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Dispersion and interfacial management for designing
polypropylene nanocomposites
Zhu Dongzhi (1920417)

Along with the worldwide trend toward more energy-efficient structure and reduced emissions in industry and
transportation, there is an increasing demand for developing lightweight, high-performance, and low-cost materials.
Plastics are among the material of choices, which not only provide the light-weight structure, but also require less
energy manufacturing processes into the final products as compared to other materials such as metals and glass.
Currently, nanofillers are widely used to enhance mechanical and thermomechanical performances of polymers.
However, the addition of nanofillers often results in a considerable loss in the toughness and elongation at break
due to the rigidity of the embedded nanoparticles as well as loose interfaces. Thus, it is essential to explore a way
to alleviate these problems in order to devise high-performant polymer nanocomposites. In this dissertation, I
exploited different strategies, with the aim to fabricate polymer nanocomposites bearing desired properties without
sacrificing the toughness. The main research results are as follows:

In Chapter 2, organically modified SiO, was used to prepare graft-type polypropylene (PP) nanocomposites,
where PP containing less than one functional group per chain prepared by catalyzed copolymerization between
propylene and 7-octenyltrimethoxysilane (PP-OTMS) was used as a reactive matrix. It was found that surface
modification of SiO> with silane coupling agents enhanced the hydrophobicity of SiO, surfaces to improve the
dispersion of SiO;, which in turn promoted the in-situ grafting of PP-OTMS onto filler surfaces via
hydrolysis/condensation. The modification with long alkyl chains led to efficient grafting to strengthen the
interfacial interaction, and recovered the deterioration in the elongation at break from its plasticizing ability. This
provided an opportunity to balance the reinforcement and the toughness of the materials, which is hardly achieved
by the in-situ grafting or surface modification alone.

In Chapter 3, a novel PP matrix bearing methoxy-phenyl side-functional groups (PP-ADMB) was synthesized
by copolymerization of propylene with 4-allyl-1,2-dimethoxybenzene. The introduction of methoxy-phenyl side-
functional groups even at a trace amount not only improved the compatibility between the matrix and fillers to
promote the dispersion of SiO», but also softened the polymer, which dramatically improved the elongation at break
and the toughness without deteriorating the reinforcement of PP nanocomposites. These functions of PP-ADMB
make it advantageous over the homo PP in balancing the mechanical properties of nanocomposites.

In Chapter 4, reactor granule technology (RGT), where TiO; nanoparticles were in-situ formed in the porous
structure of PP granules, was used to fabricate biaxially oriented polypropylene (BOPP) nanocomposites. Benefitted
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nanoparticles.

In conclusion, three different strategies Fig. 1. Materials design implemented in this thesis.

were successfully implemented to fabricate PP nanocomposites (Fig. 1), which facilitated desired properties without
sacrificing the ductility of the material. These developed strategies are believed to be promising for designing high-
performance polymer nanocomposites.

Keywords: Polymer nanocomposites; Mechanical properties; Reactor granule technology; Biaxially oriented
polypropylene; Dielectric properties
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Preface

The present thesis is submitted for the Degree of Doctor of Philosophy at Japan Advanced
Institute of Science and Technology, Japan. The thesis is consolidation of results of the research
work on the topic “Dispersion and interfacial management for designing polypropylene
nanocomposites” and implemented during October 2019—-September 2022 under the supervision
of Prof. Dr. Toshiaki Taniike at Graduate School of Advanced Science and Technology, Japan

Advanced Institute of Science and Technology.

Chapter 1 provides a general introduction of the research field, and accordingly the objective
of this thesis. Chapter 2 combines the surface modification of silica nanoparticles (SiO2) with in
situ grafting and the mechanical properties of resultant polypropylene (PP)/SiO> nanocomposites.
Chapter 3 describes the design of functionalized PP/SiO> nanocomposites for balanced
toughness and stiffness. Chapter 4 reports the design of biaxially oriented polypropylene
(BOPP)/TiO2 nanocomposites by applying the reactor granule technology (RGT) for the
dielectric properties. Finally, Chapter 5 describes the general conclusions of this thesis. The work

is original, and no part of this thesis has been plagiarized.

Zhu Dongzhi
Graduate School of Advanced Science and Technology

Japan Advanced Institute of Science and Technology

September 2022
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General Introduction



Chapter 1

1.1. Polymer nanocomposites

Polymer materials have been one of the most important parts in the development of
materials science, due to their lightweight, low cost, and easy processing, which cover a
wide range of applications from daily life to aerospace [1-13]. In particular, polymer
composites, containing fillers with at least one dimension less than 100 nm [14] are called
polymer nanocomposites. Since its discovery for nylon6/clay hybrids [15,16], they have
attracted increasing interests due to that a small proportion of nanoparticles dispersed in
polymer matrices not only leads to reinforcements but also new functionalities which are
not present in the original polymers [17-25]. Significant increases in the particle number
density and the interfacial area due to the small size allow polymer nanocomposites to
attain favorable properties at a considerably lower filler loading than conventional micro-
sized based polymer composites [26—35]. At present, polymers such as polyamide (PA),
polyphenylene sulfide (PPS), and polypropylene (PP) are extensively reinforced with
nanofillers to improve their mechanical and thermomechanical performance as a cost-
effective replacement for traditional engineering materials in demanding applications
such as automotives, aerospace, marine, and electronics, and so on [35]. Hereafter, a brief
introduction of polymer matrices, nanofillers, and the process of nanocomposites is

described.
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1.1.1. Polymer matrices

The polymer matrix is the most important component of a polymer nanocomposites
[36]. When compared to other materials such as metals and ceramics, polymers have
lower strength, modulus, electric permittivity, and so on. With the effort to overcome
these limitations, polymers are reinforced with appropriate nanofillers to satisfy specific
application demands [37]. Among the multiple polymer matrices, polyolefin-based
nanocomposites are considered as one of the most commonly used thermoplastics matrix

for fabricating nanocomposites [38,39].

1.1.2. Nanofillers

Nanofillers play important roles in modifying desirable properties of polymers with
lower cost [40] As illustrated in Fig. 1.1. based on their dimensions, nanofillers are classed
as zero-dimensional (spherical particles), one-dimensional (nanowires), and two-
dimensional (nanosheet) ones. There is a number study reporting that the size, shape, and
the loading of nanofillers have significant effects of the final properties on the
nanocomposites [14,41—44]. The size reduction of the nanoparticles leads to a dramatic
increase in the interfacial area as compared to traditional composites [42]. This interfacial
area creates a significant volume fraction of interfacial polymer with properties different
from the bulk polymer even at low loadings (Fig. 1.2). Nanofillers are available in a

variety of shapes, including spherical, triangular, needles, rods, cubic, etc., which enables

3
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them to be employed in a variety of applications, including device manufacturing, optics,

biofuel cells, electronics, and so on [14,43,44].

Fig. 1.1. Schematic illustration of different types of nanofillers a) zero-dimensional, b)

one-dimensional and ¢) two-dimensional. Reproduced from Ref. [41].

1.0 -
09 2 nm Particles
08 | 2 nm Tubes '10 nm Particles

10 nm Tubes 50 nm Particles
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—_—— =
[ | 1 |

0.2 03 0.4 0.5
Volume Fraction of Filler

Volume Fraction of Interfacial Polymer

Fig. 1.2. Schematic illustration showing the volume fraction of interfacial polymer
based on a 10-nm thick interfacial region surrounding each nanoparticle.

Reproduced from Ref. [42].
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1.1.3. Processing

Three basic techniques for making polymer nanocomposites are described here: In-
situ polymerization, solution blending, and melt mixing [45]. The process for
synthesizing polymer nanocomposites is mostly determined by the type of polymeric

matrices, nanofiller, and desired final product properties [46].

1.1.3.1. In-situ polymerization

The in-situ polymerization method was developed to provide good nanofiller
dispersion in a polymer matrix [47]. The nanofillers are disperse into the monomers or
pre-polymers first, and then in such a circumstance, polymerization takes place, as shown
in Fig. 1.3. When nanofillers are included in the polymerization process, the viscosity of
the nanocomposites tends to increase significantly [48], making them difficult to
manipulate and preventing further advancement of the polymer nanocomposites

performance [49-51].
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AT

N\

Curing agent
Organophilicnanoplatelet Monomer Polymerization

Fig. 1.3. Schematic illustration of the in-situ polymerization method.
Reproduced from Ref. [47].

1.1.3.2. Solution blending

Solution blending is a simple and effective way to produce polymer nanocomposites.
The entire procedure might be divided into three steps (Fig. 1.4) [52—54]. To begin with,
the nanofillers and polymer need to be dispersed and dissolved in a solution, respectively.
Second, sonication or other mechanical stirring methods are used to mix the nanofillers
and polymer solution. Finally, the solvent is evaporated from the well-dispersed mixing
solution, giving polymer nanocomposites. This method will most likely be limited to
dispersing the polymers in the solution [47], and more importantly, cost of using and

removing a solvent.
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Dissolved LDPE i Mixed solution of
MWCNTs LDPE and MWCNTs

Evaporation of
Solvent

T

e Mixed powder of
Composite film Hot pressing LDPE and MWCNTs

Fig. 1.4. Schematic illustration the solution blending method for

preparing polymer nanocomposites. Reproduced from Ref. [52].

1.1.3.3. Melt mixing

Due to its simplicity, melt mixing is the most common and practical method for
creating polymer nanocomposites [55]. Melt mixing is a technique in which the
nanofillers are mixed directly with the polymer while it is still molten, as shown in Fig.
1.5 [56] The most important advantages of melt mixing are that it can be well-matched
with several industrial processes (extrusion and injection molding), the improvement of

mechanical properties [57-59], and effectiveness as well as environmental friendliness.
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Tartaric Acid-Modified
PP Nano-CaCO,

) .
A

PP/Tartaric Acid-Modified
Nano- Ca003

I .
- ..

t“‘\““

extrusion and pelletizing

specimens for mechanical tests injection

Fig.1.5. Schematic illustration of the melt mixing method for preparing polymer

nanocomposites. Reproduced from Ref. [55].

1.2. Polypropylene (PP)-based nanocomposites

Around 380 million tons of plastics are nowadays produced worldwide per the
year [60]. Among these, polypropylene (PP) is one of the most important ones with
a wide range of applications and tremendous commercial success owing to its low
cost, lightweight, ease of processing, low environmental load, and chemical
resistance and so on (Fig. 1.6) [61-69]. PP is generally obtained by catalyzed
polymerization of gaseous propylene, where stereochemical as well as

regiochemical control is essential, unlike in ethylene polymerization. The methine

8
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carbon in the polymer structure is chiral, which creates a variety of stereoisomeric
possibilities. If the neighboring methine carbons are predominantly situated in the
same chiral configuration, the polymer is designated “isotactic”. Isotactic PP is by
far the mostly used commercial important stereoisomer of PP [70]. If the chirality of
the neighboring methine carbons alternates from side to side along the polymer chain,
the stereoisomeric form is termed “syndiotactic” (Fig. 1.7), and like isotactic, also
contains a substantial crystalline content. If the methyl group is randomly oriented,
the polymer is termed “atactic” and is a rubbery, amorphous, tacky material,

generally considered to be undesirable.

PET PUR Others
PS, EPS
6%
LDPE,
PVC LLDPE
13% 17%

HDPE
19% 12%

Fig. 1.6. World plastics demand by resin types in 2006. Reproduced from Ref. [61].
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Isotactic PP
H

=
Z,

Fig. 1.7. Stereo configuration of polypropylene.

Due to the advantages of PP, PP-based nanocomposites have attracted great

attention as a way to enhance their applicability and explore a new specialty.

However, the nonpolar and chemically inert nature of PP against inorganic

nanoparticles makes practical applications of PP-based nanocomposites extremely

challenging compared to other polar polymers [71]. Therefore, studying the key

factors that affect the final properties of PP-based nanocomposites is very important.

1.3. Key factors for fabricating PP-based nanocomposites

1.3.1. Dispersion of nanoparticles

To improve the efficiency of the addition of nanoparticles, some crucial issues need

to be considered. The first one is the dispersion of nanoparticles. In most cases,

nanoparticles do not disperse well in PP and instead form huge and compact aggregates
10
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due to the poor compatibility, as shown in the Fig. 1.8 [72]. The existence of these
agglomerates inevitably causes a reduction in reinforcement and negatively affects the
ductility. This is due to that nanoparticle aggregations operate as weak points where a
destructive process can start, resulting in mechanical properties deterioration [73].
Polymer nanocomposites need to have sufficient stiffness, strength and toughness for
practical applications purposes. Thus, the uniform dispersion of nanoparticles at a nano

scale is the first prerequisite for preparing performant nanocomposites.

1 um
Fig. 1.8. Example of the agglomeration of nanoparticles in PP.

Reproduced from Ref. [72].

1.3.2. Interfacial bonding between the nanoparticles and PP matrix

The second factor to be considered is the interfacial bonding of nanofillers with the
polymer matrix. Thus, structural optimization of the interracial bonding of fillers and

polymer would be essential, which is particularly important for improving the strength

11
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and toughness of composites [74]. Strong interfacial bonding between nanoparticles and
the matrix is favorable for effective load transfer [75]. As such, enhancement of the
interfacial adhesion is a promising way to improve the ductility in PP-based

nanocomposites [74,76—78].

1.4. Main strategies for fabricating PP-based nanocomposites

For a range of current and future applications of PP-based nanocomposites,
controlling the dispersion and managing the interfacial interaction between nanoparticles
and PP is crucial. The main research efforts are presented below and divided into three
categories: compatibilizers, surface modification, polymer grafting, and in-situ formation

of nanoparticles.

1.4.1. Compatibilizers

Adding a compatibilizer, such as maleic anhydride-grafted PP (PP-g-MA), is the
most common and cost-effective way to alleviate incompatibility [79-81]. Vladimirov et
al., for example, used a twin-screw co-rotating extruder to create polypropylene/flumed
silica nanocomposites. The dispersion of fillers improved when PP-g-MA was introduced
as a compatibilizer, leading to an increase in the mechanical properties [81]. Lonkar et al.

have prepared compatibilized PP/organo-layered double hydroxide hybrid

12
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nanocomposites [82], as shown in Fig. 1.9. They found that when PP-g-MA content
increased, tensile strength and modulus improved, while elongation at break declined.
The results showed that a compatibilizer content of 10 wt% is optimal for producing high-
performance nanocomposites. A demerit of PP-g-MA is also known: It generally

accelerates the oxidative degradation of the matrix [82,83].

Hydroxide layers

S AR AR
% + ; ; Cc_)mpounding
(i =

Anionic modifier

Compatibilized PP Nanocomposites

PP-g-MAH Organo-LDH
Fig. 1.9. Schematic illustration of compatibilized PP/organo-layered double hydroxide

hybrid nanocomposites. Reproduced from Ref. [83].

1.4.2. Surface modification

Surface modification of nanoparticles help to avoid agglomeration caused by the
incompatibility between hydrophilic inorganic fillers and hydrophobic polymer matrices.
Surface modification of nanoparticles with silane coupling agents is the most
straightforward approach for weakening interconnections between adjacent nanoparticles
and improving their compatibility with polymer matrices [84-88]. However, one

disadvantage of surface modification is that it creates a soft interfacial layer between the
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matrix and the fillers, sacrificing reinforcement [88]. For instance, Zhou et al. fabricated
PP/Si10; nanocomposites by mixing untreated and surface treated SiO» nanoparticles with
different alkyl chain lengths on particle surface with isotactic PP [88]. They found that
when introduce the modified SiO nanoparticles, the yield strain and toughness increased,

while the modulus decreased (Fig. 1.10).
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Fig. 1.10. Relative tensile properties of iPP/SiO, nanocomposites containing

2.3 vol% of nanoparticles. Reproduced from Ref. [88].

1.4.3. Polymer grafting

Many strategies have been proposed to overcome the poor dispersion of
nanoparticles and weak interfacial bonding of the fillers and matrix. Indeed, most these
strategies can achieve well dispersed nanoparticles. However, because PP lacks any

functional groups that can interact with polar groups, improving interfacial interactions
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in PP nanocomposites remains a considerable challenge. In recent years, developing
functionalized PP with polar or reactive functional groups has been an attractive topic
[89-98]. As grafting functionalized PP chain onto nanoparticles is a promising way to
alleviate agglomeration due to the improvement in compatibility and to offer improved
mechanical properties of nanocomposites due to entanglement [71]. For example, our
research group have employed terminally hydroxylated PP (PP-~-OH) with various chain
lengths [99]. PP---OH was grafted onto silica nanoparticles (SiO2) and the grafted
nanoparticles were melt-mixed with a PP matrix. The resultant nanocomposites had good
nanoparticle dispersion and considerable strengthening due to physical crosslinking based
on co-crystallization (Fig. 1.11). However, the complexity of the synthesis of PP-~-OH

makes it less practical.
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Fig. 1.11. Schematic illustration of PP/PP-g-SiO, nanocomposites.

Reproduced from Ref. [71].

There are four main methods for fabricating functionalized PP, including post-
treatment, reactive intermediate, chain transfer reaction, and direct copolymerization with
polar comonomers. Among these methods, direct copolymerization of propylene with
polar comonomers appears to be the most straightforward method for obtaining
functionalized PP in one step. For example, by copolymerizing propylene with 7-
octenyltrimethoxysilane (OTMS), our research group has developed a functionalized PP

matrix (PP-OTMS) [100]. In the preparation of PP-OTMS/SiO; nanocomposites, PP-
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OTMS undergoes in-situ grafting onto SiO: during melt mixing, which improves
dispersion and reinforcement by a reaction between methoxy groups on a side chain and
silanol groups on SiO; surfaces, similar to ex situ grafting but more effectively (Fig. 1.12).
Furthermore, the interchain interaction between methoxy groups generates a crosslink

network that helps to increase the mechanical properties of nanocomposites.

JaSIS
PP with a trace amount of
reactive functional groups

€

$i0; nanoparticles

LCB formation

LA

Fig. 1.12. Schematic illustration of PP-OTMS/Si0> nanocomposites.

Reproduced from Ref. [100].

1.4.4. In-situ formation of nanoparticles

Polymer nanocomposites can also be created based on a sol-gel process to synthesize
inorganic fillers in-situ in the polymer matrix. Such a process, metal alkoxides are
hydrolyzed and condensation reactions occur within a polymer matrix. Inorganic
nanoparticles are formed as a result of these reactions and are dispersed throughout the

polymer matrix. Bahloul et al. used the sol-gel process to make PP/TiO, nanocomposites
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from titanium alkoxide inorganic precursors that were premixed with PP under molten
conditions. The TiO2 nanoparticles was highly dispersed throughout the polymer matrix
[101-103].

Our research group has developed a novel in-situ method, called reactor granule
technology (RGT). Reactor granule is a porous polyolefin powder obtained directly
after catalyzed olefin polymerization and before shipment pelletization. RGT is a
process for converting precursors impregnated in polyolefin reactor granules into
highly dispersed nanoparticles at melt compounding temperatures, as seen in Fig.
1.13. Many PP-based nanocomposites, including PP/TiO2, PP/Al,O; PP/Mg(OH).,
PP/Au, PP/Ag, have been developed based on RGT [72,104—109]. The RGT is
applicable to preparing polyolefin nanocomposites filled with nanoparticles from
low to high content up to 20 wt% without the need of a compatibilizer and without

seriously sacrificing the mechanical properties of PP nanocomposites [72].

|| A(OPr)s+3 H,0—~3PrOH+AI(OH);  2AI(OH)s—~ Al,O5+3H,0

Impregnation Vacuum dry > (\ Melt-mix "AS AL

12 h, 50 °C > g Pre-hydrolysis D 190 °C, 100 r'/main A v

J 24 h, 50 °C, 100% RH 10 min o OV

Al(OiPr); in PP/AI(OiPr); Impregnated PP PP/Al,O;-RGT

toluene

Fig. 1.13. Schematic illustrations for the reactor granule technology.

Reproduced from Ref. [108].
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1.5. Toughness of PP nanocomposites

In many cases, the introduction of rigid fillers to a matrix always results in
reinforcement at the expense of significantly reducing the toughness [41,74]. It was
reported that the agglomeration and loose interface make the problem more significant
[18,110,111]. In particular, the agglomeration and loose interface become much more
evident when fillers are nano-sized. This concern may be alleviated by the significant
interfacial interaction between nanofillers and the polymer matrix [112]. Kim and Michler
[113,114] have studied the micromechanical deformation processes in PP/AI(OH)3
composites. They described that because of the stiffness inorganic particles, particles
cannot be deformed by external stress in the specimen and instead operate as stress
concentrators during deformation processes. Debonding occurs easily on both sides in a
parallel direction to the applied stress due to the weak interfacial adhesion between the
Al(OH); filler particles and the PP matrix, whereas highest stress concentration is at the
poles of rigid particles. The matrix material between the voids deforms more easily during
these debonding processes, resulting in shear yielding. The main methods for improving
the toughness of PP-based nanocomposites are shown below, including adding elastomer,

hybrid fillers, and adding B nucleating agent.
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1.5.1. Elastomer

The main strategies that have been developed to improve the toughness of PP
nanocomposites are incorporating elastomer [41,115]. Generally, the elastomer volume
fraction of 5 to 20% is needed to realize the significant toughening of PP. However, the
high loading of elastomer dramatically decreases the strength and stiffness of PP, even up
to 50%. For example, Lim et al, studied rubber-toughened polypropylene
(PP)/orgmontmorillonite (org-MMT) nanocomposite [ 115]. They found that polyethylene
octene elastomer (POE) was very effective in converting brittle PP nanocomposites into
tough nanocomposites (Fig. 1.14). However, the Young’s modulus and tensile strength of

the blends decreased with respect to the PP nanocomposites (Fig. 1.15).
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Fig. 1.14. Effect of the POE copolymer content on the impact strength and elongation at

break of PP nanocomposites. Reproduced from Ref. [115].
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Fig. 1.15. Effect of POE copolymer content on the tensile strength and Young’s

modulus of PP nanocomposites. Reproduced from Ref. [115].

Hong et al. [116] synthesized PP-based RTPO (or in reactor made TPO), which is a
blend of PP and poly(ethyleneco-propylene) (serving as the rubber phase) by bulk
polymerization of propylene followed by gas-phase copolymerization of ethylene and
propylene driven by a TiCls/MgCly-based catalyst system. Then, using PP-MA as a
compatibilizer, they fabricated PP-based RTPO/clay nanocomposites. Table 1 shows the
detailed tensile data of nanocomposites. Although the elongation at break drops as the
clay content increases to 437%, which is significantly greater than the value of PP/clay
nanocomposites reported elsewhere. They believed that elongational properties of PP-

based RTPO/clay nanocomposites are unique and promising for a variety of applications.

Table 1. Tensile results of PP-based RTPO/PP-MA/clay nanocomposites. Reproduced
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from Ref. [116].

Sample PP-based RTPO PP-MA Clay (wt.%) Tensile modulus  Elongation at
(Wt.%) (MPa) break (%)
RTPO 100 0 0 46.0 1390
RTPONC3 88 9 3 71.2 980
RTPONCS 80 15 5 78.3 859
RTPO NC10 60 30 10 251 437
1.5.2. Hybrid fillers

Some studies have examined the synergistic effects of nanoparticles and traditional

reinforcements like short fibers. The use of two or more fillers of different sizes or shapes

has been shown to have a synergistic effect on the toughness of PP-based nanocomposites

[18,117,118]. This is because fillers with a high aspect ratio can serve as bridges between

other fillers in the hybrid system. For example, Junaedi et al. found that adding 2.5 wt%

TiOz nanoparticles to a 10 wt% short carbon fiber reinforced PP composite increased the

strain at break by 15% when compared to simply adding 10 wt% short carbon fiber to PP

composites [117]. Gabr et al. [118] fabricated carbon fiber/nano-clay/polypropylene

nanocomposites. They reported that the fracture toughness of nanocomposites increased

at 3 wt% adding of nano-clay, as shown in the Fig. 1.16. However, the synergistic effect

of fillers is limited to specific combinations.
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Fig. 1.16. Effect of nano-clay content on the fracture toughness of PP

nanocomposites. Reproduced from Ref. [118].

1.5.3. B nucleating agent

iPP is a semi-crystalline polymer with four different crystal forms: a, B, A, and
smectic [119-122]. Due to its superior toughness and elongation at break, B crystal
garnered the most attention when compared to other crystal forms. As a result, introducing
B nucleating agent to a nanocomposite system may provide a useful benefit for
toughening. For instance, Xie et al. observed that 1.0 wt% content of B nucleating agent
could enhance the impact toughness of iPP/glass fiber composites from 9.3 kJ/m?
(without a nucleating agent) to 14.6 kJ/m?. Chen et al. reported that the toughness of glass
fiber reinforced isotactic polypropylene composites increased with the addition of a B

nucleating agent [123]. However, the addition of B nucleating agent also slightly
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decreased the corresponding tensile strength and modulus [124].

1.6. Aim of thesis

The demand to develop lightweight, high-value, low-cost materials to replace
traditional materials is increasing owing to global trends for higher fuel efficiency and
lower emissions in industry and automation transportation. For this purpose, PP is
considered one of the most plastics, but challenges arising from the chemical inertness of
PP must be addressed. In particular, the main weakness of PP-based nanocomposites is
the reinforcement accompanies reduction in the toughness. To obtain polymer
nanocomposites with desired properties, many strategies have been proposed. It is known
that the surface modification of nanoparticles with short aliphatic alkyl chains could be a
facile way to increase the toughness of PP nanocomposites. However, due to the
plasticizer effect of short aliphatic alkyl chains, this compensates the modulus. Therefore,
it is very important to improve existing strategies in a way to be more versatile to prepare
nanocomposites with desired properties but not significantly decrease the toughness of
the matrix. In this dissertation, I aim to fabricate PP-based nanocomposites with improved
desired properties without significantly sacrificing the toughness of the PP matrix. For
this, the strategies of chemically modifying both the nanoparticles and the PP chain, as
well as reactor granule technology (RGT), are applied to prepare PP nanocomposites for
the purpose of optimizing the dispersion and interfacial bonding in PP nanocomposites.

My research is mainly comprised of the following three chapters:

24



Chapter 1

In Chapter 2, catalyzed copolymerization between propylene and 7-
octenyltrimethoxysilane (OTMS) was used to prepare PP with less than one functional
group per chain. Silica nanoparticles (SiO2) was selected as a filler. It was expected that
the surface modification of SiO2 with silane coupling agents would help to enhance the
dispersion of SiO2 and offer more opportunity for in-situ grafting during melt mixing of
the reactive matrix with nanofillers. By combining the surface modification of SiO; with
in-situ grafting, the dispersion of nanoparticles and interface interaction were optimized,
resulting in improved mechanical properties.

In Chapter 3, by direct copolymerization of propylene with 4-Allyl-1,2-
dimethoxybenzene (ADMB) using a Ziegler-Natta catalyst, functionalized PP (PP-
ADMB) containing methoxy-phenyl side-functional groups was prepared. The
functionalized PP (PP-ADMB) was employed as a matrix for fabricating PP/SiO;
nanocomposites. The introduction of ADMB was expected to help improve the dispersion
of Si0; and to balance the stiffness and toughness of PP/SiO> nanocomposites.

In Chapter 4, the reactor granule technology (RGT) was applied to prepare biaxially
oriented polypropylene (BOPP) nanocomposites to effectively improve the dielectric
properties of PP. Titania nanoparticles (TiO2) was chosen not only for its low price, but
also for its high relative permittivity. The effects of various factors, such as the TiO»
content, interfacial design, and drawing ratio on the permittivity, breakdown voltage, and

dielectric loss of the nanocomposites were investigated in detail.
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Abstract

In situ grafting of a reactive matrix and nanofillers is a promising strategy to
fabricate graft-type polypropylene (PP)-based nanocomposites, where the grafting
efficiency is affected by the initial dispersion of nanofillers in the matrix. In this work,
influences of surface organic modification of nanofillers were investigated on properties
of PP/SiO> nanocomposites using poly(propylene-co-octenyltrimethoxysilane) as a
reactive matrix. The surface modification of SiO2, especially with longer alkyl chains, led
to improved dispersion of nanoparticles, thus promoting the grafting reaction and
mechanical properties. The combination of in situ grafting and surface modification of
nanofillers provided several benefits, most notably in balancing the strength and the
toughness, which could not be achieved by the grafting alone.

Keywords: PP nanocomposites; in-situ grafting; reactive matrix; surface modification

2.1. Introduction

Polymer nanocomposites, consisting of at least one phase having dimensions smaller
than 100 nm [1], have attracted great interest owing to their potential applications in
different industrial sectors. Significant increases in the particle number density and
interfacial area due to the small size enable nanocomposites to achieve desired properties

at a much smaller loading of fillers compared to conventional microcomposites [2].
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Meanwhile, strong interparticle attraction in comparison to weak interfacial interaction
with polymer matrices constitutes one of the main impediments in the development of
high-performance nanocomposites.

Polypropylene (PP), one of the most abundant thermoplastics, has been employed
for fabricating polymer nanocomposites using a wide variety of nanofillers [3—16]. The
hydrophobicity and chemical innerness of PP make uniform dispersion of nanoparticles
challenging, for which various strategies have been reported. These include the use of a
compatibilizer such as maleic anhydride-grafted PP [17-25], surface modification by
organic compounds [26-28], polymer grafting [29-33], propylene polymerization in
presence of nanofillers [34], in situ formation of nanofillers [35-37], and so on. Among
these, the polymer grafting, especially using PP as the graft chain, is the most promising
[38]. Grafted PP chains not only improve the compatibility between nanofillers and the
PP matrix, they also co-crystallize with the matrix to strengthen interfacial interaction
[37,38]. It has been reported that various functional groups have been introduced to PP
chains as a reactive site for grafting reaction [38—43]. For example, we exploited
terminally hydroxylated PP (PP---OH) with different chain lengths, which was
synthesized through controlled chain transfer reaction during metallocene-catalyzed
propylene polymerization, followed by hydroxylation. PP-~-OH was grafted onto silica
nanoparticles (SiO2) and subsequently used for melt mixing with a PP matrix [38]. The
resultant nanocomposites exhibited excellent dispersion of nanoparticles and significant

reinforcement arisen from co-crystallization-based physical crosslinkage. Nonetheless,
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elaboration in the synthesis of PP-#-OH as well as ex situ grafting makes the process less
practical. In a more recent publication, efficient synthesis of reactive PP with less than
one functional group per chain by virtue of catalyzed copolymerization between
propylene and 7-octenyltrimethoxysilane (OTMS) was reported [39]. During melt mixing,
PP-OTMS undergoes in situ grafting onto SiO2 through the reaction between methoxy
groups at a side chain and silanol groups on SiO: surfaces, leading to improved dispersion
and reinforcement, similar to ex situ grafting but more efficiently. In addition, interchain
re-action among methoxy groups creates a crosslink network, which also co-contributes
to the improvement in mechanical properties.

Despite the effective reinforcing of PP-OTMS/S10, nanocomposites, due to particle-
particle interactions and the high surface energy of SiO,, uniform dispersion of neat SiO»
in the early stages of melt mixing remains a challenge [26,44]. The shear forces during
melt mixing were unable to break down this agglomeration of SiO> in the matrix. Surface
modification of SiO; with inert functional groups, such as alkyl chains, is the most
convenient method for weakening connections between adjacent nanoparticles and
decreasing moisture absorption by lowering the surface energy [44]. As the grafting
reaction and interchain reaction are competing reactions that consume the reactive
functional group [39], good control of SiO dispersion in the early stage would provide
more opportunities to control the grafting reaction and to maximize the resultant
properties.

Here, I report a method to further improve the physical properties of graft-type

46



Chapter 2

nanocomposites using PP-OTMS as reactive matrix. Specifically, organically modified
SiO2 nanoparticles were used in combination with PP-OTMS. The organic modification
improved the dispersion of the nanoparticles in the early stage of melt mixing and
consequently improved the grafting efficiency. This, together with the plasticizing effect
of aliphatic chains, resulted in improved mechanical properties compared to the
nanocomposites using unmodified nanoparticles. In particular, the improvement in

toughness was quite remarkable.

2.2. Materials and methods

2.2.1. Materials

PP (M, = 6.3 x 10%, Mw/M, = 3.9, stereoregularity (mmmm) = 95 mol%) and PP-
OTMS (M, = 7.3 x 10*, Myw/My = 3.7, mmmm = 98 mol%) were synthesized using a Sth-
generation Ziegler-Natta catalyst according to previous study [39]. n-Heptane was dried
by N2 bubbling in the presence of molecular sieve 3A prior to use. Propylene of
polymerization grade was donated by Japan Polypropylene Corporation (Tokyo, Japan)
and used as received. Triethylaluminum (TEA, donated by Tosoh Finechem Corporation,
ToykoYamaguchi, JapanCo.) was used as a dilution in heptane. 7-octenyltrimethoxysilane
(OTMS, purity >90%, Tokyo Chemical Industry Co., Ltd., Toyko, Japan) was used as a
comonomer without further purification. Based on a gas chromatographymass

spectrometry analysis, the impurities in OTMS were OTMS isomers with different double
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bond positions. These impurities are similarly or less poisonous to the catalyst as
compared to OTMS. Therefore, they are assumed to have insignificant effects on the
catalytic properties. SiO2 nanoparticles (average diameter = 26 nm, specific surface area
=110 m? g ') were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Octadecyl-
3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate (AO-50, donated by ADEKA
Corporation, Tokyo, Japan) was used as a stabilizer. Trichlorohexylsilane,
trichlorododecylsilane, and trichlorohexadecylsilane were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). According to the alkyl chain length, they are
denoted as C6, C12, and C16, respectively. Toluene (Kanto Chemical Co., Inc., Tokyo,

Japan) was dried and deoxygenated by N> bubbling in the presence of molecular sieve

3A.

2.2.2. Synthesis of PP-OTMS

PP-OTMS was synthesized by copolymerization of propylene and OTMS using a
MgCly-supported Ziegler-Natta catalyst [39]. The polymerization was performedina 1 L
stainless steel reactor in a semi-batch mode. To the reactor blanked by N2, 500 mL of
heptane as a solvent, 15 mmol of TEA as a cocatalyst, and 10 mmol of OTMS as a
comonomer were introduced. The solvent was saturated with 0.5 MPa of propylene at
50 °C for 30 min. Followed by the introduction of 16 mmol of H», catalyst powder (50

mg) was injected to initiate the polymerization. The polymerization was continued at
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50 °C and 0.5 MPa for 60 min, followed by depressurization. The solvent was removed
by decantation, and the resultant polymer powder was washed repetitively with ethanol
and acetone under N». Finally, the powder was purified by reprecipitation (xylene to
acetone) and dried in vacuum at room temperature. PP homopolymer (HomoPP) was
synthesized in the absence of OTMS under the same conditions, except 5.0 mmol of TEA

used as a cocatalyst.

2.2.3. Surface modification of SiO

Surface modification of SiO> was performed according to a previously reported
method [45]. Si02 (0.3 g) was added in 30 mL of toluene in a round-bottom flask, and
sonicated for 30 min. A specified amount of a silane coupling agent (0.01, 0.1, or 1 mmol)
was added under N>. The mixture was stirred at room temperature for 1 h. The obtained
product was collected by centrifugation, repetitively washed with anhydrous ethanol, and
dried in a vacuum oven at 80 °C for 24 h. The modified SiO> samples are denoted as Cx-
y-Si0,, where x and y represent the alkyl chain length and the amount (mmol) of the
silane coupling agents (per 0.3 g of Si0z), respectively. For example, C6-0.1-S10: stands

for SiO2 modified with 0.1 mmol of trichlorohexylsilane.
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2.2.4. Preparation of PP-OTMS/SiO: nanocomposites

PP-OTMS/SiO2 nanocomposites were prepared by the following procedure: First,
PP-OTMS (3.7 g) was pre-impregnated with 1.0 wt% of AO-50 in 100 mL of acetone.
After evaporation of the solvent under N> flow, the polymer was dried at room
temperature under vacuum for 12 h. The dried polymer was melt-mixed with 5.0 wt% of
unmodified SiO; or modified SiO2 using Micro Compounder MC5 (Xplore) at 185 °C
and 100 rpm for 15 min under N2 atmosphere. The extrudate was hot-pressed into a 200
pum-thick film at 230 °C and 20 MPa for 5 min, followed by quenching at 100 °C for 5
min and then cooling at 0 °C for 3 min. For comparison, a nanocomposite (HomoPP/SiO>)

was also prepared using HomoPP and unmodified SiO» according to the same procedure.

2.2.5. Characterizations

Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer
Spectrum 100 spectrometer (PerkinElmer, Inc., Waltham, USA) in the transmission mode
between 4000 cm ™! and 450 cm™! with a resolution of 4 cm™!. The scans of each FTIR
experiment are 64. A sample was mixed with dried KBr and pressed into a disc for the
measurement. Water contact angle (WCA) measurements were carried out on SiO:
samples using a contact angle goniometer (SImageAUTO 100, Excimer. Inc., Kanagawa,
Japan). At room temperature, 10.0 uL of deionized water was dropped on a sample surface

pressed on a glass slide. The WCA was determined by the tangent method. The weight
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loss of unmodified and modified SiO, was measured by thermal gravimetric analysis
(TGA, Thermo plus evo, Rigaku, Tokyo, Japan). A sample was heated from 25 °C to
600 °C at the heating rate of 10 °C min™' under dry air flow. The weight loss below 200 °C
corresponds to the evaporation of physisorped water and surface hydroxyl groups, while
the weight loss in a range of 200-600 °C corresponds to thermal decomposition of organic
groups for modified SiO».

The methoxy (OMe) content in PP-OTMS before and after melt mixing was
analyzed by 1H NMR (Bruker 400 MHz) operated at 120 °C with 1000 scans. Ca. 60 mg
of a sample was dissolved in 0.2 mL of 1,1,2,2-tetrachloroethane-d> (an internal lock and
a reference) and 0.5 mL of 1,2,4-trichlorobenzene containing 0.006 wt% of 2,6-di-tert-

butyl-4-methylphenol (anti-oxidant). The OMe content was calculated using Equation (2-

D,

HY/3

OMe content (mol%) = e

x100 (2-),
where H* and H are the peak areas for the methyl protons of the methoxy group and the
methine protons of the polymer backbone, respectively. A typical NMR spectrum of PP-
OTMS and peak assignment are provided in Fig. 2.1.

The dispersion of SiO> nanoparticles was observed on a transmission electron
microscope (TEM, Hitachi H-7650, Hitachi High-Tech Corporation, Tokyo, Japan)
operated at an acceleration voltage of 100 kV. A 100-nm-thick specimen was cut from a
nanocomposite film using an ultramicrotome instrument (Leica ULTRACUTS FCS,

Leica Microsystems GmbH, Wetzlar, Germany) equipped with a diamond knife. The
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dispersion of SiO, in the matrix was quantitatively evaluated based on a dispersion
parameter (D) defined in Equation (2-2),

D=2=xt (2-2),
where ¢ and o are the average size and its standard deviation of SiO2 domains (SiO:
particles or their aggregates) [46]. The analysis of TEM images was performed using
ImagelJ software, and covered at least 200 domains of SiO2, which corresponded to 3
TEM images taken at different regions and were sufficient to obtain stable D values.

Differential scanning calorimetry (DSC) measurements were performed on Mettler
Toledo DSC 822 under N> atmosphere. Ca. 8 mg of a sample was added in an aluminum
pan, and heated to 230 °C at the heating rate of 20 °C min'. The melting temperature (7im)
and the crystallinity (X:) were determined from the melting endotherm. After holding
230 °C for 10 min, the sample was cooled down to 25 °C at the cooling rate of 20 °C
min~! for acquiring the crystallization temperature (7¢), or to 144 °C at the rate of 50 °C
min~!' for isothermal crystallization. In the latter case, the crystallization rate was
calculated as the inverse of the half time of the crystallization (denoted as 12 ).

Tensile properties were measured using a tensile tester (Abecks Inc., Dat-100, Tokyo,

! at room temperature. Dumbbell-shaped

Japan) at a crosshead speed of 1 mm min~
specimens were die-cut from a 200-pm-thick film. The tensile properties were reported

as an average from at least four measurements per sample.
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Fig. 2.1. 'H NMR spectra of HomoPP and PP-OTMS.

The right figure enlarges the methoxy region.

2.3. Results and discussion

2.3.1. Surface modification of SiO

3.7

Successful organic modification of SiO2 was confirmed by FTIR. As shown in Fig.

2.2a, unmodified SiO, exhibited broad peaks at around 3500 cm™! and 1617 cm™!, which

are characteristics of surface hydroxyl groups and physisorbed water [47]. The most

intense peak around 1100 cm™! and the sharp peak at 804 cm™! are respectively attributed

to Si-OH/Si—O-Si stretching and Si—O-Si bending [48,49]. After surface modification,

new peaks appeared at 2962 cm', 2921 cm™!, 2847 cm™!, and 1466 cm™!. These

correspond to asymmetric stretching of —CHs, asymmetric stretching of —CH»x—,
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symmetric stretching of —-CH>—, and C—H bending [48—-50]. It is also noted that the peak
ratio between the asymmetric stretching of —CH>— and —CH3 changed in line with the
CH2/CHj ratio of the alkyl chain [47,48]. The morphology of the neat and surface
modified SiO2 was conducted. It was found that the shape and size of the SiO2 before and

after modification do not have changed (Fig. 2.3).
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Fig. 2.2. Characterization of unmodified and organically modified SiO> nanoparticles:

a) FTIR spectra, b) TG curves, and c) water contact angles.
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Fig. 2.3. TEM images of neat and surface modified SiO2 nanoparticles.

TGA was implemented to determine the amount of silanes grafted on SiO- surfaces.
For unmodified Si0O;, the weight loss gradually occurred upon heating to 600 °C, due to
the vaporization of physisorbed water and the loss of surface hydroxyl groups [51]. For
modified SiO2, a sharp weight loss was observed at around 200 °C, as shown in Fig. 2.2b.
According to literature, the weight loss of silane-modified SiO» starts at around 200 °C
via dissociative combustion of the alkyl chain, leaving the siloxy groups on the SiO»
surface [52]. The following equation (3-3) was used to estimate the amount of grafted

silanes from the weight loss in the range of 200—-600 °C,

1

1 +MSilane X (M _ 1)
Msio, AW

m%= 100 (3-3),
where m% is the molar percentage of silanes with respect to SiO2. Msilane and Msio, are
the molecular weights of silane coupling agents and SiO», respectively. AW is the weight
loss of modified SiO; between 200-600 °C minus that of unmodified SiO;. rus is the

weight ratio of the alkyl chain in the correspondent silane coupling agent [52]. For

example, AW is calculated as 3.27 wt% for C6-0.1-SiO». The rs and Msitane values for
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trichlorohexylsilane are 0.39 and 219.61 g mol !, respectively. According to Equation (3),
the molar percentage of the grafted silane is calculated as 1.57 mol%. Considering the
surface area of SiO», the silane grafting density can be further calculated as 1.43 nm 2.
Table 2.1 summarizes the silane molar percentage and the grafting density when silane
coupling agents having different alkyl chain lengths were employed. It can be seen that
at the fixed mole of silane coupling agents (0.1 mmol), the grafting amount decreased
with the increase in the alkyl chain length. It is considered that the adsorption and reaction
of a molecule of a bulky silane coupling agent inhibits the approach of a new molecule to
the surrounding silanols. By increasing the amount of the silane coupling agent (C16),
the grafting density increased and reached 0.94 nm 2 at 1 mmol of the silane addition. It
must be noted that the grafting density was sufficiently lower than the original OH density

(ca. 4-5 nm?) for all cases, i.e., the OH sites remained available for grafting to PP-OTMS.

Table 2.1. Silane grafting amounts derived from TGA.

Sample m(%) ? Silane grafting density (nm 2)°
C6-0.1-S102 1.57 1.43
C12-0.1-S102 0.89 0.81
C16-0.1-S102 0.72 0.66
C16-0.01-Si02 0.13 0.12
C16-1-Si0; 1.03 0.94

@ Calculated based on Equation (3); ® The surface area of SiO, was measured as 110 m?
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Fig. 2.2c depicts the results of WCA measurements for SiO2 samples. Without
organic modification, the SiO, surface was highly hydrophilic (WCA = 0°) due to the
presence of surface hydroxyl groups. The modification with silane coupling agents
significantly increased WCAs to 126-142°, indicating that the original hydrophilic
surface changed to hydrophobic one due to the presence of aliphatic chains. The WCAs
were found to be larger when the chain length increased from C6 to C12 regardless of a
lower grafting density. These results pointed out that it is easier for a longer alkyl chain

to shield the surface from water by forming a hydrophobic network [53].

2.3.2. TEM images of PP and PP-OTMS nanocomposites

A series of nanocomposites were prepared by melt compounding 5.0 wt% of
unmodified or modified SiO;. Fig. 2.4 shows TEM images of the resultant
nanocomposites and the dispersion parameter (D) calculated based on Equation (2).
Generally, a higher D value indicates better dispersion [46]. As known from literature,
SiO2 nanoparticles have poor compatibility with the PP matrix and easily form
agglomerates due to strong particle-particle interactions (Fig. 2.4a). The incorporation of
a small amount of OTMS in PP chains helped to improve the dispersion as evidenced by

the decrease in the size of SiO, domains (Fig. 2.4b). In our previous paper, the improved
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dispersion was ascribed to the presence of polar functional groups as well as the in situ
grafting of OTMS to SiO» surfaces to strengthen the interfacial interaction [39]. When
modified SiO, nanoparticles were employed, the dispersion of SiO; in the PP-OTMS
matrix further improved (Fig. 2.4c—e). In Fig. 2.4f, the D value increases along the alkyl
chain length. These results are explained by the decrease in the cohesive attraction among
SiO2 nanoparticles and improved compatibility with the matrix due to organic
modification, and/or the prevention of re-agglomeration due to more efficient grafting of

PP-OTMS (described below).

m HomoPPISIiO,
@ PP-OTMSISIO,

A PP-OTMSIC6-0.1-SI0,
¥ PP-OTMSIC12-0.1-8i0,
4 PP-OTMSIC16-0.1-8I0,

Fig. 2.4. TEM images of nanocomposites: (a) HomoPP/SiO», (b) PP-OTMS/SiO, (¢)
PP-OTMS/C6-0.1-Si03, (d) PP-OTMS/C12-0.1-Si03, and (¢) PP-OTMS/C16-0.1-SiO».
The SiO: content was 5.0 wt% for all the samples. (f) The dispersion parameter (D)

acquired from TEM images.

58



Chapter 2

2.3.3. OMe content before and after melt mixing

During the melt mixing process, the OMe groups of PP-OTMS can react with surface
silanol groups of SiO> to form Si-O-Si bonds, by which PP-OTMS grafts to the SiO2
nanoparticles [39]. To confirm the occurrence of in situ grafting, the OMe content before
and after melt mixing was analyzed by 'H NMR (Fig. 2.5). As shown in Fig. 2.6, even in
the absence of SiO2, a part of OMe groups was consumed during melt mixing. This
suggests that the OMe groups belonging to different chains can react with each other,
most plausibly via hydrolysis/condensation with the aid of residual water. In the presence
of Si0,, the decrease in the OMe content became more pronounced, which indicated the
occurrence of in situ grafting. The consumption of the OMe group was greater for
modified SiO, as compared to unmodified one, even though surface silanol groups were
partially consumed by the organic modification. This result evidenced the importance of
initial dispersion on the efficiency of the in situ grafting. The consumption of the OMe
groups increased along with the alkyl chain length, in agreement with the improved
dispersion parameter in Fig. 2.4f. It is plausible that the improved dispersion of modified

Si02 provided more contact interfaces to promote the grafting reaction.
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Fig. 2.5. "H NMR of PP-OTMS and its nanocomposites before and after melt mixing.

The right figure enlarges the methoxy region.
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Fig. 2.6. The OMe content analyzed by 'H NMR before and after melt mixing.
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2.3.4. DSC results of polymer and nanocomposites

The influences of SiO; and its surface modification on the melting and crystallization
behaviors of nanocomposites were investigated by DSC. The acquired parameters, such
as the melting temperature (7m), crystallization temperature (7¢), and crystallinity (Xc) of
the nanocomposites, are summarized in Table 2.2. The DSC profiles during heating and
cooling are respectively provided in Fig. 2.7 and 2.8. In Table 2.2, Tm and X. of PP-
OTMS were slightly higher than those of HomoPP due to slightly higher isotacity of PP-
OTMS (98 mol% mmmm for PP-OTMS vs. 95 mol% for HomoPP). On the other hand,
T and t12”' were obviously higher for PP-OTMS. This is due to the nucleation ability of
PP-OTMS, which forms a long-chain branched (LCB) structure by interchain reaction
during melt mixing and shows a nucleation ability similar to LCBPP [39]. The
introduction of SiO> to HomoPP did not cause any significant change in the thermal
properties and the crystallinity of the resultant nanocomposite. Contrary, the introduction
of SiO2 to the PP-OTMS matrix increased 7¢ by 3 °C and doubled the crystallization rate.
The significant crystallization acceleration has been reported for the other grafted-type
nanocomposites, where grafted PP chains with lower mobility facilitate nucleation
[54,55]. The crystallization acceleration was also observed with modified SiO», and
became more pronounced for a longer alkyl chain. These results are in perfect agreement
with the TEM and NMR results that the surface modification improved the dispersion of

Si0; nanoparticles and made the grafting reaction more efficient, in particular for a longer
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alkyl chain.

Table 2.2. Melting and crystallization behaviors of nanocomposites analyzed by DSC.

Sample Tn (°C)  Xc (%) Tc(°C) tin '*(x1072s7h
HomoPP 161 49 117 0.13
HomoPP/SiO> 161 48 118 0.21
PP-OTMS 163 53 126 2.11
PP-OTMS/SiO: 164 52 129 4.63
PP-OTMS/C6-0.1-Si0» 164 50 129 4.59
PP-OTMS/C12-0.1-Si02 164 49 129 4.90
PP-OTMS/C16-0.1-Si0, 164 49 129 5.21

 Inverse of the half time of isothermal crystallization at 144 °C.

HomoPP
HomoPP/SiO,
PP-OTMS
PP-OTMS/SiO,

== PP-OTMS/C6-0.1-SiO,
= PP-OTMS/C12-0.1-SiO,
== PP-OTMS/C16-0.1-SiO,

—

Heat flow (a.u.)

60 80 100 120 140 160 180 200 220
Temperature (°C)

Fig. 2.7. DSC profiles during heating.

62



Chapter 2

HomoPP
HomoPP/SiO,

PP-OTMS
PP-OTMS/SiO,

= PP-OTMS/C6-0.1-SiO,
= PP-OTMS/C12-0.1-Si0,
== PP-OTMS/C16-0.1-SiO,

Heat flow (a.u.)

T T T T T T
60 80 100 120 140 160 180 200 220
Temperature (°C)

Fig. 2.8. DSC profiles during cooling.

Profiles are vertically shifted for visual clarity

2.3.5. Mechanical properties of polymer and nanocomposites

Tensile properties of nanocomposites were acquired using a uniaxial tensile tester.
The representative stress—strain curves of the nanocomposites are provided in Fig. 2.9.
From Table 2.3 and Fig. 2.10, the yield strength and elongation at break of PP-OTMS
were higher than HomoPP as a consequence of LCBPP formation [56]. The addition of
SiO2 to HomoPP did not cause the improvement in the mechanical properties, but rather
deteriorated the elongation at break due to the nanoparticle agglomeration and poorly
connected interfaces [38,39]. On the other hand, the introduction of SiO> to PP-OTMS
improved both of the Young’s modulus and yield strength as compared to PP-OTMS.
Such the improvement was associated with the improved dispersion and the successful

grafting of PP-OTMS onto SiO; surfaces. The grafting not only improves the dispersion
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of' SiO2 in PP, but also improves the interfacial bonding (hence the yield strength). Grafted
chains co-crystallize with the matrix, and SiO2 acts as a physical crosslinker, which
disappears above the melting point, so nanocomposites are melt processible [38]. This is
the largest advantage of graft-type nanocomposites with identical matrix and grafted
chains. In contrast, the physical crosslink structure with SiO2 as the core is much less
flexible to deformation, which leads to a large decrease in elongation at break. This is a
common disadvantage of the graft-type nanocomposites [38—40], and the significant
decrease in the elongation at break and the toughness was also observed in PP-
OTMS/Si0z. By exploiting modified SiO2 (Cx-0.1-S102), the elongation at break was
partially recovered in addition to further improvement in the yield strength. The degree
of the recovery/improvement was found to be greater for a longer alkyl chain (Table 2.3).
In general, the yield strength is largely determined by the dispersion and interfacial
interactions between the polymer matrix and fillers. Hence, the higher yield strength for
a longer alkyl chain reasonably arose from better SiO» dispersion as well as from a larger
extent of in situ grafting. Meanwhile, the elongation at break depends on the incidental
presence of agglomerates or defects and the ductility of the original materials. In this light,
a long alkyl chain not only provided homogeneous dispersion, but also behaved as a
plasticizer to enhance the ductility of the materials, leading to the recovery of the
elongation at break [26,28]. With the improvement in the yield strength and the recovery
of the elongation at break, the toughness of the resultant nanocomposites was greatly

enhanced along with the alkyl chain length (Table 2.3). The influence of the silane
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grafting density on mechanical properties of nanocomposites was also studied for C16
(Table 2.3). It was found that an excessive addition of the silane coupling agent rather
deteriorated the mechanical properties. This was likely associated with the formation of

a soft organic layer, which hampered the stress transfer to hard nanoparticles.

HomoPP
HomoPP/SiO,

PP-OTMS
PP-OTMS/SiO,

PP-OTMS/C6-0.1-SiO,
\ — PP-OTMS/C12-0.1-Si0,
— PP-OTMS/C16-0.1-Si0,

40 4

30

20

Stress (MPa)

10

0 0.1 0.2 0.3 04 0.5
Strain

Fig. 2.9. Stress-strain curves.

Table 2.3. Tensile properties of nanocomposites.

Yield  Elongation

Young’s modulus Toughness
Sample strength ~ at break
(MPa) (MJ/m?)
(MPa) (o)
HomoPP 576 + 18 302+03 243+2.7 54+0.8
HomoPP/SiO» 617 £46 29.6+04 139+1.1 2.8+0.2
PP-OTMS 621 £ 30 348+0.5 32.0£6.5 7.9+0.9
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PP-OTMS/Si0, 639 + 39 36515 122+0.2 29+0.2
PP-OTMS/C6-0.1-SiO2 646 + 40 36.8+£0.6 144+1.6 3.1+£0.6
PP-OTMS/C12-0.1-Si0, 657 £ 28 37.6 1.1 18.1+4.1 43+£1.2
PP-OTMS/C16-0.1-S102 662 £ 52 37.8+£1.0 20.1+2.2 5.8+£0.7
PP-OTMS/C16-0.01-Si0> 633 + 56 36.7+£0.8 13.8+0.7 35+0.2
PP-OTMS/C16-1-SiO» 620+ 46 358+28 129+39 31+1.2
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Fig. 2.10. Tensile properties: a) Young’s modulus, b) yield strength, c) elongation at

break, and d) toughness of nanocomposites.
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2.4. Conclusions

In this study, organically modified SiO> was exploited for the fabrication of graft-
type polymer nanocomposites using polypropylene having reactive functional groups
(PP-OTMS) as a matrix. It was shown that the surface modification of SiO, with silane
coupling agents helped the dispersion of SiO> to promote the in situ grafting during melt
compounding of the reactive matrix with nanofillers. The influences of the alkyl chain
length of silane coupling agents and the grafting amount on the properties of resultant
nanocomposites were also studied. It was found that the dispersion improved with the
increase in the alkyl chain length due to the improved hydrophobicity of SiO, surfaces.
This offered a more opportunity for the reactive groups at the PP side chain to react with
the remaining surface silanol groups during melt mixing and thus to in situ graft onto
nanofiller surfaces. This grafting reaction was confirmed by the significant reduction in
the amount of the reactive functional groups and the observed crystallization acceleration
in the resultant nanocomposites. The advantage of the combination of surface
modification and in situ grafting was evidenced for the mechanical properties, in which
the efficient grafting strengthened the interfacial interaction between the matrix and SiO>
to improve the reinforcement. Furthermore, the modification with plasticizing alkyl
chains also helped to recover the toughness deterioration caused by the grafting itself.
This provided the opportunity to balance the reinforcement and the toughness of the

materials, which is difficult to achieve by in situ grafting alone.
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Abstract

Addition of nanofillers to polymer offers mechanical reinforcement to the resultant
nanocomposites at an expense of deterioration in the elongation at break, and thus the
toughness, due to the stiffness of rigid nanoparticles and their agglomeration. A strategy
to balance mechanical reinforcement with high toughness is required to prepare
performant nanocomposites with improved processability and practicality for
applications with high contact loads. In this work, polar functional groups were
introduced to polypropylene (PP) by direct copolymerization of propylene and 4-Allyl-
1,2-dimethoxybenzene (ADMB) using a Ziegler-Natta catalyst. The functionalized PP
containing methoxy-phenyl side-functional groups (PP-ADMB) was employed as a
matrix for fabricating PP/SiO2 nanocomposites. It was found that the incorporation of
methoxy-phenyl side-functional groups even at a trace amount not only improved the
dispersion of SiO; nanoparticles, but also surprisingly enhanced the elongation at break
and the toughness without deteriorating the reinforcement. These dual effects on
compatibilizing with nanofillers and toughening of polymer make PP-ADMB
advantageous over the homopolymer in balancing the mechanical properties of

nanocomposites.

Keywords: PP nanocomposites, side-functional group, compatibilizing, toughening,

mechanical properties
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3.1. Introduction

Polypropylene (PP), a key member of the polyolefin family, is one of the most
widely used commodity plastics in numerous sectors of applications. Due to its good
processability, good stability, low cost, and lightweight, PP offers considerable
advantages in developing sustainable-by-design materials from flexible and rigid
packaging to lightweight structural materials with enhanced functionalities and
maximized energy efficiency [1-12]. The introduction of inorganic fillers to polymer is a
common method for material property enhancement [13—18]. Compared with micron-
sized fillers, nano-sized fillers offer much greater interfacial area for devising novel
functionalities synergistically derived from inorganic components and polymer as well as
effective load transfer to the matrix to remarkably improve reinforcement. However, the
inertness of PP makes it challenging to homogeneously disperse nanofillers, i.e., the
dispersion of nanofillers strongly depends on the preparation method in which several
techniques, such as the use of compatibilizers [17,19,20], surface modification of
nanofillers [21-24], in-situ polymerization in the presence of nanofillers [25], in-situ
formation of nanofillers [26-28], polymer grafting [29-32], and so on, have been applied
to compromise the lack of PP affinity to nanofillers.

In recent years, functionalized PP having polar functional groups or reactive

functional groups has attracted attention in both industries and academia owing to the
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opportunity to broaden its properties, especially at the improvement in compatibility with
other materials [29,33,34]. Various strategies have been introduced to incorporate
functional groups to the PP backbone. For example, Zhou et al. prepared post-
functionalized PP by amination in the presence of N-hydroxyphthalimide and bis(2,2,2-
trichloroethyl) azodicarboxylate, followed by atom transfer radical polymerization to
graft polystyrene (PS) or poly(methyl) methacrylate (PMMA) onto the PP chains [35].
The grafted polymer was employed as a phase compatibilizer in blending PP with PS and
PMMA. Our group prepared terminally hydroxylated PP (PP--OH) by controlled chain
transfer reaction in metallocene-catalyzed propylene polymerization [36,37]. Terminally
hydroxylated PP having different chain lengths was grafted onto SiO» nanoparticles to
improve the dispersion of SiO; in the fabrication of mechanically-reinforced polymer
nanocomposites. Chung’s group reported the synthesis of PP containing hydroxyl groups,
ester groups, and maleic anhydride using the reactive intermediate approach [38—40]. In
this method, propylene was copolymerized with comonomers containing boranes or
silanes, followed by interconverting boranes or silanes into the desired functional groups
in the post-conversion process. lizuka et al. synthesized functionalized PP by directly
copolymerization of propylene with 5-hexen-1-ol. They found that the resultant
copolymer exhibited improved mechanical properties [41]. Among these methods, the
direct copolymerization of propylene with polar comonomers appears to be the simplest
way to obtain functionalized PP in one step. On the other hand, the catalyst deactivation

due to the complexation with functional comonomers remains as a serious issue for
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practical applications.

To effectively synthesize and utilize functionalized PP for nanocomposite
applications, our research group have previously reported the synthesis of PP having less
than one functional group per chain by direct copolymerization of propylene with 7-
octenyltrimethoxysilane (OTMS) [42]. Since a trace amount of a polar comonomer is
required to incorporate a minute amount of copolymer, a serious issue in polymer
productivity could be circumvented. I found that PP bearing less than one reactive side-
functional groups did not act as an ordinary compatibilizer, but rather behaved like end-
functionalized PP that simultaneously grafted onto SiO> nanoparticles during the melting
mixing process to endow significant improvement in the reinforcement. On the other hand,
the inclusion of rigidly embedded nanoparticles in the matrix caused the deterioration in
the elongation at break and the toughness in spite of the improved dispersion of
nanoparticles. Combination of the grafting strategy with the surface modification of SiO>
nanoparticles to exert plasticizing layer was found to provide a way in balancing the
stiffness and the toughness of nanocomposites [43].

In this work, an alternative way towards balanced properties of PP/SiO»
nanocomposites was presented. I found that a choice of comonomer played an important
role in balancing the stiffness and toughness of polymer. By exploiting 4-Allyl-1,2-
dimethoxybenzene as a comonomer to synthesize PP bearing methoxy-phenyl side-
functional groups and exploited as a matrix, the improvement in the nanocomposite

properties was achieved not only for the dispersion of nanoparticles, but also the
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significant increase in the elongation at break and the toughness without deteriorating the
reinforcement. These dual effects on compatibilizing with nanofillers and toughening of

polymer were investigated in detail.

3.2. Experimental sections

3.2.1 Materials

PP (M, = 4.7 x 10*, Myw/M, = 3.6, stereoregularity (mmmm) = 92 mol%) and PP-
ADMB were synthesized using a 5%-generation Ziegler-Natta catalyst according to our
previous study [42]. n-Heptane was dried by N> bubbling in the presence of molecular
sieve 3A prior to use. Propylene of polymerization grade was donated by Japan
Polypropylene Corporation and used as received. Dichloromethane was purchased from
Kanto Chemical Co., Inc. Triethylaluminum (TEA, donated by Tosoh Finechem Co.) was
used as a dilution in heptane. 4-Allyl-1,2-dimethoxybenzene (ADMB, purity > 98%,
Tokyo Chemical Industry Co., Ltd.) was used as a comonomer without further
purification.  Octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate ~ (AO-50,
donated by ADEKA Corporation) was used as a stabilizer. SiO» nanoparticles (average
diameter = 26 nm, specific surface area = 110 m? g !) were purchased from Kanto

Chemical Co., Inc.
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3.2.2. Synthesis of PP-ADMB

PP-ADMB was synthesized by copolymerization of propylene and ADMB using a
Ziegler-Natta catalyst [42]. The polymerization was performed in a semi-batch manner in
a 1 L stainless steel reactor equipped with a mechanical stirrer. 500 mL of heptane as a
solvent, 5-35 mmol of TEA as a cocatalyst, and 0—-30 mmol of ADMB as a comonomer
were added to a reactor under Nz atmosphere. The solvent was saturated with 0.5 MPa of
propylene at 50 °C for 30 min. Thereafter, 16 mmol of H> was introduced as a chain
transfer agent, followed by 50 mg of a catalyst to start the polymerization. After 60 min
of polymerization at 50 °C and 0.5 MPa, the reactor was depressurized. The solvent was
removed by decantation and the resultant polymer powder was repeatedly washed with
ethanol and acetone under N,. Finally, the polymer powder was washed with
dichloromethane and dried in vacuo at room temperature. PP homopolymer (HomoPP)
was also synthesized in the absence of ADMB under the same condition with the amount

of TEA used at 5.0 mmol.

3.2.3. Preparation of polymer nanocomposites

The following process was used to fabricate PP-ADMB and PP-ADMB/SiO;
nanocomposites: first, PP~-ADMB (3.4 g) was impregnated with 1.0 wt% of AO-50 in 100
mL of acetone as a solvent. The polymer power was dried by purging with N flow,

followed by vacuum drying at room temperature for 12 h. Thereafter, it was melt-mixed
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with 5.0 wt% of SiO2 in a Micro Compounder MCS5 (Xplore) at 185 °C and 100 rpm for
15 min under N> atmosphere. The extrudate was hot-pressed into a 200 um-thick
nanocomposite film at 230 °C and 20 MPa for 5 min, followed by quenching at 100 °C

for 5 min and cooling at 0 °C for 3 min.

3.2.4. Characterizations

The ADMB content in PP-ADMB was determined using a '"H NMR (Bruker 400
MHz) at 120 °C with 1000 scans. Approximately 60 mg of a sample was dissolved in 0.7
mL of 1,1,2,2-tetrachloroethane-d, as a solvent and an internal lock. A typical 'H NMR
spectrum of PP-ADMB is showed in Fig. 3.1, where the peaks at 3.8 ppm and 1.8 ppm
are assigned to the methyl protons of the methoxy group in ADMB and the methine
protons of the polymer backbone, respectively. The ADMB content was calculated using
Eq. (2-1),

ADMB content (mol%)Z% x 100 (2-1),
where H* and H® are the peak areas for the methyl protons of the methoxy group in ADMB
and the methine protons of the polymer backbone, respectively.

The thermal behavior of a polymer sample was analyzed by differential scanning
calorimetry (DSC, Mettler Toledo DSC 822, Mettler Toledo). Approximately 8 mg of a
sample was loaded into an aluminum pan and heated to 230 °C at a heating rate of 20 °C

min~'. The melting endotherm in the first heating was used to determine the melting
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temperature (7m) and the crystallinity (X;). After holding the temperature at 230 °C for 10
min, the sample was cooled down to 25 °C at a cooling rate of 20 °C min~! to acquire the
crystallization temperature (7c). The molecular weight and the molecular weight
distribution of a polymer sample were analyzed by gel permeation chromatography (GPC,
HLC-8321GPC/HT, Tosoh Co.) at 140 °C using o-dichlorobenzene as a mobile phase.
Polystyrene standards were used for calibration. The dispersion of SiO2 nanoparticles was
observed on a transmission electron microscope (TEM, Hitachi H-7650, Hitachi High-
Tech Corporation) operated at an acceleration voltage of 100 kV. A 100 nm-thick
specimen was cut from a nanocomposite film using an ultramicrotome instrument (Leica
ULTRACUTS FCS, Leica Microsystems GmbH) equipped with a diamond knife. The
dispersion of nanoparticles in a macroscopic scale was also observed by scanning electron
microscopy (SEM, TM3030Plus, Hitachi Ltd.) coupled with energy dispersive X-ray
spectroscopy (EDS, x-stream-2, Oxford Instruments). Tensile properties of a polymer
film were acquired at room temperature using a tensile tester (Dat-100, Abecks Inc.) with
a crosshead speed of 1 mm min!. A 200 um-thick film was die-cut into dumbbell-shaped
specimens for the measurement. At least five measurements were performed for each

sample and the tensile properties were reported as an average value.
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Fig. 3.1. '"H NMR spectra of HomoPP and PP-ADMB.

The right figure shows expanded spectra.

3.3. Results and discussion

3.3.1. Polymerization results of PP-ADMB

The methoxy-phenyl functional group was introduced into a PP chain by
copolymerization of propylene and ADMB using a Ziegler-Natta catalyst. In Fig. 3.1, the
NMR spectra of PP-ADMB were identical to that of HomoPP, except the presence of
extra chemical shifts around 3.8 ppm and 6.8 ppm. These peaks were respectively
assigned to the methoxy protons and aromatic protons in ADMB. The absence of
methylene and methine protons for the vinyl group of the comonomer at 5.1 and 6.0 ppm

confirmed that ADMB was successfully incorporated into the polymer chain. The
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polymerization results are summarized in Table 3.1. In general, the introduction of
functional comonomers in olefin polymerization causes the deterioration of the activity
due to a strong complexation between the non-bonded electron pairs of the functional
comonomers and the Lewis acid catalytic sites [44]. The synthetic modification of the
functional group by exerting steric and electronic protection is typical required to prevent
the coordination of the functional group with the metal center. In our previous work using
octenyltrimethoxysilane (OTMS) as a comonomer, the protection of the functional group
was simply done through complexation with alkylaluminum, i.e., apart from the portion
added as a cocatalyst, alkylaluminum was additionally introduced at an equivalent molar
amount to a comonomer [42]. Though the decrease in the activity was still unavoidable,
the reasonable yield could be achieved. In the PP-ADMB system under the same practice,
the catalytic activity decreased with the addition of ADMB similar to the general trend.
However, the activity deterioration was much smaller as compared to our previous work,
1.e., 50% decrease in the activity was observed at the ADMB addition amount of 10 mmol
as compared to 200% decrease in the activity for OTMS. This plausibly comes from the
steric effect of the aromatic ring and/or the conjugative interaction that facilitates the flow
of non-bonded valence shell electron pairs on the oxygen atom to the aromatic ring. The
stereoregularity (mmmm) and the molecular weight of the polymer samples were slightly
increased by the addition of ADMB [45]. By increasing the amount of ADMB, the ADMB
content in the resultant polymer proportionally increased, and was determined to be in the

range of 5.3 x 107 mol% to 12.5 x 10 mol%, corresponding to 0.06—0.17 functional
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groups per chain.

Table 3.1. Results of propylene homo- and copolymerization.

Samples ADMB Activity® mmmm® My My My/My* ADMB content
[mmol] [kg-polymer [mol%] [x 10*] [x 10°] [% 1073 mol%] [Number per
mol-Ti~! h™! main chain]®
atm™']
HomoPP 0 605 +£8 95 4.7 20 3.6 n.a. n.a.
PP-ADMBI10 10 277+ 10 96 5.0 32 46 53 0.06
PP-ADMB20 20 210+9 97 5.1 26 4.0 10.6 0.13
PP-ADMB30 30 161 +4 97 5.7 3.0 4.6 12.5 0.17

*Polymerization conditions: 5 mmol of TEA was used as a cocatalyst with 16 mmol of H>
as a chain transfer agent and 50 mg of a catalyst. In the case of copolymerization,
additional TEA was introduced at an equimolar amount of a comonomer. Polymerization
was conducted at 0.5 MPa for 1 h in 500 mL of heptane.

®Determined by *C NMR.

‘Determined by GPC.

4Determined by '"H NMR.

Calculated using the ADMB content and M,.
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3.3.2. DSC results of polymer and its nanocomposites

HomoPP and PP-ADMB samples were melt-mixed in the absence or presence of 5
wt% of SiO2 nanoparticles, and compressed into films. DSC results of the film samples
are shown in Table 3.2. It was evident that the incorporation of ADMB at a small amount
had no significant effect on the melting temperature (7w), the crystallinity (X:) and non-
isothermal crystallization temperature (7¢) of the polymer samples. This indicates that the
crystal structure of copolymer and the long sequences of propylene units in the polymer
chains remains unchanged from that of homopolymer [45], which is indeed highly
desirable to introduce the functional group to the polymer chain while maintaining its
basic properties especially at high 7T [46—48]. In the case of nanocomposites, 7Tm and X.
did not change considerably for HomoPP/SiO, and PP-ADMB10/Si0O», but the 71, values
notably increased for PP-ADMB20/Si0, and PP-ADMB30/S10,. The increase in 7w also
accompanied the decrease in the crystallinity and T.. The 'H NMR spectra of the polymer
films are shown in Fig. 3.2 and the ADMB content after melt mixing determined from the
methoxy proton is listed in Table 3.2. It was clearly seen that the methoxy group was
consumed in the melt mixing process, probably through the reaction with residual water.
The decrement became less in the presence of SiO». In our previous work, the reaction
between hydroxyl groups on SiO; surfaces and the methoxysilane-side functional group
of copolymer afforded the grafting of polymer chains onto SiO» surfaces [42]. It was

further observed that the grafted chains acted as the crystallization nuclei to accelerate
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crystallization and to increase 7¢c. Judging from the DSC results and the consumption of
the methoxy group, it is likely that the introduction of SiO to PP-ADMB did not consume
the methoxy groups, which meant there was no grafting reaction between the polymer
and the nanofillers. With regard to crystallization behavior, the 7. was found to decease.
It must be noted that dissolution of PP-ADMB and PP-ADMB30 in boiling xylene formed
a thick gel instead of a clear solution as in the case of HomoPP and HomoPP/SiO: (Fig.
3.3). Considering that all polymer samples possessed the similar molecular weight and
stereospecificity, it was speculated that the formation of a thick gel arose from non-
crosslinking of polymer through the phenyl side-functional groups. This opened

possibility that non-covalent cross-linkage may happen through association of phenyl

groups.
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Fig. 3.2. "H NMR spectra of polymer films after melt mixing: a) HomoPP and PP-

ADMB, and b) HomoPP/SiO; and PP-ADMB/SiO;.

Fig. 3.3. Appearance of polymer samples dissolved in boiling xylene:

a) HomoPP, and b) PP-ADMB30.

Table 3.2. DSC results and ADMB contents of film samples.

Samples T X& T ADMB content® (x 10° mol%)

O o (O

HomoPP 161 49 117 -

PP-ADMBI10 162 49 116 4.0
PP-ADMB20 162 49 116 7.1
PP-ADMB30 162 49 116 8.5
HomoPP/Si0O» 161 48 118 -

PP-ADMB10/Si02 162 47 116 2.8
PP-ADMB20/Si0» 164 45 113 6.8

PP-ADMB30/Si0; 166 36 114 7.5
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"Determined by DSC and °Determined by 'H NMR.

3.3.3. TEM results of nanocomposites

Fig. 3.4 shows TEM images of the nanocomposite films. Huge aggregates of
nanoparticles of over 1 pm were observed for the HomoPP/SiO, sample due to poor
compatibility between the inert PP matrix and SiO> nanoparticles. In the case of using
PP-ADMB as a matrix, the dispersion was clearly improved and the large aggregates were
not anymore evident. Noted that the increase in the ADMB content in the copolymer did
not seem to exert an effect on the dispersion of nanoparticles. For all PP-ADMB/SiO;
nanocomposites, small clusters of SiO> were seen, but they were homogeneously
distributed throughout the observed area. At the macroscopic scale, Si-mapping observed
by SEM-EDS revealed that huge aggregates of nanoparticles in the HomoPP/SiO; sample
could be concentrated to over a 10 um-scale (Fig. 3.5a). Contrary, no macroscopic
aggregations of nanoparticles were seen for the PP-ADMB/Si02 samples (Fig. 3.5b—d).
These results point out that the presence of functional groups even at a trace amount
improves compatibility between the PP matrix and polar nanofillers to endow a better

dispersion of nanoparticles.
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' (a) HomoPP/SiO,

(b) PP-ADMB10/SiO,

»

Fig. 3.4. TEM images of nanocomposite films: a) HomoPP/Si0», b) PP-ADMB10/Si0O»,

c) PP-ADMB20/Si02, and d) PP-ADMB30/Si0>.

(a)
10 pm

(c)
10 pm

Fig. 3.5. Si-mapping observed by SEM-EDS of nanocomposite films: a) HomoPP/SiO»,
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b) PP-ADMB10/Si02, c) PP-ADMB20/Si0, and d) PP-ADMB30/SiO>.

3.3.4. Tensile results of polymer and its relative nanocomposites

Mechanical properties of nanocomposites were acquired using a uniaxial tensile
tester. The representative stress-strain curves of the film samples are depicted in Fig. 3.6
and Fig. 3.7. It was found that the incorporation of ADMB to PP surprisingly toughened
the polymer. The elongation at break was significantly improved to nearly ten times larger
than HomoPP. It is well-known that the strain hardening of polymer is related to
connectivity of polymer chains. For semi-crystalline polymer, the strain hardening is
mainly governed by the entanglement and physical crosslinkage in the amorphous phase.
To understand the origin of toughening mechanism in the PP-ADMB system, the stress-
strain curves of PP-OTMS, which was reported to undergo crosslinking through
methoxysilane-side functional group, were compared in Fig. 3.6 [42]. However, only
small improvement in the elongation at break was observed for PP-OTMS as compared
to HomoPP. Hence, the crosslinkage could not explain these unexpected phenomena.
Table 3 summarizes the mechanical properties derived from the stress-strain curves. It
can be seen that the incorporation of ADMB decreased the Young’s modulus, implying
that the polymer became softer [49]. Accordingly, it is most plausible that the inclusion
of ADMB in the amorphous phase helps in dissipating the energy to improve the

toughness of polymer by the non-covalent cross-linkage through association of phenyl
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groups. Upon increasing the incorporated amount of the comonomer, the Young’s
modulus was recovered to a similar level of HomoPP, while the yield strength exceeded
that of HomoPP. The introduction of SiO> to HomoPP did not significantly improve the
mechanical properties of polymer, but rather deteriorated the elongation at break. This
was often reported to arise from nanoparticle aggregations, which becomes the fracture
initiation sites. The addition of SiO> to PP-ADMS, on the other hand, significantly
improved the Young’s modulus as compared to the base matrices. This is believed to
attribute to better dispersion of rigid nanoparticles due to the improved compatibility
between the matrices and polar fillers. The yield strength of the PP-ADMB/SiO;
nanocomposites was found to be similar to that of correspondent PP-ADMB, which made
the mechanical properties in both of the Young’s modulus and yield strength for the PP-
ADMB/Si0; system better than HomoPP/Si0,. Though the deterioration of the
elongation at break was also observed for the PP-ADMB/SiO, samples, they still
exhibited a significantly higher toughness as compared to HomoPP/SiO,. The
improvement in the toughness is indeed very essential for polymer processing, especially
for nanocomposite films, as it offers resistance to failure under stretching. Hence the
incorporation of a small amount of methoxy-phenyl side-functional group through
copolymerization was found to be a promising strategy to prepare a polymer matrix for

fabricating PP nanocomposites with well-balance mechanical properties.
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Fig. 3.6. Stress-strain curves of polymer films.
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Fig. 3.7. Stress-strain curves of nanocomposites films.

Table 3.3. Tensile properties of copolymer and nanocomposites.

Sample Young’s Yield Elongation at Toughness
modulus (MPa) strength (MPa)  break (%) (MJ/m?)
HomoPP 576 + 18 302+0.3 24+3 54+0.8
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PP-ADMBI10

PP-ADMB20

PP-ADMB30

HomoPP/Si10;

PP-ADMB10/Si102

PP-ADMB20/Si102

PP-ADMB30/Si102

443 + 80

546 = 106

550 £ 25

617 + 46

536 +21

587 +£49

659 £ 25

33.3+3.0

33.9+1.0

36.1£0.8

29.6+04

33.1+£0.6

33.0+1.6

343+0.7

>300?

>300?

>300?

14+1

21+3

3717

65+ 19

>T7

>T7

>T7

2.8+£0.2

6.2+0.8

7.6+3.2

15.8+4.0

aNot break at the instrumental limitation of 470% strain.

3.4. Conclusions

In this study, a small amount of methoxy-phenyl functional groups was introduced to

polypropylene (PP) by direct copolymerization of propylene and 4-Allyl-1,2-

dimethoxybenzene (ADMB) using a Ziegler-Natta catalyst. By using a functional

comonomer with an aromatic group, the deterioration in the activity due to complexation

between the polar comonomer and the catalyst was found to be significantly reduced to

afford copolymer with reasonable activity for practical application. PP having a trace

amount of methoxy-phenyl side-functional groups (PP-ADMB) exhibited the properties

similar to that of homopolymer especially at high melting temperature. PP-ADMB was

employed as a matrix for the fabrication of PP nanocomposites using SiO; as nanofillers.

The methoxy groups of the functional copolymer were found to be consumed during the
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melt mixing process. However, because the functional groups of copolymers remained
largely unreacted after melt mixing, these results indicated that no grafting occurred. With
the increase in the incorporated amount of the comonomer, PP-ADMB/SiO;
nanocomposites exhibited an increase in the melting temperature, while the crystallinity
and the crystallization temperature were reduced. The incorporation of methoxy-phenyl
side-functional groups even at a trace amount was found not only to improve the
dispersion of nanoparticles, but also to soften the polymer which surprisingly improved
the toughness and elongation at break without deteriorating the reinforcement. These dual
effects on compatibilizing with nanofillers and toughening of polymer make PP-ADMB
advantageous over homopolymer in balancing the mechanical properties of

nanocomposites.

References

[1] H. Hagihara, K. Tsuchihara, K. Takeuchi, M. Murata, H. Ozaki, T. Shiono.
Copolymerization of ethylene or propylene with o-olefins containing hydroxyl
groups with zirconocene/methylaluminoxane catalyst. J. Polym. Sci., Part A: Polym.
Chem. 2004, 42, 52-58.

[2] Q.-X. Zhang, Z.-Z. Yu, X.-L. Xie, Y.-W. Mai. Crystallization and impact energy of
polypropylene/CaCO3 nanocomposites with nonionic modifier. Polymer 2004, 45,

5985-5994.

98



Chapter 3

[3]

[4]

[3]

(6]

[7]

[8]

[9]

H.-Y. Yu, L.-Q. Liu, Z.-Q. Tang, M.-G. Yan, J.-S. Gu, X.-W. Wei. Surface
modification of polypropylene microporous membrane to improve its antifouling
characteristics in an SMBR: air plasma treatment. J. Membr. Sci. 2008, 311, 216—
224.

M. Xu, J. Qiu, Y. Lin, X. Shi, H. Chen, T. Xiao. Surface biocompatible modification
of polypropylene by entrapment of polypropylene-block-poly(vinylpyrrolidone).
Colloids Surf. B 2010, 80, 200-205.

N. Gomathi, R. Rajasekar, R.R. Babu, D. Mishra, S. Neogi. Development of
bio/blood compatible polypropylene through low pressure nitrogen plasma surface
modification. Mater. Sci. Eng. C Mater. Biol. Appl. 2012, 32, 1767-1778.

H. Hagihara, K. Ito, S. Kimata. Comprehensive study of altered amorphous structure
in functionalized polypropylenes exhibiting high tensile strength. Macromolecules
2013, 46, 4432-4437.

X. Wang, Y. Wang, X. Shi, J. Liu, C. Chen, Y. Li. Syntheses of well-defined
functional isotactic polypropylenes via efficient copolymerization of propylene with
o-halo-a-alkenes by post-metallocene hafnium catalyst. Macromolecules 2014, 47,
552-559.

J. Shi, J.-Y. Dong. Simultaneous cross-linking as a way to control physical growth of
random ethylene-propylene copolymer during formation of high-impact
polypropylene. Polymer 2016, 85, 10—18.

T. Yang, Y. Qin, J.-Y. Dong. Nonconjugated a, w-diolefin/propylene

99



Chapter 3

[10]

[11]

[12]

[13]

[14]

[15]

[16]

copolymerization to long chain-branched polypropylene by Ziegler—Natta catalyst:
overcoming steric hindrance by introducing an extra electronic pulling effect.
Macromolecules 2018, 51, 9234-9249.

X. Huang, J. Zhang, P. Jiang, T. Tanaka. Material progress toward recyclable
insulation of power cables part 2: polypropylene-based thermoplastic materials.
IEEE Electr. Insul. Mag. 2019, 36, 8—18.

Y. Jing, H. Niu, Y. Li. Improved ethylene-propylene rubber/silica interface via in-situ
polymerization. Polymer 2019, 172, 117-125.

H. Huang, H. Niu, J.Y. Dong. Synthesis of azide end-functionalized isotactic
polypropylene building block and renewed modular synthesis of diblock copolymers
of isotactic polypropylene and poly (e-caprolactone). J. Polym. Sci., Part A: Polym.
Chem. 2011, 49, 2222-2232.

S. Iwamoto, S. Yamamoto, S.-H. Lee, T. Endo. Mechanical properties of
polypropylene composites reinforced by surface-coated microfibrillated cellulose.
Composites Part A 2014, 59, 26-29.

V. Dougnac, R. Alamillo, B. Peoples, R. Quijada. Effect of particle diameter on the
permeability of polypropylene/SiO2 nanocomposites. Polymer 2010, 51, 2918-2926.
M.Z. Rong, M.Q. Zhang, Y.X. Zheng, H.M. Zeng, K. Friedrich. Improvement of
tensile properties of nano-SiO2/PP composites in relation to percolation mechanism.
Polymer 2001, 42, 3301-3304.

P. Song, Z. Cao, Y. Cai, L. Zhao, Z. Fang, S. Fu. Fabrication of exfoliated graphene-

100



Chapter 3

[17]

[18]

[19]

[20]

[21]

[22]

based polypropylene nanocomposites with enhanced mechanical and thermal
properties. Polymer 2011, 52, 4001-4010.

D.N. Bikiaris, A. Vassiliou, E. Pavlidou, G.P. Karayannidis. Compatibilisation effect
of PP-g-MA copolymer on iPP/SiO; nanocomposites prepared by melt mixing. Eur.
Polym. J. 2005, 41, 1965—-1978.

W. Li, J. Karger-Kocsis, R. Thomann. Compatibilization effect of TiO2 nanoparticles
on the phase structure of PET/PP/TiO2 nanocomposites. J. Polym. Sci., Part B: Polym.
Phys. 2009, 47, 1616—-1624.

M.A. Poothanari, J. Abraham, N. Kalarikkal, S. Thomas. Excellent electromagnetic
interference shielding and high electrical conductivity of compatibilized
polycarbonate/polypropylene carbon nanotube blend nanocomposites. Ind. Eng.
Chem. Res. 2018, 57, 4287-4297.

X. Wen, J. Min, H. Tan, D. Gao, X. Chen, K. Szymanska, B. Zielinska, E. Mijowska,
T. Tang. Reactive construction of catalytic carbonization system in PP/Cg/Ni(OH)>
nanocomposites for simultaneously improving thermal stability, flame retardancy
and mechanical properties. Composites Part A 2020, 129, 105722.

R.-J. Zhou, T. Burkhart. Polypropylene/SiO> nanocomposites filled with different
nanosilicas: thermal and mechanical properties, morphology and interphase
characterization. J. Mater. Sci. 2011, 46, 1228-1238.

S. Kango, S. Kalia, A. Celli, J. Njuguna, Y. Habibi, R. Kumar. Surface modification

of inorganic nanoparticles for development of organic-inorganic nanocomposites-a

101



Chapter 3

[23]

[24]

[25]

[26]

[27]

[28]

[29]

review. Prog. Polym. Sci. 2013, 38, 1232-1261.

F. Ahangaran, A.H. Navarchian. Recent advances in chemical surface modification
of metal oxide nanoparticles with silane coupling agents: a review. Adv. Colloid
Interface Sci. 2020, 286, 102298.

Y. Zhou, J. Hu, B. Dang, J. He. Effect of different nanoparticles on tuning electrical
properties of polypropylene nanocomposites. IEEE Trans. Dielectr. Electr. Insul.
2017, 24, 1380-1389.

M.A. Milani, D. Gonzélez, R. Quijada, N.R. Basso, M.L. Cerrada, D.S. Azambuja,
G.B. Galland. Polypropylene/graphene nanosheet nanocomposites by in situ
polymerization: synthesis, characterization and fundamental properties. Compos. Sci.
Technol. 2013, 84, 1-7.

X. Zhang, B. Maira, Y. Hashimoto, T. Wada, P. Chammingkwan, A. Thakur, T.
Taniike. Selective localization of aluminum oxide at interface and its effect on
thermal conductivity in polypropylene/polyolefin elastomer blends. Composites Part
B 2019, 162, 662—670.

W. Bahloul, F. M¢lis, V. Bounor-Legar¢, P. Cassagnau. Structural characterisation
and antibacterial activity of PP/TiO2 nanocomposites prepared by an in situ sol-gel
method. Mater. Chem. Phys. 2012, 134, 399-406.

M.M. Adnan, A.R.M. Dalod, M.H. Balci, J. Glaum, M.A. Einarsrud. In situ synthesis
of hybrid inorganic-polymer nanocomposites. Polymers 2018, 10, 1129.

M.-C. Hsiao, S.-H. Liao, Y.-F. Lin, C.-A. Wang, N.-W. Pu, H.-M. Tsai, C.-C.M. Ma.

102



Chapter 3

[30]

[31]

[32]

[33]

[34]

[35]

Preparation and characterization of polypropylene-graft-thermally reduced graphite
oxide with an improved compatibility with polypropylene-based nanocomposite.
Nanoscale 2011, 3, 1516-1522.

R. Watanabe, M. Kunioka, J. Mizukado, H. Suda, H. Hagihara. Highly ductile
polypropylene-based nanocomposites by dispersing monodisperse silica nanospheres
in functionalized polypropylene containing hydroxyl groups. Polymer 2016, 99, 63—
71.

W. Yuan, F. Wang, Z. Chen, C. Gao, P. Liu, Y. Ding, S. Zhang, M. Yang. Efficient
grafting of polypropylene onto silica nanoparticles and the properties of PP/PP-g-
Si0, nanocomposites. Polymer 2018, 151, 242-249.

R. Watanabe, H. Shinzawa, M. Kunioka, J. Mizukado, H. Suda, H. Hagihara.
Reinforcement mechanism of functionalized polypropylene containing hydroxyl
group nanocomposites studied by rheo-optical near-infrared spectroscopy. Eur.
Polym. J. 2017, 92, 86-96.

X.Y. Wang, Y.Y. Long, Y.X. Wang, Y.S. Li. Insights into propylene/w-halo-a-alkenes
copolymerization promoted by rac-Et(Ind),ZrCl, and (pyridyl-amido)hafnium
catalysts. J. Polym. Sci., Part A: Polym. Chem. 2014, 52, 3421-3428.

D. Zhang, L. Pan, Y. Li, B. Wang, Y. Li. Synthesis and reaction of anthracene-
containing polypropylene: a promising strategy for facile, efficient functionalization
of isotactic polypropylene. Macromolecules 2017, 50, 2276-2283.

H. Zhou, C.M. Plummer, H. Li, H. Huang, P. Ma, L. Li, L. Liu, Y. Chen.

103



Chapter 3

[36]

[37]

[38]

[39]

[40]

[41]

Regioselective post-functionalization of isotactic polypropylene by amination in the
presence of N-hydroxyphthalimide. Polym. Chem. 2019, 10, 619-626.

T. Taniike, M. Toyonaga, M. Terano. Polypropylene-grafted nanoparticles as a
promising strategy for boosting physical properties of polypropylene-based
nanocomposites. Polymer 2014, 55, 1012-1019.

M. Toyonaga, P. Chammingkwan, M. Terano, T. Taniike. Well-defined
polypropylene/polypropylene-grafted silica nanocomposites: roles of number and
molecular weight of grafted chains on mechanistic reinforcement. Polymers 2016, 8,
300.

G. Zhang, C. Nam, T.M. Chung, L. Petersson, H. Hillborg. Polypropylene copolymer
containing cross-linkable antioxidant moieties with long-term stability under
elevated temperature conditions. Macromolecules 2017, 50, 7041-7051.

M. Zhang, R.H. Colby, S.T. Milner, T.M. Chung, T. Huang, W. Degroot. Synthesis
and characterization of maleic anhydride grafted polypropylene with a well-defined
molecular structure. Macromolecules 2013, 46, 4313-4323.

T.M. Chung. Functional polyolefins for energy applications. Macromolecules 2013,
46, 6671-6698.

Y. lizuka, J.-i. Sugiyama, H. Hagihara. Unexpected mechanical properties of
functionalized polypropylene: tensile test, Charpy impact tensile test, DSC, and
WAXD analysis of poly (5-hexen-1-ol-co-propylene). Macromolecules 2009, 42,

2321-2323.

104



Chapter 3

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

E. Kurahashi, T. Wada, T. Nagai, P. Chammingkwan, M. Terano, T. Taniike. Synthesis
of polypropylene functionalized with a trace amount of reactive functional groups
and its utilization in graft-type nanocomposites. Polymer 2018, 158, 46-52.

D. Zhu, E. Kurahashi, H. You, T. Wada, P. Chammingkwan, T. Taniike. Enhancing
mechanical properties of graft-type nanocomposites using organically modified SiO:
and polypropylene containing reactive methoxy groups. Polymers 2022, 14, 563.
J.-Y. Dong, Y. Hu. Design and synthesis of structurally well-defined functional
polyolefins via transition metal-mediated olefin polymerization chemistry. Coord.
Chem. Rev. 2006, 250, 47-65.

H. Lu, S. Hong, T. Chung. Synthesis of polypropylene-co-p-methylstyrene
copolymers by metallocene and Ziegler-Natta catalysts. J. Polym. Sci., Part A: Polym.
Chem. 1999, 37, 2795-2802.

J. Yang, C. Wang, K. Wang, Q. Zhang, F. Chen, R. Du, Q. Fu. Direct formation of
nanohybrid shish-kebab in the injection molded bar of polyethylene/multiwalled
carbon nanotubes composite. Macromolecules 2009, 42, 7016-7023.

S.L. Kodjie, L. Li, B. Li, W. Cai, C.Y. Li, M. Keating. Morphology and crystallization
behavior of HDPE/CNT nanocomposite. J. Macromol. Sci. Part B Phys. 2006, 45,
231-245.

T. Fornes, D.R. Paul. Crystallization behavior of nylon 6 nanocomposites. Polymer
2003, 44, 3945-3961.

R. Ohnishi, S. Yukimasa, T. Konakazawa. Synthesis of elastomeric poly

105



Chapter 3

(propylene)(ELPP) using the highly active TiCls/dibutyl phthalate (DBP)/MgCl,-
Al(i-C4Ho)3/1-allyl-3, 4-dimethoxybenzene (ADMB) catalyst. Macromol. Chem.

Phys. 2002, 203, 1003-1010.

106



Chapter 4

Dielectric Properties of Biaxially Oriented Polypropylene
Nanocomposites Prepared Based on Reactor Granule

Technology

107



Chapter 4

Abstract

The addition of inorganic nanoparticles is one of the most widely studied strategies
to improve dielectric properties of thin film capacitors, but its application to biaxially
oriented polypropylene (BOPP) has rarely been reported due to the difficulty of stretching
without break. Here, 1 have investigated dielectric properties of BOPP/TiO»
nanocomposites prepared by a reactor granule technology, in which precursors
impregnated in the pores of PP reactor granule are converted into highly dispersed oxide
nanoparticles during melt mixing. The permittivity of the nanocomposites was greatly
enhanced beyond classical mixing rules by the addition of a small amount of TiO»
nanoparticles (1-5wt %), and the enhancement was very sensitive to the stretching ratio.
A critical role of the interphase region was suggested. The AC breakdown voltage (BDV)
of the BOPP/TiO, nanocomposites decreased sharply with respect to the amount of TiO»
added. The detailed analysis suggested the roughening of the film surface around the
nanoparticles due to stretching as the main cause of the BDV reduction.

Keywords: biaxially oriented polypropylene; dielectric properties; nanocomposites;

reactor granule technology; titanium dioxide

4.1. Introduction

Thin film capacitors are electrical capacitors, where an insulating polymer film
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working as the dielectric is metalated typically by Al and rolled into a cylindrical shape.
Among plastics used for this purpose, biaxially oriented polypropylene (BOPP) has
advantages such as high dielectric strength, low dielectric loss, and high moisture
resistance [1,2]. It is commonly employed in electronic and electrical devices, for
example, film capacitors for switched-mode power supplies, converters and inverters,
high-voltage capacitors, smoothing capacitors, and so on. In these applications, there is a
continuous demand to make film capacitors smaller in size and larger in capacitance, that
is, to improve their energy density.

Polymer nanocomposites are materials where filler particles having at least one
dimension below 100 nm are dispersed at a nanoscale in polymer matrices. Since the
synthesis of a nylon 6-clay hybrid in 1993 [3],they have been targets of extensive research
in various applications, as a means of modifying relevant properties of polymers by
adding a small amount of fillers [4—7].In the field of thin film capacitors, modification of
dielectric properties of polymers by dispersing insulating oxide nanoparticles with high
relative permittivity has been actively researched [8—13].The size of filler particles must
be well below the film thickness, and highly dispersed nanoparticles are required for
creating a uniform electric field throughout the material. It has been reported for various
polymer/filler combinations that nanocomposites show improvements in both the
permittivity and the electric breakdown strength as compared to the original polymer [ 14—
16], as long as nanoparticles are sufficiently dispersed with appropriate filler selection

and/or proper interfacial design in respective considerations of the dielectric contrast and
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leakage current/dielectric loss. Similar results have been reported for polypropylene
nanocomposites, but most of them were for unstretched nanocomposites [17], and far
fewer cases have been reported for BOPP nanocomposites in spite of their industrial
significance [18]. This problem is likely rooted to the well-known incompatibility of PP
and inorganic fillers. It is difficult to control the dispersion of oxide nanoparticles in
chemically inactive and hydrophobic PP and even more difficult to stretch it without break
[19,20].

Reactor granule is in the form of porous polyolefin powder that is directly obtained
after catalyzed olefin polymerization and prior to pelletization for shipping. The reactor
granule technology (RGT) is a technique for in situ conversion of precursors, which are
impregnated in the polyolefin reactor granule, into highly dispersed nanoparticles at the
temperature of melt compounding [21]. The RGT is applicable to preparing polyolefin
nanocomposites filled with various types of nanoparticles from low to high content up to
40 wt % without the need of a compatibilizer. Our research group have reported PP-based
nanocomposites with excellent dispersion and functions, such as transparent UV shielding
(TiO2) [22], heat releasing (Al2O3) [23], flame retardant [Mg(OH)>] [24], and
antimicrobial properties (Ag).25 Moreover, controlled migration of Al2O3 nanoparticles
at the interface between PP and an elastomer was realized based on the RGT [26-28].

Here, dielectric properties of BOPP/TiO2 nanocomposites prepared by the RGT are
reported. TiO> was chosen not only for its low price but also for its high relative

permittivity in contrast to relatively low electrical conductivity [29]. The effects of
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various factors such as the TiO> content, interfacial design, and drawing ratio on the
permittivity, BDV, and dielectric loss of the nanocomposites were investigated in detail,

so as to figure out potentials and problems of BOPP nanocomposites.

4.2. Experimental section

4.2.1. Raw materials

PP reactor granule (My = 2.6 x 10°, My/M, = 5.7, mmmm = 98 mol %) was
synthesized by propylene polymerization using a fourth-generation Ziegler—Natta
catalyst [30,31]. The median size (Dso) and the pore volume of the granule were
determined as 480 um and 0.56 mL/g based on laser scattering in ethanol (HORIBA
partica, LA-950V2) and mercury porosimetry (Shimazu, Autopore IV 9505), respectively.
Titanium isopropoxide [Ti(OiPr)s] was supplied by Sigma-Aldrich and used as a
precursor. n-Octdecyl-3-(3’,5’-di-t-butyl-4’-hydroxyphenyl)propionate (AO-50) and
bis(1,2,2,6,6-pentamethyl-4-piperidyl)sebacate (LA-77) were donated by ADEKA. They
were used as an antioxidant stabilizer and a catalyst for the sol—gel reaction, respectively
[22]. TiO2 nanoparticles (AEROXIDE TiO, P25) was used to prepare reference
nanocomposites. Trimethoxy(2-phenylethyl)-silane, trimethoxy(methyl)silane, and
triethoxy(hexyl)silane were purchased from TCI and used as surface modifiers for in situ-
generated TiO» nanoparticles. These silane coupling agents are denoted as PE, Me, and

Hex according to the organic group, respectively.
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4.2.2. Sample preparation

In order to clarify factors that affect dielectric properties of BOPP/TiO»
nanocomposites, various samples were prepared. The scheme of the preparation and the
varied parameters are shown in Scheme 4.1. The prepared samples are listed in Tables 4.2
and 4.3. In the following, a typical preparation method is described, followed by
information on the varied parameters.

In a typical preparation, the PP reactor granule was impregnated with a solution of
Ti(OiPr)4 in heptane at 50 °C under nitrogen for 12 h. The amount of Ti(OiPr)4 was
determined so as to obtain the TiO; loading of 2.0 wt % in the resultant PP/TiO;
nanocomposite, under the assumption of full conversion of the metal alkoxide to oxide.
This assumption has been shown to be reasonable in the previous studies [21-28]. Indeed,
thermogravimetric measurements for selected samples gave almost completely same
amount of produced TiO: as the theoretical one. Hence, the theoretical loading is adopted
in this paper. After solvent removal in vacuo, the granule was held at 50 °C and 100%
relative humidity for 24 h to promote the hydrolysis and solidification of Ti(OiPr)s in the
pores, followed by melt mixing at 185 °C and 200 rpm for 15 min using a twin-screw
micro compounder (Xplore MC5). The extrudate was hot-pressed into a film with a
thickness of 300 um at 230 °C and 10 MPa for 5 min and subsequently quenched at 0 °C

for 5 min. Biaxial sequential stretching was performed using a laboratory stretching
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machine (KARO, Briickner Maschinenbau). A sample film was preheated at 165 °C and
stretched at the same temperature first in the machine direction (MD) and then in the
transverse direction (TD), where the stretching rate was fixed at 600%/s for MD and
300%/s for TD. Further details are described elsewhere [32]. The film thickness was
measured by a micrometer according to method A in IS K 7130:1999. The thickness of
biaxially stretched films at a drawing ratio of 4 x 7 mostly fell in the range of 10—13 pm
with a standard deviation of 0—1 um. Photographs of film samples before and after
stretching are given in Fig. 4.1.

The loading of TiO2 was varied in the range of 0.1-5 wt % through the addition
amount of Ti(OiPr)s to the PP reactor granule. The loading of TiO> was kept relatively
low, first, to enable stretching without break and, second, to suppress an electric field
concentration and leakage current due to clustering/agglomeration of nanoparticles. In a
previous study, it was reported that impregnation and reaction of Al(OiPr); in the presence
of a silane coupling agent resulted in organically modified Al>O3 nanoparticles, which
significantly improved the interfacial bonding with the PP matrix for thermal conduction
[23]. Accordingly, samples were prepared by adding a silane coupling agent (PE, Me, or
Hex) to the heptane solution of Ti(OiPr)4 at a Si/Ti molar ratio of 0.06. Samples were also
prepared at different drawing ratios from 2 x 5to 4 x 7.

As a reference sample, biaxially oriented films were obtained for neat PP in the
above-mentioned conditions. A PP/TiO2 nanocomposite (termed PP/TiO»-NP) was also

prepared by melt mixing 2.0 wt % of preformed TiO> nanoparticles. However, biaxial
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stretching of this film failed due to break.

Fig. 4.1. Photographs of neat PP and PP/PE-Ti0O: (2.0) before and after stretching at the
drawing ratio of 4 x 7. Note that the unstretched film is placed

on the top right of the stretched film.

4.2.3. Dielectric measurements

Dielectric properties of BOPP nanocomposites were measured as follows. Au
electrodes were formed on both sides of a sample by sputtering (MSP-20-TK, VACUUM
DEVICE) (30 mme, 2.0 €/sq). A brass plate was placed on top of an insulating rubber,
and a conductive rubber (40 mme) was placed on top of it. The sample was sandwiched
between a brass cylinder (27 mme, 250 g) and the said conductive rubber. Electrodes
were connected to the brass plate and the brass cylinder, and the capacitance (C) of the
sample was measured at 23 °C, an applied voltage of 1 V, and a frequency range of 20
Hz to 20 kHz. The relative permittivity (&) of the sample was obtained by the following

equation (4-1),
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Cxt
gg X A

= (1),
where ¢, €9, and A are the thickness of the sample, the permittivity of the vacuum, and the
area of the electrode, respectively. The measurements were taken at least 3 times, and the
relative permittivity is reported as the average value. The loss factor (tan d) was also
obtained in these measurements. Regardless of the samples, the relative permittivity and
the loss factor were almost independent of the frequency in the measured range. Therefore,
the data at 1 kHz were taken as representative due to high practical relevance.

The AC breakdown voltage of BOPP nanocomposites was obtained using a
withstanding voltage tester (TOS5051A, Kikusui Electronics) based on the electrode
configuration of the flat-plate electrode method described in JIS C 2151:2006. AC voltage
of 60 Hz was increased at a rate of 100 V/s at 100 °C in air. The voltage at which the
leakage current reached a threshold value of 5.0 mA was measured 12 times, and the
average voltage of 8 measurements, excluding 2 measurements with the highest voltages
and the lowest voltages, was defined as BDV after being normalized by the sample
thickness. Due to the configuration of the electrode, breakdown by surface discharges
was unlikely to occur, but if it occurred, such measurements were discarded. The

measurement temperature of 100 °C and the normal atmosphere were assumed to be used

in automobiles.
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4.2.4. Characterization

The size distribution and dispersion of TiO: nanoparticles in the unstretched
nanocomposites were observed using a transmission electron microscope (Hitachi H-
7650) operated at an acceleration voltage of 100 kV. TEM specimens with the thickness
of 100 nm were prepared by an ultramicrotome (Reichent Ultracut FCS, Leica) equipped
with a diamond knife (Diatome). Particle size distribution profiles were acquired by
measuring the size of TiO; in the TEM images at a fixed magnification. The dispersion

was quantified based on a dispersion index (DI) as,

0.2
DI = = x g (4-2),

where x4 and o are the average and the standard deviation of the area of TiO2 nanoparticles
or their aggregates, respectively [33]. The analysis of the TEM images was performed by
imagel software. The analysis covered at least 200 nanoparticles (or their aggregates) per
sample.

Wide-angle X-ray diffraction (WAXD) measurements were taken on a Rigaku
MiniFlex 300 diffractometer in a reflection mode at room temperature with graphite
monochromated Cu Ko radiation operating at 30 kV and 10 mA. The crystallite

dimension (D) was estimated for the a(040) reflection based on the Scherrer equation,

K x 2
D=

B S % cosO (4_3)’

where K is the shape factor set to 0.94, f is the full width at half maximum of the peak,

and @ is the Bragg angle.
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The volume resistivity of BOPP/TiO> nanocomposites was measured according to
JIS C 2139-3-1:2018. Briefly, main and guard electrodes were closely contacted to one
side of a sample film, and the counter electrode to the other side of the film, at a fixed
load of 5.0 kgf. The setup was kept at 100 °C for 30 min. Then, a DC voltage was applied
to the sample to achieve a potential gradient of 40 V/um. The volume resistivity (p,) was
calculated using the following formula,

p =R x 2 (4-4),
where R is the measured resistance, A4 is the effective electrode area, and ¢ is the sample
thickness.

Surface topographic information of BOPP/Ti0, nanocomposites was acquired on a
non-contact 3D optical profilometer (R5500GML, Ryoka Systems) in a WAVE mode
using a 530 white optical filter and a 10X objective lens. Measurements were taken at 10
locations per sample with a field of view of 353.16 pum % 470.92 um. The acquired images
were pre-processed by a median filter (3 x 3) and a Gaussian filter with a cutoff value of
30 um to remove noise and undulation components. Biaxially stretch nanocomposites

exhibited crater-like roughness around nanoparticles. The reduced valley depth (Rvk), a

measure of surface roughness, was determined as an average of 10 images per sample.

Scheme 4.1. Preparation of BOPP/TiO; nanocmposites. Three kinds of parameters are

varied: 1) TiO: loading, 2) surface modifier, and 3) drawing ratio.
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4.3. Results and discussions

4.3.1. Morphology of PP/TiO; nanocomposites

Fig. 4.2 shows TEM images of the PP/TiO2 nanocomposites before stretching. The
analytical results for the size distribution of TiO> nanoparticles and the dispersion index
(DI) are shown in Fig. 4.3. and Table 4.1, respectively. The most important characteristic
of RGT-based nanocomposites is uniform dispersion of in-situ generated nanoparticles
over a wide range of loading, which is ascribed to the pore confinement of precursors
[21]. The same characteristic was observed in the TEM images for the RGT-based
nanocomposites (Fig. 4.2a-e). The in-situ generated nanoparticles possessed the average
size of ca. 50-100 nm, which increased by increasing the TiO; loading. The dispersion

index, where a larger value manifests more uniform dispersion, was above 0.65 when the
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surface modifier was employed. In comparison, when preformed TiO> nanoparticles were
melt-mixed, the nanocomposite possessed huge aggregates and the smallest DI value (Fig.

4.2f).

Fig. 4.2. TEM images of PP/TiO> nanocomposites before stretching: a) PP/PE-TiO>
(2.0), b) PP/PE-TiO2 (5.0), ¢) PP/Ti0O: (2.0), d) PP/Me-TiO: (2.0), e) PP/Hex-TiOz (2.0),
and f) PP/TiO,-NP (2.0). The same scale bar is applied to all the images.

The particle size distribution profiles and the dispersion parameters are shown in Fig.

4.3 and Table 4.1, respectively.
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Fig. 4.3. Size distribution of TiO2 nanoparticles in PP/Ti0; nanocomposites: a) PP/PE-
TiOz (2.0), b) PP/PE-TiO: (5.0), ¢) PP/TiOz (2.0), d) PP/Me-TiOz (2.0), e) PP/Hex-TiO:

(2.0), and f) PP/TiO2-NP (2.0).

Table 4.1. Dispersion parameters for PP/TiO2 nanocomposites.?

Sample p® [um?] o [um?] DI?
PP/PE-TiO2 (2.0) 0.0029 0.0029 0.080
PP/PE-TiO2 (5.0) 0.0133 0.0145 0.073
PP/Ti02 (2.0) 0.0090 0.0229 0.031
PP/Me-TiO2 (2.0)  0.0051 0.0056 0.073
PP/Hex-TiO2(2.0)  0.0079 0.0097 0.065
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PP/TiO.-NP (2.0)  0.0189 0.0582 0.026

? Acquired by analyzing the TEM images using ImagelJ software.

b1 and o correspond to the average area of TiO» nanoparticles and its standard deviation,

respectively. The dispersion index (DI) is as defined in Equation (2).

4.3.2. Dielectric and related properties of BOPP/TiO; nanocomposites

Surface modification of nanoparticles is very important for the dielectric properties
of resultant nanocomposites. First, it facilitates the dispersion of inorganic nanoparticles
in matrices; poor dispersion causes a significant decrease in BDV [34], and even break
during stretching. Second, improved interfacial adhesion prevents the formation of
microvoids, which can cause the premature breakdown. Third, it reduces permittivity
contrast between the matrix and high-permittivity inclusions like TiO2[29]. Last, it affects
the interfacial layers in the framework of a multicore model [18,34]. Recent studies have
shown that polymer-coated nanoparticles are promising not only in attaining the above
advantages but also in imparting a feature arising from the properties of the coating
polymer [35,36]. RGT provides good dispersion on its own based on pore confinement.
Meanwhile, the coexistence of a silane coupling agent in the sol-gel reaction of metal
alkoxides restricts the growth of particles. As a result, the size of the nanoparticles became

smaller in the presence of the silane coupling agents (Fig. 4.3). The capping efficiency or
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the efficiency to restrict the particle growth was far greater for PE than for Me and Hex,

which is consistent with our previous results on PP/Al,O3 nanocomposites [23].

Table 4.2. Dielectric and related properties of BOPP/Ti02 nanocomposites.?

Sample TiO2 Surface  &° tand BDV! e Rvk’
) modifier®
loading X [Vac/um]  [Q-cm] [wm]
1040

[Wt%]
Neat PP n.a. n.a. 2.2740.06 5+3  245+10 154x10'¢  0.011£0.001
PP/PE-TiO, 0.1 PE 2.31+0.01 5+1  223+11 3.19x10" 0.019+0.002
(0.1)
PP/PE-TiO> 0.5 PE 2.41+0.01 70  194+17 2.28x10"%  0.034+0.008
(0.5)
PP/PE-TiO> 1.0 PE 2.8440.05 1143 160+10 1.44x10"  0.097+0.028
(1.0)
PP/PE-TiO> 2.0 PE 3.10£0.06  20+1 119+15 1.13x10"°  0.264+0.063

(2.0)
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PP/PE-TiO2

(5.0)

PP/TiO,

(2.0)

PP/Me-TiO2

(2.0)

PP/Hex-TiO;

(2.0)

5.0

2.0

2.0

2.0

PE

n.a.

Hex

3.20+0.04

2.87+0.03

2.76+0.05

2.67+0.04

101+

18+2

3243

3549

89+10

148+6

126+12

124+7

1.63x10°

n.d.

n.d.

0.852+0.168

0.129+0.025

0.278+0.112

0.270+0.126

# The PP/Ti102 nanocomposites were prepared based on RGT, where the TiO; loading and

the surface modifier were varied. All the samples were biaxially stretched at 165 °C and

at the drawing ratio of 4 x 7, with the stretching rate of 600%/s for MD and 300%/s for

TD.

® Either trimethoxy(2-phenylethyl)silane (PE), trimethoxy(methyl)silane (Me), or

triethoxy(hexyl)silane (Hex) was added at a Si/Ti molar ratio of 0.06.

“Measured at least 3 times per sample at 23 °C, an applied voltage of 1 V, and a frequency

of 1 kHz.
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4 Measured based on JIS C 2151:2006. AC voltage of 60 Hz was increased at a rate of
100 V/s at 100 °C in air. Out of 12 measurements, 8 measurements with middle BDV

values were used for deriving the average.

¢ Measured based on JIS C 2139-3-1:2018 at 100 °C under a DC voltage gradient of 40

V/pum.

" Determined based on optical profilometry; 10 images acquired at different locations

were analyzed to obtain the Rvk value.

Table 4.2 summarizes the dielectric properties of PP and PP/TiO2 nanocomposites
stretched at the drawing ratio of 4 x 7. Note that the relative permittivity and BDV were
measured at different temperatures, 23 and 100 °C, respectively, from a practical
viewpoint in automotive film capacitors, where a high relative dielectric constant under
normal operation and high breakdown strength at an elevated temperature in the case of
abnormal operation are required. In Fig. 4.4, the dielectric properties of PP/PE-TiO2
nanocomposites are plotted against the TiOz loading. The relative permittivity (e,) and the
loss factor (tan 8) of neat PP were 2.27 and 5.0 x 107*, respectively, in agreement with
reported values in literature. The BDV at 100 °C was 245 Vac/pm. The &, value increased
proportionally with the addition of phenylethyl-modified TiO; (PE-TiOz) up to 1.0 wt%
(Fig. 4.4a). After that, the increment became smaller and almost saturated at 2.0 wt%,

where the ¢ value became as high as 3.1. This improvement was much greater than
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estimations from the ¢, value of TiO> (about 100) and its small fraction less than 1 vol%,
which will be discussed later. The reason for the increase in the loss factor is attributed
to the lossy nature of TiO; itself and the interfacial polarization called Maxwell-Wagner-
Sillars (MWS) effect caused by the permittivity/conductivity contrast between PP and
TiO2 [34]. The saturation of the &, value and the sharp increase in the loss factor at 5.0
wt% both suggest the occurrence of clustering/agglomeration at this loading, which
provides conduction pathways [18,29]. The BDV value decreased inversely with the TiO2
loading (Fig. 4.4c), and at 2.0 wt%, it became almost half of that of neat PP. Though the
fraction of TiO; nanoparticles is the main factor of the dielectric properties, the presence
and the type of surface modifiers is also important. Modification with saturated alkyl
groups lowers the effective relative permittivity of nanoparticles [29], and in turn the &,
values of the nanocomposites (PP/Me-TiO; or Hex-TiO») as compared to that of the non-
modified sample (PP/Ti0,). It is reasonable that the longer alkyl chain caused the lower
permittivity due to the larger organic content. Contrary to these results, phenylethyl-
modified TiO2 (PE-T102) showed a higher ¢, value than unmodified TiOz. This could be
attributed to the unique effect of the phenylethyl group in RGT. In our past study for
PP/A1,O3 nanocomposites based on RGT, when trimethoxy(2-phenylethyl)silane was
used as a modifier, the particle size of Al,O3; produced became significantly smaller.
Furthermore, the dispersion and interfacial bonding were largely improved as compared
to the other modifiers [23]. Indeed, the PP/PE-TiO; sample exhibited the smallest particle

size as well as the largest DI at 2.0 wt% (Fig. 4.3 and Table 4.1). The decrease in BDV
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was smaller for unmodified TiO> when compared to the modified TiO2 samples. This

suggests that electric field concentration by permittivity contrast and space charge

accumulation by conductivity contrast are not the main cause of the BDV decrease.
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Fig. 4.4. Dielectric properties of BOPP/PE-TiO, nanocomposites along with the TiO»

loading: a) Relative permittivity, b) loss factor, and c) breakdown voltage. All the

samples were biaxially stretched at 165 °C and at the drawing ratio of 4 x 7.

Table 4.3. Effect of the drawing ratio on dielectric and related properties.?

Sample Drawing &, tand BDV D¢ Py Rvk
ratio
x10*  [Vac/um]  [nm] [Q-cm] [um]
1x1 2.2040.04 9+2  nd® n.d. n.d. n.d.
Neat PP 2x5 2.29+0.05 3+1  ndP 17.3£0.3 n.d. n.d.
3%x6 2.28+0.02  3+1 n.d.® 16.6£0.6 8.10x 10" n.d.
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PP/PE-TiO2

(2.0)

4x7

2.27+0.06

2.17+0.01

2.58+0.04

2.83+0.05

3.10+0.06

543

42+4

23+2

2242

20+1

245+10

n.d.b

120+£5

11745

119+15

14.9+0.3

n.d.

18.5+0.4

15.5+0.8

15.1+0.3

1.54 x 10'¢

n.d.

n.d.

8.87 x 10

1.13 x 10"

0.011£0.001

0.069+0.021

0.223+0.051

0.236+0.051

0.264+0.063

*Neat PP and a PP/PE-Ti10; nanocomposite (2.0 wt%) were biaxially stretched at 165 °C

and at different drawing ratios, where the stretching rate was fixed at 600%/s for MD and

300%/s for TD.

bNot determined because the electric breakdown did not occur at 5 kV as the instrumental

upper limit.

¢ Estimated from the a(040) reflection in WAXD based on the Scherrer equation.

Stretching transforms the spherulitic structure into a highly oriented fibrillar

morphology, which is the origin of the high BDV of BOPP [37]. For instance, the BDV

of unstretched PP sheets at room temperature was reported to be 360—400 V/um compared

to ~700 V/um for BOPP [38]. In addition to this, it is expected that biaxial stretching of

nanocomposites causes the elongation of interparticle distances and non-uniform

deformation near nanoparticles. However, few studies have investigated changes in the
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dielectric properties of PP nanocomposites upon stretching. Table 4.3 and Fig. 4.5
summarize the dielectric properties of neat PP and PP/PE-TiO2 (2.0) biaxially stretched
at different drawing ratios. The relative permittivity of neat PP was almost constant before
and after stretching. The decrease in the loss factor due to stretching is attributed to the
orientation and higher crystallinity. Unfortunately, BDV could not be evaluated for the
films with low stretching ratios because of their large thickness and the instrumental
limitation. The response of the dielectric properties of the nanocomposite to the stretching
ratio was quite different from that of neat PP. The & value of the unstretched
nanocomposite was almost the same as that of neat PP. However, that of the stretched
films increased proportionally to the degree of stretching. The reason for this will be
discussed later. The decrease in the loss factor due to stretching was also observed in the
nanocomposite, but it was more pronounced than that for neat PP. This corresponds to
the fact that the clustering/agglomeration of TiO> forms conduction pathways, and the
increase in the distance between the nanoparticles due to stretching partially eliminates
such pathways. The value of BDV was about 120 V/um, almost independent of the

stretching ratio.
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Fig. 4.5. Variation in dielectric properties of neat PP and a PP/PE-Ti0O2 nanocomposite
(2.0 wt%) in biaxial stretching: a) Relative permittivity, and b) loss factor. 1 x 1

corresponds to unstretched films.

Hereafter, we will discuss the two interesting results found in this study, namely, the
unexpected increase in the relative permittivity and the decrease in BDV. As for the
relative permittivity, the observed increase due to the addition of TiO2 (up to 2.0 wt%) is
much greater than classical volume average-based predictions (Fig. 4.6 and Table 4.4).
The Maxwell-Garnett equation and the Bruggeman self-consistent effective medium
approximation [39] predict that the addition of TiO2 below 1.1 vol% (corresponding to
5.0 wt%) has marginal impacts on the relative permittivity of the composites. The Wiener
upper bound (parallel model) [39], which is equivalent to the upper limit of the
Lichtenecker logarithmic law (o = 1) [40], is the closest to the observations, and it

explains about 87% of the observed increase. The Maxwell-Garnett and Bruggeman
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models have been widely and successfully used in a variety of polymer nanocomposites,
in most of which the fractions of nanoparticles are greater than 10 vol%. Deviation of the
relative permittivity of polymer nanocomposites from the classical mixing rules has been
often reported, and this has been attributed to the effect of the interphase region around
nanoparticles, which increases dramatically as the particle size decreases [34]. The
interphase is explicitly taken into consideration by the Lewis double-layer model [41], or
by the modified Tanaka multicore model [42], and the latter has been particularly
successful in cases when the classical rules fail. According to these models, depending
on the nature of the interphase, the relative permittivity of polymer nanocomposites can
exceed the classical mixing rules, or conversely, it can even be lower than the relative
permittivity of the matrix. It has also been recently reported that the relative permittivity
of nanocomposites can be dramatically improved at very low loadings below 1 vol%
[43,44]. Inspired by the multicore model, Li et al. proposed a model, in which the
existence of a three-layered interphase is incorporated into the logarithmic mixture
formula, and succeeded in explaining the dramatic improvement of the relative
permittivity at ultra-low loadings [43]. As shown in Fig. 4.6, the relative permittivity of
BOPP/PE-TiO2 nanocomposites can be well reproduced by Li’s model below 0.44 vol%
(corresponding to 2.0 wt%). This strongly suggests the importance of the interphase
region in the nanocomposites, which is consistent with the fact that the relative
permittivity values were relatively sensitive to the presence and the type of surface

modifiers (cf. Table 4.2). Li’s model predicts that the relative permittivity begins to
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decrease when the TiO: loading exceeds 0.5 vol%. This is due to the overlap of the
interphase regions as the distance between the nanoparticles decreases under the
assumption of random dispersion. The reason why the actual results did not show such a
decrease was probably due to the fact that the clustering/agglomeration of TiO2
nanoparticles became more prominent at 5.0 wt%, as was evident from the TEM images
(Fig. 4.2b) and the loss factor (Table 4.2). In other words, if the number of isolated TiO-
nanoparticles with a sufficient interphase region remains largely unchanged due to the
clustering/agglomeration of excessive nanoparticles, the saturation of the relative
permittivity value can be understood. Likewise, the dramatic increase in the relative
permittivity of the nanocomposite along with the biaxial stretching can be easily
explained. Without stretching, the distance between nanoparticles was too short, so the
contribution of the interphase became negligible, as a result of which the relative
permittivity followed the classical mixing rules. As the distance between the
nanoparticles increased with the stretching ratio, the contribution of the interphase, which
plays a major role in improving the relative permittivity, increased. From these
considerations, it is concluded that the relative permittivity of BOPP/TiO;

nanocomposites is dominated by the interphase region.
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Fig. 4.6. Comparison of the measured relative permittivity of BOPP/PE-TiO»
nanocomposites with theoretical models. The relative permittivity and the density used
for the calculations are 2.27 and 0.91 g/cm?® for PP and 100 and 4.23 g/cm? for TiO,
respectively. Bruggeman means the Bruggeman’s self-consistent effective medium
approximation. Li’s model takes into account the contribution of the interphase region
composed by three layers [43]. Relevant internal parameters, that is the thickness of the
interface (¢ = 2.23 nm) and the best filling fraction (¢o = 0.00524), were determined to

fit the measured relative permittivity up to 2.0 wt%.

Table 4.4. Measured and predicted relative permittivity of PP/PE-Ti0, nanocomposites

biaxially stretched at the drawing ratio of 4 x 7.2
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Sample TiO2 loading &r
[vol%]?
Measured Maxwell- Bruggeman® Wiener  Li’s model®
Garnett upper
bound

Neat PP n.a. 2.27 2.27 227 2.27 2.27
PP/PE-TiO2 0.02 231 2.27 227 2.29 2.32
(0.1)
PP/PE-TiO2 0.11 241 2.28 2.27 2.38 2.53
(0.5)
PP/PE-TiO, 0.22 2.84 2.28 2.28 248 2.78
(1.0)
PP/PE-TiO2 0.44 3.10 2.30 2.28 2.70 3.10
(2.0)
PP/PE-TiO, 1.12 3.20 2.34 2.30 3.36 2.84
(5.0)

2 The relative permittivity and the density used for the calculations are 2.27 and 0.91 g/cm?

for PP; 100 and 4.23 g/cm? for TiO, respectively.

® Corresponds to the Bruggeman self-consistent effective medium approximation.
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¢It takes into account the contribution of the interphase region composed by three layers.
Relevant internal parameters, i.e. the thickness of the interface (# = 2.23 nm) and the best
filling fraction (po = 0.00524), were determined so as to fit the measured relative

permittivity up to 2.0 wt%.

4.3.3. Factors for affecting BDV

Various factors are known to affect the BDV of nanocomposites. Each of the
potential factors that could explain the observed decrease in BDV is discussed. To start,
nanoinclusions can exert influences on the crystallization process of a matrix through
nucleation, confinement of polymer chains, and viscosity increase, which can in turn
affect the orientation and miniaturization of crystallites by biaxial stretching. As shown
in Fig. 4.7, no significant difference was observed in the WAXD patterns of neat PP and
PP/PE-TiOz (2.0). Stretching made the o(040) reflection evident due to the orientation,
and the crystallite dimension (D) became smaller as the drawing ratio increased (Table
4.3). Second, in-situ synthesis of PP/TiO2 can leave impurities such as unreacted
Ti(OiPr)4, alcohol, water, and so on that adversely affect BDV. In this light, a PP/PE-
TiO2 (1.0) nanocomposite was newly prepared according to same procedure except the
fact that the sample obtained immediately after the pre-hydrolysis treatment was stirred
in ethanol 3 times to wash out potential impurities. The washed sample was then subjected
to the melt-compounding, hot pressing, and biaxial stretching at a drawing ratio of 4 x 7.

The BDV value of this washed sample was 153 Vac/um, similar to 160 Vac/um for the
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unwashed one. This ruled out impurities as a cause of BDV decrease. Third, the interfacial
polarization, which originates from permittivity/conductivity contrast, causes a local
electric field enhancement around nanoparticles. In particular, a field enhancement
amplified by clustering/agglomeration of nanoparticles leads to the deterioration of BDV
[29]. As shown in Table 4.2, modification of the TiO: surface with alkyl groups, which
have low relative permittivity and insulating properties, did not improve the BDV. Also,
as shown in Table 4.3, separation of the nanoparticles by stretching did not improve the
BDV. These observations suggest that the local electric field enhancement by interfacial

polymerization is not the cause of the BDV decrease.
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Fig. 4.7. WAXD patterns of neat PP and a PP/PE-Ti0O; nanocomposite (2.0 wt%)

biaxially stretched at the drawing ratio of 4 x 7.

The patterns are vertically translated for clarity.
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From the above, the possibilities are narrowed down to Joule heating due to leakage
current, which causes premature breakdown [11,45], and a rough film surface, which
causes an electric field enhancement between the electrode and the surface [18,38].
Thus, volume resistivity and profilometer measurements were taken, and the results are
summarized in Tables 4.2 and 4.3. The volume resistivity decreased with the addition of
TiO2, which has a higher electrical conductivity than PP (Table 4.2). In particular, the
extent of the decrease was large from 0 to 0.1 wt% and from 2.0 to 5.0 wt%. The former
might be explained by residual impurities due to the in-situ synthesis of TiO. The latter
was obviously from the formation of conduction pathways due to the
clustering/agglomeration. The volume resistivity decreased monotonically with the
amount of TiO», as did BDV. However, two inconsistent cases were found: the addition
of 0.1 wt% TiO2 caused 79% decrease in the volume resistivity from that of neat PP, in
contrast to only 10% decrease in BDV; the volume resistivity of the nanocomposite
increased along with the drawing ratio, but the BDV did not (Table 4.3). Hence, the
volume resistivity alone cannot explain the decrease in the breakdown voltage. The
surface roughness (Rvk) of BOPP increased with the addition of TiO2 and by increasing
the drawing ratio (Tables 4.2 and 4.3). Fig. 4.8 shows optical profilometry images for
biaxially stretched films of neat PP and PP/PE-TiO; nanocomposites. In contrast to the
smooth surface of neat PP, the surface of the nanocomposites showed characteristic
roughness with prominent spots surrounded by low areas, which became more and more

evident at a higher TiO> loading. In general, the surface of BOPP tends to exhibit
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craterlike roughness, which is caused by the density difference that occurs when [-
crystals (lower density) turn into a-crystals (higher density) during stretching above the
melting point of B-crystals [46]. Because -crystals did not exist in the hot-pressed films
regardless of the presence of TiO2, uneven stress and deformation occurred around the
nanoparticles to cause the said roughness. Fig. 4.9 shows the relationship between surface
roughness and BDV, where Rvk correlated well with BDV without obvious exception.
An additional experiment supported that the roughening was the main cause of the BDV
decrease, where PP/PE-TiOz (2.0) was biaxially stretched at 165 °C and at the drawing
ratio of 4 x 7, and subsequently held at the same temperature for 60 s on the tenter. As
can be seen in Figure 5 (the star mark), such post-annealing reduced the roughness and
partially recovered the BDV, where the data point still followed the same trend. The
reason why the BDV value of the unmodified TiO> sample [PP/TiO2 (2.0)] was higher
than those of the modified samples in Table 4.2 can also be explained by the surface
roughness, where the Rvk value of the unmodified sample was less than half of those of
the modified samples. It is likely that surface modification strengthens the interfacial

connection, and this causes increased strain at the interface during stretching.
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Fig. 4.9. Relationship between surface roughness and breakdown voltage. The reduced
valley depth (Rvk) is used as a measure of the surface roughness. The star symbol (red)
corresponds to the data for PP/PE-TiO; (2.0), which was biaxially stretched at 165 °C

and at the drawing ratio of 4 x 7, and subsequently

held at the same temperature for 60 s on the tenter.

4.4. Conclusions

In this study, BOPP/TiO> nanocomposite films were prepared, and their dielectric
properties were analyzed to figure out potentials and problems of BOPP nanocomposites.
Major findings and suggestions are summarized below.
® Biaxial stretching without break presumes good dispersion of nanoparticles. This is

usually difficult when preformed nanoparticles are directly melt-blended with PP.
The RGT provided nanocomposites with uniformly dispersed TiO2 nanoparticles of

about 50—-100 nm, which enabled biaxial stretching.

® The relative permittivity of BOPP nanocomposites increased with the addition
amount of TiO2, which, however, accompanied an increase in the loss factor and a
decrease in the BDV. The relative permittivity was relatively sensitive to the type of
surface modification, and the greatest improvement was obtained with phenylethyl

modification.
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® Excessive addition of nanoparticles leads to clustering/agglomeration of
nanoparticles, which has significant adverse effects on the loss factor, BDV, and
leakage current. In the present study, such phenomena were observed at 1.0 vol% of

TiOs.

® The relative permittivity of the nanocomposites was much higher than predictions
based on classical mixing rules. A critical role of the interphase around nanoparticles
was suggested. In order to exploit the positive contribution of the interphase,
nanoparticles must be well separated from each other, and this was accomplished by

stretching at a higher drawing ratio.

® The plausible cause of the BDV decrease in the BOPP nanocomposites was the
surface roughening that occurred around the nanoparticles during stretching. In fact,

post-annealing reduced the surface roughness and partially recovered BDV.

These provide useful insights for research of BOPP nanocomposites. In a practical
viewpoint, it is important to pursue materials and processes to reduce surface roughening
during biaxial stretching. Understanding and optimization of the interphase will play an
essential role in achieving required relative permittivity even at a lower filler amount,

which will in turn minimize the demerits associated with the addition of nanoparticles.
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Polypropylene (PP), as one of the most commonly used commercial plastics with
excellent chemical resistance and especially low cost, is very promising for use in
fabricating polymer nanocomposites. Nanoparticles are introduced to the matrix with the
aim of improving properties or introducing extra functionalities for the further
applications of PP. However, the addition of nanoparticles usually sacrifices the ductility
of the material, which limits the applications of PP-based nanocomposites. In this thesis,
I prepared PP nanocomposites by chemically modifying both the nanoparticles and the
PP chain, as well as by reactor granule technology, aiming at clarifying key factors for
achieving desired properties, including the ductility. The main conclusions are as follows:

In Chapter 2, catalyzed copolymerization between propylene and 7-
octenyltrimethoxysilane (OTMS) was used to prepare PP with less than one functional
group per chain. The advantage of the combination of surface modification and in-situ
grafting was evidenced by the mechanical properties, in which the efficient grafting of
the reactive chains strengthened the interfacial interaction between the matrix and SiO>
to improve the reinforcement. In addition, the modification with long alkyl chains also
helped to recover the elongation deterioration due to its plasticizing ability. This provided
an opportunity to balance the reinforcement and the toughness of the materials, which is
rarely achieved by in-situ grafting alone.

In Chapter 3, novel functionalized PP containing methoxy groups was synthesized
by copolymerization of propylene with 4-Allyl-1,2-dimethoxybenzene (ADMB). PP-

ADMB was blended with SiO> to fabricate PP nanocomposite. It was found that even
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with a trace amount, ADMB, imparted unexceptionally high toughness for PP. These dual
effects on compatibilizing with nanoparticles and toughening of polymer make PP-
ADMB advantageous over the homo PP in balancing the mechanical properties of
nanocomposites.

In Chapter 4, a reactor granule technology (RGT) was used to develop biaxially
oriented polypropylene (BOPP)/TiO2 nanocomposites to effectively improve the
dielectric properties of PP. The effects of several parameters on the permittivity, BDV,
and dielectric loss of the nanocomposites were explored in depth, including TiO> content,
interfacial design, and drawing ratio. The RGT provided nanocomposites with uniformly
dispersed TiO» nanoparticles, which enabled biaxial stretching. The permittivity of
nanocomposites was greatly enhanced by a small amount of TiO2 (2 wt%) beyond
classical mixing rules, and the enhancement was very sensitive to the stretching ratio.

In conclusion, for the application of PP nanocomposites, balanced mechanical
properties of nanocomposites, in particular the toughness, must be preserved or improved.
In this thesis, I have successfully shown three different strategies to achieve PP-based
nanocomposites with balanced mechanical properties. Furthermore, I have clarified key
factors affecting final properties of nanocomposites, which are expected to be useful for

the future design of nanocomposites.

151



Achievements

Main Publication
1. D. Zhu, E. Kurahashi, H. You, T. Wada, P. Chammingkwan, T. Taniike,
Enhancing mechanical properties of graft-type nanocomposites using organically
modified SiO; and polypropylene containing reactive methoxy groups, Polymers
2022, 14, 563, (Selected as Editor’s Choice articles).
Other Publications
1 X. Zhang, D. Zhu, H. You, Y. Hashimoto, T. Miyata, P. Chammingkwan, T.
Taniike, Dielectric  properties of biaxially oriented polypropylene
nanocomposites prepared based on reactor granule technology, ACS Appl.
Electron. Mater. 2022, 2022, 4, 1257-1265, (Co-first author).
2 H. You, X. Zhang, D. Zhu, C. Yang, P. Chammingkwan, T. Taniike, Advantages
of polydopamine coating in the design of ZIF-8-filled thin-film nanocomposite
(TFN) membranes for desalination, Colloids Surf. A 2021, 629, 127492.
3 A. Piovano, T. Wada, A. Amodio, G. Takasao, T. Ikeda, D. Zhu, M. Terano, P.
Chammingkwan, E. Groppo, T. Taniike. Formation of highly active Ziegler-
Natta catalysts clarified by a multifaceted characterization approach. ACS Catal.

2021, 11, 13782-13796.

Conferences

152



1.

D. Zhu, E. Kurahashi, T. Wada, P. Chammingkwan, T. Taniike, Improving
mechanical properties of grafttype nanocomposites using silane modified SiO> and
reactive polypropylene prepared by a Ziegler-Natta catalyst, Hakodate Conv. of JPI

(51St Petrol-Petrochem. Symposium of JPI), Hokkaido, Japan, November 11-12,

2021.

D. Zhu, T. Wada, P. Chammingkwan, T. Taniike, Enhancing mechanical properties

of graft-type nanocomposites using silane modified SiO> and polypropylene

.. . th _
containing reactive methoxy groups, 7 Nano Today Conference, Guangzhou, China,

November 16-18, 2021.

153



