main regions of high resolution to simplify the analysis. The
regions of interest are carbon, oxygen, and titanium. Figure 60 presents the carbon region of
the PVAL / titanium oxide hydrate hybrid films. Three peaks are apparent in the neat PVAL
film: at 284.5 eV assigned to CH», at 286 eV assigned to C-OH, and at 289 eV assigned to C=0
[40]. With the creation of the hybrid network, all peaks are shifted to higher binding energy
levels and with lower intensities. It is noted that the C-OH peak is reduced in intensity more
significantly with increasing inorganic content signifying that the hydroxyl group was used to
create covalent bonds with the titanium oxide hydrate species. This is in agreement with the
FTIR and Raman studies. A similar trend was observed in literature crosslinking studies [11,
41, 42] and an experiment preparing PVAL / boric acid systems presented in Appendix D.
Furthermore, the peak assigned to C=0 has the same percentage of intensity for all hybrid films
(Figure 60 (b)). This implies that the hybrid network was created via the hydroxyl groups
primarily and not the carbonyl groups from the residual acetate. It is also in agreement with the
FTIR spectra where the carbonyl group’s signal was detected and only shifted in the formation

of hybrid films.

For the PVAL — TiO> composite films (Figure 61), the peaks associated with Cls appear to
shift slightly to lower binding energies but not significantly. They also appear to reduce in
intensity but all with the same magnitude. This could be linked to hydrogen bond formation
between the particles and PVAL [43]. Furthermore, the ratio between the peaks appears to be
constant over the three different loadings of TiO». This probably signifies that hardly any

hydroxyl groups were react with the inorganic particles and no covalent bonds are formed [11].

Focusing on the Ols, (Figure 62), the PVAL / titanium oxide hydrate hybrids show an initial
reduction in the C-O peak centred around 532.2 eV with the introduction of titanium oxide
hydrate. A shoulder then appears to grow at 530.7 eV and transitions to be the main peak at
higher inorganic content. This peak is assigned to C-O-Ti bonds as well as Ti-O-Ti bonds as
seen from literature [42, 44]. This change is also in agreement with the reduction of the C(OH)
peak in the Cls region, indicating that covalent bonds are created between Ti-O-C after the

condensation of the titanium oxide hydrate [4, 8].
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The signals from the PVAL — TiO, composites feature a different trend (Figure 63). No new
peak appears to grow, and the main change upon composite formation is a slight shift to lower
binding energies with a reduction in intensity. This is possible be due to hydrogen bond

formation similar to what is observed in the Cls part of the spectra [43, 45].

In the third window of interest, the titanium’s 2p3/» and 2p1.2 electrons were examined. This is
presented in Figure 64 for the PVAL / titanium oxide hydrate hybrids where the titanium peaks
centred around 458.2 eV and 464 eV are assigned to Ti2ps3» and Ti2pip, respectively.
Furthermore, the energy difference between the two peaks (5.8 eV) relates to the Ti*" state [44].
The peaks appears to be sifted to a higher binding energy (~1 eV difference) with higher
inorganic content. The intensity of both peaks also increases reflecting the higher Ti content in

the system.

For the composite films, the signals featured a higher noise (Figure 65). This could be linked
to the surface sensitivity of the measurement technique. However, at 50 wt.% TiO> loading,
the two Ti2ps» and Ti2pi» peaks are observed. Their centres are found at 458.8 eV and
464.8 eV respectively. This is in agreement to the anatase crystal structure of the TiO; particles.
However, as both rutile and anatase have similar peaks under XPS, the exact crystal structure

cannot be discerned using this technique [46].
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Figure 60: XPS spectra of PVAL / titanium oxide hydrate hybrid films focusing on the Cls
region (a). A comparison of the carbon peak intensity is presented in (b) as a function of
inorganic content.
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Figure 61: XPS spectra of PVAL — TiO> composite films focusing on the Cls region (a). A
comparison of the carbon peak intensity is presented in (b) as a function of inorganic content.

Oxygen
c-0

—— PVAL
10% Hyb.
20% Hyb.
—— 30% Hyb.
—— 40% Hyb.
—— 50% Hyb.
—— 80% Hyb.

Intensity (a.u.)

T T T T T T T T
526 528 530 532 534 536 538 540
Binding Energy (eV)

Figure 62: XPS spectra of PVAL / titanium oxide hydrate hybrid films focusing on the Ols
region.
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Figure 63: XPS spectra of PVAL — TiO> composite films focusing on the O1s region.
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Figure 64: XPS spectra of PVAL / titanium oxide hydrate hybrid films focusing on the Ti2p

region.
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Figure 65: XPS spectra of PVAL — TiO2 composite films focusing on the Ti2p region.

104



4.5 SEM

Images of the PVAL / titanium oxide hydrate hybrid films using SEM are presented in Figure
66. The PVAL — Ti0; composite films are shown in Figure 67. For the hybrid films, no features
are discernible even at 50 vol.% inorganic content. This correlates with the findings of a
previous study where no crystal formation was observed up until 80 vol.% titanium oxide
hydrate. Indeed, at that loading, the particles that were observed were less than 5 nm and were
only seen using TEM [4]. The distribution of the inorganic species is likely homogenous
throughout the material and hardly any aggregates are observed at all compositions used in this
thesis. For the PVAL — TiO2 composites in strong contrast, TiOz particles can be clearly seen
at all the prepared compositions. With increasing TiO> content, the amount of particles
increases and larger agglomerates with sizes of around 2 pm are found. These larger
agglomerates are the ones that could be seen under the Raman microscope. Furthermore, due
to the relatively large agglomerates in the composite films, the films appear hazy at
10 wt.% TiO> loading, and white and opaque for 50 wt.% TiOz. This is mainly due to the
pronounced scattering of light from the particles [3]. Light scattering was hardly observed in
the PVAL / titanium oxide hydrate hybrid films making them attractive optical and photonic
applications [4-7, 22, 47].
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Figure 66: SEM images of hybrid films 10 vol.% (a), 30 vol.% (b), and 50 vol.% titanium
oxide hydrate (¢) at SK x magnification.
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Figure 67: SEM images of nanocomposites of 10 wt.% (a), 30 wt.% (b), and 50 wt.% TiO2 in
PVAL (c) at 5K x magnification.
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4.6 Thermal conductivity (3-m)

Thermal conductivity data measured for PVAL / titanium oxide hydrate hybrid films presented
in Figure 68 (squares). At 10 vol.% inorganic content, the TC measured appears to be slightly
lower than for the neat PVAL. The measured TC then steadily increases in a linear fashion as
a first approximation up to ~0.83 W/m.K in the 80 vol.% titanium oxide hydrate hybrid. The
solid line represents the “rule of mixtures” using 0.32 W/m.K as the value for PVAL and 0.9
W/m.K for the / titanium oxide hydrate [48] . The value of K for the titanium oxide hydrate
was used based on the value measured of amorphous titania film prepared by sol-gel method
[49]. It appears to fit the linear trend of the rule of mixtures with higher inorganic content (>50
vol%) This trend is in agreement to a study on thiolene films cross-linked with TiO2
nanoparticles [50]. That system is considered as the closest system to the PVAL / titanium
oxide hydrate hybrids with thermal conductivity measurements found in literature. The hybrid
system studied here could not be fitted with the same Bruggeman model used in that study as
it takes into account the particle shape and the thermal resistance, which would not be
representative of this system. Furthermore, extrapolating the trend observed using the rule of
mixtures, the thermal conductivity of a ~100 vol.% titanium oxide hydrate hybrid film would
be 0.9 W/m.K which fits the trend in the experimental data points Despite the fact that the
organic / inorganic hybrid network creates a less ordered system, the thermal conductivity
increases. This may be attributed to more efficient phonon pathways throughout the material.
The formation of this network differs from conventional crosslinking with organic molecules,
as in some of those studies, the thermal conductivity increased then decreased with the degree
of crosslinking [51-54]. As cited in Section 1.2.3 earlier, the length of the cross-linker plays a
significant role in thermal transport within a material [55]. Due to the steadily increased thermal
conductivity steadily upon the addition of the titanium oxide hydrate, it is possible that the
titanium oxide hydrate bring the PVAL chains closer to each other than the intrinsic hydrogen
bonding. Indeed, Raman, FTIR, and XPS spectroscopy revealed the restrictive effect on the
polymer backbone. Moreover, from previous studies, particles of less than 5 nm were observed
only at very high inorganic content loading in PVAL / titanium oxide hydrate hybrids [4]. This
implies that the PVAL polymer chains are greatly restricted in motion due to the hybrid
network formation yet they interact closely in creating less scattering points for phonons.
Another takeaway from the results is that no apparent step in the measured thermal conductivity
is observed with increasing inorganic content. This implies that there is no percolation

threshold in this system unlike in conventional composites with TiO; particles [56, 57].
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The thermal conductivity measured data for PVAL — TiO> composite films are presented in
Figure 68 (circles). Reassuringly, the TC values are comparable to those of neat PVAL despite
Ti0O2 has a higher intrinsic TC than PVAL. Furthermore, no percolation threshold is observed.
This implies that the thermal transport in these films was primarily through the PVAL matrix
and not through the TiO, particles, as they did not form a percolating network [56]. Therefore,
the variation in TC is based primarily on the changes in PVAL due to the introduction of TiO>

and having a slightly less-ordered pathway for phonons to travel.
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Figure 68: Thermal conductivity measurements for PVAL/titanium oxide hydrate hybrids and
PVAL — TiO composite films of varying inorganic content using the 3-® technique. Error bars are
based on measurements of three films for hybrids and two films for composites. Solid line based on
rule of mixtures using 0.9 W/m.K as the value for the titanium oxide hydrate. Dashed line represents
the relative unchanging TC of the PVAL/TiO, composite films with increasing inorganic content.#
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4.7 Conclusions

In this chapter, another method to engineer inter-chain interactions was utilised to tune the
thermal conductivity of polymer-based systems. PVAL / titanium oxide hydrate hybrid films
were compared with conventional PVAL — TiO; to differentiate the distinct solid-state
structures created. The hybrid films form a covalently bonded network of PVAL chains and
titanium oxide hydrate. This was inferred by experiments using Raman, FTIR and XPS
spectroscopy. In DSC, due to the crosslinking of the polymer chains, no significant features
were observed in the second heating and cooling cycles. This is in strong contrast to the
reversible phase transitions found for the PVAL — TiO2 composites. From FTIR, Raman and
XPS spectroscopy, it was deduced that only changes in hydrogen bonding between the polymer
and the filler occur and no covalent bonds were form. These dissimilar structures between the
hybrid and nanocomposite give rise to different thermal transport pathways. In the PVAL /
titanium oxide hydrate hybrid films, phonons have pathways between PVAL chains and the
titanium oxide hydrates that link them. This creates a large amorphous macromolecule that is
expected to have isotropic thermal conductivity. For the PVAL — TiO; composites in contrast,
two separate phases are formed where phonons may travel more efficiently through the TiO»
particles than the polymer chains. However, in the films studied in this thesis, the measured
TC of PVAL — TiO2 composites of different compositions varied slightly from the neat PVAL.
No percolation threshold was observed in contrast to reports in literature. It was deduced that
the variation in thermal conductivity was due to the changes in PVAL structure which was the

primary means of phonon transport in these composite films.
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S Polymer / polymer nanofiber system

5.1 Motivation

In Chapter 3, it was reported how a small molecule with strong hydrogen bonding capability
could influence the PVAL’s chain conformation. Molecular dynamics studies were also cited
that showed that polymers with stiffer backbones have a positive impact on thermal
conductivity [1, 2]. PPTA features a rigid backbone due to the aromatic rings and the amide
groups (see Figure 69), and strong inter-chain bonding via hydrogen bonds and n-mt stacking
can form that give rise to the high modulus and strength of PPTA fibres [3-5]. However, PPTA
fibres on the macroscale have poor adhesion to other polymer matrices due to their strong

intermolecular interactions between PPTA molecules [6].

Recently, Yang ef al. have produced a method of obtaining aramid nanofibres (referred to as
ANF here) by controlled deprotonation of the amide groups [7]. This was achieved by
dispersing PPTA fibres in DMSO / KOH. The electrostatic repulsion and n-n stacking controls
the size of the ANFs and prevent full molecular isolation [7]. Since this initial paper, many
studies have focused on using these ANFs as building blocks in creating composites with
improved properties (mainly mechanical) [3, 5, 6, 8]. In all of these studies, the ANFs are
protonated by solvent substitution and then isolated by vacuum assisted filtration. They were
then either dispersed in a solvent before mixing with a polymer [6, 8-10], or directly mixed
with a resin before curing [3]. In contrast, in this thesis, the ANF dispersion in the DMSO /
KOH solution was directly mixed with PVAL pre-dissolved in DMSO in order obtain strong
bonding and interactions between the two polymers. This is anticipated to obtain stronger

effects on the PVAL chain conformation in comparison to the TEG molecules.
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Figure 69: Chemical structure of PPTA. Amide groups are situated between the aromatic rings in the
backbone. The hydrogen inter-chain bonding is illustrated with dashed lines. Reproduced from [5] with
permission from the Royal Society of Chemistry.

5.2 Solid-State Structure

To study the changes in solid-state structure, a similar set of experiments and techniques were
utilised here as in the previous chapters. It is noted that the base PVAL material used here and
the solvent differ from the ones used in other parts of this thesis. Here, a PVAL that is 99%
hydrolysed was used and the solvent was DMSO. This was to have a common solvent between

PVAL and the ANF dispersion.

5.2.1 Raman Spectroscopy

The Raman window used here was the one between 600 and 1750 cm! to fit the expected peaks
of ANFs reported in literature. Raman spectra of neat PVAL and neat ANF films presented in
Figure 70. The main contributors assigned to each peak are indicated above the observed bands
and details on the vibration modes are presented in Table 10 and Table 11 for PVAL and ANF

films, respectively.
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Figure 70: Raman spectra of PVAL and ANF between 600 and 1700 cm™!. Observed peaks
assigned to main contributor(s). Further details on peak assignments are described in Table 10
and Table 11.

Table 10: Raman peak position and assignment for PVAL.

Peak Centres (cm™) Assignment Reference
674, 710 C-S stretching (residual DMSO) [11]

855 (shoulders at 833) C-C stretching [12-14]

895 C-C stretching [12, 14]

916 (shoulder at 944) C-C stretching [12, 13]

1003 C-O stretching O-H bending [12, 15]

1068 C-O stretching O-H bending [12-14]

1092 C-O stretching O-H bending [12-14]

1120 C-O stretching O-H bending [12, 14, 16]
1146 C-0 stretching C-O stretching [12-14, 16, 17]
1360 C- bending O-H bending [12, 13,15, 17]
1441 C- bending O-H bending [12, 13,15, 17]

Table 11: Raman peak position and assignment for ANF.

Peak Centres (cm™) Assignment Reference
1101 C-H bending [18]

1180 (1190 shoulder) C-C ring stretching [18, 19]
1275 (1258 shoulder) C-C ring stretching [18, 19]
1324 C-H in-plane bending [18, 19]
1509 C-C ring stretching [18, 19]
1568 N-H bending C-N stretching [18, 19]
1609 C-C ring stretching [18, 19]
1652 C=0 stretching, C-N stretching, N-H bending ~ [18, 19]
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Figure 71: Optical micrograph of a 2.5 wt.% ANF sample in PVAL. Film formation at this
ANF loading was poor and separated islands seemed to form on the substrate.

Intensity (a.u.)

Figure 72: Raman spectra of PVAL / ANF films between 600 cm™ and 1700 cm™. The
signal of the ANF appears to overshadow the PVAL signal at all composite compositions.

Intensities (a.u.)

Figure 73: Raman spectra of PVAL / ANF films between 600 cm™ and 1150 cm’!.
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Figure 70 displays the Raman spectra of distinctly different PVAL and ANF films. The same
PVAL peak assignments were used as in Chapters 3 and 4 with minor changes due to the
solvent used and its hydrolysis level. The first two peaks observed at 674 and 710 cm™! are not
assigned to PVAL. Rather, these peaks are characteristic of C-S-C stretching in DMSO [11].
This could be due to some residual solvent that was not fully evaporated before the
measurements. However, no other peaks attributed to DMSO are apparent in the rest of the
spectra and mainly PVAL signals are observed. It is noticeable that the 1146 cm™ peak is
sharper and higher in intensity than the for 88% hydrolysed PVAL studied in Chapters 3 and 4.
This is probably due to a more ordered chain arrangement because of the lack of bulky acetate
groups [20, 21]. This is also reflected in the higher intensity of the 1441 cm™! peak compared

to the 1360 cm™!, which was attributed to a more ordered system [12, 22].

For the neat ANF film, characteristic peaks were used here based on ANF studies in literature
as well as studies on macro PPTA fibres that have the same bonds [8, 9, 18, 19]. The strong
signals are primarily coming from the C-C stretching in the aromatic rings. The amide group

bands are coupled, centred at 1568 cm™ and 1652 cm’.

An important note is the poor film formation of the 2.5 wt.% ANF/PVAL composition. This
can be visualised using the optical microscope of the Raman apparatus shown in Figure 71.
Isolated islands are created after solvent evaporation on the substrates, no continuous film was
formed. It was also noticed that at this concentration the solution turns into a gel-like system
within ~1 hour of mixing the two solutions, rendering it challenging to create homogenous
films. However, where signals could be obtained from these islands, they were recorded and

analysed as the rest of the PVAL/ANF composites.

Raman spectra for PVAL / ANF films of different compositions are presented in Figure 72. It
can be seen that with as little as 2.5 wt.% ANF/PVAL, the signals from PVAL chains are
completely overshadowed. This is observed at all ANF concentrations in PVAL. Hardly any
variations are observed in those peaks with increasing ANF loadings. A similar observation
was made in PVAL/ANF and PVAL/ polybenzimidazole (PBI) studies in literature where no
Raman signals could be discerned [8, 23]. This is likely due to the signal coming from the

aromatic rings which is multiple times stronger than those from PVAL vibrations [23].

Due to that large difference in signal intensities, the detector was limited to the region between
600 cm™ and 1150 cm™! as an attempt to observe parts of the PVAL signals (Figure 73). The

2.5 wt.% ANF composite has the clearest signal in comparison with the rest of the systems.
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Peaks are detected at 630, 700, 732, and 787cm’! that are assigned to different ring vibrations.
A double peak is observed at 847 and 860 cm™' that is assigned to ANF C-H bending and
aromatic ring vibrations, respectively. The sharp peak at 1102 cm™ is also attributed to C-H
bending [18]. The sharp peak at 912 cm™! could be linked to the C-C stretching of PVAL that
was centred at 917 cm™'. This shift by ~5cm™ is observed for all ANF compositions but with
varying degrees of clarity. With increasing ANF loadings, the signal appear to have a higher
noise. Nevertheless, this slight shift to lower wavenumbers in the C-C stretching mode could
be due to tensile extension similar to what was observed in PVAL / TEG blends and studies on

PE [24, 25]. However due to the large signal noise, this cannot be confidently resolved.

5.2.2 Fourier-Transform Infra-Red (FTIR) Spectroscopy

FTIR spectra of neat PVAL and ANF films are depicted in Figure 74. The assignment of the
observed bands are presented in Table 12 and Table 13 for PVAL and ANF, respectively.

Table 12: FTIR band assignments for PVAL.

Band centres (cm™) Assignment Reference
3276 O-H stretching inter and intrachain [26, 27]
2937, 2905 C-H stretching [26, 27]
1733, 1709 C=0 stretching (residual acetate) [27]

1430 C-H stretching [26, 27]
1123 C-O stretching (ordered segments) [26, 27]
1083, 1051, 1021 C-O-C stretching [27]

Table 13: FTIR band assignments for ANF.

Band centres (cm™) Assignment Reference
3314 N-H stretching [7, 28, 29]
1644 C=0 stretching [7, 28, 29]
1538 N-H deformation coupled with C-N stretching [7, 28, 29]
1511 C=C stretching [7, 28, 29]
1316 Aromatic C-N stretching [7, 28, 29]

1017 C-H in-plane stretching [7, 28, 29]
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Figure 74: FTIR spectra of neat ANF and PVAL. Contributors to each peak are indicated
below the peaks. For detailed peak positions, see Table 12 and Table 13.
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Figure 75: FTIR spectra of PVAL / ANF films of different composite compositions.
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FTIR spectra of PVAL / ANF films of different compositions are presented in Figure 75.
Compared to the neat PVAL, the O-H band is shifted considerably to lower wavenumbers and
the C-H stretching peak has merged with that large band. This could be due to hydrogen bond
formation between the hydroxyl group from PVAL and the amine group from ANFs, or to
disruptions of inter-chain hydrogen bonding in PVAL due to the introduction of ANFs [30]. A
study in literature on PVAL / ANF blends, which were prepared by isolating ANF suggested
this shift to higher wavenumber of the O-H stretching band to result from the incorporation of
ANF into PVAL matrix [6]. The shift of this peak and the coalescence with the C-H peak was
similarly observed in the PVAL / titanium oxide hydrate films discussed in Chapter 4, which
could indicate crosslinking of PVAL with ANF via condensation of the hydroxyl group.

It should be noted here that PVAL’s FTIR spectra is from a 88% hydrolysed polymer. The
C=0 stretching peak at 1733 cm™! is due to that residual acetate. However, the PVAL used in
the ANF blended films was 99% hydrolysed and the peak that appears at 1645 cm™ in the
PVAL/ANF composite films is attributed to the C=O from the ANF. The band grows in
intensity with increasing amount of ANFs. Furthermore, the C-N stretching and the N-H
bending from the amide groups is situated at 1538 cm™! and the C=C stretching is at 1511 cm’!
in the neat ANF films. In the PVAL / ANF films, all three of those peaks appear to merge into
one broad feature that is centred around 1640 cm™'. This could signify that significant changes

occur in the blends relating to the amide group.

Another significant peak is the one assigned to the aromatic ring stretching which is observed
at 1419 cm™ in the 2.5 wt.% ANF/PVAL blend, then at 1360 cm™ in systems of higher ANF
loadings. Furthermore, in the neat ANF film, ring stretching vibrations appear as multiple
peaks, while for the PVAL / ANF films, this is observed as a single broad peak. In the 10, 15
and 50 wt.% ANF/PVAL films, only three broad absorption peaks are observed. These could
have contributions from multiple different vibration modes. It is intriguing to note that no such
observations were made in ANF composites reported in literature, signifying that a likely a

different structure is produced in the films prepared in this thesis [6, 8-10, 30].

Finally, it is highlighted, that the C-O and C-O-C absorption bands are reduced in intensity
upon addition of ANF. This band is indicative of molecularly ordered regions in the PVAL [26,
27]. Due to strong interactions and hydrogen bond formation between PVAL and ANF, this

band is observed to disappear with increasing ANF loading. This implies significant changes
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in the structure. The changes in all of these vibrations could not be detected with Raman likely

due to the nature of the signal acquisition and its strength.

5.3 Differential Scanning Calorimetry (DSC)

DSC thermograms of PVAL / ANF films are displayed in Figure 76 showing the first heating
and cooling cycle. The range used in this experiment covers 25 °C to 300 °C. A few observation
can be made. PVAL used in this chapter had a higher melting point than the PVAL cast from
water in the Chapters 3 and 4. A comparison between the 99% hydrolysed PVAL cast from
DMSO and 88% hydrolysed PVAL from water is presented in Figure 77. This difference in
hydrolysis level is the probable reason for the higher melting temperature of the
99% hydrolysed PVAL [21]. This is likely due to better crystal formation as there are hydroxyl
groups on every other carbon atom in the polymer chain in the 99% hydrolysed and hardly any
bulky residual acetate [20, 21, 31]. Furthermore, there is an increase in the measured glass
transition temperature from 77 °C to 79 °C in the 99% hydrolysed PVAL. Analogously, this is
attributed to the higher number of hydroxyl groups in the PVAL used here, resulting in
increased inter-chain hydrogen bonding and increased restriction of chain movement [20, 21,
31]. Another feature observed in the 99% PV AL, is the large endotherm centred around 272 °C.
This may be due to the degradation of PVAL chains. A measurement using DSC / TGA of a
similar film is presented in Figure 78 (a). The DSC thermograms is drawn in black with the
endothermic peaks pointing downwards instead of upwards here. The TGA curve is drawn in
red. Figure 78 (b) shows the first derivative of the TGA curve. The first minima in the TGA
curve at 175 °C, is attributed to the evaporation of residual DMSO, which has a boiling point
at 189 °C [32]. There is no loss of mass at 227 °C, which corresponds to the melting peak
observed in DSC. After melting, a sharp reduction in weight is observed with the midpoint at

279 °C. This is characteristic of decomposition of polymer chain [6, 33].

For the PVAL / ANF DSC thermograms, the large endotherm peak associated with melting of
PVAL is shifted to lower temperatures with increasing ANF loading. Furthermore, it is noted
that previously, the addition of ANFs in PVAL has led to a higher thermal stability of the
system [6]. Therefore, it could be that the decomposition endotherm is above 300 °C and the
peaks observed in Figure 76 are related to melting of different phases of PVAL, PVAL/ANF,
or ANF structures. For the 2.5 wt.% ANF/PVAL, the melting endotherm appears to have two
contributions that start to merge, while a shoulder evolves with increasing ANF loading before
separating in the 50 wt.% ANF/PVAL system. This could be an indication of the miscibility of
the two phases at 50 wt.% ANF. Clear is that there is a melting point depression of PVAL when
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adding ANF which indicates significant interactions between the two components [34, 35]. The
reduction in the melting temperatures results from smaller PVAL crystals due to the
incorporation of the ANFs. The glass transition (Tg), the two melting temperatures seen in the
thermograms (denoted as Tm1 and Tm2) and the enthalpy of fusion for PVAL are presented in
Table 14. However, these changes in phase behaviour cannot be discerned with DSC alone. It
could further be clarified with temperature dependant X-ray measurements. Note ANFs, similar
to the microfibers of PPTA, do not have a melting point [4, 8, 36, 37]. This can also be observed
in the ANF DSC thermogram, where the only feature detected is a small endothermic peak at

194 °C, which corresponds to the evaporation of residual DMSO.

For the cooling curves, presented in Figure 76 (b), no discernible features where detected
except some instrumentational noise, which is attributed to the decomposition of PVAL at

300 °C as mentioned previously.
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Figure 76: DSC thermograms of PVAL / ANF films of the first heating (a) and the first cooling
(b) cycles.
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Figure 77: DSC first heating thermograms of PVAL films with 88% and 99% degrees of
hydrolysis.
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Figure 78: DSC/TGA of 99% hydrolysed PVAL film drop cast from DMSO (a). DSC
themrogram shown in black and TGA curve shown in red. First derivative of TGA curve (b).

Table 14: Observed glass transition, melting temperatures of PVAL / ANF films

Sample T (C) T (°C) Twz (°C)  Ta(°C)** Enthalpy
AHpvaL (J/g)***
PVAL* 79 227 N/A 272 190
2.5 wt.% ANF 71 223 242 N/A 347
5 wt.% ANF 66 217 232 N/A 272
10 wt.% ANF 61 211 221 N/A 218
15 wt.% ANF 67 209 221 N/A 182
50 wt.% ANF 58 185 217 N/A 396
ANF N/A N/A N/A N/A N/A

*PVAL used here is 99% hydrolysed. **Tyq = degradation temperature only observed
with PVAL. *** Measured enthalpy of both endotherms in first heating and normalised by
weight fraction of PVAL.
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5.4 X-ray photoluminescence spectroscopy (XPS)

XPS spectra were split in to three main regions of high resolution to simplify the analysis. The
regions of interest are carbon, oxygen, and nitrogen. For the Cls region, this is presented in
Figure 79. Several peaks are apparent in this window of the spectra. Three peaks are apparent
in the neat PVAL: 285.1 eV assigned to CH», 286 eV assigned to C-OH, and 289 eV assigned
to C=0 [38]. It is noted that this spectra was obtained from the 88% hydrolysed PVAL and not
the 99% hydrolysed used in the PVAL / ANF films. That is why the residual acetate content
that gives rise to the C=O0 is not observed in the PVAL / ANF films. Furthermore, two new
peaks appear to grow with higher loading of ANF in the PVAL / ANF films at 292.8 eV and
295.6 eV. These are assigned to K2p3» and K2pi, respectively [39]. This is due to residual
potassium from the ANFs suspension in DMSO / KOH, indeed the peak intensity increases
with ANF loading. With the addition of ANF, the CH» peak is shifted to lower binding energies
to 284.7 eV which is assigned to C-C or C=C from an aromatic ring [8, 40]. The C-N peak is
very close to the C-OH peak at 286 eV. That peak appears to decrease in intensity with
increasing ANF loadings. The peak at 287.8 eV is assigned to N-C=0, because the only
nitrogen and the carbonyl groups are present in the ANFs [8, 40]. Speculations on hydroxyl
groups being consumed to create covalent bonds with the PVAL could not be discerned as the
C-N peak overlaps the C-OH peak. Other spectroscopic or resonance techniques could discern

this further.

In the Ols region displayed in Figure 80, the C-O peak of the PVAL was positioned at 532.7
eV. With the addition of ANFs, the C=0 bond give rise to a peak at 532.2 eV [41, 42]. At
50 wt.% ANF loading and the neat ANF film, a peak at 530 eV is detected which is assigned
to the amide group [41, 42]. This is similar to the amide group peak that rose in the Cls region.
As the peaks overlap, it was difficult to observe hydrogen bonding between the two
components. However, the shift to lower binding energies could signify hydrogen bond
formations [43, 44]. The magnitude of the shift is similar to what was observed with the

addition of Ti0; particles in Chapter 4.

In the third part of the spectra, the N1s is presented in Figure 81. A single peak at 399.9 eV
was increasing in intensity with the addition of ANFs. This is assigned to the amide group from

the ANFs. [41, 42].

125



Carbon
c-C — PVAL
c=C ——25%ANF
CH, —— 5% ANF
— 10% ANF
—— 15% ANF
—— 50% ANF

— ANF

Intensity (a.u.)

280 282 284 286 288 290 292 294 296 298
Binding Energy (eV)

Figure 79: XPS spectra of PVAL / ANF films in the Cls region.
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Figure 80: XPS spectra of PVAL / ANF films in the Ols region.
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Figure 81: XPS spectra of PVAL / ANF films in the N1s region.
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55 SEM

SEM images of all PVAL / ANF films and for comparison neat ANF are presented in Figure
82 and Figure 83. They were all taken at 1000x magnification except the 2.5 wt.% ANF/PVAL
film, which was taken at 150x. This was to show the island growth of the film similar to the
optical image in Figure 71. The 5, 10, 15 wt.% ANF in PVAL films appear to be homogenous
with minor observable features. Noteworthy are the inorganic particulates that are apparent on
the films. They are considered inorganic due to the high contrast in comparison with the
polymers. These could be particulates of residual potassium or a reactant from the chromium
coating, as they were not observed optical microscopy. In the 50 wt.% ANF/PVAL film,
agglomerates are seen that are around 1-1.5 pmin size and are homogenously distributed. As
they are much darker than the inorganic particles, it was considered that they are organic in
nature. Further investigation is required to understand these structures. Clear is that ANF film
consist of the homogenously distributed darker areas at this relatively low resolution using
SEM. These may be due to a variation in thickness or due to the surface roughness of the film.
To obtain a better indication of the ANF distribution in PVAL films a higher resolution

microscope such as TEM could be used.
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Figure 82: SEM images of 2.5 wt.% ANF/PVAL (a), 5 wt.% ANF/PVAL (b), and 10 wt.%
ANF/PVAL (c).
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Figure 83: SEM images of 15 wt.% ANF/PVAL (a), 50 wt.% ANF/PVAL (b), and neat ANF
film (c).
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5.6 Thermal conductivity (3-®)

Thermal conductivity measurements made on PVAL / ANF films are presented in Figure 84.
The 2.5 wt.% ANF /PVAL sample could not be measured due to the nature of the island growth
that was observed on the substrates. A continuous film is required for the 3-® measurements
and the deposition of the electrodes. Furthermore, there were difficulties in depositing the
electrodes on the ANF films due to the surface roughness of the films. The deposition did not
form continuous heater lines making measurements unattainable. Similar to what was observed
in the PVAL / titanium oxide hydrate hybrid films in Chapter 4, the measured TC is observed
to initially decrease slightly (5 wt.% ANF/PVAL: 0.276 W/m.K) before increasing
significantly to reach 1.53 W/m.K at the 50 wt.% ANF/PVAL. The reduction observed at
5 wt.% ANF/PVAL film could be based on the errors of the measurement and the small sample
size as only two films were measured. The TC value of 50 wt.% ANF/PVAL is similar to
electrospun PVAL nanofibers which was reported in literature to be 1.58 W/m.K [45]. As
observed from the DSC measurements, the melting temperature of PVAL is reduced with
increasing ANF loading and that usually leads to lower thermal conductivity [45-47]. However,
here, the thermal conductivity increased with ANF loading. This could be due to the increased
local order of PVAL chains due to the addition of the stiffer ANFs, similar to what was
observed with the PVAL / TEG films. Another possibility would be that the ANFs have an
intrinsically higher thermal conductivity than PVAL. The measured values appear to follow
the rule-of-mixtures between the two components. The Lewis-Nielsen model is a variation of
a the rule-of-mixtures that takes in to account the shape of the fillers and packing factors in
predicting the effective thermal conductivity (Kefr) of a composite system [48]. It is given by

the following equation:

Keff _ 1+AB(pf
Km 1—BI/)(,0f

(5.1)

Where K is the matrix’ thermal conductivity. A is parameter based on the length (L) and the
diameter (D) of the filler and is given as A = 2L/D. B is a parameter based on the thermal

conductivities of the matrix (Km) and the filler’s (Kr) and was defined as:

_ (Kf/Km_l)

" (Kf/Km+A) (5:2)
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The parameter v is based on the filler’s volume fraction (¢f) and the maximum packing factor

(Pmax) and is given as : Yv=1+ [jﬁﬂ](pf (5.3)

In this calculation, Ky, was taken as 0.32 W/m.K from the 3-® measurements in this thesis. Kr
had different values based on how the measurement was conducted and the nature of the
sample. For example, the thermal conductivity of Kevlar fibres, measured along the fibre’s
axis, has a value of 3.1 W/m.K [49]. However, in commercial data sheets, the value of TC for
Kevlar was indicated as 0.04 W/m.K [50]. In some of the recent work in literature, ANF films
prepared by vacuum assisted filtration had a thermal conductivity of 0.183 W/m.K [51]. The
model used Kras 3.1 W/m.K and a 0.04 W/m.K as an upper and lower limit. Furthermore, the
length of the fibre was assumed to be 10 pm, with diameter of 30 nm, based on the original
ANF isolation study [7]. The maximum packing factor of random fibres was given as 0.82 by
Nielsen [48]. As the PVAL / ANF films were prepared by weight percentage and not volume
fraction, those values needed to be converted. The ANFs was assumed to have similar density
to Kevlar (1.44 g/cm?)[4]. PVAL’s density was taken as 1.19 g/cm? [52]. The measured thermal
conductivities were plotted with the Lewis-Nielsen model using the two different TC values of
Kevlar as upper and lower limits in Figure 85. It can be observed that thermal conductivities
of the 10, 15 and 50 wt.% ANF/PVAL films fall on the model using the higher limit. With
5 wt.% ANF/PVAL, the measured value seems to be closer to the lower bound limit. It must
be noted that only two film samples were able to be measured and the difference between the
lower and upper limit in the model at that volume fraction is relatively small. Another
possibility could be that with the 5 wt.% ANF/PV AL sample, the distribution and concentration
of the ANFs was not sufficient to create efficient phonon transport pathways throughout the
film. Indeed, due to the addition of the ANFs, the observed thermal conductivity was lower
than for a neat PVAL film. In contrast, for 15 and 50 wt.% ANF/PVAL films, that the primary
means of phonon transport may be along the ANFs and not the PVAL chains. This in turn
renders the system to behave as a two-phase system. However, as the measurements are done
through-plane and the distribution of the ANF fibres was deemed random and homogenous,
the measured thermal conductivity could be considered as isotopic. Further investigations are

required to elucidate this detail.
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Figure 84: Thermal conductivity of PVAL / ANF films based plotted as a function of ANF
concentration using the 3-o technique. The 2.5 wt.% ANF/PVAL film and neat ANF film
values are missing, as measurements could not be performed due to poor film quality. Error
bars based on measurements of two films. Dashed line added as a guide by fitting a linear function.
5 wt.% ANF/PVAL film was masked in linear fit.
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upper and lower limits, respectively.
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5.7 Conclusions

By adding ANFs to PVAL, broad tuning of the system’s thermal conductivity was achieved.
This could be due to changes in solid-state structure as well as the addition of a highly
conductive filler as seen from the modelled thermal conductivity. From Raman spectroscopy,
possible localised extension of PVAL backbone was observed. However, this was challenging
to discern to due to the nature of the signals and ANF signals overshadowing PVAL features.
FTIR spectroscopy showed how the functional groups interacted with each other with most
significant changes occurring with the hydroxyl and amide groups. The miscibility of the blend
and the effect ANF introduction to the polymer chain mobility were observed from DSC data.
No reduction in the crystallinity was observed however, the melting point for PVAL was found
to be reduced upon addition of ANF. From XPS, strong interactions between PVAL and ANF
were observed and the possibility of covalent bonding was discussed. Observing the films via
SEM, they appeared to be homogenous and without isolated phases except for the
2.5 wt.% ANF/PVAL sample. Beneficially, the introduction of ANFs to PVAL was observed
to have a positive effect on the overall thermal conductivity. The measured values were
compared to a model of a binary system and the experimental results appear to be in agreement
with the upper bound limit considered here. It is considered that ANF filler was homogenously
dispersed within the PVAL matrix and the observed TC values could be isotropic. Most
importantly, this system had combined the good film formation properties of PVAL with the
high thermal conductivity of ANFs.
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6 Summary and outlook

6.1 Summary

This thesis investigated how different macromolecular structures influence thermal transport.
The principal concepts of thermal transport in materials, and in particular, polymers were first
described and presented in Chapter 1. The different approaches of tuning polymer thermal
conductivity were highlighted in the form of polymer blends, mechanical stretching and the
preparation of polymer composites. PVAL was chosen as a model polymer with a functional
group to create distinct solid-state structures with varying effects on overall thermal
conductivity. In Chapter 3, PVAL was blended with an oligomer to influence the local order
of PVAL chains via hydrogen bonding, and in turn, influencing the thermal transport. An
organic / inorganic hybrid system based on PVAL / titanium oxide hydrate was investigated in
Chapter 4 while drawing contrasts with a conventional PVAL — TiO> composite. In Chapter 5,
a novel preparation of PVAL / ANF films was studied and the effect on thermal conductivity
was investigated. The preparation methods and experimental techniques described reported in

Chapter 2.

With the PVAL / TEG blend in Chapter 3, it was observed that at low concentrations
(5-15 wt.%) a localised stretching of the PVAL bonds occurred. However, with higher TEG
concentrations, the main change observed was a plasticising effect and disruption of the
ordered segments in PVAL. These changes in structure identified with Raman and FTIR
spectroscopy as well as DSC, affected the film’s speed of sound transmission and thermal
conductivity. The structure with low TEG content led to a more efficient phonon pathway
through the material, which is closely correlated to both the TC and speed of sound of the films.
However, the improvement of the thermal conductivity was not pronounced, from 0.32 W/m.K
in neat PVAL, to 0.36 W/m.K in with 5 wt.% TEG. This could be due to the nature of the TEG
molecules, which are relatively flexible, and the weak restrictions they impose on the PVAL

chains.

The PVAL / titanium oxide hydrate hybrid structure was investigated in Chapter 4. Various
spectroscopic techniques were used here to complement the previous studies on this hybrid
system as well to provide new insights on their chemical structure. The side-by-side

comparison with conventional polymer/nanoparticle composites assisted in identifying the
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changes in solid-state structure upon hybrid formation. That in turn, improved the
understanding on where the different properties of the hybrid stem from. It was observed from
Raman spectroscopy how the backbone was compressed and became more restricted due to the
hybrid network formation. From FTIR spectroscopy, changes in the pendant groups of PVAL
were found, while with XPS the nature of the hybrid formation was investigated to compliment
the other findings. The changes observed in these spectroscopic methods were reflected in the
measured thermal conductivity of the films showing a relatively linear response with the
inorganic species content. This was notably different from findings made in literature with
other conventional crosslinking methods and their effect on thermal transport further
highlighting the unique structure of the PVAL / titanium oxide hydrate hybrids. The hybrid
structure indeed appeared to improve the phonon pathways in the system without adding
inorganic particles and despite having a lesser ordered molecular structure. This change in
structure expands on the thermal transport in macromolecules and provides new design rules

to tune polymeric systems’ thermal conductivity to fit the required applications.

As the final system, a polymer / polymer nanofiber composite system was investigated. Using
a different preparation method than reported in literature, a more intimate interaction between
the ANF and the PVAL chain was obtained, as revealed by FTIR and XPS spectroscopy. Due
to the nature of the measurements, Raman spectroscopy was not suitable to study the changes
in structure similar to the other systems as the ANFs signals overshadowed the ones from the
PVAL. The introduction of ANF to the PVAL matrix appeared to reduce the size of PVAL
crystals as deduced from the DSC analysis. The changes to the thermal conductivity were more
significant compared to the other systems studied throughout the thesis. The observed thermal
conductivities appeared to follow a two-phase composite system with the ANF being of higher
intrinsic thermal conductivity. As the thermal conductivity measurements gave through-plane

TC values, this change in TC was considered isotropic.
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6.2 Outlook and future work

The results obtained in this thesis have produced new insight on design rules of how the solid-
state structure of polymer-based materials can influence the thermal transport. It was revealed
how hydrogen bonding can be utilised between long polymer chains and oligomers to tune the
properties of a polymer film. Organic / inorganic hybrid networks have shown intriguing
properties for their optical properties, here the structure has been studied for their thermal
transport properties. Hybrid-formation was identified to be yet another highly useful method
of tuning thermal properties via manipulation of polymer chain confirmation and structure. An
additional method was proposed, introducing ANF to PVAL. Having a more reactive amide
sites in the system has produced films with promising thermal transport properties. The results
further highlight how the interaction between different constituents affect a two-phase system

and its properties.

The measurements and experiments performed throughout this thesis focused on small-scale
interactions and corresponding changes in structure were inferred based on a local and short-
range order. Further investigations on how long-range order and the overall microstructure
effects on thermal properties may be performed via X-ray scattering. Complementing
experiments using wide-angle X-ray scattering (WAXS) as well as small-angle X-ray
scattering (SAXS) would assist to observe the change in phase morphology and microstructure
in a more definitive manner. WAXS can deliver information on the changes in films
complementing the DSC measurements. SAXS would be useful in the two component systems
such as the hybrids and the PVAL/ANF composites to identify length-scales of phase

separation.

BLS proved to be very useful in gaining understanding the changes in the phonons’ pathways
as the speed of sound measurements are directly related to the phonons’ group velocity.
However, only the PVAL — TEG system was measured using that technique, as those were the
only system that could be produced with sufficient thickness using the same concentration of
solutions and deposition method as for the rest of measurements. With PVAL / titanium oxide
hydrate hybrids, PVAL — TiO2 composites and the PVAL / ANF films, it was challenging to
prepare relatively thick films using the solution concentrations of previous measurements. Dip
coating or wire bar coating could be utilised with solutions of higher concentrations and
viscosity to prepare films for both BLS and 3-w measurements to obtain a meaningful
comparison. These methods typically allow for slower solvent evaporation rates, which would

produce different structures than spin coating, and could be studied with those differences
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considered. However, the hybrid structure is less sensitive to the variation in thickness as it

forms a cross-linked network.

Solid-state nuclear magnetic resonance (SSNMR) would also be valuable in understanding the
different structures. It may reveal the different interactions that form between PVAL and the
blend / hybrid / composite components. This would give further insight on the possible
reactions between the titanium oxide hydrate as well as the deprotonated ANFs, which would

complement the other spectroscopic techniques utilised in this thesis.

The thermal conductivity measurements conducted in this thesis measured the through-plane
TC. The structures in this thesis are believed to be isotropic. However, to confirm this, in-plane
thermal conductivity techniques should be used to complement and confirm this. Such

techniques could include suspended film 3-® or frequency domain thermoreflectance (FDTR).

For the PVAL / titanium oxide hydrate systems, a distinct structure with a cross-linked network
between PVAL chains and inorganic moieties was found. This network produced a promising
thermal pathway within the material. Building on the XPS experiments with PVAL / boric acid
systems, it would be beneficial to identify those changes in this system using the spectroscopic
techniques and thermal conductivity measurements as used in this thesis. It could present a
similar network but with boron instead of titanium as the inorganic constituent. Moreover,
recent studies have shown that a PVAL / silica hybrid structure could be produced using
tetracthoxysilane (TEOS) as a precursor. Comparing those three organic / inorganic hybrid
systems would allow observing the influences due to the size of the inorganic atom in the

system as well as gaining a more detailed understanding of such structures.

Furthermore on the PVAL / ANF system, the 99% hydrolysed PVAL should be used in all
measurements. This would present a clearer comparison using all the techniques provided.
DSC measurements may indicate some degradation as observed in the PVAL samples.
However, only PVAL was analysed using TGA. With the PVAL / ANF films, two features
were observed and a possibility of two molecular arrangements were proposed. Using
temperature dependant X-ray diffraction techniques could clarify that further. Furthermore, as
the cooling cycles did not have any distinct features, TGA measurements of PVAL / ANF films
would highlight where the degradation occurs to establish possible reasons for the lack of
signals. In SEM, some particulates were observed that could not be explained clearly. It was
suggested that it could be a reaction between the conductive chromium layer and residual

potassium in the system or other molecules. Energy dispersive X-ray analysis (EDS)
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measurements on those particles under SEM could clarify where they originate from. TEM
imaging of the PVAL / ANF films would also be useful to elucidate of the overall structure and
how the ANFs assemble within PVAL matrix. Moreover, as some of the films’ thermal
conductivity could not be measured, film processing should be optimised to produce smoother
films. Finally, understanding whether the PVAL matrix provides a suitable medium for
assembling the ANFs in an isotropic, high thermal conductivity material could assist further

materials design.
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Appendix A
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Figure 86: Raman spectra of neat TEG and neat PVAL between 750 and 1850 cm™. TEG is liquid at
room temperature and a droplet was used to capture spectra. PVAL film cast from 6 wt.% solution.
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Figure 87: Raman spectra of neat TEG showing the peak fittings at each of the main band regions.
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Figure 88: Raman spectra peak fitting of neat PVAL at different regions: (a) C-C stretching, (b) C-O
stretching and O-H bending, (¢) C-H and O-H bending, (d) C=0 stretching and C-O asymmetric
stretching, and (e) C-H stretching. Peak assignments are used in Chapter 3 and 4.
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Figure 89: Raman spectra peak fitting of PVAL/TEG blends of different concentrations at the C-C
stretching region. (a) 5 wt.% TEG, (b) 10 wt.% TEG, (c) 15 wt.% TEG, (d) 20 wt.% TEG, (e) 25 wt.%
TEG, (f) 30 wt.% TEG, and (g) 50 wt.% TEG in PVAL.
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Figure 90: Raman spectra peak fitting of PVAL/TEG blends of different concentrations at the C-O
stretching and O-H bending region. (a) 5 wt.% TEG, (b) 10 wt.% TEG, (c) 15 wt.% TEG, (d) 20 wt.%
TEG, (e) 25 wt.% TEG, (f) 30 wt.% TEG, and (g) 50 wt.% TEG in PVAL.
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Figure 91: Raman spectra peak fitting of PVAL/TEG blends of different concentrations at the C-H
bending and O-H bending region. (a) 5 wt.% TEG, (b) 10 wt.% TEG, (c) 15 wt.% TEG, (d) 20 wt.%
TEG, (e) 25 wt.% TEG, (f) 30 wt.% TEG, and (g) 50 wt.% TEG in PVAL.
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Table 15: Raman peak fitting statistics for PVAL/TEG blends of different concentrations at the C-C
stretching region.

Sample Reduced g R squared
PVAL 0.00148 0.9993
5% TEG 0.00199 0.99947
10% TEG 0.00175 0.99954
15% TEG 0.00317 0.99907
20% TEG 0.00496 0.99828
25% TEG 0.0025 0.99928
30% TEG 0.00472 0.99816
50% TEG 0.00259 0.99869

Table 16: Raman peak fitting statistics PVAL/TEG blends of different concentrations at the C-O
stretching and O-H bending region.

Sample Reduced g R squared

PVAL 0.00065 0.99785
5% TEG 0.00178 0.99639
10% TEG 0.0018 0.99597
15% TEG 0.00194 0.9907
20% TEG 0.0028 0.99141
25% TEG 0.00286 0.98429
30% TEG 0.00111 0.99366
50% TEG 0.00249 0.98261

Table 17: Raman peak fitting statistics for PVAL/TEG blends of different concentrations at the C-H
bending and O-H bending region.

Sample Reduced g R squared

PVAL 0.00405 0.99934
5% TEG 0.00707 0.99909
10% TEG 0.0103 0.99781
15% TEG 0.01502 0.99819
20% TEG 0.01944 0.9964
25% TEG 0.01669 0.99828
30% TEG 0.01478 0.99779
50% TEG 0.0129 0.99695
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Appendix B
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Figure 92: FTIR spectra peak fitting of PVAL at different regions of the spectrum: (a) O-H stretching,
(b) C-H stretching, (c) C=0 stretching, (d) C-H stretching, and (¢) C-O and C-O-C stretching.
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Figure 93: FTIR spectra peak fitting of PVAL/TEG blends for the O-H stretching band. (a) 5 wt.%
TEG, (b) 10 wt.% TEG, (c) 15 wt.% TEG, (d) 20 wt.% TEG, (e) 25 wt.% TEG, (f) 30 wt.% TEG, and
(g) 50 wt.% TEG in PVAL.
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Appendix C

Raman peak fitting between 100 and 700 cm™!
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Figure 94: Raman spectra peak fitting of PVAL in the region between 100 and 700 cm™1
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Figure 95: Raman spectra peak fitting of PVAL/titanium oxide hydrate hybrid film of different
compositions at the C-C stretching region. (a) 10 vol.%, (b) 20 vol.%, (c) 30 vol.%, (d) 40 vol.%, (e)
50 vol.%, and (f) 80 vol.% titanium oxide hydrate in PVAL.
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Figure 96: Raman spectra peak fitting of PVAL/titanium oxide hydrate hybrid film of different
compositions at the C-O stretching and O-H bending region. (a) 10 vol.%, (b) 20 vol.%, (c) 30 vol.%,
(d) 40 vol.%, (e) 50 vol.%, and (f) 80 vol.% titanium oxide hydrate in PVAL.
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Figure 97: Raman spectra peak fitting of PVAL/titanium oxide hydrate hybrid film of different
compositions at the C-H and O-H bending region. (a) 10 vol.%, (b) 20 vol.%, (¢) 30 vol.%, (d) 40 vol.%,
(e) 50 vol.%, and (f) 80 vol.% titanium oxide hydrate in PVAL.
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Figure 98: Raman spectra peak fitting of PVAL/titanium oxide hydrate hybrid film of different
compositions between 300 and 700 cm™. (a) 10 vol.%, (b) 20 vol.%, (c) 30 vol.%, (d) 40 vol.%, (¢) 50
vol.%, and (f) 80 vol.% titanium oxide hydrate in PVAL.
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Table 18: Raman peak fitting statistics for PVAL/titanium oxide hydrate hybrid film of different
compositions at the C-C stretching region.

Sample Reduced Chi R squared

PVAL 0.00148 0.9993
10% Hybrid 0.00938 0.98306
20% Hybrid 0.00414 0.99768
30% Hybrid 0.00801 0.9975
40% Hybrid 0.00877 0.99475
50% Hybrid 0.0122 0.9919
80% Hybrid 0.07765 0.98045

Table 19: Raman peak fitting statistics PVAL/ titanium oxide hydrate hybrid film of different
compositions at the C-O stretching and O-H bending region.

Sample Reduced Chi R squared

PVAL 0.00065 0.99785
10% Hybrid 0.00107 0.99746
20% Hybrid 0.02644 0.99771
30% Hybrid 0.00808 0.99927
40% Hybrid 0.01087 0.99779
50% Hybrid 0.01065 0.99115
80% Hybrid 0.01451 0.99162

Table 20: Raman peak fitting statistics for PVAL/ titanium oxide hydrate hybrid film of different
compositions at the C-H bending and O-H bending region.

Sample Reduced Chi R squared

PVAL 0.00405 0.99934
10% Hybrid 0.01627 0.99543
20% Hybrid 0.057256 0.99532
30% Hybrid 0.07331 0.99441
40% Hybrid 0.03219 0.99733
50% Hybrid 0.019 0.99779
80% Hybrid 0.07551 0.998
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Table 21: Raman peak fitting statistics for PVAL/ titanium oxide hydrate hybrid film of different
compositions at the between 300 and 700 cm™.

Sample Reduced y R squared

PVAL 0.94423 0.97841
10% Hybrid 1.6467 0.98069
20% Hybrid 0.86302 0.98989
30% Hybrid 0.754 0.98341
40% Hybrid 0.2847 0.98736
50% Hybrid 0.99058 0.93829
80% Hybrid 0.50678 0.97027
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Figure 99: Optical micrograph taken using Raman microscope of PVAL — TiO, composite. Points
where it was considered to be predominantly the matrix or particle are indicated.
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Figure 100: Raman spectra peak fits for PVAL - TiO2 composites of different compositions and taken
where matrix “M” or particle “P” were observed in the C-C stretching region. (a) 10% TiO2/PVAL M,
(b) 10% TiO2/PVAL P, (c) 30% TiO2/PVAL M, (d) 30% TiO2/PVAL P, (e) 50% TiO»/PVAL M, and
(f) 50% TiO/PVAL P.
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Figure 101: Raman spectra peak fits for PVAL - TiO2 composites of different compositions and taken
where matrix “M” or particle “P” were observed in the C-O stretching and O-H bending region. (a)
10% TiO2/PVAL M, (b) 10% TiO2/PVAL P, (c) 30% TiO2/PVAL M, (d) 30% TiO2/PVAL P, (e) 50%
TiO./PVAL M, and (f) 50% TiO»/PVAL P.
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Figure 102: Raman spectra peak fits for PVAL - TiO2 composites of different compositions and taken
where matrix “M” or particle “P” were observed in the C-O stretching and O-H bending region. (a)
10% TiO2/PVAL M, (b) 10% TiO2/PVAL P, (c) 30% TiO2/PVAL M, (d) 30% TiO2/PVAL P, (e) 50%
TiO/PVAL M, and (f) 50% TiO»/PVAL P.
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Figure 103: Raman spectra peak fits for PVAL - TiO, composites of different compositions and taken
where matrix “M” or particle “P” were observed between 300 and 700 cm™'. (a) 10% TiO»/PVAL M,
(b) 10% TiO2/PVAL P, (c) 30% TiO»/PVAL M, (d) 30% TiO»/PVAL P, (e) 50% TiO/PVAL M, and
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Table 22: Raman peak fitting statistics for PVAL - TiO, composites of different compositions at the
C-C stretching region.

Sample Reduced g R squared

PVAL 0.00148 0.9993
10% TiO, M 0.00212 0.99936
10% TiO, P 0.00872 0.99672
30% TiO, M 0.00164 0.99927
30% TiO; P 0.01582 0.98888
50% TiO, M 0.00228 0.99852
50% TiO, P 0.00731 0.99909

Table 23: Raman peak fitting statistics PVAL - TiO, composites of different compositions at the C-O
stretching and O-H bending region.

Sample Reduced g R squared

PVAL 0.00065 0.99785
10% TiO; M 0.00244 0.99424
10% TiO, P 0.00223 0.99385
30% TiO: M 0.00366 0.98727
30% TiO; P 0.00613 0.96794
50% TiO, M 0.00296 0.97265
50% TiO, P 0.00548 0.99739

Table 24: Raman peak fitting statistics for PVAL - TiO, composites of different compositions at the
C-H bending and O-H bending region.

Sample Reduced % R squared

PVAL 0.00405 0.99934
10% TiO, M 0.01826 0.99718
10% TiO, P 0.2144 0.99702
30% TiO: M 0.00498 0.99908
30% TiO, P 0.01661 0.99695
50% TiO. M 0.00735 0.99853
50% TiO, P 0.00557 0.99634
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Table 25: Raman peak fitting statistics for PVAL — TiO, composites of different compositions
between 300 and 700 cm™.

Sample Reduced g R squared

PVAL 0.94423 0.97841
10% TiO, M 0.78712 0.97323
10% TiO, P 0.01599 0.99243
30% TiO, M 0.05259 0.98848
30% TiO; P 0.00906 0.99709
50% TiO, M 0.05091 0.98802
50% TiO, P 0.04251 0.99201
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Appendix D
PV AL / Boric acid XPS

PVAL / Boric acid films were prepared from solution by spin coating. Measured as in the

PVAL / titanium oxide hydrate hybrids. It is noted in Figure 104 that the C-OH peak is reduced

in intensity with increasing inorganic content signifying that the hydroxyl group was used to

create covalent bonds with the boric acid species similar to what was observed in the PVAL /

titanium oxide hydrate hybrids. Figure 105 shows the O1s part of the spectra of the same films.

A new peak attributed to B-O is only apparent with the 50 wt.% H3BO3/PVAL film and a slight

shift of binding energy in the C-O peak is observed.
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Figure 104: XPS spectra of PVAL / boric acid films focusing on the Cls region (a). A comparison of
the carbon peak intensity is presented in (b) as a function of inorganic content.

Intensity (a.u.)

Oxygen

C-0

—— PVAL

—— 10% H,BO,
—— 30% H,BO,
—— 50% H,BO,

B-O

T T T
526 528 530

T
532

T
534

T T T_
536 538 540

Binding Energy (eV)

542

Figure 105: XPS spectra of PVAL / boric acid films focusing on the C1s region.

* Thank you to Alex Balzer, Department of Chemical and Bimolecular Engineering, Georgia Institute of
Technology, GA, USA, for the of PVAL / boric acid film preparation and XPS measurements.
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Appendix E
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Figure 106: Raman spectra peak fitting of neat PVAL films 99% hydrolysed at different regions: (a)
C-S stretching, (b) C-C stretching, (¢) C-O stretching and O-H bending, (d) C-H and O-H bending .Peak
assignments are used in Chapter 5.

Table 26: Raman peak fitting statistics for PVAL 99% hydrolysed at different regions of the spectrum

Sample Reduced g R squared
PVAL (625 - 725 cm™) 0.00148 0.9993
PVAL (750 -1000 cm™) 0.00212 0.99936
PVAL (1000-1200 cm™) 0.00872 0.99672
PVAL (1300 - 1500 cm™) 0.00164 0.99927
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Figure 107: Raman spectra peak fitting of neat ANF at different regions: (a) C-H bending, (b) C-C ring
stretching, (c¢) C-C ring stretching and C-H in-plane bending, (d) C-C ring stretching and N-H bending
and C-N stretching, (e) C-C ring stretching C=0 stretching, C-N stretching, and N-H bending.

Table 27: Raman peak fitting statistics for PVAL 99% hydrolysed at different regions of the spectrum

Sample Reduced y R squared
ANF (1040-1140 cm™) 0.29242 0.97902
ANF (1140-1220 cm™) 0.18126 0.9975
ANF (1200-1375 cm™) 6.05667 0.98418
ANF (1420 — 1580 cm™) 1.00974 0.96868
ANF (1560 — 1680 cm™) 2.31735 0.99687
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Figure 108: Optical micrographs of PVAL/ANF composite films with different concentrations. Images
taken using Raman microscope lens with 100x objective.
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