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ABSTRACT

Polymer matrices have some interesting advantages to offer such as being light weight, cost
effective and many more. Introducing a conductive filler like carbon nanotubes (CNTSs) can
enhance the properties of the polymer composite for various industrial applications. Although,
carbon nanotubes act as an effective filler, aggregate formation in polymer matrix due to the
high van der Waals interactions between the nanotubes is inevitable. Surface functionalization
of nanotubes is the best approach to reduce the interaction between nanotubes and can provide
stable dispersions in organic solvents. Covalent functionalization has proven effective in terms
of stability but the chances of causing damage to the CNTs and altering their intrinsic properties
are high. Non-covalent functionalization of nanotubes is an excellent way to overcome
aggregate formation and achieve a homogeneous dispersion of nanotubes in the polymer matrix
without disrupting the intrinsic characteristics of the nanotubes. In this work, analysis of the
physical properties of a non-covalently functionalized carbon nanotube/PVDF composites was
undertaken. The amount of CNTs and Polyvinylidene fluoride polymer was essentially kept

constant, with only the concentration of the functionalization polymer varied.
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The first component of this work concentrated on analysis of the effect of the molecular weight
of water-soluble polymer (Polyvinylpyrrolidone - PVP) for non-covalent functionalization of
carbon nanotubes. A study with four different molecular weights of PVP was conducted. This
study discusses the change in polymer wrapping behaviour of different molecular weight with
respect to the aspect ratio of nanotubes, amount of nanotubes and structure of nanotubes. The
second aspect concentrated on the effect of the structure of the wrapping polymer
(Polyvinylpyrrolidone - PVP versus Poly(4-vinylpyridine) — P4VP) on non-covalent
functionalization. A comparative study based on polymers of two different structures but of
similar molecular weight was conducted. This study discusses the relation between the polymer
wrapping pattern of two different polymer structures and the structure of nanotubes. A final

viii



study on non-covalently functionalized cationic polymer (Polyethyleneimine- PEI) in the
CNT/PVDF composite was conducted with two different molecular weights of PEI. This is a
confirmation study to ascertain the polymer wrapping behaviour of two different molecular
weights and its relationship with the structure of nanotube.
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CHAPTER 1

INTRODUCTION

Part of this chapter was published previously in Namasivayam, M.; Shapter, J., Factors
affecting carbon nanotube fillers towards enhancement of thermal conductivity in polymer
nanocomposites: A review. Journal of Composite Materials 2017, 51 (26), 3657-3668.



1.1 Carbon nanotubes

Carbon based materials are now used in various applications including catalysis, drug delivery,
electronics, composite materials, sensors as well as in heat exchangers which are crucial in a
number of fields including generation of electricity, chemical processing and petroleum
refining. Metal heat exchangers that use materials like copper and aluminium might be
successful with their high thermal conductivity, but they are not cost effective and are typically
heavy. Moreover, corrosion becomes an unavoidable problem with these traditional heat
exchangers and causes both economic losses and severe environmental issues. Metal alloys
like Cu-Ni alloy offer good resistance to corrosion but can be expensive. Likewise, the recent
advances in manufacturing technology permits the use of titanium, which not only exhibits
high resistance to corrosion but also due to its low density and high strength can provide more
flexibility in design of heat exchangers. However, these corrosion resistant materials have low

thermal conductivity compared to copper and aluminium [1].

Since their discovery, extensive research on carbon nanotubes and their potential application
in the field of composites has explored their excellent thermal, electrical and mechanical
properties. Carbon nanotubes (CNTSs) are constructed as hollow cylindrical tubes formed
through hexagonal arrangement of carbon atoms with high aspect ratio (~1000) and sp?
hybridization. This tube can be several microns in length with each end covered by half
fullerene molecule cap. It can also be expressed as a sheet of graphene rolled in the form of a
tube [2]. Depending on the number of graphene layers, CNTs can be classified as single walled
nanotubes (SWNTs), double walled nanotubes (DWNTs) and multi walled nanotubes
(MWNTSs). Moreover, there are different ways of rolling a sheet of graphene with each end
matching a carbon atom leading to different arrangement and geometry. The formation of
carbon bonds around the circumference of the nanotube can yield three different structures
namely armchair, zig-zag and chiral. This atomic structure is expressed in terms of chirality, a

chiral vector (Ch=nai+maz) and chiral angle 6 can be used to define the chirality of a nanotube

[3].
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Fig. 1.1.1: a) Schematic of three different rolling patterns of graphene to form CNT; b) three different structures

of nanotubes. Reproduced with permission from Ref. [4]

Depending on the chirality, nanotubes can be either metallic or semiconducting in character.
In terms of physical and mechanical properties, CNTs possess some tremendous properties
including a tensile strength as high as 200GPa and 1.4TPa for SWNTSs [5]. They have excellent
electrical and thermal properties as well. According to some recent research, the thermal
conductivity of SWNT (commercial SWNT samples are mixtures of metallic and
semiconducting nanotubes) has been measured to be 2000 Wm™K™* or above and for MWNT
it has been measured to be in the range of 3000 Wm™K-[6]. These unique properties elevates
carbon nanotubes to be a highly suitable material for a conductive filler in a polymer matrix,

forming nanocomposites of improved efficiency.

The thermal conductivity properties of carbon nanotubes are assumed to occur via a phonon
conduction mechanism similar to other non-metallic materials. Thermal conductivity
measurements in CNTs are mostly based on theoretical simulations and calculations from
indirect experiments. Recent thermal conductivity measurements predicts a value between 200
W-m?t-K?tand 3000 W-m*-K* for MWNTSs and above 2000 W-m™.K* for individual SWNT
[7] and the thermal conductivity value tends to decrease with temperature [8]. A comparison
between thermal properties of SWNTs and MWNTSs conducted by Liu et al. reported a lower
thermal conductivity in MWNTSs than SWNTSs. The explanations for the lower conductivity of
MWNTSs can be attributed to the general assumption that the thermal transport is mainly
assisted by the outermost wall and the fact that from theoretical calculations, SWNTs show a

high number of phonon vibrational modes and relatively low defect density leading to high
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thermal conductivity [9]. There are other parameters in addition to the basic structural
morphology that affects the thermal conductivity of carbon nanotubes including chirality,

diameter and length of the tube and number of structural defects [10, 11].

Since the mechanism of heat conduction is highly dependent on the band gaps of the material,
the thermal conductivity is profoundly dependent on the chirality of the nanotubes which
determines the size of their band gaps and electronic properties. In an experiment conducted
by Zhang et al., it was reported that the zig-zag and arm chair nanotubes happen to have higher
thermal conductivity compared to chiral nanotubes [12]. Atom chains in chiral nanotubes
unlike armchair and zig-zag are not parallel to the axis as shown in Fig. 1.1.1. Instead they are
in a helix and thus the vibration in atomic chain is likely to have a longer path which causes
the low thermal conductivity. Also, comparatively zig-zag nanotubes happen to have higher
thermal conductivity than armchair nanotubes, as the sigma bonds along the circumference are
strongly strained which in turn lowers the phonon mean free path and thus lowers thermal
conductivity. It is also reported that irrespective of the structure, all three types of nanotubes
show similar temperature dependence exhibiting a peak in the range from 100 K to 500 K as
observed in Fig. 1.1.2 and the thermal conductivity of a single-walled nanotube bulk sample
increases with increasing temperature in the range of 0 to 300 K, provided the numbers of the

three types of nanotube are equal in a bulk sample.
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Fig. 1.1.2: Thermal conductivity as a function of temperature conducted with nanotubes of three different
structure; zig-zag (20, 0), armchair (11, 11) and chiral (10, 13). Reproduced with permission from Ref. [12]



As described earlier, carbon nanotubes can be defined based on their morphology into single-
walled nanotubes (SWNT) or multi-walled nanotubes. Diameter-wise SWNT are smaller than
MWNT, which has a significant impact on their thermal conductivity. M. Fujii et al. reported
that the interaction of phonons and electrons between the multi-walled layers of a nanotube
affects the thermal conductivity[13] meaning, higher number of nanotube layers allows for
increased phonon scattering and thus comparatively MWNTS tend to exhibit higher phonon
scattering than SWNTs leading to lower thermal conductivity. Likewise, thermal conductivity
is also dependent on the tube length and obeys L law, where L is the tube length and the value
of B being 0.54 (100 nm < L < 350 nm) and 0.77 (L < 25 nm). The B value depends on the
temperature as well as tube radius. B decreases as the temperature increases and at the same
temperature § decreases as the tube radius increases. This can be attributed to the fact that at
low temperature the vibration of atoms are very small and so the vibration along the transverse
axis is much smaller than the ones along the longitudinal axis, whereas at room temperature
and at higher temperatures transverse vibration increases and the interaction between transverse

mode and longitudinal mode becomes stronger thus leading to a smaller  value [14].

The requirement of present-day heat transfer equipment is that it be compact, lightweight,
cheap and possess good manufacturability. Polymers are the most promising material with
good anti-corrosion properties and tunable mechanical properties that can be applied for all
types of engineered designs. Polymers, though cheap and easy to manufacture, are
comparatively poor thermal conductors and the only way of improving this property is through
reinforcement with a high thermally conductive fillers in the host matrix. The development of
CNT based polymer nanocomposites has evolved significantly over the last two decades owing
to their remarkable property enhancement at low filler concentration compared to conventional

composites.
1.2 Properties of Polymers:

Polymers are large organic molecules comprised of a series of repeating units called monomers
connected to each other. They are arranged in long chains typically made out of hydrogen and
carbon atoms. In addition to naturally occurring polymers like wood, cotton and rubber, a
number of synthetic polymers also exist. These can be categorized a number of different ways
but the property of interest to us would be behaviour with respect to thermal conditions and in
this regard, a polymer can be distinguished as Thermoplastic; polymers that soften when heated
and return to being firm on cooling with a possibility of repeating the process or Thermosets;



plastics that soften when heated and can be molded but permanently harden and when reheated
they will decompose[15]. Many of the useful properties of polymers including high strength to
weight ratio, toughness, resilience, corrosion resistant, transparency, are in fact unique to

polymers and are due to their long chain molecular structure[16].

Properties lonomer LDPE Nylon-66 PC PEEK PPS PPSU PP PS PSU PTFE PVDF
Density, gcc 0.955 0923 112 12 133 143 129 0937 105 124 217 178
Water absorption, % 0.01 0067 2.3 017 021 0031 037 0079 0088 041 00042 0032
Muoisture absorption at equilibrium, %  0.011 0 2 027 046 003 0B85 01 008 032 0.018
Tensile strength, ultimate, MPa 77 11 73.1 64 110 867 76 38 449 77 336 428
Tensile strength, yield, MPa 14.3 108 636 62 988 6B9 72 307 439 749 116 14
Elongation at break, % 440 190 828 58 367 41 B0 120 69 568 400 646
Tensile modulus, GPa 03 0o 21 23 45 36 72 19 3 25 061 18
Flexural modulus, GPa 025 027 24 23 48 49 24 14 28 28 052 17
Flexural yield strength, MPa 88.4 918 170 140 130 362 B42 100 44.2
CTE, linear 20 °C, pmy/m-"C 150 210 100 702 441 392 558 120 798 601 100 140
CTE, linear 100°C, ym/m-"C 100 65 392 170 55 B0 140 145
| Thermal conductivity, W/m-K 0.24 03 0.26 02 025 03 035 011 014 022 027 019 |

Melting point, °C 85.1 10 250 0 280 160 330 160
Glass temperature, °C 150 140 88 220 904 190 376
Specific heat capacity, Ifg-"C 24 22 22 12 2 2 21 12 14 15

Table 1.2.1: Thermal and mechanical properties of most common polymer. Reproduced with permission from
Ref. [15]

But when considering their physical properties, most polymers happen to have a very limited
thermal conductivity as shown in Table 1.2.1. This could be due to the fact that, thermal
conductivity in most polymer matrices occur through phonon’s quantized modes of vibration
occurring in rigid lattice. Unlike gases, solids or liquids, phase free movements of electrons are
not possible leading to low thermal conductivity but there are strategies to improve electron
movements. Thermal conductivity of polymers can be calculated through Debye equation,

C,vA
_=p
k 3

Where, Cy is the specific heat capacity per unit volume; v is the average phonon velocity; A is

the phonon free path [17].

Crystallinity of the polymer also affects the thermal conductivity. Thermal conductivity is
highly dependent on the polymer chain orientation and thermal energy transports efficiently
along the polymer chain [18]. High thermal conductivity is observed in crystalline polymers as
they possess highly ordered polymer chain segments with low defect sites and as a result, they
exhibit less phonon scattering. However, amorphous polymers show very low thermal
conductivity due to phonon scattering at numerous defects [19]. Besides crystallinity, other

factors like molecular weight, molecular density distribution, bond structure, and temperature
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also have influence over thermal conductivity of a polymer as shown in Fig. 1.2.1 — 1.2.4.
Although polymers have several beneficial properties, improving their thermal conductivity

would be the first step in fabricating a useful polymer for a heat exchange application.
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Polyethylene (UHMW-PE). Reproduced with permission from Ref. [21]

1.3 Polymer Nanocomposites

The biggest challenge faced in the development of CNT based polymer nanocomposites would
be the intrinsic strength of their agglomerates which prevents good filler distribution in the



matrix. Two fundamental and critical issues must be resolved during the preparation of CNT
reinforced polymer composite. Primarily a homogeneous dispersion state of CNTs in polymer
matrix must be achieved and secondly the interfacial adhesion between the CNTs and polymer
must be improved [22]. CNTs have poor interfacial interaction with polymer matrix owing to
the high specific area, van der Waals interaction and n-n interaction of nanotubes making them
difficult to disperse successfully in polymers, which has a bad effect on the properties of
CNTs/polymer composite. When CNTs aggregate, their excellent mechanical and electrical
properties are partially lost [23]. One of the best approaches to prevent nanotube aggregation
in the polymer matrix is through surface functionalisation. There are various approaches for
CNT functionalization including defect functionalization, covalent functionalization, and non-
covalent functionalization [24]. Covalent functionalisation on the surface of nanotubes are
favoured due to the presence of hydroxyl, epoxy and carboxyl groups [25]. However, non-
covalent interaction between CNTs and the polymer matrix is possible with the presence of sp?
hybridized = network [26].

The covalent modification of CNTSs is based on the covalent linkage of functional groups on
the outer CNT wall and during an oxidative reaction process, these functional groups react with
the carboxylic groups located on CNT defects or other oxygenated groups formed in the
process. However, non-covalent functionalisation is realized either by enthalpy-driven
interaction such as n-n, CH-n, NH-7t between the surface of the CNTs and the dispersants or
by entropy-driven interaction such as hydrophobic interaction between the adsorbed molecule

(surfactants) and the surface of nanotubes [27].

In terms of stability of functionalization, covalent modification holds a superiority over non-
covalent approach especially if the effective reinforcement of the polymer film is possible with
covalent modification due to the effective load transfer from the polymer matrix to the CNTs
through covalent bonding [28, 29]. Although effective, this method has a high chance of
causing damage to CNTSs, often cutting them into shorter tubes and the intrinsic properties such
as conductivity and mechanical toughness are altered [30]. On the other hand, non-covalent
functionalisation preserves the intrinsic properties of CNTs in the polymer matrix and are
characterized just by mixing CNTs with molecules under a shear force treatment such as
sonication. This kind of interaction does not just enhance solubilisation but also maintains the
maximum intrinsic characteristic of an individual nanotube, without altering their original

structure and electronic properties.
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Fig. 1.3.1: Schematic representation of CNT functionalization
1.4 Functionalization

The performance of a CNT/polymer nanocomposite depends mainly on CNT dispersion in the
polymer matrix and their inability to disperse effectively in a matrix still poses a tremendous
hurdle towards taking advantage of carbon nanotubes in a wide range of applications. The small
size and high aspect ratio of carbon nanotubes leads to the formation of bundles and aggregates
in a polymer/CNT composite [31]. J. Hong et al. reported that, a large discrepancy existed
between experimentally obtained and predicted thermal conductivity value, due to the
aggregation of CNTs in the matrix [32]. A thermal conductivity increase of up to 10% was
observed with improved CNT dispersion in the matrix. Many methods like high power ultra-
sonication, surfactant assisted processing and functionalization of nanotubes were proposed to
effectively disperse CNTs in a polymer. P. C. Ma et al. reported that, although mechanical
dispersion methods like ultra-sonication, ball milling and calendering process may have proven
to be effective, they are prone to possible damage of CNT structure and these tools may not be
suitable for dispersion in all type of polymer matrices [33]. However, functionalization of
nanotubes proved to be an effective way to improve the thermal performance of the composite
by forming a soft interface between the nanotubes and the polymer matrix thus decreasing the
thermal resistance at the interface.
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Fig. 1.4A: Thermal conductivity of composites with various contents of pristine MWCNTS, acid treated
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Fig. 1.4B: Variation of thermal conductivity of CNT/PVDF composite (PVDFxC) and 1 wt. % PVP
functionalized CNT/PVDF composite (PVDFxC1P). Reproduced with permission from Ref. [35]
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with permission from Ref. [36]
1.4.1 Chemical Method

Defect functionalization is a method that takes advantage of the chemical transformation of
defect sites on CNTs. Defect sites are created on side walls and at the open ends of CNTs as
the result of a strong acid treatment such as concentrated sulphuric acid and/or nitric acid. This
leaves the holes functionalized with oxygenated functional groups such as carboxylic acids,
ketones etc. CNTs functionalized this way can be used as a precursor for further chemical
reactions including covalent functionalization and are effectively partially soluble in organic
solvents due to change in their nature from hydrophobic to hydrophilic with the attachment of
polar groups. Similarly, an acid-based titration method was used to determine the percentage
of acidic sites of purified SWNTs. However, the defect sites created by this method are
extremely sparse and they do not promote an effective dispersion of CNT in the polymer matrix
[22, 37]. Also, the CNTs are broken into shorter tubes in this oxidizing method, which not
only compromises the aspect ratio but also the overall thermal conductivity [22].

Carbon nanotubes have an enhanced tendency to covalently attach themselves to a chemical
species because of the 7 orbitals of sp? hybridized carbon atoms. In the case of direct covalent
functionalization, the translational symmetry CNT sidewall is disrupted with a change of
hybridization from sp? to sp? carbon atoms and a simultaneous loss of & conjugation system of

graphene layer. This process can be accomplished by reaction with some highly reactive

12



molecules such as fluorine. Amino, alkyl and hydroxyl groups can also be successfully
substituted for fluorine atoms and an effective dispersion can be achieved [38]. Shenogin et al.
also reported that the chemical bonding significantly reduces the thermal boundary resistance
between the nanotubes and the polymer matrix [39]. But, the major negative impact of
functionalization by chemical methods is that the CNTs are prone to formation of defect sites
along the sidewall and in some extreme cases the CNT structure is highly disrupted. These
effects result in a severe degradation of their mechanical properties and the defect sites act as
scattering centres for acoustic phonons which are responsible for thermal conduction in CNTs
[40]. Secondly, use of concentrated acids is highly unfriendly to the environment. Moreover,

the chances of re-agglomeration is also high in these methods [41].

1.4.2 Physical Method

Non-covalent functionalization is an attractive alternative method to successfully disperse
carbon nanotubes in a polymer matrix, without damaging or disrupting the intrinsic properties
of carbon nanotubes. In this method, organic mediating molecules such as surfactants, aromatic
compounds and polymers were used to non-covalently functionalize nanotubes. CNTSs surface
characteristics are altered by these mediating molecules either through adsorption or by
wrapping of polymer onto the surface [42]. Clever selection of the polymer allows in situ

polymerization in the presence of CNTs which can produce high quality composites [43].

Adsorption

Surfactant molecules that are physically adsorbed onto the surface of the CNTs lower the
surface tension thus preventing the CNTs from forming aggregates and effectively overcoming
the van der Waals interaction by electrostatic or steric repulsive forces. Whereas surfactants
alone are not capable of dispersing nanotubes effectively, vigorous ultra-sonication is required
to weaken the van der Waal’s forces between the nanotube bundles to exfoliate into individual
nanotubes. The hydrophilic region of the surfactant interacts with the polar solvent molecules
whereas the hydrophobic region adsorbs on the surface of CNT thus enhancing the
dispersibility of the CNT in a non-destructive approach. The process of dispersing CNT into
individual nanotubes depends strongly on the length of the hydrophobic region and the types
of hydrophilic groups of the surfactant. D. Ponnamma et al. studied the effect of surfactant
adsorbed onto the surface of MWCNT and its role in dispersion in natural rubber latex (NRL)
medium with the rheological property of nanocomposites [44]. It has been reported that sodium

dodecyl sulphate (SDS) adsorbs on the surface and enhances the rate of MWCNT dispersion
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through an electrostatic repulsion mechanism [45]. It was also observed that the anionic head
of the SDS attaches itself to the latex surface and the cationic part to the CNTs promoting better
interaction of NRL and CNTSs forming a uniform dispersion and interfacial interaction. Sun et
al. studied stable dispersions of SWNT in deionized water with six different surfactants. The
quality of dispersion depends on the electrostatic repulsion force between surfactant coated
nanotubes and can be significantly improved by coating nanotubes with surfactants that record
a zeta potential of 100mV or higher [46]. Likewise, L. Vaisman et al. studied the role of
surfactants in the dispersion of CNTs and concluded that the surfactant adsorption not only
enhances the dispersion quality but also the behaviour of surfactant in dispersing CNTSs is
similar to that of dispersing solid particles [47]. So far, most studies have been conducted for
surfactant assisted carbon nanotube dispersion in aqueous medium. However, Gong et al.
experimented with the surfactant assisted processing of CNT in a polymer matrix and
confirmed that using surfactant as a processing aid improves the thermomechanical property
of CNT/polymer composite, whereas even with increasing surfactant concentration a complete
homogeneous dispersion of nanotube in polymer composite could not be achieved [48]. A
complete understanding of the interfacial chemistry and better understanding of the adhesion

between carbon nanotubes and the polymer matrix is needed.

Similarly, Ata et al. reviewed a new strategy for the non-covalent functionalization and
dispersion of CNTs using small molecules such as commercial salts of bile acids (BAS) and
organic dyes [49]. Research interest on BAS and organic dyes have developed recently due to
their ability to facilitate CNT dispersion through a bundle ‘unzipping’ mechanism. This
mechanism involves formation of gaps or spaces at the CNT bundle ends in the ultrasonicated
suspension. The small molecule adsorption and diffusion then propagate the open space along
the bundle length facilitating the separation of individual CNTSs [50, 51]. Due to high solubility
in water, BAS have generated significant interest for CNT dispersion in aqueous suspension.
BAS has a rigid amphiphilic structure which is basically different from the typical head tail
surfactants, composed of long hydrophobic tails and polar head groups [52, 53]. This rigid
amphiphilic structure of BAS allows the formation of stable micelles around SWNT, which
facilitates efficient dispersion. Moreover, the structure of BAS also has a short hydrocarbon
tail with anionic COO™or SOs™ groups and as a general feature, BAS have convex hydrophobic
and concave hydrophilic sides which include methyl and OH groups [53]. The adsorption of
BAS on CNTs is largely driven by hydrophobic interaction of hydrophobic convex faces of

steroid BAS backbones with CNTSs. In a conventional surfactant, the flexible head-tail linear
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structures organize themselves perpendicular to the SWNT surface providing a lower coverage
level. However, with hydrophobic interaction the steroidal surfactant wraps around SWNT like
a ring with hydrophobic faces directed inward and hydrophilic faces pointed outward thus
enhancing not just BAS-SWNT interaction but also enhanced BAS coverage on CNT surface
[51, 54].

Fig. 1.4.2A: SEM images of films, prepared from 1 g L™ MWCNT suspensions, containing 0.5 g L™ of (A)
Cholic acid sodium salt (CAS) and (B) Taurocholic acid sodium salt (TCAS). Reproduced with permission from
Ref. [49]

Likewise, aromatic compounds are known to interact with the graphitic side walls of CNTs via
n-n interactions and the electronic properties of the CNTs remains unchanged by these
interactions [55]. Research on the adsorption of aromatic compound on CNTSs revealed the
contributions of functional groups aiding in this mechanism in such a way that, adsorption
increases with increasing number of aromatic rings and OH substitution group in the aromatic

systems. An enhanced n-7 interaction can be observed in the adsorption behaviour of organic
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dyes on CNTs due to their polyaromatic structure and various functional substitution groups of
the dyes enhances their adsorption [56]. Dye removal from industrial wastewater using CNT

based adsorbents is a subject of intensive investigation [57].

PROS CONS

o Highly Cost Effective. o An effective dispersion of CNT is
. e - achieved only with an additional external
o Readiness to commercial disposability. .

force such as ultra-sonication.
o Simplicity of use. o Re-agglomeration is possible in polymer

o No damage to CNT structure matrix.

Table 1.4.2A: Comparison of Pros and Cons of Absorption technique.
Wrapping

Strong 7- interaction allows conjugated polymers to adsorb on the CNT surfaces and drives
the wrapping of polymer around them forming a supra molecular complex. This weakens the
van der Waals interaction between nanotubes and increases dispersibility of CNTs in various
polymers. Other forms of polymer wrapping interaction including CH-r and Cation-x, although
comparatively weaker, are capable of forming stable CNT-polymer dispersion. The aqueous
solubility of CNTs can be improved through polymer wrapping in water soluble polymers such
as polyvinylpyrrolidone (PVP). Phonon transport along the CNT sidewall remains unaffected
due to the preservation of sp? carbon atoms and thus the CNTSs are thermally conductive [58].
CNT functionalized through the polymer wrapping method preserves not just the structure but
also their electronic properties which is highly suitable for solar cell applications. G. De Filpo
et al. fabricated a dye- sensitised solar cell with non-covalently functionalised SWNTs and
recorded a power efficiency of 6.21 % [59]. P. H. Wang et al. studied the effect of polymer
coated MWCNT in a polypropylene nanocomposite and observed an overall property
enhancement with the presence of polymer wrapping on MWCNTSs due to the fact that it proved
to be a better nucleating agent for polymer crystallization. A better solvent resistance and
homogeneous dispersion is observed in the polymer coated MWCNT/polypropylene
nanocomposite than non-coated MWCNT/polymer composite [60]. Similarly Liu et al. studied
a non-covalent functionalization of MWCNT using poly (vinylcarbazole) based compatibilizer
in epoxy composite and confirmed that the mechanical and electrical properties of the epoxy
composites were largely improved with the presence of the compatibilizer as shown in Fig.

1.4.2A and 1.4.2B. It was also mentioned that n-n interaction between MWCNTSs and the
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backbone of P(GMA-co-VCz) and the covalent bonding between the epoxide group of
P(GMA-co-VCz) and the epoxy matrix functions as an effective bridge between MWCNTSs
and epoxy matrix and thus not only improves the dispersion state of MWCNTSs but also greatly
enhances their interfacial interactions [61]. J. Huang et al. reported an effective thermal
conductivity in polyethyleneimine (PEI) functionalized carbon nanotube in epoxy matrix [62].
Comparatively, PEI functionalized CNTs are better dispersed and exhibit higher thermal

conductivity than the non-functionalized ones.

B pvor (N ovs U\ PONTs

Fig. 1.4.2B: Schematic representation showing the role of PVP in functionalization and dispersion of CNTs in
PVDF matrix. (a) Interaction between CNTs and PVDF, (b) PVP acts as a bridge to intensify the interfacial
interaction between PVDF and CNT, (c) dispersion of CNTs in PVDF matrix and (d) PVP promotes the
dispersion of CNTs in PVDF matrix. Reproduced with permission from Ref. [35]
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Thermal conductivity of the polymer composite depends on both the thermal conductivity of
the polymer matrix and the filler [63]. Among the inorganic fillers, carbon nanotubes have been
shown to be better at enhancing the thermal conductivity of the polymer matrix, but they fail
to match theoretical predictions [43]. This can be attributed to factors like volume fraction,
alignment [64] and most importantly dispersion of the nanotubes in the matrix [65]. The
interaction of the filler and the matrix plays a key role in designing a composite with high

thermal conductivity.

PROS CONS

o Thermodynamically stable coatingonthe | o The strength of interaction varies
surface of CNTSs. according to the miscibility between
matrix and the polymer wrapping on

o Possible to remove unbound polymer CNT.

without disturbing the polymer wrapping
on CNTs.

o No damage to CNT structure.

Table 1.4.2B: Comparison of Pros and Cons of Wrapping technique [66].

1.5 Limitation in Polymer Nanocomposite

1.5.1 Volume Fraction

Percolation theory predicts that with increasing concentration of a high thermal conductivity
constituent in a random composite, the thermal conductivity of the matrix increases according
to the scaling law i.e. ¢ which is proportional to (®—®c)', where ® is the volumetric
concentration of the composite, @ is the volumetric concentration of the conductor and t is the
conductivity exponent [67]. However, in the case of carbon nanotube/polymer composite either
there exists no such thermal percolation concentration or a very low percolation threshold is
observed. The lack of thermal percolation in the CNT composite is due to the fact that carbon
nanotubes are separated by the formation of a polymer thin film thus preventing a direct phonon
transport across nanotubes [68]. Wang et al. showed that incomplete contact at the interface
allows large phonon scattering leading to large thermal resistance and thus low thermal
conductivity [69]. I. V. Singh et al. reported that the filler interface plays a major role on the
effective thermal conductivity of the composite [70]. Increasing the content of CNTs reduces
the matrix region between nanotubes in a composite and facilitates their interaction thus
contributing to improved thermal conductivity. The effect of the interface on the overall

thermal conductivity of composite is smaller for short nanotubes than long nanotubes.
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Increasing the volume concentration through changing the length and radius of the nanotube
gives a positive outcome towards enhancing the thermal conductivity [71] whereas increasing
the amount of the CNTs with constant length has a very minor effect on the effective thermal
conductivity of the composite. This can be attributed to the fact that the effective resistance

remains almost constant until the length of the nanotube enforced is altered.

Russ et al. also observed only a modest increase in thermal conductivity with increasing the
loading percentage of the nanotube filler [72]. However, a sizeable variation in the thermal
conductivities between the long and short nanotubes was observed. Higher thermal
conductivity is achieved by nanotubes with large aspect ratio than with nanotubes of small
aspect ratio at same concentration as shown in Fig.1.5.1A. This can be attributed to the fact
that in order to achieve percolation, shorter aspect ratio tubes require exponential increase in
the number of contacts resulting in greater phononic scattering and interfacial thermal
resistance. Additionally, due to high viscosity of the composite, aggregate formation is
inevitable above a certain loading fraction so high aspect ratio nanotubes are a likely candidate
for a filler in a polymer composite. Rahul et al. reported enhancement in thermal conductivity
with increasing aspect ratio [73]. Likewise, Chen and Yan studied the effect of CNT aspect
ratio in epoxy nanocomposite by comparing nanocomposite materials containing CNTs with
800 and 80 aspect ratios and confirmed that the aspect ratio plays an important role in
determining the physical property of the nanocomposite, the electrical and thermal conductivity
in particular shown in Fig. 1.5.1B & Fig. 1.5.1C. Their findings support the theory that the
aspect ratio can affect the nature of percolation network of CNT within a polymer matrix. A
high aspect ratio exhibited high thermal and electrical conductivity. The difference observed
is explained as the necessity for the sharp increase in the number of contacts required by the
nanocomposite material containing low aspect ratio carbon nanotubes to reach the percolation
threshold [74]. However, increasing aspect ratio by increasing the length has a greater effect
on the thermal conductivity of composite than lowering the diameter. H. S. Kim et al. reported
MWCNTSs with a high aspect ratio exhibit favourable intertube interaction according to the
direction of process orientation and MWCNTSs are easily oriented in the in-plane direction [75].
Thus, it is more favourable to enhance in plane thermal conductivity. It has also been observed
that the level of defects act as a less important factor compared to the length of nanotube in
enhancing thermal conductivity. Despite having high defect level on the MWCNTSs and high
phonon scattering as a result, the long MWCNTSs based composite achieved higher thermal

conductivity.
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Fig. 1.5.1A. Comparison of Thermal conductivity measurement vs weight percent of long and short CNT.

Reproduced with permission from Ref. [72]

0.40
&z ® Experimental data
g. 0.35 % Experimental data
= = Numerical results
z = Numerical results
= 030
o
g
§ 0.25
=
£ 0.20
_—
=
O] e e e e
0.0 0.2 0.4 0.6 0.8 1.0

Carbon nanotube loading (wt%)

Fig. 1.5.1B. Thermal conductivity of the nanocomposite as a function of the loading of carbon nanotubes with

different aspect ratio. Reproduced with permission from Ref. [74]
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electrostatic dissipation (ESD) . Reproduced with permission from Ref. [74]
1.5.2 Alignment

Enhancing the thermal conductivity of a composite through higher loading of carbon nanotube
results in a thermal conductivity value that is far below its theoretical prediction. This is due to
the large interface scattering and contact resistance. This can be reduced through alignment of
CNTs in the composite thus increasing thermal conductivity. Choi et al. observed enhancement
of electrical and thermal conductivity of CNT-epoxy composites with magnetic field
processing [76]. It is also reported that cooperative alignment of nanotubes is the main cause
for enhancement of electrical and thermal conductivity in the polymer nanocomposite [77].
Although, for alignment achieved through magnetic field processing, high field strength is
usually required for preparing bulk composites and due to the relatively low magnetic
susceptibility, carbon nanomaterials may need functionalization by introducing magnetic
particles so that they can be aligned under a low-strength magnetic field [78]. According to P.
Gonnet et al. to fabricate nanocomposites, it is extremely difficult to effectively disperse
nanotubes in a polymer matrix beyond 10 wt. % due to the CNT nanoscale dimension and
extra-large surface area [79]. Q. Jiang et al. reported that by adding aligned MWNTSs in a

polymer matrix the thermal conductivity increases by nearly 681 times which is higher than
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unidirectional carbon fibre composite and carbon nanotube composite with high volume

fraction [80]. This confirms the transfer of phonons along the length direction of nanotubes.
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Fig. 1.5.2A. Axial and Transverse aligned thermal conductivity of CNT composites with respect to volume

fraction. Reproduced with permission from Ref. [81]

The problem with most alignment processes arises when combining the carbon nanotubes with
polymer matrix to form a composite material. Any alignment formation achieved prior to
mixing into a composite are unable to be maintained post mixing in a polymer matrix and is
dispersed into random orientation. However, there are methods to align carbon nanotubes in a
polymer matrix. P. Gonnet et al. achieved in plane SWCNT alignment under a high magnetic
field [79]. Flexible and scratch resistant composite films with high CNT content, uniform
dispersion of CNTSs, and controlled patterned CNT structures can be easily fabricated through
in situ imidization. Using this approach, Ning et al. constructed a super aligned carbon
nanotube/polyimide composite that exhibits improved in mechanical strength, Young’s
modulus, electrical conductivity and shows good thermal stability [82]. Likewise, Q. Jiang et
al. successfully fabricated a unidirectional MWCNT reinforced polyimide composite through
spray winding method [80]. It was also reported that through this method a high level of
alignment is preserved and can effectively make high volume fraction carbon nanotube
composites. H. Zhao et al. introduced a novel and facile hot-press combined with peel-off
(HPPO) method to vertically align nanotubes over a polymeric substrate [83]. Single walled

carbon nanotube spray deposited on a nylon membrane can conglutinate with a PSF membrane
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upon hot pressing like a sandwich at a nominal 100 °C. These membranes upon separation
through peel off, aligns the CNTs vertically as shown a Fig. 1.5.2B. Shear force and mechanical
stress are proposed to be the main force behind effective perpendicular alignment to the
substrate surface.

Peel-off
Hot-press

Dip-coating

1S/ W <

(D)

Fig. 1.5.2B. Schematic of the method to align SWNT by hot-press and peel off. Reproduced with permission
from Ref. [83]

C. Ma et al. studied the effects of carbon nanotube loading and magnetic field aligned carbon
nanotubes on fracture toughness of the polymer composite [84]. It is observed that higher CNT
loading significantly reduces the degree of carbon nanotube alignment which has some
significant effects on their fracture resistance. It is also reported that an improvement in fracture
toughness is observed with aligned CNTs. Carbon nanotubes aligned perpendicular to the crack
plane were observed to exhibit much higher fracture toughness than parallel aligned nanotubes

or randomly oriented nanotubes composite.

1.6 Polyvinylidene fluoride (PVVDF) is an outstanding thermoplastic polymer that has received
great attention as a membrane material in recent times due to its excellent chemical stability,
processing stability, high hydrophobicity and mechanical properties, thus making it a potential
material in various industrial applications. Although its high thermal stability makes it a viable
membrane material in heat exchangers, its low thermal conductivity which was determined to
be in the range of 0.2 Wm™K is a very big hurdle to overcome. To date, remarkable progress
are being made with the fabrication of PVDF membranes by introducing conductive fillers to

improve the thermal conductivity but there are still significant challenges to be overcome.
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Fig. 1.6.1: Structure of Polyvinylidene fluoride (PVDF)

1.7 Polyvinylpyrrolidone (PVP) is a non-ionic, non-toxic polymer with C=0, C-N, & CH:
functional groups, that contains strong hydrophilic component (pyrrolidone moiety) and a
considerable hydrophobic group (the alkyl group). The highly polar amide group within the
pyrrolidone ring and apolar methylene and methane groups in the ring and along its backbone
makes PVP dissolvable in both aqueous and many non-aqueous solutions [85]. The repulsive
forces that arise from its hydrophobic carbon chain extend into solvents and interact with each
other (steric hindrance effect) preventing aggregation to form nanoparticles and nanotubes.
Thus, PVP acts as a great stabilizer [86]. A recent report on Ag nanoparticles capped with PVP
oligomers, revealed that the length of the chain played an important role in stabilizing the
nanoparticles. A longer chain is expected provide enhanced stability [87]. Moreover, MD
(molecular dynamics) simulation of AgNP coated PVPg16/PVP1440 0ligomers revealed that the
increase in the length of the PP chain primarily leads to the formation of an additional external

layer around the nanoparticle leading to a higher surface coverage.

N~ "O
H
H

n
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Fig. 1.7.1: Structure of Polyvinylpyrrolidone [88].
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Fig. 1.7.2: MD simulation of PVPg16-AgNP (a, b) and PVP1440-AgNP (c, d) in aqueous solution: (a) and (c) An
initial configuration of single chain PVPg16/PVP1440 wrapped around AgNP. (b) and (d) Equilibrium structure of
PVPg16/PVP1440 coated AgNP taken at the end of 300 ns — exhibiting higher surface coverage with PVP1440.

Reproduced with permission from Ref. [87]

1.8 Poly(4-vinylpyridine) (P4VP) is derived from the polymerization of 4-vinyl pyridine,
which is a derivative of pyridine ring with a vinyl group in the 4 position. P4VP is a
hydrophobic polymer that is insoluble in water until approximately 35 % of the pyridine groups
are charged by protonation [89]. On the other hand, pyridine molecules can form hydrogen
bonds with water molecules and due to its pyridine group exhibiting coordinative reactivity
with transition metals. For this reason, their application in catalysis or as antimicrobial
materials has been widely studied. It is also reported that P4VP stabilized SWNTSs have shown
good dispersion in both organic solvents and aqueous solution (pH=2) [90]. A study on
formation of carbon nanotube/sol-gel composite confirmed that P4VP aid in the formation of
nanocomposites not only by allowing uniform dispersion of SWNTs in the silica as small

bundles, but also appears to foster adhesion between the silica and the nanotubes [91].
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Fig. 1.8.1: Structure of Poly(4-vinylpyridine) [88].

Fig. 1.8.2 has been removed due to copyright restriction.

1.9 Polyethylenimine (PEI) is a cationic water-soluble polymer that contains repeating units
composed of amine group and two carbon aliphatic CH.CH> spacer. PEI has the highest
cationic density, as every third atoms of this polymer is a protonable amino nitrogen [92] and
depending on the linkage of the ethylenimine units, it occurs as branched or linear
morphological isomers [93]. Linear PEI contains secondary amines in its backbone except the
terminal primary group. Conversely, branched PEI contains primary, secondary and tertiary
amino groups at an estimated ratio of 1:2:1. The molecular weight and degree of branching of
PEI polymer influences the average pKa value, which is estimated to be between 8.5 and 9
[94]. CNTs modified with PEI have already been used in drug and gene delivery systems shown
in Fig. 1.9.2 [95]. A study using PEI functionalised SWNT and PEI functionalised MWNT to
deliver small interfering RNA (SiRNA) into human cervical cancer cells were conducted where
PEI functionalisation were observed to increase the positive charge on the surface of SWNTs
and MWNTSs which allowed the carbon nanotubes to electrostatically interact with negatively
charged molecules (SIRNA). Moreover, the solubility of the SWNTs and MWNTS in aqueous
solution were greatly improved with PEI functionalisation and with centrifugation, large
aggregates are further removed producing a more stable suspension of reduced particle size,

improved homogeneity, and dispersity [62].
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Fig. 1.9.2: Cell viability study at different temperature. Lung fibroblast (LF) - Black colour, Breast

Adenocarcinoma (BA) - Red colour and HelLa - Green colour (a) 40 °C (b) 37 °C (c) 35 °C using the Alamar
blue method; LF, BA and HelLa at (d) 40 °C (e) 37 °C (f) 35 °C using the LDH method indicating that CNTs-

PEI/PVA work more efficiently in delivering drug to tumours at temperatures higher than 37°C. Reproduced

with permission from Ref. [95]
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1.10 Aims and Objectives

The aim of this PhD thesis is to perform a detailed comparative analysis of the behaviour of
non-covalently functionalised CNTs of different morphology and different carboxyl content in
a PVDF polymer matrix and characterize the composites obtained in terms of their thermal,
electrical and mechanical properties. Also, non-covalent functionalisation is performed with
polymers of different molecular weight and different structure to study the extent of their
impact towards the improvement of properties in the nanocomposite. The novelty of this work
lies in the application of various CNTs, different molecular weight polymers for
functionalization and polymers of different molecular structures which will elucidate the
critical factors in the meticulous selection of molecular weight and specific concentration range
of a polymer to non-covalently functionalize carbon nanotubes of specific weight percent and
specific morphology to achieve a PVDF nanocomposite with improved thermal, electrical and

mechanical properties.

1.11 Thesis Outline

Chapter 1: This chapter discusses the role of carbon-based materials in polymer composites
and extensively reviews the factors affecting carbon nanotubes fillers towards enhancement of

physical properties in polymer nanocomposites.

Chapter 2: A detailed description on the preparation of polymer nanocomposites, sample

characterization and instrument information are provided.

Chapter 3: This chapter concentrates on the effect of nanotube aspect ratio on the polymer
wrapping behaviour. A study on physical properties of the composites prepared with non-
covalently functionalized As Prepared Single-walled nanotubes (AP-SWNT) by four different
molecular weights of Polyvinylpyrrolidone (PVP) polymer are compared. A higher degree of
dispersion and an enhancement in physical properties is only observed in composites prepared
with nanotubes functionalized by PVP of low molecular weights at low concentration, which
is attributed to the aspect ratio of AP-SWNTSs leading to a strong assumption that nanotubes of
different aspect ratio might achieve a similar result with PVP of different molecular weights.

Chapter 4: This chapter explores the relation between the amount of nanotubes and the polymer
chain length defining the wrapping behaviour. A study on physical properties of the composites
prepared with non-covalently functionalized P3 Single-walled nanotubes (P3-SWNT) using
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four different molecular weights of Polyvinylpyrrolidone (PVP). Contrary to AP-SWNT
composites from Chapter 3, the results from PVP functionalized P3-SWNTs exhibit an
enhanced physical property with highest molecular weight at low concentration followed by
lower molecular weights at a comparatively higher concentration of PVP, which could be
attributed to the fact that the wrapping behaviour is highly influenced by the lower aspect ratio.
There may also be effects due to the mild presence of carboxyl content and defect sites due to
chemical processing of AP-SWNTs in order to produce P3-SWNTSs with a purification level of
more than 98 %. Additionally, the amount of nanotubes plays a key role in achieving a uniform

dispersion of nanotubes with a specific molecular weight of PVP.

Chapter 5: This chapter discusses the change in polymer wrapping behaviour with respect to
the structure of nanotubes. Although, the multi-walled nanotubes (MWNT) have undergone a
similar chemical processing as the P3-SWNTSs achieving a similar level of purity and carboxyl
content, the large diameter of the MWNTS leads to a different aspect ratio compared to P3-
SWNTs. A comparative study was conducted on polymer composites prepared with various
molecular weights of Polyvinylpyrrolidone (PVP) used to functionalize MWNTs. The
composite exhibits a completely different result compared to AP-SWNTs and P3-SWNTSs, such
that a higher degree of nanotube dispersion compared to unmodified nanotube composites is
achieved in MWNTSs functionalized by PVP of low molecular weights at low concentration
and with higher molecular weights at a comparatively higher concentration.

Chapter 6: The effect of polymer structure on polymer wrapping are discussed through a
comparative study on the physical properties of PVP or Poly(4-vinylpyridine) (P4VP)
functionalized CNT polymer composite, with PVP and P4VP exhibiting different molecular
structure but similar molecular weight. The study is conducted with AP-SWNTSs, P3-SWNTSs
and MWNTSs and compared. The result exhibits an effective formation of a conductive path of
nanotube network only among MWNTSs and not among SWNTSs, which could be attributed to
the possibility of a different wrapping pattern for P4VVP compared to PVP.

Chapter 7: A comparative study of the physical properties of polymer composites prepared
through non-covalent functionalization of CNTs by cationic polymer Polyethylenimine (PEI)
are compared in terms of two different molecular weight weights of PEI. These results are
compared to PVP results from earlier chapters indicating the fact PEI wrapping behaviour is
different from PVP wrapping behaviour for SWNTs but exhibits a similar behaviour for
MWNTSs.
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Chapter 8: Conclusions discussing the factors influencing the selection of polymers of certain

chain lengths for certain types of carbon nanotubes of specific concentrations in order to

achieve an enhancement in physical properties of the composites are provided. An overview

of potential future work is also discussed in detail.
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CHAPTER 2

MATERIALS and METHODS

Part of this chapter was published previously in Namasivayam, M.; Andersson, M.R.;
Shapter, J. Role of Molecular Weight in Polymer Wrapping and Dispersion of MWNT in
a PVDF Matrix. Polymers 2019, 11, 162.
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2.1 Materials:

Multi-walled carbon nanotubes used in this research were purchased from Sigma-Aldrich
(Product No.: 755133, St. Louis, MO, USA) with an average diameter of 9.5 nm, a length of
1.5 pm and an impurity of less than 5% metal oxide. AP-SWNTSs (As prepared) and P3-SWNTSs
were purchased from Carbon Solutions (Riverside, CA 92507, USA) with an individual tube
length ranging from 0.5 — 3 um and an average diameter of 1.4 nm. AP-SWNTSs used in this
research are about 60 - 70 % pure with a metal content of less than 30 %, a bundle length of 1
to 5 um and a bundle diameter range of 2 to 10 nm. P3-SWNT used were more than 90 % pure
with the presence of 5 - 7 % metal content and a bundle length of 500 nm to 1.5 pm (~ 1 pm)
with a diameter range of 4 - 5 nm. Commercial P3-SWNTs and MWNTSs were purified through

acid treatment with nitric acid.

PVDF with a melt flow rate (MFR) of 20-35 g per 10 min (230 °C, 3.8 Kg!), density of 1.78
g-mlt at 25 °C and an average molecular weight of 180000 g-mol™ (Sigma Aldrich) was used
as the polymer matrix. Polyvinylpyrrolidone with molecular weights of 10000 g-mol*, 40000
g-mol?, 55000 g-mol? and 360000 g-mol*! (Sigma Aldrich), poly (4-vinylpyridine) with
molecular weight of 60000 g-mol™ (Sigma Aldrich) and polyethyleneimine with molecular
weights 800 g-mol? and 25000 g-mol? (Sigma Aldrich) were used for non-covalent

functionalization of nanotubes.
2.2 Sample Preparation:

Prior to use, all the nanotubes have undergone a dilute nitric acid (3M HNO3) reflux for 16
hours to achieve a high level of purity. The resultant carbon nanotubes are filtered and dried

overnight in an oven with a temperature ranging from 80 °C to 90 °C.
The nanocomposites were prepared through solution mixing method, which includes two steps.

The first step was to obtain the “solution” containing polymer wrapped CNTs and the second
step was to mix the “solution” and the PVDF polymer in the same solvent, followed by a
controlled evaporation process through deposition over a glass or silicon substrate resulting in
a film thickness of approximately 40pum. An ElImasonic S30H 280W power bath sonicator was
used for the sample preparation.

First step: 1 mg of unmodified CNTs was suspended in 250 uL. of DMF and sonicated for
10 minutes to produce a uniform dispersion [1]. Then, a defined amount of functionalization

polymer (PVP or P4VP or PEI) was dispersed in the CNT solution. The mixture was sonicated
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for a period of 45 minutes and then left undisturbed overnight in order to confirm that the
prepared solution can sustain a dispersion without re-aggregation for a period of 12-15 hours
[2, 3].

Second step: The mixture is combined with 20 mg of PVDF polymer in 200 uL. of DMF and
sonicated for a period of 4 hours [4]. The resulting non-covalently functionalized CNT/PVDF
mixture is then deposited on a clean silicon/glass wafer of about 2 cm in length and 2 cm in

breadth, and dried in an oven at a temperature at 100 °C for 24 hours.

In this work, the amount of CNT and PVDF remained essentially constant with only the
concentration of functionalization polymer varied at a weight percent of 1.48 % to 41.18 %
(0.025 mg to 0.7 mg) with respect to the amount of CNT used to make the composite. A

comparative result is produced.
2.3 Raman Spectroscopy:

This is a spectroscopic technique based on inelastic scattering of monochromatic light, usually
a laser source. When a molecule is irradiated with a light source, the photons of the laser light
are absorbed by the sample and scattered. Most of the light scattering, called elastic Rayleigh
scattering, happens at the same frequency, vo, as the incident light but as a result of interaction
between oscillation of light and molecular vibration, a very small fraction of light gets scattered
at a different frequency v and exhibits inelastic scattering. This phenomenon is called Raman
scattering and by analysing the spectrum of Raman scattered light, it is possible to analyse the
composition of materials as the frequency modulation would be specific to molecular
vibrations and/or phonons in crystal. The frequency of the Raman scattering could be either
higher (Anti-stokes scattering) or lower (Stokes scattering) than the frequency of the incident

photon.
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Fig. 2.3.1: Schematic representation of Raman scattering. Reproduced with permission from Ref. [5]

About 99.999% of all incident photons undergo elastic Rayleigh scattering and only about
0.001% of photon produces in-elastic Raman scattering with frequencies vo = vy useful enough
for molecular characterisation. Special measures to distinguish Raman scattering from
Rayleigh scattering should be taken. Instruments such as notch filters, tuneable filters, laser
stop apertures, double and triple spectrometric system are used to reduce Rayleigh scattering

and obtain high quality Raman spectra.

Raman spectra of functionalized and non-functionalized nanocomposites were analysed using
XplorRA Horiba Scientific Confocal Raman Microscope witha 532 nm laser operating at 1 %
laser power (0.079 mW). The laser power was kept at minimum in order to avoid causing
damage to the PVDF polymer matrix and thus affecting the nanotube dispersion in the
composite. MWNTSs have been characterised using 1800T grating at a slit width of 200 um and
a hole size of 500 um. Both AP-SWNTSs and P3-SWNTSs have been characterised using 2400T
grating at a slit width of 100 um and a hole size of 100 um.
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Fig. 2.3.2: Normalized Raman spectra of nanocomposites acquired for different concentrations of PVPsso00
functionalized P3-SWNT/PVDF composite.

As mentioned earlier, Raman spectroscopy is a form of vibrational spectroscopy. It provides
molecular analysis by giving information on the composite material structure by evaluation of
relevant vibrational features. When the functionalization of nanotubes affects the degree of
nanotube dispersion in the polymer composite, a change in the C-C bond vibration leading to
a change in vibrational frequencies of the normal mode is pertinent. This can be observed as a

position shift in the Raman band [6].
2.4 Electrical Conductivity

Nanocomposites were deposited on a clean glass substrate and electrical conductivity was

measured at room temperature using a four-point probe method.

Sheet resistivity is measured using the voltage and current reading from the probe:

p (2) - ln7(T2) ;

Where:

C 4532
In(2)
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In typical usage, the current is set to 4.53 mA so that the resistivity is simply the voltage reading

inmV.

Electrical conductivity of the composite is measured to be

1
S/m=
M= &
R is in ohms/sq. and t is film thickness in m.
2.5 Thermal Conductivity
Bench Power Supply PID Temperature Controller

Ocean Controls N322

Differential Temperature
Meter e.g Fluke 52 Il

C———"""77 Substrate

|

Aluminium Block
10mm X 10mm X 3mm

Fig. 2.5.1: Schematic Representation of thermal conductivity measurement rig.

Thermal conductivity was measured using a steady state technique in a well-insulated chamber,
where the sample is placed between a heat source and a heat sink with a known amount of heat
supplied through a steady state power input using a PID Temperature controller (Ocean
Controls N322). The temperature difference across a given length of the sample was measured
using a differential temperature meter (Fluke 52 I1) after a steady-state temperature distribution
is acquired. Thermal conductivity of the sample was calculated using Fourier’s Law of Heat

Conduction.
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qL 1 K-1
k_AAT (W-mt.K?)

Where, g is the amount of heat supplied through the sample, A is the cross-sectional area of

the sample. L being the distance through which heat flows and AT is the temperature difference

observed.
Thermal Conductivity Brass
40 _— 15
Y [ = ) ® . Y T1
35 o0®® e ®ee® 13
o0® e00®00000® T X
° °® 8
30 ® ° 0@ 11 o
o 0® Le0° 32.33333333 S
© 25 e® L 9 ©
=] [ °® L4 :C:J
@®
= 20 o 7
s 00 $eo 200, 5.266666667 =
£ 15 5 g
= o
10 T1- 3 E
T2 (@)
|_
5 1
0 -1
0 50 100 150 200 250 300
Time (s)

Fig. 2.5.2: Observed temperature difference in pure brass material. T1 is the incoming temperature to the

substrate. T2 is the outgoing temperature through the substrate. AT is the temperature difference.

gL _ 59.616 Wx0.311 cm
AAT 3.24 cm?x5.27 K

=1.086 W-m*.K*
=108.6 W-m™.K* (Measured Value)

k =

Thermal Conductivity for Brass: 109W-m™-K (Theoretical value)[7]
2.6 Dynamic Mechanical Analyser (DMA):

DMA is a material characterization technique, where an oscillatory strain is applied to the
material at a frequency and temperature of interest and the resulting stress developed in the
material is analyzed [8]. Storage modulus (G’), loss modulus (G”), and damping co-efficient

(Tand), properties that changes significantly when crystalline structure changes to amorphous
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phase, are measured as a function of temperature, time or frequency. The modulus is defined
as the measure of a material’s resistance to deformation or in simple terms, a higher modulus
value is an indication of more rigidity of the material. The operating principle is that, during
these phase transition a proportionally larger change occurs in the mechanical property of the
sample than in its specific heat and that is why even though there are several techniques

available to determine glass transition temperature, DMA is considered highly sensitive[9].

In DMA, the stiffness and loss of the sample are being measured and the choice of geometry
will be dependent on the sample under investigation. A sample can be characterized through
tension, compression, bending or torsion depending on their thickness and the sample material.
For example, films of less than Imm thickness can only be measured accurately under tension
but anything thicker would be too stiff and the bending mode would be a preferred choice.
Likewise, torsion is a good geometry, but the sample size must be reasonably large. For low
modulus samples like rubber, gels and paste a simple shear would be an excellent approach.
Although compression mode would exhibit high geometrical errors, is often the only way of
measuring irregular shaped samples [10].

The polymer nanocomposite samples prepared in this research have a thickness of about 40
microns and a TA Instruments Q800 DMA (New Castle, DE, USA) was used to analyse the
mechanical characterisation of the sample. The mode of oscillation used was Tensile Strain
and the procedure performed was temperature ramp with a frequency sweep. The experiments
were performed in a temperature range of -90 °C to 200 °C at a temperature ramp of 3 °C-min’
1 with a soak time of 1 min, meaning the sample is maintained at -90 °C for 1 minute to make
sure the sample actually reached the temperature before the experiment begins. An amplitude
of 20um and a static force of 0.05 Newton were applied and maintained throughout the
experiment. Storage modulus and Tan delta of the composite were characterised as a function

of temperature and compared.
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Fig. 2.6.1: Storage modulus graph of PVPssqoo functionalized SWNT/PVDF composite.

The storage modulus graphs for five different samples of PVPsso0 functionalized
SWNT/PVDF composite are displayed in Fig. 2.5.1. All the samples contained a constant
amount of carbon nanotube and PVDF polymer but with varying content of PVP
functionalization from 0 % to 33.33 %. Almost all the samples exhibited similar storage
modulus, which is expected as the presence of carbon nanotubes would increase the tensile
strength of the composite but only a composite that has well dispersed nanotubes is expected
to have formed a nanotube network that exhibits a higher mechanical strength to hold the
sample together even when the host polymer (PVDF) begins to melt and hence can sustain the
stress at a comparatively higher temperature. This was observed at a temperature range above
165 °C, which happens to be the melting temperature of the PVDF polymer. In the case of
PVPss000 functionalized SWNT/PVDF composite, a PVP content of 23.08 wt. % is required to
produce a sample with highest mechanical strength. This result is expected to change for

different molecular weight of PVP and for different polymers.
2.7 Differential Scanning Calorimetry:

DSC is a thermal analytical technique that measures the heat flow occurring in a sample when
heated, cooled or held isothermally stable at constant temperature. The DSC setup is composed
of a measurement chamber operatable by a computer. Two pans, a sample pan with the material
being investigated and a reference pan typically empty are heated in the measurement chamber.
The computer is used to monitor the temperature and regulate the rate at which the temperature

of the pans changes, with the typical heat rate around 10 °C per min [11].
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With the heat flows, the composition of the material in the sample pan may undergo physical
changes such as phase change causing a differentiation from the reference pan in the rate of
temperature change for a given amount of heat. In order to maintain a constant temperature
between the two pans, the system varies the amount of heat provided to one of the pans. The
output is a plot of the difference in heat (q) recorded versus time (t), also known as the heat
flow (g/T). Whereas, the heating rate is the time rate change of temperature (AT/t), AT being
the change in temperature. The heat capacity Cp (Joules/°C) can be derived from the heat flow

and the heating rate.
1
__/t _ 4 o
Cp= T = ar Joules/°C

If the heat capacity of a material (polymer) is constant over some temperature range then the
plot of heat flow against temperature would exhibit a line with zero slope. A polymer in its
molten state will at some point reach its glass transition temperature (Tg) when cooled. At this
point, due to changes in chain mobility, the mechanical properties of the polymer change from
those of an elastic material to those of a brittle one. The heat capacity of a polymer is different
prior to and after its glass transition temperature and it is usually higher above Tg. The transition
happens over a range of temperatures instead of at one unique temperature point forming an
inclined portion in the plot of heat flow against temperature and the middle point of this inclined

region is considered as Ty.

The polymer chains have high mobility above the glass transition temperature and at some
point above Tg4 the chains have enough energy to form ordered arrangements and undergo
crystallization. Being an exothermic process, heat is released to the surroundings during
crystallization. Therefore, providing less heat is sufficient to keep the temperature of both the
sample pan and reference pan constant resulting in a decrease in the recorded heat flow. This
is witnessed as a dip in the plot of heat flow versus temperature, also known as crystallization
peak and the temperature at which the lowest point of the dip observed is known as
crystallization temperature (T¢).

Unlike during crystallization, the polymer chains are able to move around freely at the melting
temperature (Tm) and thus do not have ordered arrangement. Melting is an endothermic process
requiring the absorption of heat and despite continued heating there is not much change in
temperature during melting process. This is due to the fact that the energy added during this

time is only used to melt the crystalline region and does not increase the average kinetic energy
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of the chains that are already in the melt. After melting, the temperature again increases with
heating. This appears in the plot as a jump discontinuity at the melting point known as melting

peak and melting temperature (Tm) is defined as the temperature at the peak apex.

Not all polymers tend to go through all three transitions. Only polymers capable of forming
crystals would exhibit crystallization and melting peaks and since crystalline polymers possess
amorphous domains, they exhibit glass transition as well while amorphous polymers will only
undergo a glass transition. The exact temperature at which these transitions occur is solely
dependent on the structure of the polymer. Even a subtle change in structure would create a

huge change in Ty.
Fig. 2.7.1 has been removed due to copyright restriction.

A TA Instruments 2930 DSC (New Castle, DE, USA) was used to investigate the crystallisation
and melting behaviour of the sample. A sample of about 9 mg was first heated from a
temperature of 20 °C to 200 °C and then maintained at 200°C for one minute before cooling
down from 200 °C to 20 °C at a rate of 10 °C min™L. The steps were repeated to acquire a
second heating scan. The degree of crystallinity is obtained from the enthalpy of melting AHs,
enthalpy of crystallization AH¢ and enthalpy of melting for a fully crystalline polymer AHy,

100%-

——*100
AHf,lOO%

Degree of crystallinity =

2.8 Scanning Electron Microscopy (SEM):

SEM is a powerful tool for material characterization. A focused electron beam is scanned over
the surface of a sample in order to produce a signal that can be used to obtain information about
surface topography and composition. Image formation is dependent on the acquisition of signal
produced from the electron beam and specimen interaction. Accelerated electrons possess a
significant amount of energy which can be dissipated as a variety of signals such as secondary
electrons, backscattered electrons, diffracted backscattered electrons, photons, visible light and
heat produced due to electron-sample interactions. Among these, scattered electrons are most
valuable in characterizing the morphology and topography of the sample and back scattered

electrons are most valuable for illustrating contrasts in composition in multiphase samples [12].
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Non-electrically conductive samples can be challenging to image as the negatively charged
electrons make the sample negatively charged which can cause image distortion. However, the
samples prepared for this research are composites of PVDF polymer and carbon nanotubes
which are naturally conductive and hence the necessity for a conductive coating has been
avoided. The dispersion of the nanotubes in the polymer matrix has a very significant impact
on the topography of the composite. An Inspect F50 SEM (FEI) had been used to characterize
the composites at an accelerating voltage of 10 kV. Samples with and without functionalisation
have been characterized from both the anterior and fractured side view.

= SellS e A
HV mag = | WD
PM 10.00 kV 60 000 x|7.4 mm

Fig. 2.8.1: SEM images of PVVP55000 functionalised SWNT/PVDF composite a) Anterior view and b) fractured

side view.
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Chapters 3-5 discuss the degree of nanotube dispersion and enhancement of physical properties
of PVP functionalized CNTs in PVDF composites prepared with PVP of four different
molecular weights for As Prepared single-walled nanotubes (Chapter 3) and P3 single-walled
nanotubes (Chapter 4) and three different polymer molecular weights for multi-walled
nanotubes (Chapter 5). The nanotubes are differentiated in terms of aspect ratio, carboxyl
content, and structure. AP-SWNT and P3-SWNT share a similar diameter but different length
leading to a difference in their aspect ratio. Unlike AP-SWNTs, P3-SWNTs are chemically
processed to achieve high purification leading to a mild presence of carboxyl content and defect
sites according to the supplier (Carbon Solutions-Riverside, CA 92507, USA), which would
affect the thermal conductivity of pristine nanotubes. Similarly, MWNTSs are also chemically
processed to achieve high purification (Sigma-Aldrich, USA) like P3-SWNTSs but possess a
larger diameter compared to both AP-SWNT and P3-SWNT. The change in the degree of
dispersion and the formation of nanotube networks for all three types of nanotubes with respect
to the length of polymer chain are discussed in terms of the physical properties of the

composites as a collective conclusion in chapter 5.
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CHAPTER 3
PVP FUNCTIONALIZED AS PREPARED

SINGLE WALLED NANOTUBES (AP-
SWNT) IN PVDF COMPOSITES
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3.1 CHAPTER INTRODUCTION

As prepared single-walled nanotubes (AP-SWNTS) used in this research were obtained from
Carbon Solutions Ltd., at a carbonaceous purity level of 60-70 % with a metal content of less
than 30 wt. %. AP-SWNTs are close ended with a bundle length of 1-5 um, average diameter
of 1.4 nm, bundle diameter of 2-10 nm and a density of about 1.2-1.5 g/cm?®. They are prepared
using an electric-arc discharge method and due to the absence of chemical processing, the
carboxyl content and numbers of defect sites is very low in AP-SWNTSs. In this chapter the
non-covalent functionalization of AP-SWNTs by PVP polymer with different molecular
weights is compared and the physical properties of the composites formed with the addition of
the PVP functionalized AP-SWNTs to PVDF are analysed extensively.

3.2 SAMPLE DETAILS

The composites used in the study were prepared with 1mg of unmodified AP-SWNTSs
functionalized with polyvinylpyrrolidone (PVP) of various concentration from 0 to 33.33
weight percent, dispersed in 20 mg of PVDF polymer. Four sets of composites were prepared
with PVP with four different molecular weights. The amount of AP-SWNTs and PVDF
polymer were maintained constant throughout the study. A minimum of three composites for

every concentration range were prepared and an average result is analysed.
3.3 RESULTS & DISCUSSION

3.3.1 Thermal Conductivity

Comparative thermal conductivity results for composites prepared using four different

molecular weights of PVP are shown in Fig. 3.3.1.

The introduction of pristine AP-SWNTs in a PVDF composite has improved the thermal
conductivity from 0.2 W-m*.K™! for the pure PVDF polymer to a thermal conductivity value
of 4.37 W-m.K™ for the composite containing unfunctionalized nanotubes. This is observed
at 0 wt. % and is denoted with a solid black circle in Fig. 3.3.1. This increase can be attributed
to the high aspect ratio of the AP-SWNTs. The thermal and mechanical properties of a
nanocomposite are highly influenced by the filler dimensions meaning nanocomposites
prepared with nanotubes of higher aspect ratio presented better conductivity and enhanced
mechanical properties [1]. Moreover, strong interfacial bonding between the polymer matrix
and CNT is highly influenced by the aspect ratio of CNTs. Even though a very high thermal
conductivity is observed, due to high van der Waals interaction nanotubes tend to form
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aggregates in the polymer matrix leading to poor interfacial interaction between the nanotubes
and the polymer and this has a negative impact on the physical properties of the composite
including thermal conductivity. A polymer composite containing a homogeneous dispersion of
nanotubes would enhance the overall thermal conductivity even further and this can be
achieved only through surface functionalization of nanotubes. Polymers like
polyvinylpyrrolidone (PVP) functionalize nanotubes in a non-covalent manner that not only
improves the interfacial interaction between the functionalized nanotubes and polymer matrix
but also preserves the intrinsic property of the nanotubes. O’Connell et al. reported that PVP
wraps helically around a SWNT [2], and helical wrapping geometries maximise the number of
polymer units interacting with the nanotube surface with increasing polymer chain length at

the expense of some torsional energy.

Thermal Conductivity of PVP@AP-SWNT/PVDF composite
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Fig.3.3.1: Thermal Conductivity measurements of four different PVP functionalized AP-SWNTs in PVDF

composites.

Four different molecular weights of PVP was used in this study 10000, 40000, 55000, 360000
g-mol™t. Among these a decent thermal conductivity improvement is observed in composite
prepared with PVP10000 functionalized nanotubes. A thermal conductivity of 6.683 W-m™-K*
is observed at a PVP concentration of 6.98 wt. % which is a 52.86 percent increase and in the
similar concentration range, composites prepared with PVPssoo functionalized nanotubes
exhibit a thermal conductivity of 4.63 W-m™*-K! which is a 5.95 percent increase compared to

composites with unmodified nanotubes. Although, composites prepared with PVPaoo00
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functionalized nanotubes exhibit an increase in thermal conductivity compared to other
composites prepared with PVPaso00 at similar concentration range, they are comparatively
lower than composites with unmodified nanotubes. A similar result is observed in composites
prepared with PVP3s0000 functionalized nanotubes, but the observed thermal conductivities are
even lower than those for PVP4oo00 and in all cases lower than the composite prepared with
unfunctionalized nanotubes. The results observed could be attributed to the length and diameter
of the nanotubes used in this study. Considering the absence of chemical processing and defect
sites, the only other parameter that could influence the polymer wrapping in AP-SWNTs would
be their aspect ratio. However, the high aspect ratio coupled with strong intrinsic van der Waals
attraction between nanotubes leads to formation of ropes, meaning collection of aligned
SWNTs that are uniform in diameter. The difference in wrapping behaviour exhibited for the
same polymer of different molecular weights would be due to the fact that different lengths of

the polymer chain lead to different amount of surface area coverage of the nanotubes.

The most important factor to form an effective polymer nanocomposite with high thermal
conductivity is to achieve a homogeneous dispersion of nanotubes in the polymer matrix with
more structured CNT network, which provides a denser conductive path for the propagation of
phonon vibration [3]. This is observed as a form of nanotube alignment in the SEM image of
composites prepared with lowest molecular weight polymer PVP1o000 functionalized nanotubes
(see Figure 3.3.10), but not with higher molecular weights of PVP functionalized nanotube
composites. This could be attributed to the abrupt changes in surface coverage of CNTs of
certain diameter with polymer chain of certain length [4]. It is possible that the polymer
wrapping achieved with PVP3sso000 polymer could have led to higher surface coverage of
nanotubes isolating them from the neighbouring nanotubes thus compromising the nanotube
network and an effective phonon conduction. Likewise, the thermal conductivity observed for
PVP40000 and PVPsse00 functionalized nanotube composite could be the result of a network
formation, but just not an effective conductive path as observed in PVP1o000 leading to an
enhancement in thermal conductivity yet lower compared to the thermal conductivity of
unmodified AP-SWNT/PVDF composite. The results clearly show that the length of the
polymer chain plays a very important role in the polymer wrapping and eventually in the
formation of a nanotube network. There is a high possibility that with nanotubes of different
aspect ratios, longer polymer chains might prove effective. Some similar observations has been
reported by Salazar-Rios et al. in a study involving the selection mechanism of the polymer

wrapping technique of three different polymers towards semiconducting SWNTs with two
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different diameters [5]. Among the three polymers, PF12 tends to be a good dispersant of large
diameter nanotubes but not with small diameter nanotubes even though the difference in
diameter is only approximately 0.5 nm. While both P12CPDTBT and P3DDT tend to be a good
dispersant of both small and large diameter nanotubes, P12CPDTBT was comparatively more
effective. However, P3DDT exhibits the best outcome regarding the selectivity towards
semiconducting species, with a dispersion yield of 15 % for smaller diameter nanotubes and
21 % for larger diameter nanotubes. Similarly, Samanta et al. studied the debundling and
dispersion of SWNT by flexible conjugated polymers such as PFx and P:AT [6]. The SWNTSs
are functionalized through the n-x interaction that occurs between the conjugated backbone of
the polymer and the electron surface of the nanotube and solubilizing alkyl side chains of
optimal length supports debundling and dispersion of organic solvent. Their result confirms
that polyfluorenes with alkyl chain length of eight carbons is effective in dispersing SWNTs
of diameter 0.8-1.2 nm and longer alkyl chain with 12-15 carbons are favoured for the
dispersion of nanotubes of increased diameter up to 1.5 nm. So, it is plausible to consider that
PVP polymer also exhibits a similar mechanism, such that only a polymer chain of certain
length is capable of achieving a homogeneous dispersion of nanotubes in the PVDF matrix
without compromising the network formation leading to the different thermal conductivity

result observed for different molecular weight.

3.3.2 Crystallization behaviour of PVP@AP-SWNT/PVDF composite

Interaction between nanotubes and polymer is vital in order to initiate a nucleation effect in the
polymer matrix and this is expected to be higher with high aspect ratio carbon nanotubes. The
possibility for an increase in the growth and development of crystals in a polymer matrix is
high with high aspect ratio nanotubes owing to their greater nucleating efficiency due to strong
interfacial interaction[7]. The crystallization behaviour observed in Fig. 3.3.2, for AP-SWNT
composites functionalized with four different molecular weights of PVP show some
resemblance with their respective thermal conductivity result observed in Fig. 3.3.1.
Composites prepared with PVPio0o functionalized nanotubes exhibit a high degree of
crystallization of about 37.83 %, which is small 3.16 % (relative) increase from the degree of
crystallization observed for unmodified AP-SWNT/PVDF composite of 36.67 %. This is
followed by PVPaoo00 and PVPsso00 functionalized nanotube composites, exhibiting the next
best crystallization behaviour of about 37.54 % and 37.53 % showing a 2.37 % (relative) and
2.35 % (relative) increase. Composites with PVPss0000 functionalized nanotubes also exhibits

an improvement in crystallization behaviour of about 37 % in a similar concentration range.
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This enhancement in the degree of crystallization confirms the improvement in nucleation
observed with better dispersion of nanotubes. The decrease in crystallization at higher
concentration of PVP is attributed to the fact that a higher amount of PVVP polymer leads to
higher surface coverage of the nanotubes thus reducing the interfacial interaction between the

nanotubes and PVDF polymer.

Degree of Crystallization of PVP@AP-SWNT/PVDF
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Fig. 3.3.2: Crystallization vs PVP wt. % of PVP functionalized AP-SWNTSs in PVDF composites.
3.3.3 Electrical Conductivity

The electrical conductivity results obtained for PVP functionalized AP-SWNTSs in PVDF
composites of four different molecular weights are shown in Fig. 3.3.3. A conductivity of 25.1
S-cm is observed for composites prepared with unmodified AP-SWNTs. Similar to the
thermal conductivity and crystallization results, composites prepared with PVP10000
functionalized nanotubes exhibit an increase in conductivity to 27.6 S-cm™ at a PVP
concentration of 9.09 wt. % which is a 9.96 % increase compared to composites prepared with
unmodified nanotube. This confirms that in this concentration range PVP10000 functionalized
nanotube composites achieved a stable dispersion of nanotubes and also allows the formation
of an effective nanotube network. Whereas, a threshold point is reached at higher
concentrations of PVP due to higher surface coverage of nanotubes that compromises the
contacts between the nanotubes, thus disrupting the effective nanotube network leading to a
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decrease in conductivity as observed in Fig. 3.3.3. Although, PVP4g000 functionalized nanotube
composites exhibit a good electrical conductivity of about 23.2 S-cm™ at a PVP concentration
of 9.09 wt. %, the electrical conductivities are comparatively lower than the unmodified
nanotube composites and the threshold point is reached with increasing PVP concentration
leading to a decrease in conductivity. This confirms that even though a stable dispersion of
nanotubes and a good formation of nanotube network can be achieved with PVPago00
functionalization, they are still not as effective as the PVPioooo functionalized nanotube
composite. However, composites prepared PVPssoo0 and PVPsgso000 functionalized nanotubes
exhibit a very low electrical conductivity of about 0.156 S-cm™ and 0.154 S-cm™ at a PVP
concentration of 2.44 wt. % and reaches a threshold point leading to further lower conductivity
with increasing PVP concentrations thus confirming the occurrence of higher surface coverage
of nanotubes with longer polymer chains leads to formation of a poor nanotube network

compared to PVP10000 and PVPao000 functionalized nanotube composites.

Electrical Conductivity of PVP@AP-SWNT/PVDF
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Fig. 3.3.3: Electrical Conductivity measurements of four different PVP functionalized AP-SWNTSs in PVDF
composites.
3.3.4 Mechanical Characterization

Glass transition temperatures measured for PVP functionalized AP-SWNTs in PVDF
composites at various PVP concentration are plotted in Fig. 3.3.4A. The glass transition
temperature of unmodified AP-SWNT/PVDF composite were plotted at 0 along the x-axis and
is observed to be -35.12 °C.

57



Glass Transition temperature of PVP@AP-SWNT/PVDF
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Fig. 3.3.4A: Glass transition measurement of four different PVP functionalized AP-SWNTs in PVDF

composites.

Functionalization of nanotubes with PVP10000 Showed the largest increase in the glass transition
temperature to about -31.16 °C at a PVP concentration of 6.98 wt. % confirming that the
polymer molecular structure has become more ordered due to increased interaction between
the nanotubes and the PVDF polymer. Likewise, PVPaoo0 and PVPssoo0 functionalized
nanotube composites also exhibit an increase in glass transition temperature of about -31.66 °C
and -33.27 °C at a similar concentration range but comparatively lower than PVPio000
functionalized nanotube composites. Whereas, PVP3s0000 functionalized nanotube composite
exhibits an increase in glass transition temperature of about -33.02 °C at a slightly higher
concentration range of about 16.67 wt. %. This result confirms the fact that a better dispersion
of nanotubes leads to increased interaction between the nanotube and the polymer, thus forming
a more ordered polymer molecular structure. Moreover, increasing PVP concentration leads to
higher surface coverage of nanotubes that tends to disrupt an effective nanotube network and
the polymer molecular structure, this leads to a decrease in the glass transition temperature as
witnessed in Fig. 3.3.4A.
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Fig. 3.3.4B: Storage modulus measurement of PVP1goo0 functionalized AP-SWNTSs in PVDF composites.

The storage modulus of the pure PVDF polymer (dotted black line) showed a major
improvement with the addition of unmodified AP-SWNT filler (solid black line) as shown in
Fig. 3.3.4B - 3.3.4E. However, a stable dispersion of nanotubes would enhance the interaction
between the nanotubes and PVDF polymer compared to unmodified nanotube composites
which would increase the storage modulus even further. PVVP1o000 functionalized nanotube
composites exhibits a higher storage modulus for composites functionalized with a range of
PVP concentrations as shown in Fig. 3.3.4B, and the highest storage modulus is observed for
composites functionalized with 6.98 wt. % of PVPio000 Which correlates with the highest
thermal conductivity result observed for PVP1oo00 functionalized composites in Fig. 3.3.1. This
could be because the interaction between the nanotubes and PVDF polymer tends to be higher
in this concentration range. Although higher concentrations of PVPioo00 functionalized
composites tend to exhibit a similar storage modulus as an unmodified nanotube composites,
they tend to decrease at higher temperatures leading to a lower storage modulus above 172 °C

compared to unmodified nanotube composites.

The melting temperature of a pure PVDF polymer composite is observed to be at 162.69 °C
(dotted black line) and the composites prepared with unmodified AP-SWNT composites
exhibit a good mechanical strength at temperatures beyond the melting temperature of PVDF
polymer. This could be due to the fact that the high aspect ratio of the AP-SWNTSs allows the
composites to have some network like formation which helps the composite maintain a

mechanical strength at temperatures as high as 198.26 °C (an error rate of 0.3% was observed),
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highlighted in the green dashed circles in Fig. 3.3.4B — 3.3.4E. Among the PVPi000
functionalized nanotube composites, the composite prepared at a PVP concentration of 6.98
wt. % is the only composite that tends to exhibit a higher storage modulus compared to
unmodified nanotube composite beyond the melting temperature of PVDF and can withstand
temperatures as high as 196.18 °C. Although composites prepared at a PVP concentration of
16.67 wt. % can withstand a temperature as high as 198.45 °C, a decrease in storage modulus
compared to unmodified nanotube composites is observed beyond a temperature of about
178.55 °C which could be due to a weaker interaction between the nanotubes and the polymer
at high temperatures. The composites prepared at a PVP concentration of 33.33 wt. % exhibits
a comparatively low mechanical strength and are unable to withstand a temperature beyond
176.01 °C. This observation confirms the presence of a more ordered polymer molecular
structure at a PVP concentration of 6.98 wt. % compared to unmodified nanotube composite
and it could due to the formation of a nanotube network achieved through a stable dispersion

of nanotubes in the PVDF matrix.

The composites prepared with PVPaoooo and PVPsse00 functionalized nanotubes composites at
different concentrations of PVP either exhibit a low mechanical strength at high temperature
range or are unable to withstand higher temperatures compared to unmodified nanotube
composite as shown in Fig. 3.3.4C and Fig. 3.3.4D, highlighted in the green dashed circles.
This confirms that a PV/Pao000 and PVPsso00 functionalized nanotubes could not exhibit a stable
network like formation of nanotubes beyond the melting temperature of PVDF polymer as
effective as an unmodified AP-SWNT/PVDF composite.
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Fig. 3.3.4C: Storage modulus measurement of PVPago00 functionalized AP-SWNTSs in PVDF composites.
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Fig. 3.3.4D: Storage modulus measurement of PVPsso00 functionalized AP-SWNTSs in PVDF composites.

PVP3g0000 functionalized nanotube composites exhibit a similar result in Fig. 3.3.4E to those
observed for PVPso000 and PVPss000. The composites with different concentrations of PV P3gsoo00
either exhibit a comparatively low mechanical strength at high temperatures or reach a yielding
point at a comparatively lower temperature of about 191.17 °C as observed in composites
prepared at a PVP3g0000 cONncentration of 16.67 wt. %. Although a similar result is observed in
composites with a PVP concentration of 33.33 wt. %, they exhibit a fairly similar storage

modulus and also yields at a slightly lower temperature of about 197.25 °C compared to

unmodified AP-SWNT/PVDF composite.
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Fig. 3.3.4E: Storage modulus measurement of PVPsgq000 functionalized AP-SWNTSs in PVVDF composites.
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The results from the mechanical characterization of PVP functionalized AP-SWNTs in PVDF
composite show some resemblance to the thermal conductivity measurement observed in Fig.
3.3.1, such that an effective network of nanotubes exhibiting both a higher mechanical strength
and increased glass transition temperature compared to unmodified nanotube composite is
observed only with PVP10000 functionalized nanotube composite at a concentration range of
6.98 wt. %.

3.3.5 Microscopy Results

An SEM image of the anterior view of a non-functionalized AP-SWNTs in PVDF composite
is shown in Fig.3.3.5A (A) and the fractured side-view image shown on Fig.3.3.5A (B) which
is achieved by fracturing the composite after exposing to liquid nitrogen and analyzing along
its thickness. High van der Waals interaction among the nanotubes tend to form clusters in the
polymer matrix leading to poor dispersion. Although, the high aspect ratio of AP-SWNTs made
it difficult to observe the aggregate formation in the SEM image of an unmodified nanotube
composites, some clusters formations can still be seen in Fig. 3.3.5A as highlighted by the red

circles.
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Fig. 3.3.5A: Scanning electron microscope results of non-functionalized AP-SWNTSs in PVDF composite; (A)
anterior view and (B) fractured side-view - agglomeration of nanotubes are highlighted in red circles

SEM analysis of composites prepared at the concentration that exhibited the highest thermal
conductivity (as shown in Fig. 3.3.1) for four different molecular weights of PVVP are shown in
Fig. 3.3.5B. PVP functionalization has reduced the van der Waals interaction and enhances the

dispersion of nanotubes in the polymer matrix leading to the absence of aggregate formation.
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The presence of PVP polymer in the composite appears as white spots on the surface and is

clearly visible in the anterior view of the SEM image.
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Fig. 3.3.5B: Scanning Electron Microscopy results of PVP functionalized AP-SWNTSs in PVDF composite -
PVP10000 (A & B) — alignment like formation highlighted in green circle, PVP4go00 (C & D), PVPsso00 (E & F),

and PVPsg0000 (G & H); anterior view (left) and fracture side view (right).

Although a stable dispersion of nanotubes is achieved through PVP functionalization in all the
four molecular weights of PVP as shown in Fig. 3.3.5B, only PV/P10000 functionalized nanotube
exhibited a more pronounced conductive path for an effective thermal conduction as observed
in Fig. 3.3.1. This is clearly observed among the dispersed nanotubes in the SEM image of
PVP10000 functionalized nanotube composites, shown in Fig. 3.3.5B (A) as highlighted by
green circles. Whereas, such an alignment like formation are not observed with the
nanocomposites functionalized with higher molecular weights of PVVP. This type of formation
could have allowed for an increased interaction between the polymer and the nanotubes, thus
achieving a comparatively high thermal and electrical conductivity and higher degree of

crystallization.

3.3.6 Raman Results

Raman Spectroscopy acts as a useful tool for analysing the interaction between the polymer
and the carbon nanotubes. The three main features of a Raman spectrum would be (i) low
energy modes or so called radial breathing modes at low frequencies (<400 cm™), (ii) the defect
induced double resonant D band at ~1350 cm™ and (iii) the tangential modes that are the most
intensive high energy mode forming the G-band resulting from in-plane vibrations of sp?
carbon-carbon bonds[8, 9]. The shift in the tangential mode is an effect often observed upon
chemical modification of nanotubes. In addition, it was found that the Raman peak position
shifts significantly under compression. The interatomic distance of a material changes when a
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strain is applied and thus the vibrational frequencies of some of the normal modes change
causing a Raman peak position shift [10]. A stable dispersion of nanotubes in polymer matrix
favours mechanical compression. Jang et al. studied the influence of carbon nanotube
clustering on the performance properties of cement paste. Their result confirmed the reduction
in compressive strength of CNT/cement composites due to poor dispersion and an increase in

compressive strength is observed with increasing nanotube dispersion[11].
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Fig. 3.3.6: G-band of a Raman spectra of unmodified AP-SWNT/PVDF composite, PVPsso0 functionalized AP-
SWNT/PVDF composite prepared at a PVP concentration of 6.98 wt. % and 16.67 wt. %.

The G-band of a PVPssoo functionalized nanotube composite prepared at two different
concentrations are compared with G-band of unmodified nanotube composite to analyse the
surface functionalization of AP-SWNTSs as shown in Fig. 3.3.6. A shift in the peak position of
the G-band is observed with PVP functionalization. The G-band for an unmodified nanotube
composite is observed at 1590.26 cm™ and the G-band for the composite prepared at a PVP
concentration of 16.67 wt. % is observed at 1589.22 cm™ exhibiting a difference of ~1
wavenumber. Whereas, the G-band observed at 1593.37 cm™ for the composite prepared at a
concentration of 6.98 wt. % exhibits a difference of more than 3 wavenumbers. The peak shift
could be due to the difference in interaction level between the nanotubes and the polymer
confirming different level of nanotube dispersion observed with different concentrations of
PVP and it is clear from the result that the composite prepared at a concentration of 6.98 wt. %
tend to exhibit a different degree of nanotube dispersion compared to unmodified nanotube

composite, thus exhibiting a shift of more than 3 wavenumbers.
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3.4 CONCLUSION

High aspect ratio nanotubes without surface functionalization are effective in the formation of
a nanotube network in the polymer matrix thus exhibiting improved thermal, electrical and
mechanical properties yet aggregate formation is inevitable due to high van der Waals
interaction among the nanotubes. An analysis of the PVDF composite prepared with non-
covalently functionalized AP-SWNTs with four different molecular weights of PVP were
conducted. Although a stable dispersion of nanotubes is achieved with all the four molecular
weights of PVP, a homogeneous dispersion of nanotubes is achieved only with PVP1g000
functionalized nanotube composite at a concentration of 6.98 wt. %. This could be due to the
formation of conductive nanotube network that allows for higher thermal and electrical
conductivity, higher degree of crystallization, improved mechanical strength. Whereas, PVP
with higher molecular weights tend to exhibit a lower degree of network formation compared
to PVP1o000 functionalized nanotube composite and unmodified nanotube composite. The
diameter of the nanotube and amount of surface coverage of nanotubes plays the key role. A
change in aspect ratio would increase the probability for PVVP of higher molecular weights to

exhibit an effective conductive network.
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CHAPTER 4

PVP FUNCTIONALIZED P3 SINGLE
WALLED NANOTUBES IN PVDF
COMPOSITES
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4.1 CHAPTER INTRODUCTION

P3 Single-walled nanotubes used in this study are obtained from Carbon Solutions Ltd. at a
purity level of above 90 % achieved through purification of AP-SWNT with nitric acid and
obtained in a highly functionalized form with a metal content of about 5-7wt.%. As a result,
the carboxyl content of P3-SWNT would be higher than AP-SWNT. In this chapter, the
presence of carboxyl content and its impact towards the non-covalent functionalization of P3-
SWNT by polyvinylpyrrolidone (PVP) and subsequently the dispersion of the PVP/SWCNT
complex in a PVDF matrix is studied. This study also extends towards understanding the
relation between the amount of nanotubes and concentration of polymer and their effect in

achieving a more homogeneous dispersion.
4.2 SAMPLE DETAILS

The composites used in the study were prepared with 1mg of unmodified P3-SWNTSs
functionalized with polyvinylpyrrolidone (PVP) of various concentration from 0 to 66.67
weight percent, dispersed in 20mg of PVDF polymer. The amount of P3-SWNTs and PVDF

polymer were maintained constant throughout the study.

An additional study was performed with composites prepared with 0.25 mg, 0.5 mg, 0.75 mg
and 1 mg of unmodified P3-SWNTs functionalized with various amount of
polyvinylpyrrolidone ranging from 0.025 mg to 0.5 mg. The amount of PVDF polymer used
remains unchanged at 20 mg.

4.3 RESULTS & DISCUSSION

4.3.1 Thermal Conductivity

Four different molecular weights of PVP were used to non-covalently functionalize P3-SWNTs
in the preparation of P3-SWNT/PVDF composites. The concentration of PVP was varied from
a weight percent of 0 %, which is a composite prepared with pristine non-functionalized P3-
SWNTSs, up to a weight percent of 33.33 %. A minimum of three composites for every
concentration range were prepared to avoid experimental errors and the thermal conductivity

of these composites were measured and an average result is shown in Fig. 4.3.1A.

The theoretical thermal conductivity of pure PVDF polymer was observed to be about 0.2
W-m.K? [1] and the presence of pristine non-functionalized P3-SWNT has increased the
thermal conductivity of the composites to 2.93 W-m™*.K™. This can be attributed to the fact
that introducing P3-SWNT fillers has increased the thermal conduction of the composite but it
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is also safe to consider that due to high van der Waals interaction between the nanotubes, a
homogeneous dispersion of nanotubes would not have been achieved and that the nanotubes
would have formed aggregates in the polymer matrix. Non-covalent functionalization of
nanotubes with polymers such as polyvinylpyrrolidone are observed to have a positive impact

towards the enhancement of thermal conductivity of the overall composite [2].

The molecular weights of PVP polymers used in this study were 10000, 40000, 55000, and
360000 g-mol™. Among these a decent thermal conductivity improvement can be seen for the
two highest molecular weight polymers 55000 g-mol™* and 360000 g-mol™*. Composites
prepared with PVPssooo records the highest value of 4.27 W-m™.K™ at a concentration of 23.08
wt. %, which is a 46.23 % increase over the composite made with nanotubes only. The
composite prepared with PVPsso000 g-mol™ records a highest value of 3.67 W-m®.K* at a
concentration of 1.48 wt. %, which is a 25.68 % increase over the non-functionalized nanotube

composite.

Thermal conductivity of PVP@P3-SWNT/PVDF composite
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Fig. 4.3.1A: Thermal Conductivity measurements of four different PVP functionalized P3-SWNTs in PVDF

composites.

However, composite prepared with PVP1go00 & PVPaoooo g-mol™ has shown an increase in

thermal conductivity only at higher concentrations as shown in Fig. 4.3.1B.
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Thermal conductivity of PVP@P3-SWNT/PVDF composite
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Fig. 4.3.1B: Thermal Conductivity measurements of two different PVP functionalized P3-SWNTSs in PVDF

composites measured at higher concentration.

The highest thermal conductivity observed in the composite prepared with PVP1oooo is 10.41
W-m1.K? at a concentration range of 50 wt. %, which is a 256.51 % increase compared to
composite with non-functionalized nanotubes. Likewise, the composites prepared with
PVP40000 have shown a 13.5 % increase in thermal conductivity with a recorded value of 3.314
W-m*.K* at a concentration of 50 wt. %. It can be assumed from the thermal conductivity
results observed for other molecular weights of PVP that the chance of a higher degree of
nanotube dispersion for composites prepared with PVPaoo00 functionalized P3-SWNTSs are high
at concentration range higher than the peak position of PVPss000 composites and lower than the
peak position of PVVP10000 cOmposites owing to the length of polymer chain and its influence in
polymer wrapping in order to achieve a uniform dispersion of nanotubes. This could lead to a
further increase in thermal conductivity observed for PVPaoo00 functionalized P3-SWNTS in
PVDF composite somewhere along the concentration range between 33.33 wt. % and 50 wt.
%. This difference in thermal conductivity measured for different molecular weights could be
attributed to the relation between the length of the polymer chain and the amount of single
strand of P3-SWNT present in the composite.

The length of the polymer chain defines the molecular weight of the polymer meaning a short
polymer chain would yield a polymer with a low molecular weight. In the case of polymer
functionalization of nanotubes, the polymer wraps around the surface of the nanotube forming
a supra molecular complex thus enhancing the dispersibility of nanotubes in organic solvents.

The result observed here could be attributed to the fact that, the surface area of the nanotubes
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could not be covered by PVP1o000 at low concentrations as will be the case with PVP3zg0000 at
similar concentrations. The amount of nanotubes wrapped by PVP3s0000 at a low concentration
Is substantial enough to create a positive impact towards the overall thermal conductivity of
the composite. However, PVPssoo0 could create a similar impact only a comparatively higher
concentrations which are then followed by PVPa4oo00 and PVPiooo0. The requirement for
achieving a better thermal conduction in the polymer nanocomposite is to achieve well
dispersed nanotubes that still have some sort of connection with the neighbouring nanotubes in
the composite just like a network but not be entirely isolated from one another. Excess polymer
in the composite might wrap the nanotubes in their entirety, isolating them from the
neighbouring nanotubes thus compromising the transport of phonon among the nanotubes
leading to decrease in thermal conductivity, as observed at concentration higher than the
thermal conductivity peak in Fig. 4.3.1A with PVP3s0000 and PVPss000 functionalization.

Although, a homogeneous dispersion is achieved at a far higher concentration range, a small
increase in thermal conductivity values were witnessed both in PVP1oo0o at 9.09 wt. % and
23.08 wt. % and in PVPa4oo00 at 28.57 wt. %. This could be attributed to the fact that at this low
concentration range a small group of nanotubes in the composites were randomly
functionalized and dispersed leading to a minor improvement in thermal conductivity but a
much higher concentration is required to cover the surface area of all the nanotubes thus
achieving homogeneous dispersion. A similar experiment by Liang et al. on polyfluorene based
SWNT dispersion selectivity, confirmed that the selectivity of PF12 polymer for specific type
of carbon nanotube type is dependent on both the nanotube ratio present in the initial sample
and the polymer concentration used. Their findings confirmed that PF12 polymer of specific
concentration predominantly wraps and disperses semiconducting SWNTs from the mixture
over metallic SWNTSs, provided the percentage of metallic SWNTSs is less than 67 % in the
mixture. If this percentage increases to above 67 % then PF12 begins to disperse metallic
SWNTSs in addition to semiconducting SWNTSs. They also reported that if the concentration of
the polymer increases, the threshold at which metallic SWNTSs begin to disperse shifts to lower
values, and beyond a certain increase in concentration, it becomes hard to keep track of this
threshold. This confirms a relation between the amount of nanotubes and the concentration of
the polymer[3]. Similarly, Z. Li et al. evaluated the network formation of poly (9,9-
didodecylfluorene) PFDD wrapped semiconducting SWNT. SEM characterization of the
composite prepared with SWNT concentration of 9 mg-mL™* and 4/1 weight ratio of

PFDD/SWNT revealed a uniform and dense network while a composite prepared with the same
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SWNT concentration but a higher polymer ratio of 20/1 leads to poor adhesion. Likewise,
increasing the concentration of SWNT from 9 mg-mL™ to 27 mg-mL™* by maintaining the
polymer ratio of 20/1 also leads to non-uniform network. It has been confirmed that as the
nanotube concentration increases at a fixed polymer/tube ratio or polymer/tube ratio increases
at a fixed nanotube concentration, a larger portion of the polymer interacts with the nanotubes
likely due to more inter-molecular interactions leading to more effective energy transfer from
the polymer to nanotubes[4]. This relation between the nanotubes and polymer are more likely
the reason for achieving high thermal conductivity at different concentration in the PVP
wrapped P3SWNT/PVDF composite of different molecular weights as observed in Fig. 4.3.1A
& 4.3.1B. The wrapping behaviour of a polymer over a single walled nanotube happens
similarly but the surface coverage that a polymer chain can achieve would be different with
different molecular weights.

To understand more about the relation between the amount of nanotubes and concentration of
the polymer, composites with different concentration of nanotubes were prepared at a range of
polymer concentrations and their thermal conductivities are plotted in a 3-D graph in Fig.
4.3.1C and Fig. 4.3.1D.

Thermal conductivity of PVPyy,0@P3-SWNT/PVDF
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Fig. 4.3.1C: 3-D surface plot of PVP1900@P3-SWNT/PVDF composites measured for four different
concentrations of P3-SWNT.
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Fig. 4.3.1D: 3-D surface plot of PVPo000@P3-SWNTs in PVDF composites measured for four different
concentrations of P3-SWNT.

Thermal conductivity of pristine non functionalized P3-SWNTSs in PVDF composite with four
different amount of nanotubes such as 0.25 mg, 0.5 mg, 0.75 mg and 1 mg with a PVDF amount
of 20 mg were measured to be 6.79 W-m*.K?, 3.35 W-m*.K1, 299 W-m*.Ktand 2.93 W-m
1K1, The decrease in the thermal conductivity with the increasing amount of nanotubes can
be attributed to the increase in phonon scattering because the higher numbers of nanotubes
leads to increased van der Waals interactions between nanotubes but poor interfacial interaction
between nanotubes and the base polymer. This leads to poor dispersions and poor formation of
CNT networks in the composites. However, lower concentration of nanotubes exhibits
comparatively high thermal conductivity due to better interaction with the base polymer
leading to better networks of CNTSs.

In particular, composites prepared with 0.25 mg of P3-SWNTs exhibit a comparatively high
thermal conductivity for both functionalized and non-functionalized SWCNTSs. PVP1o00
functionalization of 0.25 mg P3-SWNT composite records a high thermal conductivity value
of 17.56 W-m™*-K* at very low concentrations of PVP of 9.09 wt. % (0.025 mg) which is a
258.6 % increase compared to composites prepared with unfunctionalized nanotubes. Also,

PVPao000 functionalized 0.25 mg P3-SWNT composite records a high thermal conductivity of
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49.35 W-m-K 1 at the same concentration range which is 726.8 % increase compared to the
unfunctionalized nanotubes composites. This can be explained as a homogeneous dispersion
and formation of a uniform network, allowing unrestricted phonon transport. However, higher
amounts of nanotubes leads to formation of more aggregates or bundles and would require
higher concentrations of polymer to achieve a homogeneous dispersion. This is clear in

composites containing more than 0.25 mg of P3-SWNTSs.

A 50.66 % decrease in thermal conductivity is observed in composites containing non-
functionalized 0.5 mg P3-SWNTs compared to non-functionalized 0.25 mg P3-SWNT
composite. Though, a minor improvement in thermal conductivity of about 17 % compared to
the system without SWCNT functionalization is observed with PVP1o000 functionalization at
low concentration of 0.025 mg (9.09 wt. %), a homogeneous dispersion is only achieved at a
concentration range of about 0.5 mg (50 wt. %) leading to a high thermal conductivity value
of 8.17 W-m-K* which is a 143.88 % increase compared to unmodified 0.25 mg P3-SWNT
composites. This confirms that the relation between amount of nanotubes and the polymer

concentration plays a vital role in achieving a homogeneous dispersion.

It is not just the concentration of the polymer but also the length of the polymer chain that is
important. In the composite containing 0.5 mg P3-SWNT functionalized with PVPago00 a
homogeneous dispersion is achieved at a comparatively lower concentration of 0.1 mg (16.67
wt. %) with a thermal conductivity increase compared to the unfunctionalized system of 88.36
% exhibiting a value of 6.31 W-m™.K", This observation in PVPago00 can be attributed to the
fact that, the longer polymer chains are capable of covering a larger surface area of the

nanotubes than a short polymer chain does at the same concentration range.

However, such a dispersion is not observed in composites containing 0.75 mg and 1 mg of P3-
SWNTs for the polymer concentration range of 0.025 mg to 0.5 mg. Although an increase in
thermal conductivity of about 11.04 % is observed with PVP10000 functionalized 0.75 mg P3-
SWNT composite at 0.5 mg (40 wt. % PVP) concentration range, it is safe to consider this a
minor enhancement and a homogeneous dispersion occurs at a much higher concentration
range. This is confirmed from Fig. 4.3.1B where a homogeneous dispersion in the 1mg
composites are only achieved at a concentration range higher than 33.33 wt. % in both PVP10000

and PVP4o000 functionalized composites.
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4.3.2 Crystallization behaviour of PVP@P3-SWNT/PVDF composite

Various studies confirming the fact that carbon nanotubes are an excellent nucleating agent and
obervations of the crystallization of a polymer matrix by introducing unmodified pristine
nanotubes in the composite have been reported[5]. However, some recent research has focussed
on understanding the effect of an interfacial interaction between nanotubes and the polymer

and its impact on the crystallinity of the polymer matrix.

Degree of Crystallization of PVP@P3-SWNT/PVDF
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Fig. 4.3.2: Crystallization vs PVP wt. % of P3-SWNT/PVDF composites.

The degree of crystallinity observed for composites prepared with P3-SWNTs fillers
functionalized by PVP of four different molecular weights are shown in Figure 4.3.2. The
result observed shows some resemblenace to their respective thermal conductivity curves. A
minor improvement in the degree of crystallization is observed in PVPsg0000 at a concentration
range of 1.48 wt. % and in PVPsso00 at a concentration range of 23.08 wt. %. However, both
PVP10000 and PVPso000 do not exhibit any improvement in the concentration lower than 33.33
wt. %. This observation can be attributed to the fact that at these concentration the composites
prepared with nanotubes functionalized with PVP1oo00 and PVPaoo00 might not exhibit a
homogeneous dispersion to trigger a nucleation effect for the entire polymer matrix. Although,
there could be an improvement in crystallization in these composites at higher concentrations

but unfortunately time did not permit to go further high on the concentration.
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4.3.3 Electrical Conductivity

The electrical conductivity of P3-SWNT/PVDF composites made using nanotubes wrapped
with PVP of four different molecular weights were analysed as shown in Fig 4.3.6. Similar to
the thermal conductivity results, the composite functionalized with PVP of highest molecular

weight tend to exhibit an improvement in electrical conductivity at the lowest range.

Electrical Conductivity of PVP@P3-SWNT/PVDF composite
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Fig. 4.3.3: Electrical Conductivity measurement of four different PVP functionalized P3-SWNTSs in PVDF
composites.

PVPss0000 records an increased value of 42.5 S-cm™ in a low concentration range near 2.43 wt.
% compared to composites prepared with unmodified nanotubes which have an electrical
conductivity of 36.5 S-cm™ and a threshold point is reached at higher concentrations
contributing to the fact that, any further introduction of polymer after achieving a homogeneous
dispersion compromises the contacts between the nanotubes leading to poor formation of the
network and less conductivity. PVPsso00 and PVPasoo00 also exhibit good electrical conductivity
at low concentrations but reach a threshold point at a comparatively higher concentration than
PVP3s0000 as observed in the Fig. 4.3.3. This is due to the difference in the length of molecular
chain that leads to polymer wrapping and the concentration at which a homogeneous dispersion
is achieved. Similarly, percolation threshold is achieved in PVPzso000 in @ lower concentration
range followed by PVPssoo0 and then by PVPaoooo. This could be attributed to their polymer
chain length and surface coverage of nanotubes, meaning higher polymer chain length allows
for higher surface coverage of nanotubes leading to isolation of nanotube from their

neighbours. Although a fairly good electrical conductivity is achieved in PVPssp0 and

77



PVPao000, it is lower compared to composites prepared with unmodified nanotubes and
PVP3g0000 functionalized nanotubes. This is due to the fact that higher amounts of polymer
present in the composite restricts the movement of electrons from a nanotube to neighbouring
nanotubes and lowers the conductivity of the composite but polymer wrapping of nanotubes is
imperative to achieve a homogeneous dispersion. The key to achieve this without
compromising the formation of a network is through functionalization of nanotubes with
polymer of high molecular weight. This would lead to a dispersion at a very low concentration,
leading to lower wrapping polymer presence and high connectivity between nanotubes. Even
though, PVP1no00 exhibits some electrical conductivity in the low concentration range, the
conductivity is lower than unmodified nanotube composites and also P\VP1o000 With its short
polymer chain exhibits a homogeneous dispersion only at higher concentration range as
observed with the thermal conductivity results in Fig. 4.3.1B. The electrical conductivity at
such high concentrations is expected to be very low. So there is a chance the presence of
PVP10000 might not have created an impact in the electrical conductivity of the composite at
this low concentration range and the electrical conductivity observed could be entirely due to
the presence of unmodified nanotubes in the composite.

4.3.4 Mechanical Characterization

The interfacial interaction between the nanotubes and polymer has a direct correlation with the
glass transition temperature. Gissinger et al. studied the nanoscale structure — property
relationships of polyacrylonitrile/CNT composite and confirmed that the glass-transition
temperature of the composite increases in correlation with the amount of CNT/polymer
interfacial area per unit volume but inversely with the CNT diameter as the interfacial area per
unit volume tends to decrease for larger diameter of CNTs|[6].
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Fig. 4.3.4A: Glass transition measurement of four different PVP functionalized P3-SWNTs in PVDF

composites.

Glass transition temperatures of P3-SWNT/PVDF composite functionalized with four different
molecular weights of PVP were measured and are plotted in Fig. 4.3.4A, with respect to the
concentration of PVP polymer. The composite prepared with non-functionalized P3-SWNTs
were plotted at 0 along the x-axis and exhibits a glass transition temperature of -36.25 °C.
Functionalization of nanotubes with PVP has clearly shown an increase among the two highest
molecular weight polymers PVPss0000 and PVPsso00 at lower concentrations and PVPssoo in
particular exhibits an increase in the concentration range between 6.98 wt. % and 23.08 wt. %.
This result also correlates with the thermal conductivity result observed for PVP3ss0000 and
PVPss000 in Fig. 4.3.1A, confirming an increased interaction with the PVDF polymer and PVP
functionalized P3-SWNT in this concentration range. On the contrary, a homogeneous
dispersion is expected to be achieved in PVPiooo and PVPasgoo only at far higher
concentrations. This leads to the observation in Fig. 4.3.4A, exhibiting a gradual increase in

glass transition temperature with increasing concentration of PVP polymer.
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Fig. 4.3.4B: Storage modulus measurement of PVPssooo functionalized P3-SWNTSs in PVDF composites.

PVP,.,x @P3-SWNT/PVDF
10000

[%2]
>
5
o
o
=
(@))
@
£ -100 -50 0 50 100 150 200
0.1
— — —PVDF P3-SWNT
0.01 PVP 1.48% PVP 6.98%
PVP 16.67% PVP 23.08%
PVP 33.33%
0.001
Temperature

Fig. 4.3.4C: Storage modulus measurement of PVPsg0000 functionalized P3-SWNTSs in PVDF composites.

The dotted plot in the graph Fig. 4.3.4B and Fig. 4.3.4C, represents the result of a pure PVDF
polymer film and introducing non-functionalized P3 single walled nanotubes in the mixture
has shown a major increase in storage modulus of the composite (solid black line). Both,

PVPss000 and PVPsgoo00 functionalized P3-SWNT composites have shown a similar storage
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modulus as the unmodified nanotube composites but they tend to exhibit a different mechanical
strength at higher concentration range. The melting temperature of a PVDF polymer is
observed to be 162.69 °C and the composites prepared with unmodified P3-SWNT nanotubes
does not exhibit a good dispersion and tend to form bundles or agglomerates due to van der
Waals interaction. This results in the composite not being able to maintain a mechanical
strength when the base PVDF polymer begins to melt and cannot withstand a temperature
beyond their yielding point at 169.02 °C as observed in Fig. 4.3.4C. On the contrary, the
composites that exhibit a homogeneous dispersion forms some kind of a nanotube network and
is observed to exhibit a mechanical strength even at temperatures higher than the yielding point
of unmodified P3-SWNT/PVDF composites and this correlates with their respective thermal
conductivity result. PVPsso000 functionalized nanotubes exhibits high thermal conductivity in
composites prepared at a PVP concentration of 1.48 wt. %. This composite is also observed to
exhibit some mechanical strength at temperatures as high as 197.04 °C, confirming the presence
of some sort of nanotube network that holds the composite together. A similar observation is
experienced in composites with PVPsso00 functionalized nanotubes. A minimal mechanical
strength is even observed at temperatures as high as 197.24 °C in composites at the same

concentration of PVP that exhibits high thermal conductivity.

A homogeneous dispersion in composites with PVP4o000 functionalized nanotubes is expected
to be achieved at a far higher concentration. This will be reflected in the mechanical strength
of the composite and is clearly observed in Fig. 4.3.4D. The composites in the concentration
range lower than 33.33 wt. % exhibits no effective mechanical strength above the yielding
point of unmodified nanotube composite with the exception of 2.44 wt. %. Even though, the
composites can maintain a certain amount of mechanical strength at temperature of about
178.64 °C which is higher than the yielding point of an unmodified nanotube composite. They
are still not capable of reaching a higher temperature as observed in composites prepared with
PVPss000 Or PVP3s0000 functionalized nanotube composite shown in Fig. 4.3.4B & Fig. 4.3.4C.
It is quite certain from the observation that the polymer-nanotube interaction observed in
PVPao000 functionalized nanotube composites of 2.44 wt. % are not as effective as a PVPsso00
or PVPss0000 functionalized nanotube composite. This confirms that concentration of PVP4go00
is not enough to disperse all the nanotubes well in the composite in order to create a network

with the neighbouring nanotubes thus holding the composite together.
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Fig. 4.3.4D: Storage modulus measurement of PVPago00 functionalized P3-SWNTSs in PVDF composites.
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Fig. 4.3.4E: Storage modulus measurement of PVPa4goo0 functionalized P3-SWNTSs in PVDF composites.

Just like other composites, PVP1o000 also correlates with their respective thermal conductivity

results. A thermal conductivity increase is observed in Fig. 4.3.1A, between 6.98 wt. % and

9.09 wt. % and these composites also exhibit some mechanical strength above the yielding
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temperature of unmodified nanotube composite at a temperature as high as 198.8 °C and 190.7
°C. The composites that exhibited improved mechanical strength also exhibits higher glass
transition temperature as shown in Fig. 4.3.4A, thus confirming the hypothesis that the short
polymer chain of PVP1o000 disperse nanotubes in smaller groups until enough concentration of
PVP is present to cover the surface area of all nanotubes leading to a homogeneous dispersion.

4.3.5 Microscopy Results

SEM images of non-functionalized P3-SWNTs in PVDF nanocomposite are shown in Fig.
4.3.5A. The left side image is the anterior view of the sample and the right side image is
achieved by exposing the composite to liquid nitrogen and fracturing the sample so the
composite formation can be analysed along the thickness of the sample through SEM. It can
be seen that the nanotubes in the composite exhibits poor dispersion due to high van der Waals
interaction, thus forming aggregates that are highlighted by red circles. SEM analysis of the
composites prepared at concentrations that exhibit an increased thermal conductivity (as shown
in Fig. 4.3.1A) for four different molecular weights of PVP are shown in the Fig. 4.3.5B.
SWCNT aggregates are not observed in composites that are prepared with PVP

functionalization of nanotubes. The presence of PVP is observed as white spots on the surface

and is clearly visible in the anterior view of the sample.

Fig. 4.3.5A : Scanning Electron Microscopy results of non-functionalized P3-SWNTs in PVDF composite;

anterior view (A) and fractured side view (B). Agglomeration of nanotubes are highlighted in red circles.
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Fig. 4.3.5B : Scanning Electron Microscopy results of PVP functionalized P3-SWNTs in PVDF composite -
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in green circle; anterior view (left) and fracture side view (right).

Among the four different molecular weights, PVPsso00 and PVP3so000 achieve homogeneous
dispersion at low concentration and thus exhibit high thermal conductivity. This can be
observed in the image (E & G) of Fig. 4.3.5B highlighted in the green circles where a large
proportion of the nanotubes exhibit a uniform dispersion. Likewise, the fractured side view
image (F & H) also exhibits a uniform surface without any presence of aggregate formation.
Nonetheless, PVPao000 and PVP1o000 functionalized nanotube composites exhibits a certain
degree of nanotube dispersion as observed in the SEM image (A & C) of Fig. 4.3.5B but they
still exhibit lower thermal and electrical conductivity compared to unmodified nanotube
composite due to poor formation of nanotube network along the concentration range lower than
33.33 wt. %.

4.3.6 Raman Results

Raman spectroscopy plays an important role to study and investigate the dispersion of single
walled carbon nanotube in polymer matrix [7, 8]. Microscopic load transfer from the matrix to
the nanotubes can be studied from the shift of the Raman band under applied stress or strain
[9]. A shift in Raman peak is observed if the stress applied to the composite material is
transferred to CNT. This shift varies linearly with applied strain in the elastic range and they
highly depends on the orientation of nanotubes and the properties of the polymer matrix [10,
11]. Raman peaks of SWNTSs down shift to lower wavenumber when axial strain is applied on

the tubes [12]. Zhang et al. studied the Raman shift in PVA composite film prepared with PVVP
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wrapped SWNT and confirmed a downshift of Raman G band observed with increasing strain%
[13].
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Fig. 4.3.6: G-band of a Raman spectra of unmodified P3-SWNT/PVDF composite, PVPsso00 functionalized P3-
SWNTs in PVDF composite prepared at a PVP concentration of 2.44 wt. % and 16.67 wt. %

A shift in the peak position of an unmodified nanotube composite is observed with PVPss000
functionalization of nanotubes. The G band of an unmodified nanotube composite is observed
at 1593.89 cm and the G band for composite prepared at a PVPssoo0 concentration of 2.44 wit.
% is observed at 1591.3 cm™ exhibiting a shift of about 2.5 wavenumbers. Similarly, a peak
shift of about 4.6 wavenumbers is observed with the G band position at 1589.22 cm™ for the
composite prepared at a PVPsso0 concentration of 23.08 wt. %. The peak shift could be
attributed to the difference in amount of strain applied on the nanotubes as a result of a
homogeneous dispersion of nanotubes in the polymer matrix leading to an increased level of

interaction between the polymer and nanotube.
4.4 CONCLUSION

Knowledge regarding the relation between the amount of nanotubes and the molecular weight
of the wrapping polymer is crucial in achieving non-covalent functionalization and an effective

homogeneous dispersion of nanotubes in a polymer matrix. A comparison of pristine P3-

86



SWNT/PVDF composite and non-covalently functionalized P3-SWNTSs in PVDF composite

with PVP of four different molecular weights has been analysed.

Homogeneous dispersions are achieved in composites with PVP of high molecular weights at
low concentration and with lower molecular weights at comparatively higher concentrations.
However, a better formation of conductive nanotube network is achieved in composites
prepared with PVPsgo000 and PVPssooo functionalized nanotubes compared to other two
molecular weights, which are observed in their respective thermal conductivity and electrical
conductivity measurements. Further results obtained from mechanical characterization
confirms a network kind of connection between the nanotubes in composites that are
functionalized with PVP3s0000 and PVPssooo, that allows the composite to sustain a mechanical
strength even at temperature beyond the melting point of base polymer. The results obtained
depends on the amount of nanotubes used in this research meaning a decreased amount of
nanotubes would require PVP of shorter polymer chain or lower molecular weight to obtain a
similar results. This work confirms that an enhanced physical property in a composite prepared
with a certain amount of single walled nanotubes can be achieved by tailoring the composite

with a polymer of specific molecular weight at a specific concentration range.
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CHAPTER 5

PVP FUNCTIONALIZED MULTI
WALLED NANOTUBES IN PVDF
COMPOSITES

Part of this chapter was published previously in Namasivayam, M.; Andersson, M.R.;
Shapter, J. Role of Molecular Weight in Polymer Wrapping and Dispersion of MWNT in
a PVDF Matrix. Polymers 2019, 11, 162.
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5.1 CHAPTER INTRODUCTION

Multi-walled nanotubes used in this research were obtained from Sigma-Aldrich prepared by
chemical vapor deposition with less than 5 % metal oxide content. The average diameter of the
MWNT is 9.5 nm, length being 1.5 um, density of ~2.1 g-mL™ at 25 °C and a melting point of
3652 —3697 °C. In this chapter the non-covalent functionalization of MWNTSs by PVVP polymer
with different molecular weights is compared and the physical properties of the composites
prepared with the addition of the PVP functionalized MWNTSs to PVDF polymer are analysed

extensively.
5.2 SAMPLE DETAILS

The composites used in the study were prepared with 1mg of unmodified MWNTSs
functionalized with polyvinylpyrrolidone (PVP) of various concentration from 0 to 33.33
weight percent, dispersed in 20 mg of PVDF polymer. Three sets of composites were prepared
with PVP with three different molecular weights. The amount of MWNTs and PVVDF polymer
were maintained constant throughout the study. A minimum of three composites for every

concentration range were prepared and an average result is analysed.
5.3 RESULTS & DISCUSSION

5.3.1 Thermal Conductivity

Three different molecular weight PVPs were used to non-covalently functionalize the surface
of MWNT to prepare PVP@MWNT/PVDF nanocomposites at a range of concentrations and
the thermal conductivity of each sample was measured. Fig. 5.3.1 shows the thermal
conductivity of polyvinylpyrrolidone (PVP) wrapped MWNTSs in PVDF composites. The
measurement observed at O concentration is the thermal conductivity of the MWNT/PVDF
composite without the presence of any PVP. This is the thermal conductivity of unwrapped
pristine MWNT in the PVDF matrix.
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Fig. 5.3.1: Thermal conductivity measurements of three different PVP functionalized MWNT in PVDF

composites. Reproduced with permission.

A thermal conductivity of 1.48 W-m1-K™* is observed for the MWNT sample prepared with
no PVP wrapping, which is greater than the thermal conductivity value of a pure PVDF
polymer of 0.2 W-m™-K™%, This increase in thermal conductivity can be attributed to the
presence of CNT in the polymer matrix. Due to high van der Waals interactions, CNTs have a
tendency to form aggregates and weak interactions between the polymer and MWNTSs are
expected. However, these interactions between MWNTSs can be overcome through the proper
functionalization of CNTs with an appropriate polymer, such as PVP, and thus, the overall

thermal conductivity of the polymer nanocomposite can be increased.

The molecular weights of PVP used in this study were 10,000, 40,000 and 55,000 g-mol ™.
From the thermal conductivity graph in Fig. 5.3.1, it can be observed that the presence of PVP
yielded an increase in the thermal conductivity. The higher polarity of P\VP compared to PVDF
could induce strong n—n interactions with MWNT and as a result, could produce a more
homogeneous composite due to the better dispersion of nanotubes. However, the difference in
the molecular weight of these polymers plays a key role in the overall dispersion. One can
observe from the result that PVP with a lower molecular weight of 10,000 g-mol™ records a
value of 3.64 W-m™-K™* at 3.38 wt. %, which is a 146 % increase in the thermal conductivity

from the non-functionalized MWNT in PVDF composite.
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PVPaoo00 and PVPssooo display their highest thermal conductivity values of 2.14 W-m*.K™
and 2.40 W-m1.K™* at 9.09 wt. % and 23.08 wt. %, respectively. Although they exhibit an
increase in thermal conductivity of about 44.6 % and 62.1 % compared to pure PVDF, they are
comparatively lower than the highest thermal conductivity observed for PVPioo0. The
difference observed with changes in molecular weight, could be attributed to factors like
wrapping behaviour, polymer structure and the geometric parameters of the constituents in the
nanocomposites. PVVP has amide bonds and pyrrolidone rings and tends to possess a flexible
backbone structure which leads to the polymer forming an interchain coil rather than a helical
conformation [1, 2]. Mu et al. reported that a substantially increased tensile modulus can be
observed when the radius of gyration of the polymer is greater than the diameter of the high
aspect ratio filler [3, 4]. However, Davijani and Kumar reported that the wrapping behaviour
observed in few walled nanotubes (FWNT) and MWNT is different from SWNT due to the
difference in their diameter, and as a result, helically ordered wrapping is only observed in
SWNT [5].

Our thermal conductivity results illustrate that the presence of a functionalization polymer with
a low molecular weight produces high thermal conductivity in the composite at low
concentrations. This could be attributed to the fact that P\VP with high molecular weight possess
longer polymer chains that wrap the nanotubes almost entirely. A thicker layer of polymer
around the CNTs due to higher surface coverage on the nanotube will still allow phonon
transport from a nanotube through the layer of PVP to other nanotubes in the network, but this
transport will be hindered, thus reducing the overall thermal conduction when compared to
PVP with a low molecular weight. On the contrary, PVP with lower molecular weight and
shorter polymer chains wrap the nanotubes with a comparatively thin layer of polymer to
induce a proper dispersion without disrupting the phonon transport in the nanotubes, resulting

in higher thermal conductivity.

5.3.2 Crystallization behaviour of PVP@MWNT/PVDF composite

The degree of crystallinity exhibits an apparent influence over the thermal conductivity of
polymer-based nanocomposites [6, 7]. Furthermore, it is a known fact that CNTs exhibit an
excellent nucleation effect for the crystallisation of semicrystalline polymers [8]. W.-b Zhang
et al. found that the crystal form of PVDF does not change in a MWNT-PVDF or PVP

functionalized MWNT-PVDF nanocomposite, confirming that the enhancement of thermal
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conductivity and variation of crystallinity are not induced by the change in crystal form of

PVDF, but are dependent on the contents of CNTs in the polymer matrix [9].
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Fig. 5.3.2: Crystallization vs PVP wt. % of PVP functionalized MWNT in PVDF composites. Reproduced with

permission.

Fig. 5.3.2 provides the degree of crystallinity observed for each composite as a function of
concentration for each molecular weight of the wrapping polymer. The DSC results obtained
for the three types of PVP mimic their respective thermal conductivity results. PVP1oo00
exhibits a better thermal conductivity at a concentration range of 2.44 wt. % and also displays
a high degree of crystallisation of about 42.78 %. Similarly, a high degree of crystallisation is
observed in PVP4oo00 and PVPssoo0 at a concentration range of 16.67 wt. % but a comparatively
lower thermal conductivity is displayed. This is due to the fact that in these concentration
ranges of PVP, the MWNT, in addition to being well dispersed, also exhibits a conductive
network in the PVDF matrix, thus allowing a high thermal conductivity and an increased

amount of crystallisation.

5.3.3 Electrical Conductivity

The electrical conductivities of the PVP@MWNT/PVDF composites are illustrated in Fig.
5.3.3, with three different molecular weights measured separately. The results exhibit electrical
conductivities of 26 and 28.9 S-cm™ for PVPigoo and PVPagooo, respectively, at the
concentrations that yield high thermal conductivity, confirming the presence of an electrically
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conducting network in the composite at these concentrations. However, in the case of PVPssoo0,
a weak conductive network has been observed owing to the fact that the long polymer chain
could have wrapped more than a single MWNT together or a single nanotube wrapped entirely,
leading to higher surface coverage, thus compromising the formation of a conductive network.
This could have hindered the transport of electrons in the overall composite, yielding a
comparatively low electrical conductivity of 1.09 S-cm™* which continues to decrease with an
increasing concentration of PVP until a threshold point is reached. Percolation threshold is
reached at a PVVP concentration of 16.67 wt. % with PVP4000 and PVPss000, beyond which no
relative change in electrical conductivity is observed. The threshold point in PVPigoo is
reached at a comparatively higher concentration of 23.08 wt. %. This could be attributed to
the fact that higher surface coverage of nanotubes for the higher molecular weight polymers
leads to an isolation from neighbouring nanotubes compromising effective electron transport
in the composite. This is achieved with polymers of higher molecular weights at a lower
concentration due to their longer polymer chains compared to polymers of lower molecular

weight and their short chain length.
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Fig. 5.3.3: Electrical conductivity measurements of three different PVP functionalized MWNT in PVDF
composites. Reproduced with permission.
5.3.4 Mechanical Characterization

Ajayan et al. reported that surface (filler) — polymer interaction greatly influences the glass

transition temperature. An increase in glass transition temperature is due to the increase in
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density and decrease in the mobility of the polymer chains [10]. The increase in glass transition
temperature is indicative of a strong interaction presented between the nanotubes and the
polymer matrix. A study on the glass transition temperature of a carbon nanotube based epoxy
composite performed by Smrutishika Bal confirmed that an increase in glass transition
temperature is observed with better dispersion of nanotubes [11]. Similarly, Verma et al.
reported that factors like dispersion of MWNT and average length of the nanotubes together
with their diameter directly influences the packing fraction of MWNT in the composite which

in turn plays a decisive role in the enhancement of glass transition temperature [12].
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Fig. 5.3.4A: Glass transition measurement of four different PVP functionalized P3-SWNT in PVDF composites.

The glass transition temperature (Tg) measured for different molecular weights of PVP
functionalized MWNT in PVDF composite at various PVP concentration are plotted in Fig.
5.3.4A. The glass transition temperature for the unmodified MWNT/PVDF composite is
observed to be -35.07 °C and plotted at 0 along the x-axis.

An increase in glass transition temperature is observed in all three molecular weights of PVP
functionalization. PVP10000 functionalized nanotube composite exhibit an increase in Tq at
lower concentration of about 2.44 wt. % followed by a drop and then exhibited an increase
before reaching higher concentration range of about 33.33 wt. %. PVPao00 functionalized
nanotube composites tend to exhibit a high Ty at a low concentration range followed by a

gradual decrease with increasing concentration and reached a minimum at higher concentration
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range. Although, PVPss000 functionalized nanotube composites exhibited an increase at low
concentration range. They tend to exhibit their highest T4 on higher concentration range. This
is attributed to the fact that uniform dispersion of MWNT in PVVDF matrix increases some order
of crystallinity of PVDF allowing increased polymer-nanotube interaction, which improves the

strength and hence storage modulus and glass transition temperature of nanocomposites [12].
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Fig. 5.3.4B: Storage modulus measurement of PVP1g000 functionalized MWNT in PVDF composites.

The storage modulus of the PVDF composite (dotted black line) is significantly increased with
the introduction of pristine MWNTSs (solid black line) confirming the fact that the presence of
MWNT has increased the mechanical strength of the composites. The unmodified
MWNT/PVDF composites tend to maintain the mechanical strength up to a temperature of
about 184.78 °C above the melting temperature of the PVDF polymer which is 162.69 °C. This
increase in mechanical strength is purely influenced by the presence of multi walled nanotubes
and a stable dispersion of nanotubes would allow for a further improvement in the mechanical
strength. PVP functionalization has improved the dispersion of nanotubes in the PVDF matrix
leading to a formation of nanotube network that allows the composites to maintain the
mechanical strength at temperatures higher than the yielding point of the unmodified nanotube

composite, highlighted in the green dashed circles in Fig. 5.3.4B - 5.3.4D.
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Storage modulus of PVP1000 functionalized MWNTSs in PVDF composites of various PVP

concentrations are shown in Fig. 5.3.4B. A homogeneous dispersion was achieved at a PVP10000

concentration of 2.44 wt. % in the PVP1o000 functionalized nanotube composite. This leads to

the higher thermal conductivity and crystallization behaviour as shown in Fig. 5.3.1 and 5.3.2.

This composite (solid red line) exhibits fairly similar storage modulus as an unmodified

nanotube composite but still they tend to maintain the mechanical strength to a temperature as

high as 197.18 °C. Likewise, composites prepared at a PVP10000 concentration of 9.09 wt. %

and 33.33 wt. % also tend to exhibit a mechanical strength at temperatures as high as 198.82

°C and 198.73 °C. This is entirely due to PVP functionalization of nanotubes leading to

improved dispersion of nanotubes and increased interaction between the nanotubes and

polymer matrix.
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Fig. 5.3.4C: Storage modulus measurement of PVPagooo functionalized MWNTS in PVDF composites.
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Fig. 5.3.4D: Storage modulus measurement of PVPssgo functionalized MWNTS in PVDF composites.

A homogeneous dispersion is achieved in PVP4oo00 functionalized nanotube composite at a
concentration of 9.09 wt. % which exhibits a similar storage modulus as an unmodified
nanotube composite shown in Fig. 5.3.4C. However, the composite maintains the mechanical
strength up to a temperature of about 198.18 °C beyond the yielding point of unmodified
nanotube composite and the composites prepared at higher PVPago00 concentration of 23.08 wit.
% and 33.33 wt. % also exhibit a similar mechanical strength at higher temperatures and
reaches an yielding point at 197.83 °C and 197.37 °C, thus confirming an increased interaction
between the nanotubes and polymer matrix. Whereas, composites prepared at lower PVP 40000
concentration of 2.44 wt. % exhibit a lower storage modulus compared to unmodified nanotube
composite yet the interaction between the nanotubes and polymer is effective to maintain the

mechanical strength up-to a temperature of about 198.65 °C.

PVPss000 functionalized nanotube composites also exhibit a similar result. Composites prepared
at a lower concentration of 2.44 wt. % reach a yielding point at a higher temperature of about
197.12 °C compared to the yielding point of unmodified nanotube composite observed at
184.78 °C. However, above a temperature of about 165.2 °C, the storage modulus of 2.44 wt.
% composites are lower compared to unmodified nanotube composites. Whereas higher
concentrations of PVPssoo0 functionalized nanotube composite exhibit a higher storage
modulus compared to unmodified nanotube composites and tend to maintain the mechanical

strength at a comparatively higher temperature. Higher thermal conductivity and crystallization
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behaviour is observed in PVPsso00 functionalized nanotube composite at a concentration of
23.08 wt. % due to homogeneous dispersion of nanotubes and the mechanical strength of this
composite is higher compared to unmodified nanotube composite and is maintained until a
yielding point is reached at 196.53 °C. Also, composites prepared at a concentration of 9.09
wt. % and 33.33 wt. % exhibit a higher storage modulus and reach a yielding point at a
temperature of about 197.72 °C and 197.75 °C. The results observed in Fig. 5.3.4B - 5.3.4D
confirm that an interaction between the polymer and the nanotubes was achieved for all
molecular weights of PVP thus maintaining a mechanical strength beyond the yielding point
of an unmodified nanotube composite. However, composites prepared at low concentrations of
PVP of all molecular weights tend to exhibit a lower storage modulus. This could be because
the dispersion of nanotubes at low concentrations could have created a network formation that
acts a conductive path for phonon and electron transport but yet an improvement in nanotube-
polymer interaction is required to exhibit a higher storage modulus and this can be achieved

with higher concentrations of PVP.

5.3.5 Microscopy Results

Nanocomposites prepared with non-functionalized MWNT in a PVDF matrix exhibit poor
dispersion. From the SEM image in Fig. 5.3.5A (A), high cluster of nanotubes can be seen and
is highlighted in the image by red circles. Due to high van der Waals interactions, the nanotubes
present are clustered together in the form of aggregates.
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Fig. 5.3.5A: Scanning electron microscope results of non-functionalized MWNTSs in PVDF composite; (A)
anterior view and (B) fractured side-view - agglomeration of nanotubes are highlighted in red circles.

Reproduced with permission.
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However, in the PVP functionalized MWNTSs in PVDF samples, unlike non-functionalized
samples, an absence of clusters can be observed. This is due to the presence of PVP polymer
in the composite, which adsorbs onto the walls of the CNTs, thus decreasing the van der Waals
interactions between the nanotubes and increasing the interaction between PVDF polymer and
nanotubes. This is also witnessed in the fractured side view of the sample, unmodified
nanotubes are observed to be clustered together due to high VVander Waals interaction in Fig.
5.3.5A (B), but PVP functionalized nanotubes are observed to be fused together with the PVDF
polymer in Fig. 5.3.5B confirming an increase in nanotube-PVDF interaction. This distribution
of MWNT in the PVDF matrix can be witnessed for all three molecular weights of PVP
confirming that the dispersion of MWNTSs in the PVDF matrix is significantly improved with
the wrapping of PVP, irrespective of the length of the polymer chain. A similar observation

can be witnessed in the fractured SEM images.
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Fig. 5.3.5B: Scanning Electron Microscopy results of PVP functionalized MWNTSs in P\VDF composite -
PVP10000 (A & B), PVP 4000 (C & D), and PVPsso00 (E & F); anterior view (left) and fracture side view (right).

Reproduced with permission.
5.3.6 Raman Spectroscopy

The G-band of a PVPssoo0 functionalized MWNTSs in PVDF composite prepared at a
concentration of 2.44 wt. % and 16.67 wt. % were compared with the G-band of an unmodified
MWNT/PVDF composite. PVP functionalization allows for an effective dispersion of
nanotubes leading to increased interaction of polymer and nanotubes. This might have applied
a strain on the surface of the MWNTSs leading to a change in the vibrational frequencies of
some of the normal modes and also chemical modification of nanotube has an impact over the
shift in tangential mode [13]. As a result, a shift in G-band from 1599.1 cm™ to 1597.54 cm
is observed in composites prepared with PVP functionalized nanotubes at a concentration of
2.44 wt. % and a further shift to a position of 1596.91 cm™ is observed in composites prepared
at a concentration of 16.67 wt. %. Similarly, a peak shift from 1351.79 cm™ to 1347.27 cm™ in
D-band is observed in composites prepared with PVP functionalized nanotubes. The interaction
level between the polymer and nanotube differs with different concentration of polymers and

it is the reason for the observed peak shift.
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Fig. 5.3.6: G-band of a Raman spectra of unmodified MWNT/PVDF composite, PVPssgo functionalized
MWNTSs in PVDF composite prepared at a PVP concentration of 2.44 wt. % and 16.67 wt. %.

5.4 CONCLUSION

In summary, a comparison of pristine MWNTSs in PVDF composites and non-covalently
functionalized MWNTSs in PVDF composites with different molecular weights of PVP as the
functionalization polymers for CNTs were analyzed. The thermal conductivity measurements
of the nanocomposites show an overall increase. The molecular weight of the polymer used in
the functionalization of MWNTSs has a significant impact on the thermal conductivity of the

composites.

The dispersion of MWNTSs in the polymer matrix was improved with all three molecular
weights of PVP, but the thermal conductivity and the crystallization behaviour shows a better
response with low molecular weights due to the fact that short polymer chains wrap the
nanotubes better improving the dispersion without compromising the connectivity of the
nanotube network. The mechanical strength of the composite was improved with enhanced

nanotube-polymer interaction and is achieved at moderately higher polymer concentrations.
5.5 COLLECTIVE CONCLUSION OF CHAPTERS 3-5

As mentioned earlier in Chapter 2 section 2.2, the amount of CNTs used in the preparation of

the polymer nanocomposite is essentially kept constant. However, the results show that the
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molecular weight of PVP capable of achieving a higher degree of nanotube dispersion in the
composite leading to the formation of a conductive nanotube network compared to unmodified
nanotube composite are different for different types of nanotubes. A higher degree of
dispersion and formation of a nanotube network is achieved in AP-SWNTSs only through PVP
functionalization of low molecular weights at low concentration. Although higher molecular
weights initiate a stable dispersion of nanotubes in the composite, they fail to achieve an
effective network formation as observed in chapter 3 Section 3.3.1., due to the difference in
surface coverage of nanotubes achieved through polymer wrapping by polymers of different
chain length. Higher surface coverage of nanotubes could disrupt the formation of a structured
nanotube network through isolation of nanotubes from their neighbours, thus compromising
effective conductive path in the overall composite. However, P3-SWNTs of same amount as
AP-SWNTs exhibits a contrast result in the composite where PVP of higher molecular weight
exhibits a higher degree of dispersion at low concentrations. This difference in results achieved
for nanotubes of similar diameter could be attributed to the fact that the difference in surface
coverage required to establish a higher degree of dispersion are different for AP-SWNTSs and
P3-SWNTs. Although, a similar diameter is observed for AP-SWNTs and P3-SWNTs, the
average length of the nanotubes in AP-SWNTSs is observed to be more than twice than that of
P3-SWNTs. This allows for more than twice the number of single nanotubes in a certain
amount (5 wt. % with respect to the amount of PVDF) of P3-SWNTs compared to AP-SWNTSs
of similar amount, requiring a higher number of nanotubes to be functionalized in order to
achieve a stable dispersion in the composite with P3-SWNTs. This could have resulted in the
necessity for P3-SWNTSs to be functionalized with PVP of longer polymer chain (higher
molecular weight) to achieve a higher degree of dispersion, which PVP of smaller polymer
chain could achieve in AP-SWNTs. Moreover, smaller polymer chains (lower molecular
weight) tend to exhibit a similar result in P3-SWNTs only at comparatively higher
concentrations of PVP as observed in Chapter 4 Section 4.3.1 (Fig. 4.3.1B). Smaller polymer
chains can exhibit a higher degree of dispersion at low concentration of PVP, when the amount
of nanotubes are reduced leading to a decrease in the number of individual nanotubes hence
decreasing the surface area of nanotubes requiring functionalization to achieve higher
dispersion compared to unmodified nanotube composites as observed in chapter 4 Section 4.3.1
(Fig. 4.3.1C and Fig. 4.3.1D).

MWNTs of same amount exhibits a completely different result as observed in chapter 5 Section

5.3.1. A higher degree of dispersion and an effective network formation is achieved through
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PVP functionalization of lower molecular weight at low concentration of PVP and a similar
result is achieved in composites prepared through PVP functionalization of higher molecular
weights at comparatively high concentration. The structure of the nanotube plays a key role in
the results as observed in chapter 5. The larger diameter of the nanotube could have allowed
longer polymer chain PVP to have double or triple helical wrapping requiring higher
concentration of PVP in order to cover all the individual nanotubes to create a uniform

dispersion in the nanotubes which a small polymer chain could achieve at low concentration.

SEM images of PVPsso00 functionalized CNTs (for the various CNTs used) deposited directly
on a solid substrate are shown in Fig. 5.5.1 - Fig. 5.5.3. The amount of CNTs used were
maintained constant and the samples were prepared at the respective PVPsso00 concentration
that exhibited the highest thermal conductivity for all the three types of CNTSs as observed in
chapter 3-5. Differences in the wrapping pattern and surface coverage of nanotubes are

observed for all the three types of nanotubes.

15/05/2019 HV mag o WD
11:38:58 AM|10.00 kV 160 000 x 8.6 mm

15/05/2019 HV mag o WD
11:40:29 AM 10.00 kV| 160 000 x 8.6 mm

Fig. 5.5.1: PVPss000 functionalized AP-SWNTSs deposited on a solid substrate prepared at PVVP concentration of
6.98 wt. % (green circle highlighting PVP functionalization).

AP-SWNTs exhibits some kind of an alignment like formation when deposited on the solid
substrate, which could be attributed to the smaller diameter and high aspect ratio of AP-SWNTs
as clearly observed as longer nanotubes in Fig. 5.5.1. PVPsso00 tend to adsorb on to AP-SWNTSs
in portions as highlighted in green circles, thus failing to functionalize higher amounts of
nanotubes in order to achieve an effective formation of nanotube network. This is reflected in
the poor thermal, electrical and mechanical property of PVDF composite prepared with PVP
functionalized AP-SWNTs.
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Fig. 5.5.2: PVPsso00 functionalized P3-SWNTSs deposited on a solid substrate prepared at PVP concentration of
23.08 wt. %.

Similar to AP-SWNTSs, P3-SWNTs also exhibit an alignment like formation owing to their
small diameter but PVVPsso00 functionalization happens in a bundle like pattern as observed in
Fig. 5.5.2. This could be attributed to the short aspect ratio and the amount of nanotubes

influencing the polymer wrapping behaviour.

15/05/2019 | HV mag o WD  mmm® 15/05/2019 HV mag = WD
12:34:18 PM|10.00 kV 120 000 x 8.5 mm 12:13:14 PM 10.00 kV 80 000 x 8.5 mm

Fig. 5.5.3: PVPss000 functionalized MWNTS deposited on a solid substrate prepared at PVP concentration of
23.08 wt. % (green circle highlighting PVP functionalization).

MWNTSs seem to exhibit more complicated formation when deposited on a solid substrate and
they exhibit no alignment like formation which could be attributed to the larger diameter of the
nanotubes. Unlike P3-SWNTSs, PVPss000 functionalization of multi walled nanotubes happens

on every individual nanotube separately as observed in Fig. 5.5.3 (A) and unlike AP-SWNTSs,
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a larger portion of nanotubes are functionalized as observed in Fig. 5.5.3 (B) allowing the

formation of an effective nanotube network leading to an enhanced thermal and mechanical

property. However, it is pertinent to understand that polymer functionalization of CNTs

observed on solid substrates could exhibit a different behaviour in polymer matrix.
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CHAPTER 6

PVP VERSUS P4VP
FUNCTIONALIZED CARBON
NANOTUBES IN PVDF COMPOSITES

Part of this chapter was published previously in Namasivayam, M.; Andersson, M.R.;
Shapter, J. Role of Molecular Weight in Polymer Wrapping and Dispersion of MWNT in
a PVDF Matrix. Polymers 2019, 11, 162.
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6.1 CHAPTER INTRODUCTION

In this chapter, the non-covalent functionalization of various carbon nanotubes by PVP
polymer of molecular weight 55000 g-mol* and P4VP polymer of molecular weight 60000
g-mol™ is compared and the physical properties of the composites prepared with the addition
of PVPss000 Or P4VPsoooo functionalized CNTs to PVDF polymer are analysed extensively.

Carbon nanotubes of three different structures were used in this study.
6.2 SAMPLE DETAILS

The composites used in the study were prepared with 1mg of unmodified CNTs functionalized
with polyvinylpyrrolidone (PVP) or poly(4-vinylpyridine) (P4VP) of various concentrations
from 0 to 33.33 weight percent, dispersed in 20 mg of PVDF polymer. The amount of CNTs
and PVDF polymer were maintained constant throughout the study. A minimum of three

composites for every concentration range were prepared and an average result is analysed.
6.3 RESULTS & DISCUSSION

AP Single-walled nanotubes

6.3.1 Thermal Conductivity

Comparative thermal conductivity results for composites prepared with PVP or P4VP
functionalized AP-SWNTSs are shown in Fig. 6.3.1.

As shown in Chapter 3 Section 3.3.1, the introduction of AP-SWNTSs has improved the thermal
conductivity of the PVDF composite from 0.2 W-m™-K1to a thermal conductivity value of
4.37 W-m1.K't which is highlighted with a solid black circle. The high thermal conductivity
of a pristine AP-SWNTSs in PVDF composite could be attributed to the high aspect ratio of AP-
SWNTSs. Functionalization of nanotubes with PVPsso00 0r P4V Peoooo has improved the nanotube
dispersion in the polymer matrix leading to an increase in thermal conductivity observed at a
concentration of 6.98 wt. %. Although a stable dispersion of nanotubes is achieved with both
PVPss000 and P4VPeoooo functionalization, an effective formation of a conductive nanotube
network is not observed. This leads to either a very low thermal conductivity enhancement of
4.63 W-m.K as observed in PVPsso00 functionalized nanotube composite which is a 5.95 %
increase or a lower thermal conductivity of 3.74 W-m™.K! as observed in P4VPgoo00

functionalized nanotube composite compared to unmodified nanotube composite.
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Fig. 6.3.1: Thermal conductivity measurements of PVP or P4VP functionalized AP-SWNTs in PVDF
composites (PVP data reproduced from Fig. 3.3.1 in chapter 3).
6.3.2 Crystallization behaviour of PVP/P4VP@AP-SWNTs in PVDF composite

Degree of Crystallization of PVPs5500/P4VPg000@AP-SWNTS
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Fig. 6.3.2: Crystallization vs PVP or P4VP wt. % of non-covalently functionalized AP-SWNTSs in PVDF
composites (PVP data reproduced from Fig. 3.3.2 in chapter 3).

The degree of crystallization shown in Fig. 6.3.2, exhibits some resemblance to the thermal
conductivity result observed in Fig. 6.3.1. The high aspect ratio of the nanotubes allows for a

36.67 % of crystallization in unmodified nanotube composite and an increase in crystallization
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is observed with PVP or P4VP functionalization. PVPssoo0 and P4VPsoooo functionalized
nanotube exhibited a crystallization behaviour of 37.53 % and 37.01 % at a concentration of
6.98 wt. %. This enhancement in crystallization is a result of an enhanced nucleation effect
observed in the PVDF polymer composite achieved through higher degree of nanotube

dispersion.

O’Connell et al. reported that PVP polymer wraps helically around a SWNT [1]. However, the
wrapping mechanism of a P4VP is completely different. Su et al. studied the morphologies of
poly (4-vinylpyridine) on single walled nanotubes and reported that the diameter of the SWNT
plays a crucial role in the morphology control of P4VP crystals on CNTs surface [2].
Investigation on CXL (CO2-expanded liquids)-assisted P4VP crystal growth mechanism on
SWNT confirmed that the P4VP wrapping pattern undergoes a notable morphological
evolution from dot like crystals to bottle-brush like then to nanohybrid shish-kebab (NHSK)
like conformation with the polymer chain parallel to SWNT axis. The NHSK conformation of
the PAVP/SWNT composite including compact kebabs, less compact kebabs and sparsely
dotted kebabs is attributed to ‘size-dependent soft epitaxy growth’ mechanism. The average
diameter of the AP-SWNT used in this study is about 1.4 nm with the bundle diameter ranging
between 2-10 nm causing a high possibility for mixed morphology. This difference in
conformational behaviour could have been the reason for achieving an improved degree of
crystallization but yet low thermal conductivity compared to unmodified nanotube composite.

6.3.3 Electrical Conductivity

The electrical conductivity of the P4VPgoooo functionalized nanotube composites shown in Fig.
6.3.3 exhibit a different result compared to PVPsso00 functionalized nanotube composite.
Unmodified nanotube composite exhibit an electrical conductivity of 25.1 S-cm™ and mild
increase in electrical conductivity with increasing concentration of P4VP is observed in
P4VPsoooo functionalized nanotube composite until a concentration of 23.08 wt. %, which
exhibited an electrical conductivity of 33.9 S-cm™. A decrease in electrical conductivity is
observed with increasing concentrations of P4VP until a threshold point is reached at 28.57 wit.
% beyond which no significant change is observed. However, PVPss000 functionalized
nanotube composite exhibited a very low electrical conductivity of 0.16 S-cm? at a

concentration of 2.44 wt. % and reaches a threshold point at 9.09 wt. %.

The difference in the wrapping behaviour of PVP and P4VP could have led to the observed
results. The helical conformation of PVPsso00 polymer could have achieved higher surface
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coverage of nanotubes leading to isolation from neighbouring nanotubes. This leads to low
thermal conductivity enhancement and even lower electrical conductivity. Whereas, the
nanohybrid shish-kebab conformation of P4VPsoooo polymer parallel to the surface of the AP-
SWNTs tend to exhibit a lower degree of dispersion meaning nanotubes are more closely
packed than PVPsso00 functionalized nanotube composites. This could have been the reason for
observing a decent electrical conductivity. The chance of phonon scattering is high with closely
packed nanotubes and this could have hindered the phonon vibration along the nanotube
surface leading to low thermal conductivity compared to unmodified nanotube composite as

observed in Fig. 6.3.1.
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Fig. 6.3.3: Electrical conductivity measurements of PVP/P4VP functionalized AP-SWNTSs in PVDF composites
(PVP data reproduced from Fig. 3.3.3 in chapter 3).
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6.3.4 Mechanical Characterization

PVPs5000@AP-SWNTs in PVDF composite
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Fig. 6.3.4A: Storage modulus measurement of PVPssgo0 functionalized AP-SWNTSs in PVDF composites (data
reproduced from Fig. 3.3.4D in chapter 3).
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Fig. 6.3.4B: Storage modulus measurement of PVPgoo00 functionalized AP-SWNTSs in PVDF composites.

The storage modulus of PVPsso00 and P4VPsoooo functionalized nanotube composite prepared
at a range of PVP/P4VP concentrations are shown in Fig. 6.3.4A & Fig. 6.3.4B. The result
confirms an increase in storage modulus of the PVDF composite with the introduction of AP-

SWNTs. A further enhancement in storage modulus can be achieved through a stable
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dispersion of nanotubes as a result of improved polymer-nanotube interaction and such an

observation is exhibited by both PVPss000 and P4VPsoooo functionalized nanotube composites.

Unmodified AP-SWNTs in PVDF composites tend to exhibit some kind of a network like
formation of nanotubes, owing to their high aspect ratio which helps the composite to maintain
a mechanical strength at temperatures as high as 198.26 °C. Functionalization of nanotubes
with PVPss000 tend to improve the polymer nanotube interaction leading to a minor increase in
storage modulus but yet they are unable to withstand temperatures as high as the unmodified
nanotube composites. Thermal conductivity enhancement is observed in PVPssooo
functionalized composite at a concentration of 6.98 wt. %, but the mechanical strength of this
composite is unable to withstand high temperatures and tends to reach a yielding point at
182.70 °C. Composites prepared with P4VP functionalization of nanotubes also exhibit a
similar behaviour. Thermal conductivity enhancement is observed at a concentration of 6.98
wt. % and although this composite is able to withstand a temperature as high as 196.37 °C, they
exhibit lower mechanical strength compared to unmodified nanotube composites. This
confirms that PVPss000 and P4V Psoooo functionalized nanotube composites could not provide a
stable network like formation of nanotubes beyond the melting temperature of PVDF as
effective as an unmodified AP-SWNTSs in PVDF composite.

P3 Single-walled nanotubes

6.3.5 Thermal Conductivity

Comparative thermal conductivity results for composites prepared with PVP/P4VP
functionalized P3-SWNTSs are shown in Fig. 6.3.5.

The thermal conductivity of a P3-SWNTs in PVDF composite is observed to be 2.93 W-m™*.K-
! (highlighted in a solid black circle) but a further enhancement in thermal conductivity can be
achieved through a stable dispersion of nanotubes in the polymer matrix. PVPsso00
functionalized nanotube composite exhibits a stable dispersion of nanotubes at a concentration
of 23.08 wt. % leading to a thermal conductivity enhancement up to 4.27 W-m™*-K1. However,
nanotubes functionalized with P4VPsoooo polymer do not seem initiate any dispersion effect in
the PVDF matrix. This is reflected in the very low thermal conductivity result observed in Fig.
6.3.5 for the P4VPeoooo functionalized nanotube composite compared to the unmodified
nanotube composite. This hypothesis is supported by the crystallization behaviour observed for
the composite prepared with PVPsso00 and P4V Peoooo functionalized nanotubes (See Fig. 6.3.6).
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Fig. 6.3.5: Thermal conductivity measurements of PVP/P4VP functionalized P3-SWNTSs in PVDF composites
(PVP data reproduced from Fig. 4.3.1A in chapter 4).

6.3.6 Crystallization behaviour of PVP/P4VP@P3-SWNT in PVDF composites

A crystallization extent of 38.56 % is observed for unmodified nanotube composites and a
40.01 % crystallization is observed in composites prepared with PVPssoo0 functionalized
nanotubes at a PVP concentration of 23.08 wt. %, which also exhibited the thermal conductivity
enhancement shown in Fig. 6.3.6. However, no such enhancement in the degree of
crystallization is observed with P4VPgoooo functionalized nanotube composite and similar to
the thermal conductivity result, a lower degree of crystallization is exhibited in these
composites. The degree of crystallization tends to decrease even further at higher concentration
of P4AVP. This confirms either the absence of a dispersion effect or the presence of a very low
dispersion effect in P4V Pgoo00 functionalized nanotube composites compared to the unmodified

nanotube composite.
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Fig. 6.3.6: Crystallization vs PVP/P4VP wt. % of non-covalently functionalized P3-SWNTs in PVDF
composites (PVP data reproduced from Fig. 4.3.2 in chapter 4).

This could be due to the influence of the aspect ratio of SWNT over the conformational
morphology of P4VP. Su et al. reported that non-covalent functionalization of SWNTSs with
P4VP in CO2 expanded liquids has shown the presence of a stable dispersion of SWNTSs in
both organic solvents and aqueous medium [2]. However, the aspect ratio of SWNTSs used were
very high compared to the P3-SWNTSs used in this research which possess an average diameter
of 1.4 nm (bundle diameter of 4 - 5 nm) and a length of about 1 micron. Likewise, Yoon et al.
reported a high stability in the dispersion of low aspect ratio SWNTs with P4VP
functionalization [3], whereas the molecular weight of P4VP used was 200000 g-mol™. The
molecular weight of polymer plays a key role in the selective dispersion of SWNTS in organic
solvents [4]. There is a chance that the low aspect ratio of the SWNTSs used here would not
have favoured a helical or kebab like conformation of P4VP leading to the low thermal
conductivity result and poor crystallization behaviour of P4VP functionalized nanotube
composite observed in Fig. 6.3.5 & 6.3.6. This could be due to the incompatibility between the
aspect ratio of the SWNTSs and the molecular weight of P4VP in order to achieve an effective

dispersion.
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6.3.7 Electrical Conductivity

Electrical Conductivity of PVPgs000/P4VPep000@P3-SWNTS in
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Fig. 6.3.7: Electrical conductivity measurements of PVP/P4VP functionalized P3-SWNTSs in PVVDF composites
(PVP data reproduced from Fig. 4.3.3 in chapter 4).

Unmodified nanotube composites exhibit an electrical conductivity of about 36.5 S-cm™ and
P4V Peoooo functionalization of nanotubes do not tend to exhibit any significant dispersion effect
in the composite as observed from the crystallization behaviour shown in Fig. 6.3.6. As a result,
the presence of P4VP do not happen to have much influence over the electrical conductivity of
the composite at low concentration. An electrical conductivity of 33.9 S-cm™ and 34.3 S-cm
observed at a P4VP concentration of 6.98 wt. % and 9.09 wt. % could still have been achieved
due to the influence of the unmodified nanotubes that are present in the composite. A small
decrease in electrical conductivity exhibiting a value of 29.3 S-cm™ is observed at a P4VP
concentration of 16.67 wt. % and a larger decrease in electrical conductivity is observed with
further increase in concentrations of P4VP and a threshold point is reached at 28.57 wt. %. This
could have been due to the change in solution viscosity achieved at higher concentrations of
P4VP polymer. Molecular weight of the polymer has a large impact on the overall solution
viscosity [5] and Cheng et al. reported that solvent viscosity have some influence on the
individualization and stabilization of SWNT dispersions in pure solvent [6]. However,
composites prepared with PVPssooo functionalized nanotubes exhibits a lower electrical
conductivity of 22.2 S-cm? compared to unmodified nanotube composite at a PVP
concentration of 2.44 wt. %. The decrease in electrical conductivity could be the result of PVP
functionalization of nanotubes and a larger decrease is observed at a concentration of 16.67 wt.
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% thus reaching a threshold point beyond which no significant change in electrical conductivity
is observed. This is due to the fact that a higher amount of polymer present in the composite
restricts the movement of electrons from a nanotube to neighbouring nanotubes and lowers the

conductivity of the composite.

6.3.8 Mechanical Characterization

The storage modulus of PVPsso00 and P4VPsoooo functionalized nanotube composite prepared
at a range of PVP/P4VP concentration are shown in Fig. 6.3.8A & Fig. 6.3.8B. The storage
modulus of the PVDF composite is significantly improved with the introduction of P3-SWNTs
(solid black line) and they tend to exhibit mechanical strength at temperatures as high as 169.02
°C.

Whereas, composites prepared with PV/Pssoo0 functionalized nanotubes provides similar storage
modulus but are observed to maintain mechanical strength at temperatures higher than the
yielding point of unmodified nanotube composite as shown in Fig. 6.3.8A. This confirms that
the PVP functionalization of nanotubes leads to an increased interaction between the PVDF
polymer and nanotubes. Among the PV/Psso00 functionalized nanotube composites, the sample
prepared at a concentration of 23.08 wt. % achieves a stable dispersion of nanotubes as shown
in Fig. 6.3.6 and also records a high thermal conductivity. This composite tends to exhibit a
higher storage modulus at a high temperature range compared to composites prepared at other
concentrations of PVPsso00 and it can also withstand temperatures as high as 197.24 °C. This

could be due to the presence of a network like formation of nanotubes.
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Fig. 6.3.8A: Storage modulus measurement of PV/Psso00 functionalized P3-SWNTSs in PVDF composites (data
reproduced from Fig. 4.3.4B in chapter 4).
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Fig. 6.3.8B: Storage modulus measurement of PVPgoo00 functionalized P3-SWNTSs in PVDF composites.

The storage modulus of the P4VPeonoo functionalized nanotube composites shown in Fig.
6.3.8B exhibit some resemblance to their respective thermal conductivity result and
crystallization behaviour. The composites exhibit a storage modulus similar to an unmodified
nanotube composite, but they could not withstand temperatures as high as an unmodified
nanotube composite. The composites tends to yield at a temperature range slightly lower than
the yielding point of unmodified nanotube composite. This confirms the absence of a dispersion

effect in the P4VPsoooo functionalized composites.

Multi-walled nanotubes

6.3.9 Thermal Conductivity

Comparative thermal conductivity results for composites prepared with PVP/P4VP

functionalized MWNTSs are shown in Fig. 6.3.9.

The thermal conductivity of unmodified MWNTSs in PVDF composite is observed to be 1.48
W-m1.K? and an improvement in the dispersion of nanotubes enhances the interaction
between the PVDF polymer and nanotubes leading to a further enhancement in thermal
conductivity. A stable dispersion of nanotubes is achieved in both PVPsso00 and P4VPeoooo
functionalized composites but in different concentration ranges. PVPsso0o functionalized
nanotube composites exhibits a stable dispersion of nanotubes at a PVVP concentration of 23.08
wt. %, which leads to an increased thermal conductivity value of 2.36 W-m™*-K™X. Whereas, a
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stable dispersion of nanotubes is achieved in the P4VPgoooo functionalized composite at
comparatively higher concentration of 37.5 wt. %, exhibiting a thermal conductivity value of
2.79 W-m*.K* followed by a minor decrease in thermal conductivity to a value of about 2.64
W-m1.K? but still higher than the thermal conductivity of an unmodified nanotube composite.
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Fig. 6.3.9: Thermal conductivity measurements of PVP/P4VP functionalized MWNTSs in PVDF composites
(PVP data reproduced from Fig. 5.3.1 in chapter 5). Reproduced with permission.

6.3.10 Crystallization behaviour of PVP/P4VP@MWNT in PVDF composites

The crystallization behaviour of unmodified MWNTSs in PVDF composites shown in Fig.
6.3.10 exhibits a 40.74 % crystallization. Functionalization improves nanotube dispersion in
the composite which then initiates increased nucleation effect leading to an increase in the
degree of crystallization. This type of behaviour is observed in PVPsso00 and P4VPeoooo
functionalized nanotube composite at the same concentration range that also records high
thermal conductivity. PVPss000 and P4VPsoooo functionalized nanotube composite exhibited a
41.46 % and 41.28 % crystallization at a concentration of 23.08 wt. % and 37.5 wt. %. This
small enhancement in the crystallization extent could be attributed to the enhanced nucleation

effect due to higher degree of nanotube dispersion.

Liu et al. studied the functionalization of MWNTSs with crystalline P4VP in CO-expanded
liquids (CXLs) and reported that unlike SWNTSs, P4VP crystallization on MWNTS undergo a
multi-helical wrapping pattern similar to the helical wrapping pattern of PVP on MWNTSs [7].
According to O’Connell multi-helical wrapping might also takes place with PVP
functionalization of MWNTSs allowing a higher surface area coverage with a low backbone

strain of PVP [1]. Although, the wrapping pattern and molecular weight are similar for PV Psso00
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and P4VPsoo00 polymers, a stable dispersion is achieved at different concentrations of PVP or
P4VP due to the fact that the structure of PVP and P4VP are completely different. A dispersion
is achieved in PVP functionalization through n-m interaction between the m system in the
carbonyl group of PVP and the & electron in the carbon nanotube. Whereas, a dispersion is
achieved in P4VP functionalization through n-7 stacking between the aromatic side chains of
P4VP and the sidewalls of multi-walled carbon nanotubes [8]. This could have led to a
difference in surface coverage of MWNTSs achieved through PVP or P4VP functionalization,
thus requiring different concentrations of functionalization polymer in order to achieve a stable
dispersion. Also, functionalization of MWNT by P4VP achieved at a concentration higher than
41.18 wt. % leads to very uneven distribution of nanotubes in the PVDF matrix exhibiting not
just a low degree of polymer-nanotube interaction but also makes it very hard to deposit over
a solid substrate, thus not allowing for a composite preparation beyond a concentration of 41.18
wt. %. However, no such behaviour is observed with PVP functionalization along the same
concentration range, which confirms the different degree of surface coverage of MWNT

achieved by PVP and P4VP leading to a different degree of dispersion.

Degree of Crystallization of PVPgg400/P4VPg000@MWNTS in
PVDF composite

46.00 PVP55000
4400 P4V/P60000
[
S
R 42.00 . T
© T
e 40.00# S ~ ! l
O + T -|- J_ T
S 2800 = = s
5% I :
s
§ 36.00
2 [
34.00 [
32.00
0 5 10 15 20 25 30 35 40

Wt. % of PVP/P4VP

Fig. 6.3.10: Crystallization vs PVP/P4VP wt. % of non-covalently functionalized MWNTSs in PVDF composites
(PVP data reproduced from Fig. 5.3.2 in chapter 5).
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6.3.11 Electrical Conductivity

The electrical conductivity of an unmodified MWNTSs in PVDF composite shown in Fig. 6.3.11
is about 26.1 S-cm™ and a decrease in electrical conductivity is observed with both PVP and
P4VP functionalization. PVPssoo0 functionalized nanotube composite exhibit an electrical
conductivity of 1.09 S-cm™ at a PVP concentration of 2.44 wt. % and decreases further with
increasing PVP concentration leading to a threshold point at 23.08 wt. %. P4VPsoooo
functionalized nanotube composite exhibits a similar result with an electrical conductivity of
2.22 S-cm™ at a P4VP concentration of 2.44 wt. % and also reaches the threshold point at a
comparatively lower concentration of 9.09 wt. %. The low electrical conductivity observed
could be attributed to the formation of a poor electrically conductive network, owing to the fact
that longer polymer chain of PVPsso00 and P4VPsoooo could lead to higher surface coverage of
nanotubes thus compromising the contacts between nanotubes in the composite. This could
have forced the electrons to transport from a nanotube through a layer of functionalization
polymer (PVP/P4VP) to reach the neighbouring nanotube in the network, which is possible
with phonon transport to a certain extent but hinders the transport of electrons in the overall
composite, yielding a comparatively low electrical conductivity.

Electrical Conductivity of PVPccq00/PAVP 5000 @MWNTS in

L 00E+02 PVDF composite
PVP55000
O P4VP60000
1.00E+01
1
= |
5 1.00E+00
n 0 { 5 10 15 20 25 30 35 40
1.00E-01 [
.
® T
= -—
J_ 4L

1.00E-02
Wt. % of PVP/P4VP

Fig. 6.3.11: Electrical conductivity measurements of PVP/P4VP functionalized MWNTSs in PVDF composites
(PVP data reproduced from Fig. 5.3.3 in chapter 5).
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6.3.12 Mechanical Characterization

The storage modulus of PVPsso00 and P4V Peoooo functionalized nanotube composites prepared
at a range of PVP/P4VP concentrations are shown in Fig. 6.3.12A & Fig. 6.3.12B. A
significant increase in storage modulus of the PVDF composite is observed with the
introduction of MWNTSs (solid black line) and the composites tend to maintain the mechanical
strength at temperatures as high as 184.78 °C above the melting temperature of the PVDF
polymer which is 162.69 °C.

Composites prepared with PVPsso00 functionalized nanotubes exhibit a storage modulus similar
to an unmodified nanotube composite and are able to maintain some mechanical strength at
temperatures higher than the yielding point of an unmodified nanotube composite as shown in
Fig. 6.3.12A, highlighted in green dashed circle. High thermal conductivity and a higher degree
of dispersion is observed in the MWNTSs in PVDF composite functionalized at a PVPsso00
concentration of 23.08 wt. % and this composite exhibited a higher storage modulus compared
to unmodified nanotube composite at high temperature range and can withstand temperatures
as high as 197.53 °C.
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Fig. 6.3.12A: Storage modulus measurement of PVPsso00 functionalized MWNTS in PVDF composites (data
reproduced from Fig. 5.3.4D in chapter 5).
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Fig. 6.3.12B: Storage modulus measurement of PVPsogoo functionalized MWNTS in PVDF composites.

A similar observation is seen in the composites prepared with P4VP functionalization of
nanotubes as shown in Fig. 6.3.12B. High thermal conductivity and higher degree of
crystallization is observed at a concentration of 37.5 wt. %. The mechanical strength of this
composite is higher than unmodified nanotube composite at high temperatures and is able to
withstand a temperature of 199.18 °C. This confirms the presence of a network like formation
of nanotubes that exhibits an increased interaction between the PVDF polymer and MWNTS
as a result of stable dispersion of nanotubes in the composite, which allows the composite to

hold together even beyond the melting temperature of PVDF polymer.
6.4 CONCLUSION

A comparative study on the physical properties of PVP or P4VP functionalized CNT/PVDF
composites with the functionalization polymer of similar molecular weight (PVPss000 and
P4V Peoo00) and two different structures were undertaken. Polyvinylpyrrolidone (PVP) contains
a pyrrolidone moiety and an alkyl group but Poly(4-vinylpyridine) (P4VP) is a derivative of
pyridine ring with a vinyl group. The experiment was performed on three different nanotubes

and an analysis based on the polymer wrapping pattern were discussed.

Unmodified AP-SWNTs in PVDF composites exhibit an improvement in the dispersion of
nanotubes with both PVPss000 and P4VPeoooo functionalization leading to an enhancement in
the degree of crystallization yet it is unable to construct a conductive nanotube network leading
to low thermal conductivity. This is also reflected in the low mechanical characterization of
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the composites compared to unmodified nanotubes composite. Whereas, the unmodified P3-
SWNTs in PVDF composites exhibit higher degree of nanotube dispersion with PVPsso00
functionalization but not with P4VPsno00 functionalization. This leads to an enhancement in the
degree of crystallization, thermal conductivity and a composite that can exhibit mechanical
strength at temperatures higher than unmodified nanotube composite, but no such improvement
is observed in P4VP functionalization of P3-SWNTSs in PVDF composite. This difference in
the dispersion effect observed with AP-SWNT and P3-SWNT could be due to the different
polymer wrapping pattern of PVP and P4VP. As explained in section 6.3.2, the kebab like
conformation of P4VP tend to be highly influenced by the diameter and the length of the
nanotubes. This leads to the poor formation of network in composites with AP-SWNTSs due to
their small diameter and a failure to exhibit a successful dispersion of nanotubes in composites
with P3-SWNTSs due to their small diameter and smaller length compared to AP-SWNTSs.

However, the wrapping pattern of PVP and P4VP polymer is similar in multi walled nanotubes
and as a result a stable dispersion of nanotubes is achieved in both PVP and P4VP
functionalized composites. This leads to an enhancement in thermal conductivity,
crystallization behaviour and improved mechanical strength observed in both polymers but at
different concentrations. This could be because different the polymer structure leads to
different surface coverage on the nanotubes and as a result a stable dispersion is achieved at
different concentrations.
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CHAPTER 7

PEI FUNCTIONALIZED CARBON
NANOTUBES IN PVDF COMPOSITES
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7.1 CHAPTER INTRODUCTION

In this chapter, the non-covalent functionalization of carbon nanotubes by polyethylenimine
(PEI) with molecular weights 800 g-mol™ or 25000 g-mol™* were compared and the physical
properties of the composites prepared with the addition of PElgoo/PEl25000 functionalized CNTs
to PVDF polymer are analysed extensively. Carbon nanotubes of three different structures were

used in this study.
7.2 SAMPLE DETAILS

The composites used in the study were prepared with 1mg of unmodified CNTs functionalized
with polyethylenimine (PEI) of various concentrations from 0 to 23.08 weight percent (and up-
to 28.57 weight percent in the electrical conductivity measurement of PEI functionalized
MWNTs in PVDF composite), dispersed in 20 mg of PVDF polymer. The amount of CNTs
and PVDF polymer were maintained constant throughout the study. A minimum of three

composites for every concentration range were prepared and an average result is determined.
7.3 RESULTS & DISCUSSION

AP Single-walled nanotubes

7.3.1 Thermal Conductivity

Comparative thermal conductivity results for composites prepared with PEI functionalized AP-
SWNTs are shown in Fig. 7.3.1.

The thermal conductivity value of pristine AP-SWNTs in P\VDF composites is observed to be
4.37 W-m-Kt which is highlighted with a solid black circle in Fig. 7.3.1. An improvement in
the thermal conductivity value up to 13.95 W-m™2-K"! is observed in composites functionalized
with PEl2s000 at a concentration of 4.76 wt. %. This shows that a stable dispersion of nanotubes
exists in the PVDF matrix leading to a conductive network like formation of nanotubes is
observed with the PEl2s000 functionalized AP-SWNT composite. This could be attributed to the
fact that PEI and in general amines, are known to effectively interact with carbon nanotubes on
the sidewalls via physisorption and initiate higher degree of dispersion in the solvents [1, 2]. J.
Sun and L. Gao studied the development of a dispersion process for carbon nanotubes and
confirmed that the dispersion state of CNTs could be much improved by the adsorption of a
cationic dispersant of polyethylenimine [3]. L. Ma et al. also reported that PEI acts as a good

candidate to functionalize and improve interfacial properties in the carbon fibre (CF)/epoxy
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composite through the formation of “cross-bridges” to connect CF and epoxy matrix [4]. PElgoo
functionalized nanotube composites also exhibit a small enhancement in thermal conductivity
at a similar PEI concentration range of 4.76 wt. % but the thermal conductivity was lower than
the thermal conductivity of the unmodified nanotube composite at all PElgoo concentrations.
This small increase could be the presence of an increment in the degree of nanotube dispersion

and the formation of a poor conduction path leads to low thermal conductivity.
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Fig. 7.3.1: Thermal conductivity measurements of PEI functionalized AP-SWNTs in PVDF composites.
7.3.2 Electrical Conductivity

Unmodified nanotube composites exhibit an electrical conductivity of about 25.1 S-cm™ in Fig.
7.3.2 and an increase in the electrical conductivity is observed with PElxso00 functionalized
nanotube composite with a highest value of 37.9 S-cm™ observed at a concentration of 4.76 wit.
%. This could be attributed to the higher degree of nanotube dispersion and the subsequent
formation of a conductive nanotube network. However, a decrease in electrical conductivity is
observed at a concentration of 9.09 wt. % and further decrease is observed with increasing
concentration of PEI, owing to the fact that the individualization and stabilization of the SWNT
dispersion in organic solvent is highly influenced by the change in solution viscosity [5]
observed at higher concentrations of the PEI polymer. This change in solution viscosity due to
the higher amount of polymer could affect the thickness of polymer wrapping in the composite
restricting the movement of electrons from a nanotube to neighbouring nanotubes thus

lowering the conductivity of the composite. Similarly, the composites prepared with PElgoo
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functionalized nanotube composite exhibit a small increase in electrical conductivity value to

about 27.4 S-cm™ at a concentration of 4.76 wt. %.
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Fig. 7.3.2: Electrical conductivity measurements of PEI functionalized AP-SWNTs in PVDF composites.
7.3.3 Mechanical Characterization

The storage modulus of PElgo and PEl2s000 functionalized nanotube composite prepared at a
range of PEI concentrations are shown in Fig. 7.3.3A & Fig. 7.3.3B.

The high aspect ratio and high mechanical strength of AP-SWNTs fillers have significantly
increased the storage modulus of the PVDF composite as shown in Fig. 7.3.3A. Moreover, the
storage modulus measurement of AP-SWNTSs in PVDF composite (solid black line) exhibits
mechanical strength at a temperature range above the melting temperature of a pure PVDF

polymer, which is at 162.69 °C, and can withstand temperatures as high as 198.26 °C.
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Fig. 7.3.3A: Storage modulus measurement of PEI800 functionalized AP-SWNTSs in PVDF composites.
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Fig. 7.3.3B: Storage modulus measurement of PEls000 functionalized AP-SWNTS in PVDF composites.

PElgoo/PEl25000 functionalized nanotube composites prepared at low concentrations of PEI tend
to exhibit an increase in storage modulus compared to the storage modulus of unmodified
nanotube composite due to the increased interaction between the PVDF polymer and nanotubes
as a result of higher degree of nanotube dispersion. PEI functionalized nanotube composites
prepared at high concentrations of PEI exhibit a similar storage modulus as unmodified

nanotube composites. This could be attributed to the change in solution viscosity with increased
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concentration of PEI leading to a decreased interaction between the nanotubes and polymer.
However, PElgoo/PEl2s000 functionalized nanotube composites are not capable of maintaining
the mechanical strength of the composite at high temperatures leading to a yielding point at a
temperature just above the melting temperature of PVDF polymer and far below the yielding
point of an unmodified nanotube composite, as highlighted in a green dashed circle. This could

be due to the low melting temperature of polyethylenimine, which is about 73 - 75 °C.

P3 Single-walled nanotubes

7.3.4 Thermal conductivity

Comparative thermal conductivity results for composites prepared with PEI functionalized P3-
SWNTs are shown in Fig. 7.3.4.

The thermal conductivity value of unmodified P3-SWNTs in PVDF composite is observed to
be 2.93 W-m-K? which is highlighted with a solid black circle. PEI functionalization of P3-
SWNTs do not tend to exhibit an increase in the thermal conductivity of the composite. This
could be attributed to the small aspect ratio of P3-SWNTSs, that either could not have achieved
a successful polymer wrapping with both the molecular weights of PEI polymer used in this
study or could have initiated the formation of a weak nanotube network. PElsoo functionalized
nanotube composite exhibited a decrease in thermal conductivity with increasing concentration
of PEI. Whereas, PEl2s000 functionalized nanotube composite showed an increase in thermal
conductivity at a PEI concentration of 4.76 wt. % exhibiting a value of 2.80 W-m™-K'* which
is still lower than the thermal conductivity observed for unmodified nanotube composite and a
further decrease in thermal conductivity is observed with increasing concentration of PEI. This
confirms that the presence of PEIlgoo/PEl25000 polymer in the composite do not tend to influence
or initiate the dispersion of nanotubes leading to decreasing a thermal conductivity with

increasing PEI concentration.
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Fig. 7.3.4: Thermal conductivity measurements of PEI functionalized P3-SWNTSs in PVDF composites.
7.3.5 Electrical Conductivity

Unmodified nanotube composite exhibits an electrical conductivity value of 36.5 S-cm™,
Composites prepared with PElgo functionalized nanotubes exhibits good conductivity but
comparatively lower than unmodified nanotube composites with a highest value of 30.5 S-cm”
! observed at a PEI concentration of 6.98 wt. % followed by a decrease in conductivity at a
concentration of 9.09 wt. % and tend to decrease even further with increasing concentration of
PEI. Whereas, PEl2s000 functionalized nanotube composite exhibits an increase in electrical
conductivity measurement to a value of about 35.3 S-cm™ at a concentration of 4.76 wt. %
mirroring the trends observed in the thermal conductivity measurements. There is a gradual
decrease in conductivity observed at a concentration of 9.09 wt. % and an abrupt decrease with

further increase in PEI concentration.
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Fig. 7.3.5: Electrical conductivity measurements of PEI functionalized P3-SWNTSs in PVDF composites.

7.3.6 Mechanical Characterization

The storage modulus of PElgoo and PElzsoo0 functionalized P3-SWNTSs in PVDF composites
prepared at a range of PEI concentrations are shown in Fig. 7.3.6A & Fig. 7.3.6B.

Unmodified P3-SWNTSs in PVDF composites (solid black line) are observed to exhibit higher
storage modulus compared to pure PVDF (dashed black line) and is able to maintain

mechanical strength at temperatures as high as 169.02 °C.
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Fig. 7.3.6A: Storage modulus measurement of PElg functionalized P3-SWNTSs in PVDF composites.
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Fig. 7.3.6B: Storage modulus measurement of PEl2s000 functionalized P3-SWNTSs in PVDF composites.

PElgoo functionalized nanotube composites exhibit a similar storage modulus as observed in
unmodified nanotube composite but the functionalized composites are unable to withstand
temperatures higher than the yielding point of an unmodified nanotube composite. This could
mean that PElgoo functionalization of nanotubes has not changed the dispersion of nanotubes
in polymer matrix, leading to the fact that the interaction between the nanotube and the P\VDF
polymer has not shown much increase with the presence of PEI polymer. PEl2s000
functionalized nanotube composite also exhibit a similar storage modulus as observed in an
unmodified nanotube composite. However, the composites prepared at a concentration of 9.09
wt. % exhibit mechanical strength at a temperature of about 172.12 °C, which is slightly higher
than the yielding point of an unmodified nanotube composite. This could mean that a mild
improvement in the degree of nanotube dispersion is observed with PEl2s000 functionalization
of nanotubes along the concentration range of 9.09 wt. % which allows for an increased
interaction between the nanotubes and the PVDF polymer compared to an unmodified

nanotube composite.

Multi-walled nanotubes

7.3.7 Thermal Conductivity

Comparative thermal conductivity results for composites prepared with PEI functionalized
MWNTs are shown in Fig. 7.3.7.

The thermal conductivity value of unmodified MWNTSs in PVVDF composite is observed to be

1.48 W-m™.K* which is highlighted with a solid black circle. An improvement in thermal
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conductivity is observed with PEI functionalization of MWNTs. PElgoo functionalized
nanotube composites exhibit an enhanced thermal conductivity value to about 1.99 W-m*.K*
at a concentration of 2.44 wt. % followed by a decrease in thermal conductivity at higher
concentrations of PEI. Similarly, an increase in thermal conductivity value to about
1.67 W-m1.K1 is observed with PEl2so00 functionalized nanotube composites at a concentration
of 6.98 wt. %. This confirms that PEI functionalization achieves stable dispersion of MWNTS,
allowing a higher level of interaction between the nanotubes and PVDF polymer compared to
unmodified nanotube composites leading to a formation of conductive nanotube network. A.
Azadbakht and M. B. Gholivand studied polyethyleneimine wrapped MWNT in situ gold
nanoparticle composite and confirmed that cationic PEIl was coated onto CNTs-COOH by
electrostatic forces and initiates a higher degree of nanotube dispersion, thus giving the
composite higher stability [6]. Moreover, amines on PEI possesses high affinity for
physisorption along the CNTs-COOH surface which was similar to the polymer wrapping
process [1, 7].

Additionally, the thermal conductivity result of PEI functionalized MWNTs in PVDF
composite observed in Fig. 7.3.7 exhibit some resemblance to the thermal conductivity result
of PVP functionalized MWNTSs in PVDF composite shown in Chapter 5 Section 5.3.1 such
that the functionalization polymer of low molecular weight (PElsoo) tend to achieve stable
dispersion of nanotubes at low concentration leading to an increase in thermal conductivity.
Whereas, PEl2s000 functionalization achieve stable dispersion at moderately high concentration
range giving a peak in the thermal conductivity which is higher than unmodified nanotube
composite. This is be attributed to the fact that the longer molecular chain polymer could have
wrapped higher surface area of the nanotubes compared to the short molecular chain polymer,
thus allowing the transport of phonons to happen from a nanotube though a layer of PEI
polymer in order to reach the neighbouring nanotube, leading to a reduction in thermal

conductivity of the overall composite.
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Fig. 7.3.7: Thermal conductivity measurements of PEI functionalized MWNTSs in PVDF composites.
7.3.8 Electrical Conductivity

As shown in Fig. 7.3.8, the electrical conductivity of an unmodified MWNTSs in PVDF
composite is observed to be 26.1 S-cm™ and PEI functionalization of nanotubes has increased
the nanotube polymer interaction leading to an increase in electrical conductivity. However,
the difference in surface coverage of nanotubes achieved by PEI polymer of different molecular
weights leads to an electrical conductivity enhancement in different concentration ranges.
PElsoo functionalized nanotube composites exhibit a gradual increase in electrical conductivity
with increasing concentration of PEI with the highest conductivity value of 44.1 S-cm
observed at a concentration of 23.08 wt. % followed by a decrease in electrical conductivity
observed at a concentration of 28.57 wt. %. Whereas, PEl2so00 functionalized nanotube
composite exhibits a high conductivity value of 28.1 S-cm™ at a concentration of 9.09 wt. %

followed by a gradual decrease in conductivity value.
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Fig. 7.3.8: Electrical conductivity measurements of PEI functionalized MWNTSs in PVDF composites.
7.3.9 Mechanical Characterization

The storage modulus of PElgoo and PEl2se00 functionalized MWNTSs in PVDF composite
prepared at a range of PEI concentration are shown in Fig. 7.3.9A & Fig. 7.3.9B.

The storage modulus of the PVDF composites is improved significantly with the presence of
MWNT fillers (solid black line) and is observed to maintain mechanical strength at
temperatures as high as 184.78 °C above the melting temperature of the PVDF polymer which
is at 162.69 °C.

PEl4,,@MWNTSs in PVDF

10000

- - =PVDF 0%
— 2.44% 9.09%
S e ——1 v, 23.08%
e —
a —— 100 —_— ~
= B s “.‘\
3 O
= \
(5]
g 1
=i
@ 01
-100 -50 0 50 100 150 200
0.01
0.001
Temperature

Fig. 7.3.9A: Storage modulus measurement of PElg functionalized MWNTS in PVDF composites.
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Fig. 7.3.9B: Storage modulus measurement of PEIl2sg00 functionalized MWNTSs in PVDF composites.

PEI functionalized MWNTSs in PVDF composites exhibit either a similar or slightly higher
storage modulus compared to an unmodified nanotube composite. This could be attributed to
the higher degree of nanotube dispersion that allows increased interaction between the
nanotubes and PVDF matrix. However, the mechanical strength of PEI functionalized nanotube
composite is weak compared to unmodified nanotube composite at high temperature range.
The composites prepared at a PElgoo/PEl2s000 concentration of 2.44 wt. % yields at a
temperature slightly lower than the yielding point of an unmodified nanotube composite and
the composite prepared at a higher PEI concentration tend to yield at a comparatively lower
temperature. Both PElgoo and PEl2s000 functionalized composite exhibits a similar observation
at high temperatures. Although, a stable dispersion and a conductive formation of nanotube
network is achieved with PEI functionalization, their instability at high temperatures could be

attributed to the low melting temperature of PEI polymer.
7.4 CONCLUSION

A comparative study on the physical properties of PVDF polymer composites prepared with
PEI functionalized CNTs using PEI of two different molecular weights were undertaken.

A higher degree of dispersion is achieved in AP-SWNTs in PVDF composite with PEl25000
functionalization leading to an enhanced thermal and electrical conductivity but the composites

prepared with PElgop functionalization are unable to achieve a higher degree of nanotube

138



dispersion compared to unmodified nanotube composite leading to the formation of a weak
nanotube network and eventually low thermal and electrical conductivity in PVDF composites
with PElgo functionalized nanotube. This could be attributed to the difference in surface
coverage of nanotubes achieved by PElsoo and PEl2s000 functionalization of nanotubes in order
to achieve uniform dispersion in the polymer composite and higher concentrations of PElgqo
could lead to higher degree of dispersion as observed in PEl2s000 but an increase in solution
viscosity still might affect the morphology of polymer wrapping in the composite thus lowering
conductivity. The mechanical characteristic of the composites prepared with PElgoo/PEl25000
functionalized P3-SWNTSs tend to exhibit a fairly similar storage modulus as an unmodified

nanotube composite.

However, PVDF composites prepared with PEI functionalized P3-SWNTs do not tend to
exhibit an effective stable dispersion of nanotubes in the PVDF matrix. This leads to a low
thermal and electrical conductivity compared to unmodified nanotube composite and the
mechanical characterization of the composite were also not improved with PEI
functionalization. This could be due to the incompatibility between the molecular weight of
PEI and the structure of P3-SWNTSs used in this research in order to achieve a stable dispersion
in the PVDF matrix. Whereas, PElgoo/PEl2s000 functionalized MWNTSs in PVDF composites
exhibit higher degree of nanotube dispersion compared to unmodified nanotube composite,
with PElgoo functionalized nanotube composite exhibiting a higher degree of dispersion at low
concentration range and PEl2so00 functionalized nanotube composites exhibits a lower degree
of dispersion at a comparatively higher concentration range. This is reflected in the thermal
and electrical conductivity result of the composite, but the mechanical characterisation of the

composites exhibits a storage modulus similar to an unmodified nanotube composite.

A higher degree of dispersion is observed with PElgoo/PEl2s000 functionalized MWNTS in
PVDF composites and PEl2s000 functionalized AP-SWNTS INPVDF composites that leads to
increased thermal and electrical conductivity compared to an unmodified nanotube composite.
An improvement in the mechanical strength of the PEI functionalized composite at high
temperature range is not observed due to the low melting temperature of PEI polymer of about
73-75 °C. This leads to the instability of nanotube network at higher temperatures especially at

temperatures above the melting point of PVDF polymer.
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In summary, two kinds of nanocomposites, i.e. PVDF composites prepared with pristine CNTs
and PVDF composites prepared with non-covalently functionalized CNTs were prepared.
Carbon nanotubes of different aspect ratio, carboxyl content and structure were non-covalently
functionalized with polymers such as Polyvinylpyrrolidone, Poly(4-vinylpyridine) and
Polyethylenimine in this work. It is clear that a uniform dispersion of nanotubes in a polymer
matrix achieved through non-covalent functionalization of nanotubes by a functionalization
polymer of low concentration irrespective of the polymer chain length can exhibit excellent
thermal, electrical and mechanical properties.

Polyvinylpyrrolidone (PVP) acts as excellent surface modifier that enhances nanotube
dispersion in the polymer matrix with all the three types of nanotubes. Compared with the
PVDF composites prepared with unmodified nanotubes, PVP functionalization of nanotubes
have induced a more ordered nanotube network in the PVDF composites leading to an
enhancement in the physical properties of the composites. However, PVP of only a certain
molecular weight is compatible to CNTs based on their aspect ratio and structure. PVVP of low
molecular weight exhibits a promising outcome with both AP-SWNTs and MWNTSs polymer
composites in their physical properties at low PVP concentration but higher molecular weights
are not suitable with AP-SWNTSs unless there is a change in the nanotube diameter. However,
higher molecular weights of PVP exhibit a similar result with MWNTSs as observed with low
molecular weights but only at high concentrations of PVVP. This clearly confirms the influence
of nanotube diameter towards polymer wrapping and uniform dispersion of nanotubes in the
PVDF composite. Whereas, P3-SWNTs exhibit a similar result with PVP of low molecular
weight at low PVP concentration only at lower weight percent of P3-SWNTs compared to other
two nanotube types and increasing amount of nanotube content requires longer polymer chains
to achieve a similar outcome again confirming the influence of the amount of nanotubes in

order to achieve uniform dispersion of nanotubes in the PVDF composite.

On the contrary, Poly(4-vinylpyridine) (P4VP) functionalization of SWNTSs failed to achieve
a conductive network formation of nanotubes as observed with PVP of similar molecular
weight (polymer chain length) due to the difference in wrapping patterns. Unlike SWNTS, the
wrapping pattern of P4VP in MWNTSs are helical as observed in PVP functionalization of
MWNTs, but happens only at a higher concentration of P4AVP compared to PVP due to the
difference in polymer structure leading to different surface coverage of nanotubes in order to
achieve higher degree of nanotube dispersion compared to composites with PVP modified

MWNTs. This confirms the influence of the structure of functionalization polymer towards
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polymer wrapping. The carboxyl content in the nanotubes do not have much influence towards
PVP and P4VP functionalization as they happen through strong n-n interaction between the
polymer and sidewalls of nanotubes. The influence of carboxyl content on the physical
properties of CNTSs are significant and thus on the overall composite containing PVP/P4VP

functionalized nanotubes.

As explained in chapter 7 section 7.3 in the MWNT subsection, the amines on PEI possess high
affinity for physisorption along the CNTs-COOH surface leading to a wrapping like behaviour.
This means that the presence of carboxyl content could have influenced PEI functionalization
of CNTs. However, the presence of PEl2s000/PElsoo do not tend to initiate any impact towards
the dispersion of P3-SWNTs in the PVDF composites but achieve a uniform dispersion of
MWNTs in the PVDF composite as observed with PVP in chapter 5. This confirms the
influence of nanotube diameter in PEI functionalization. The length of the nanotubes plays a
key role as well. This is observed with PEI functionalization of AP-SWNTSs, as only PEI of
higher molecular weight exhibited enhanced thermal and electrical properties with AP-SWNTs
in the PEI concentration range analyzed. The result observed with nanotubes of different
dimensions could be attributed to a failure of balance between the concentrations of PEI and
the surface area of nanotubes functionalized, meaning a higher concentration of PEI for a
specific amount of nanotube of certain dimensions may not just functionalize the nanotubes
but may also lead to aggregation through a higher amount of ionic interactions between the
amines on PEI and the carboxyl content of nanotubes. This could be the reason for PEI
functionalization being not effective with the dispersion of P3-SWNTs in PVDF matrix in the
same concentration range of PEI that exhibits an effective dispersion of MWNTSs. The high
aspect ratio of MWNTs compared to P3-SWNTSs could have played a vital role.

It is clear that PVP functionalization of nanotubes exhibits a higher degree of dispersion of all
the different types of nanotubes compared to unmodified nanotube composite leading to
enhanced thermal and mechanical properties. The enhancement in electrical properties is
generally observed when a uniform dispersion of nanotubes in the polymer matrix is achieved
at low concentrations of PVP irrespective of PVP molecular weight. This is attributed to the
fact higher surface coverage of nanotubes or excess amount of polymer may mean that the
thick insulating polymer layers around the nanotubes prevent electron conduction. The high
polymer concentration can also alter the viscosity of the composite meaning a lack of effective
dispersion in the matrix leading to an improper formation of nanotube network restricting

electron movement. This is observed with P4VP and PEI polymers as well. Although, the
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melting temperature of PEI meant that the mechanical stability of the polymer composites at

high temperatures was not maintained as observed with PVP and P4VP.
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FUTURE DIRECTIONS AND
RECOMMENDATIONS
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Although, significant achievements have been made in this research study, several challenges
are yet to be addressed in order to construct a polymer-based nanocomposite with enhanced

physical properties.
9.1 Polymer wrapping

The research study confirms that polyvinylpyrrolidone (PVP) has been proven to be a suitable
surface modifier to disperse and stabilize CNTSs dispersion in P\VDF matrix while preserving
the structure and properties of CNTs. Similarly, in other work, addition of PVP was proven to
facilitate uniform distribution and stabilization of MWNTSs in a Poly(vinylalcohol) matrix [1]
and SWNTSs in N-methyl-2-pyrrolidone matrix [2]. However, the concentration of PVP that
could facilitate uniform dispersion of a specific amount of nanotube differs with respect to the
organic solvent. Therefore, conducting extensive research by replacing different polymer
matrices without altering the parameters of both nanotubes and PVP is essential in order to
understand the variation in polymer wrapping and nanotube dispersion with respect to a

different polymer matrix.

It was found that AP-SWNTSs exhibits an enhanced physical property with PVP of low
molecular weight. Our hypothesis was that the diameter of the nanotubes plays a key role in
polymer wrapping. If so, an experiment with AP-SWNTSs of same length and different diameter
would provide a clear understanding on the relation between polymer wrapping and diameter
of the nanotubes. It would be crucial in constructing a polymer nanocomposite of lower density
and to further understand the role of aspect ratio in the dispersion of nanotubes in polymer

matrix.

In addition to the thermal conductivity analysis of PVP functionalized P3-SWNTs in PVDF
composites of different weight percent of nanotubes, conducting an electrical and mechanical
analysis would further explain the correlation between the amount of nanotubes and polymer
molecular weight. Achieving a more effective formation of nanotube network with lower
weight percent of nanotubes would open a lot of possibilities in the field of transparent

electronics[3].

Non-covalent functionalization using poly(4-vinylpyridine) (P4VP) and Polyethylenimine
(PEI) tend to exhibit a higher degree of dispersion in MWNTS but not in SWNTSs. Conducting
a similar experiment with different diameters of SWNTs would be important research to
analyze the interaction between P4VP/PEI and SWNTSs and to understand their stability in the
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polymer matrix. Finally, compatibility between surfactants and polymer matrices is an

important parameter to explore in terms of cost-effectiveness.

9.2 Mechanical Characterization

Although, storage modulus and glass transition temperatures of the composite provide an
understanding on the interaction of CNTs and polymer matrix, analyzing the composite for
properties such as elongation at break and flexibility are important in the application of flexible
sensors and flexible electronics. Standard mechanical testing such as tensile testing could also
provide additional information. Moreover, the dispersion of nanotubes in the composite have
a direct connection to flexibility and stretchability of the composite. Strong EMI shielding,
superior flexibility and shielding stability can be attributed to the percolated and flexible
network structure of nanotubes with polymer matrix [4]. It has also been found that uniformly
dispersed nanofiller in polymer composite exhibit high stretchability and it might be related to

the high flexibility of the matrix and the conductive network structure formed by the nanofillers
[5].
9.3 Surface Analysis

Although, SEM imaging confirms the presence of PVP in the composites and distribution of
nanotubes without agglomeration. A clearer characterization on the morphology of polymer

wrapping could be achieved through an in-situ TEM and FIB analysis.

Fig. 9.3A: SEM (i and ii) and TEM (iii and iv) micrograph of MWNT in the composite film and Emeraldine Salt
(ES) wrapped MWNT in the composite film. Reproduced with permission from Ref. [6]
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Fig. 9.3B: TEM image showing the typical morphology of PVP treated MWNTSs. Reproduced with permission
from Ref. [7]

This would be a valuable addition to understand the difference in the morphology of polymer
wrapping of nanotubes resulting from the change in polymer chain length and diameter of the
nanotubes. Moreover, the helical conformation of PVP and the kebab like conformation of
P4VP could be probed.
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