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Preface

The present dissertation is the result of studies under the direction of Professor Dr.
Minoru Terano during 2011-2014. The purpose of this dissertation is the
investigations of both the mechanism and the application of polypropylene (PP)-based
nanocomposites using PP-grafted nanosilica (SiO,).

First of all, Chapter 1 is a general introduction according to the object of this
research. Chapter 2 and 3 describe effects of among chain length, grafted amount,
and filler content of the PP-grafted SiO, on the mechanical properties of PP-based
nanocomposites. Chapter 4 and 5 describe applications of the grafting technology.
Chapter 4 reports the “Influences of mechanical properties on polyethylene (PE)-based
nanocomposites using PE-grafted SiO,”. Chapter 5 reports the “Development of
high-performance and practical nanocomposites using in-situ polypropylene grafting
reaction”. Chapter 6 describes the general summary and conclusion of this

dissertation.

Masahito Toyonaga
Terano Laboratory,
School of Materials Science,

Japan Advanced Institute of Technology

September 2014
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Chapter 1.

General Introduction



1.1. Polymer materials

In general, polymer materials are a kind of macromolecule, which is constructed by
continuous structure of monomer. Most polymer materials overtop the molding
processability, lightness, productive capacity and cost compared with wood, metal, and
so on. Therefore, these polymer materials are so important for people's lives and rapid
industrial expansion. In particular, five general plastics (in Figure 1) predominate the
majority of the polymer production volume because of the good balance between the
cost and properties, which are polypropylene (PP), low- and high-density polyethylene
(LDPE, HDPE), polystyrene (PS), and polyvinylchloride (PVC). {If LDPE and HDPE
unionize PE, last one is the acrylonitrile-butadiene-styrene (ABS) resin or the
polyethylene-terephthalate (PET).} Among them PP is gathering attention because of
having various superior characteristics. Therefore, the production amount of PP is the

highest in other versatile plastics, which is shown in Figure 2 [1].

Low-density
polyethylene

Figure 1. Five general plastics



The national production of versatile plastics is shown in Figure 2 (Left). Each
plastic decreased the production due to the global financial crisis in 2008. In particular,
great decline of PVC suggests that it is gently alternated by CI free materials. In the

production amount of PP is temporarily restored in 2010 but, it also decrease after 2010.
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Figure 2. National production of major versatile plastics: Left figure is production

amount, right figure is production ratio.

However, PP indicates increase of production ratio compared with other general
plastics in Figure 2 (Right). In addition, annual worldwide productions of PP and PEs

are shown in Figure 3.
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Figure 3. Annual worldwide productions of major polyolefin materials



In terms of world scale of polyolefin products, PP and PEs greatly improve the
production amount. In general, this reason was significantly expanded by demand of
polymer materials from the advancing countries. In specific, the progress rate of PP is

so strong compared with PEs.

1.2. Polypropylene (PP)

The versatile plastic of PP has many superior properties, for instance well-balanced
mechanical properties between the PE and PS, light weight (around 0.9 g/cm®), low
cost/low price, high chemical resistance, easy processability, high melting point in
polyolefin materials (around 165°C), low environmental load (only straight alkyl chain
from carbon and hydrogen atoms), and so on [1,2]. These advantages were given by
the expansion of use application via the evolution of catalyst characteristic and
combined techniques, which pride production amount of over 60 million tons/year in
Figure 3. The supply and demand of PP rise year by year, and this state will be
maintained for long years in the future. Therefore, the performance upgrade of PP is
important research assignment. To achieve reinforcement of the PP, knowledge of
structure and reinforcement method is necessary.

This short section explains a summary of the PP briefly. Before 1950, PP was oily
polymer, which does not have the mechanical properties due to not only the low
molecular weight but also the totally-amorphous phase. In 1954, Natta, et al
succeeded in composition of the isotactic PP semicrystalline polymer via Ziegler-Natta

catalyst [3]. This catalyst name was formed by Karl Ziegler (1898-1973) and Giulio



Natta (1903-1979). PP was strengthened with the improvement of the Ziegler-Natta
catalyst since the discovery of isotactic PP.
The PP has three kinds of structure via among isotactic-PP (iPP), syndiotactic-PP

(sPP), and atactic-PP (aPP). The 3 kinds of PP are shown in Figure 4.
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Figure 4. Various tacticity of PP

Various PPs were separated by the orientation pattern of methyl groups from side chain
of molecular structure. aPP show the random orientation pattern, which is oily
polymer when low molecular weights. sPP show almost alternateness orientation
pattern. iPP show the almost trim orientation pattern [2]. However, methyl group of

PPs does not turn to the same direction. Practically, PP chain form the gyro structure



of right-handed or left-handed [4]. The molecular weight distribution (MWD) of chain
rength depends on the catalytic, which is 5-7 of Ziegler-Natta catalyst and 2-3 of
metallocene catalyst. The iPP and sPP can form the crystalline structure. Each
crystalline structure is folded at constant distance (size is about 20 x 7 x 7 m *°), which
makes the alternate layer that is not a crystal and a crystal. This hierarchical structure
is called a lamella, which scale size is about 100-300 m™°.  {In addition, crystalline
structures are different by iPP (aj, az, B, y forms) or sPP.}  Lamellar structure make the
spherical shape structure of 1-50 pum. Finally, many spherical form the visible

skin-core morphology [5-7].



1.3. Combination of materials

1.3.1. Definition of the composite
Composite materials define that it is constructed by more than two kinds of material,

which shown as follows by (1) ~ (3) [8].

(1) Material A + Material B = Material A+ B

(2) Material A + Material B = Material Ax B

(3) Material A + Material B = Material C

The (1) has both advantage factors by Material A and Material B. The (2) so
significantly improves both or one advantage factors by Material A and Material B.
This effect is called synergy effect. Moreover, (2) is included by broad sense in the (1).
Finally, (3) indicates that Material A and Material B generate new (or different)
advantage factor as a Material C. In addition, these three definitions (1)-(3)

presuppose the assuagement of disadvantage factors of the extent possible.



1.3.2. Kinds of composite
The polymer combined techniques exist for the three kinds of polymer alloy,
polymer blend, and polymer composite. In addition, new method is called polymer

hybrid, but is included in any one of three methods.

+ Polymer Alloy

The polymer alloy is constructed by the two types or more than two types of
different polymer, which is combined materials of new function-owning. The research
of polymer alloy investigated enterprisingly via monomer blend and/or copolymer blend
[9,10]. The biggest success and prominence in polymer alloy are ABS resin. In 1954,
ABS resin was developed via the addition of butadiene rubber as a third monomer to
styrene-acrylonitrile (AS) resin plastic resulted in development of a new range of widely
used thermoplastics called ABS resin [11]. In addition, ABS is used as a combination

with other materials well in Table 1.

Table 1. The list of major polymer alloy resins

Sample 1st material 2nd material 3rd material
ABS resin Acrylonitrile Butadiene Styrene
dPPE alloy PPE PS

PC/ABS alloy PC ABS

PBT/ABS alloy PBT ABS

PA/ABS alloy PA ABS

PC/PS alloy PC PS

dPPE: denaturated polyphenylether; PPE: Polyphenylether; PC: Polycarbonate;

PBT: Polybutyleneterephtalate; PA: Polyamide.



* Polymer Blend

The polymer blend indicates that it is mixed the two types or more than two types of
different polymer by the physical method compared with polymer alloy. Therefore,
polymer blend includes polymer alloy in the broad sense. This report also considers
that polymer blend is included in a polymer alloy. By the way, for primitive technique,
in 1846, Parkes reported that the first patent polymer blend was a mixture of natural
rubber with gutta/cha patented [10]. In addition, AS resin is classified in a blend
category (ABS resin used the blend and grafting technologies. AS resin used only

blend technology).

* Polymer Composite

The polymer composites consist of the polymer matrix and numberless fillers. The
choice of the filler is very important on polymer composites. The onset of functions
and improvement of mechanical properties are greatly different with materials and the
shape of the filler.

The mechanical properties of polymer composites using the microscale fillers can

expect by Eq(1) [8]. (However, a lot of exceptions exist...)

Ec=Em (1-Vi) +Ef V¢ Eq(1)

E. = Stiffness property of composites
En = Stiffness property of polymer matrix
E: = Stiffness property of filler

V¢ = Volume ratio of filler



In Figure 5, the polymer composites are superior to polymer alloy in the
development of the properties of mechanical- and thermal-properties regions [8]. This

fact is so important factor for the expansion of use application of PP.

Functionality
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Figure 5. Comparison with polymer alloy and composites
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1.3.4. Polymer-based nanocomposites

The polymer nanocomposite technique with nanoparticle is one of the most
promising technologies for expansion of use application. The break thorough in the
research of nanocomposites was reported by Usuki et al. They achieved excellent
reinforcement in Nylon 6/montmorillonite nanocomposites, which showed twice the
Young's modulus was twice and the heat distortion temperature about 80°C higher,
compared with those of the matrix [12]. Thereafter various studies were conducted

[13-17].

1.3.5. PP-based nanocomposites

However, PP-based nanocomposites have a problem concerning the compatibility
between apolar matrix and polar nanofillers. In other words, pristine PP is immiscible
for nanofillers, which is relation of the water and the oil nearly. The model by polymer

matrix and unmodified fillers is shown in Figure 6.

Agglomeration

* Poor interface strength
» Agglomeration
* Marginal improvements

Figure 6. The model of PP with unmodified SiO;

The fillers do not disperse well in PP matrix but form large agglomerates of micro size

level via the high-surface energy of nano-sized filler. This filler agglomeration causes

11



the incomplete reinforcement, decrease of transparency, and low lifetime of material
[18]. In detail, the adhesion and compatibility of PP matrix with fillers are very weak,
and effective load transfer from the soft matrix to the rigid fillers is hardly achieved
during the deformation. Various strategies by many laboratories were investigated for
problem to resolve.

One of the most strategies was using PP side-chain-grafted maleic anhydride
(MAPP) as compatibilizer [19,20]. The purpose of this strategy is the high dispersion

of fillers via good compatibility.

§  Dispersion
* Young’s modulus
» Compatibility

%?ﬂ

T il 1 ' ;"l ‘\y I f 1l

Figure 7. The models of high dispersion for a) PP with short alkyl chain modified

SiO; and b) PP with MAPP (compatibilizer)

In Figure 7 a), MAPP gives the high dispersion of fillers. However, this dispersion
state is only confined to region of MAPP. Furthermore, nanocomposites with
involvement of MAPP cannot improve the mechanical properties by the soft materials
more than PP. On the other hand, the short alkyl chain-modified fillers give
immensely-high dispersion state in Figure 7 b). The surface-modified fillers improve
the Young's modulus by blocking of flowing PP matrix for strain. However, these

strategies do not improve the tensile strength. I consider that improvement of tensile

12



strength needs strong adhesion properties as a physical interaction between the PP

matrix chain and filler.

Grafting from

a

Radical pol Imerization — —‘ - ‘ ’ DlsperS|on
i %) 4 }p * Young’s modulus
)@ 2 - Compatibility

UMY - Entanglement

Polyethylene or
polystyrene

Figure 8. The model of PP with polymer-grafted SiO, via Grafting from method

In other major strategy, the polymer grafting method may achieve the ideal
reinforcement via physical interaction between the matrix and filler. In Figure 8, the
many grafting methods to nanoparticle use the radical polymerization, which
synthesized grafted chain of PE or atactic PS [21-23]. Polymer-grafted fillers give not
only the entanglements between matrix and filler but also the block of the filler

aggregations by grafted chains.

Grafting to

N O ‘\“\) <— PP chain - ‘
%‘ Functionalized group

&

Figure 9. The model of PP with PP-g-SiO, via Grafting to method

* Dispersion

* Young’s modulus

* Tensile strength

» Compatibility

* Entanglement

* Physical cross-linkage
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| hope that that choice of grafted chain is PP chain, which is best strategy for PP
matrix in Figure 9. Hence, grafted PP chains can reinforce the matrix/filler interface
through an entanglement with PP chains is the amorphous phase. Therefore, the
co-crystallization can occur between grafted and matrix PP chains in the crystallization
process. This co-crystallizations form the structures of the physical-cross linkage via
over two bonding between grafted chain and matrix. In this strategy, accurate

interfacial design must be required, which indicated (1) and (2).

(1) It is necessary to maintain the basic characteristics of PP, though the reactive groups
have to introduce. Therefore, the functionalization of grafted chain hopes only the

terminal region.

(2) It is quite important to synthesize the homogeneous grafted chains to examine the
effect of primary structure of grafted PP chains on the reinforcement. Therefore, we

chose the isotactic specificity metallocene catalyst.

Therefore, this study is to establish the precise synthesis of the grafted PP chains with
very narrow molecular weight distribution and the effective grafting method for the
evaluations. And then, the effects and reinforce mechanism of the grafted PP chains
on the mechanical properties of the nanocomposites were investigated. The detail of

the purpose is a next section.
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1.4. Objective

The abstract and purpose of research are as follows. PP-based nanocomposites
have particularly attract great interest owing to the growing market, the improvement of
mechanical properties, and the onset of functional properties such as gas barrier effect,
flame resistance, transparency, and so on. The strong interfacial design between the
matrix PP and nanoparticles is necessary to improvement of various performances of PP
materials, which use the grafted PP chain. The grafted PP chain has highest
compatibility with the matrix PP, which form the strong interaction between matrix and
fillers when grafting to SiO,. This interaction occurs by means of the physical
cross-linkage between lamellae through co-crystallization between the matrix and
grafted PP chains. However, the reinforcement mechanism by grafted PP chains on
PP-g-SiO; is still the undissolved factor. Therefore, elucidation of this reinforcement
matters for further improvement of characteristic, which links to expansion of the area
of applications. For the further development of PP-based nanocomposites, three

chapters of (i) ~ (iv) were explored in this dissertation.
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(i) The influences to PP-based nanocomposites on the control of the grafted chain

length on PP-g-SiO;

/ Grafted chain length \

k M, =5.8x10% ~ 4.6 x 104 /

Figure 10. The model of various grafted chain length on PP-g-SiO,

The length of grafted chain is most important factor in the structural development
and the mechanism elucidation of the strong interfacial structure between the matrix and
nanoparticle. Therefore, this factor was considered earliest within various factors such
as grafted amount, filler content, filler diameter, tacticity, mmmm, filler types, and so on.
In general, the critical molecular weight (M) of isotactic-PP is about 1.2 x 10* (g/mol)
M,. Incidentally, M. value corresponds to double length of entanglement molecular
weight (Me) value. In the Chapter 2, grafted PP chains between the M, of 5.8 x 10°
and M, of 4.6 x 10* (Figure 10) were prepared by TEA as a chain transfer agent in
propylene polymerization and end functionalization reaction. This chain grafting to
SiO, performed the grafting reaction via condensation reaction at 200°C between the
PP-t-OH and SiO,-OH, which can make the fillers of PP-g-SiO, nanoparticles.
Grafted PP-g-SiO, nanoparticles and PP matrix make the PP/PP-g-SiO, nanocomposites
from a melt-mixing process and hot press. Various PP-based nanocomposites
investigated the filler the dispersion state by TEM observation, the morphology of

freeze-fracture surface by SEM observation, the crystallization behaviors by DSC

16



measurement, the mechanical properties by tensile test, and the melt viscoelasticity of
the rheometer instrument.

Additionally, the control and synthesis method of grafted chain length are described
in Chapter 2. Moreover also, existence of grafted PP chains on PP-g-SiO, was

confirmed by FT-IR measurement and TGA measurement.

(if) The influences to PP-based nanocomposites on controls of the grafted amount

and filler content on PP-g-SiO,

/ Grafted amount \ Filler content \

\ Grafted amount = 21 ~ 120 chain/particle / Filler content =1 ~ 5 wt% /

Figure 11. The models of various grafted amount and filler content on PP-g-SiO,

In Chapter 3, we report the influence that grafted amount and filler content on
PP-g-SiO, give the reinforce effect (Figure 11), which investigated by DSC
measurement, TEM observation, and tensile test. The control of grafted amount was

performed by the change of introduction amount of PP-t-OH.

17



(iii) Application to PE-based nanocomposites

[ Grafted chain length \ / Filler content \
(-

N |
) Y NS
’ am iy amm )
S fl/ @ @ N
@ - © " g%
\ M,=3.0x10° ~ 8.0x10° j K Filler content = 1 ~ 5 wt% j

Figure 12. The model of PE-grafted SiO,

In Chapter 4, grafting technologies employ the PE-based nanocomposites via

PE-grafted SiO; (Figure 12).

(iv) Preparation and evaluation of PP-based nanocomposites based on the click

chemistry

/ Application of the technique \

0|-| (OEt),Si-H €=C

\ Promotion of streamlining j

Figure 13. The model of PP-g-SiO, based on the click chemistry

In Chapter 5, PP-g-SiO, as a secondary application tries to establish a new cost-
and time-efficient synthetic route for PP-grafted filler using hydrosilylation and
microwave. (Figure 13)

The contents of this dissertation are constructed by six chapters via (i)-(iv), general

introduction, and conclusions.
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Chapter 2.

The Influence of Mechanical Properties for Grafted Chain
Length on Polypropylene/

Polypropylene-grafted SiO, Nanocomposites
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2.1. Introduction

Polymer nanocomposites are promising materials, in which a small fraction of
nanoparticles dispersed in polymer matrices not only induces drastic reinforcements but
also enhances functionalities such as conductivity and gas barrier properties [1-14].
Compared with micro-sized particles, nanoparticles dispersed in polymer give much
larger interfacial areas to enable effective load transfer from a matrix to hard particles,
and also have much greater particle number densities (i.e. short particle-particle
distances) sufficient to interfere with polymer relaxation and to greatly diminish a
percolation threshold. Moreover, as the sizes of nanoparticles are comparable or even
smaller than those of higher-order structures of semi-crystalline polymer, nanoparticles
can modulate the structures, especially at spherulitic and lamellar levels [15,16].

Polypropylene (PP) is one of the most widely used plastics, characterized by a wide
range of advantages such as low cost, light weight, high melting temperature, good
processability, balanced mechanical properties, low environmental load and so on.
PP-based nanocomposites have attracted great attention in order to further expand its
versatility and to explore a new specialty. However, fabrication of industrially
valuable PP-based nanocomposites is extremely challenging owing to the extreme
inertness of PP against inorganic nanoparticles, compared with other polymers
containing polar functional groups that more or less interact with nanoparticles. In
most cases, nanoparticles do not disperse well in PP but make large and compact
aggregates, significantly diminishing reinforcement and even negatively affecting
transparency and ductility [17,18]. The most versatile strategies to remedy the poor
dispersion of nanoparticles are to add a compatibilizer, typically side-functionalized PP

22



such as maleic anhydride-grafted PP (MAPP) and to chemically modify particle
surfaces by short aliphatic alkyl chains, for example, using ternary ammonium salts or
silane coupling agents [19-21]. In recent years, more sophisticated routes have been
developed to facilitate not only good dispersion of nanoparticles but also either
polymer-filler interaction or filler-filler networking. For example, an in-situ method
enables complete exfoliation of layered fillers through the polymer growth/formation
inside gallery spaces [22-24]. In a sol-gel approach, metal alkoxide precursor blended
or impregnated in molten or solid PP is subjected to the sol-gel reaction to generate
nano-sized inorganic oxide particles [25,26]. Nanocomposites prepared with this
method are featured with low percolation thresholds at the level of a few to several wt%
[27,28]. Polymer grafting is a potentially versatile and scalable approach due to the
direct applicability to the conventional melt mixing process, which aims at not only
improved dispersion through organic modification and steric prevention of filler
agglomeration but also better interfacial connection through interdiffusion and
entanglement between grafted and matrix polymer chains [22,29-32]. Though all of
these approaches have greatly refined the design of PP-based nanocomposites, further
advances are essential to realize practically acceptable improvements over existing
PP-based materials.

Spherical SiO, nanoparticles are one of the most representative nanofillers that have
been used to prepare PP-based nanocomposites. This is not only because of their
relative cheapness compared with most of other nanofillers, but also because of their
characteristics to be regarded as a model nanofiller such as the absence of anisotropy,
the ease of post chemical modifications, and diversities in size and dispersibility. A

wide variety of strategies have been postulated to prepare PP/SiO, nanocomposites with

23



improved dispersion and/or physical properties [15,16,33]. Table 1 summarizes
selected efforts from literature with special attention on tensile reinforcement achieved
by the addition of SiO, nanoparticles. The maximum reinforcement reported for the
Young’s modulus is about +30%, which was attained by various strategies including
polymer grafting [34], compatibilizer (MAPP) [20] and even unmodified colloidal SiO,
[35]. On the contrary, reinforcement of tensile strength is rather difficult for spherical
(i.e. minimal aspect ratio) nanofillers, and reinforcement over +10% was realized only
by the polymer grafting [31,34,36]. It is interesting that both grafted polymer and
compatibilizer form compatibilizing interfaces between the PP matrix and SiO,
nanoparticles, but they exhibit quite different behaviors upon structural deformation at a
lamellar scale [16]. Wang et al. attributed this difference to the fact that compatibilizer
with polar functional groups at side chains wraps nanoparticles to form better
compatibilized but less entangled interfaces, while grafted polymer chains with brush
morphology on filler surfaces to entangle and interdiffuse with matrices [37,38]. In
this way, it is apparent that an optimum strategy to enhance the tensile strength with
SiO, nanoparticles is the polymer grafting. However, most of the previous works
[20,30-32,34] were conducted for polymer which can be grafted onto SiO, by radical
polymerization, while there have been few reports on the usage of PP-grafted SiO,
(PP-g-SiO,) nanoparticles, which must maximize the efficacy of the grafting.

In this article, a series of PP-g-SiO, nanoparticles were synthesized by reacting SiO,
with terminally-hydroxylated PP (PP-t-OH) having different chain lengths (M, = 5.8 x
10° ~ 4.6 x 10%, and influences of the chain length on physical properties of
PP/PP-g-SiO, nanocomposites were systematically examined. It was found that

PP/PP-g-SiO, nanocomposites exhibited several prominent advantages over the pristine
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PP and PP/SiO, nanocomposite: uniform dispersed at 5.0 wt%, highly accelerated
crystallization of PP, and +30% improvements in both the Young’s modulus and tensile
strength without sacrificing the original melt viscosity of PP. | concluded that the
immense reinforcement of the tensile strength results from physical cross-linking
between lamellae through co-crystallization between the PP matrix and grafted PP

chains.
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Table 1. Reinforcements of PP-based nanocomposites in previous studies

Filler content ~ Young’s modulus? Tensile strength?
Sample?

(wt%) (%) (%)
PP/Si0: [15] 5.0 +7 +4
PP/MAPP/mSiOsz [15] 5.3 +7 0
PP/MAPP/SiOz [20] 5.0 +31 +5
PP/colloidal SiOz [35] 4.5 +33 -5
PP/PVP-g-SiO: [49] 0.5 +8 +6
PP/PP-NH2/PGMA-2-SiO2 1.6 +30 +13
[34]
PP/PS-g-SiO: [31] 2.1 +18 +18
PP/PS-g-SiO: [32] 1.4 +15 +4
PP/PBA-g-SiO2 [50] 1.1 +9 +7
PP/HBP-g-SiO2 [36] 5.0 - +11
PP/PMMA-g-SiO2 [30] 0.2 — +6

4 mSi0,: SiO, modified with short alkyl chains, PVP: poly(p-vinylphenylsulfonyl-
hydrazide), PP-NH,: PP with terminal amine, PGMA: poly(glycidylmethacrylate), PS:
polystyrene, PBA: poly(butylacrylate)), HBP: octadecyl isocyanate-grafted
hyperbranched polyester (Boltorn™ H20), PMMA: poly(methylmethacrylate).

® Reinforcement from pristine PP.
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2.2. Experimental

2.2.1. Materials

PP pellet for the matrix polymer (M, = 4.6 x 10*, MWD = 5.65, mmmm = 98 mol%)
was donated by Japan Polypropylene Corporation. Propylene gas of research grade
(Japan Polypropylene Co.) was used as delivered. Both modified methylaluminoxane
(MMAOQ) as an activator and triethylaluminum (TEA) as a chain transfer agent were
donated by Tosoh Finechem Corporation.  rac-Ethylenebis(1-indenyl)zirconium
dichloride (EBIZrCl,) was purchased from Kanto Chemical Co., Inc. Anhydrous
toluene and tetradecane (Wako Pure Chemicals Industries, Ltd.) were used after being
dried over molecular sieve 4A. Nano SiO, (average diameter = 26 nm, surface area =

110 m?/g) was purchased from Kanto Chemical Co., Inc.

2.2.2. Synthesis of PP-t-OH

15 mmol of MMAO was introduced in a 500 ml glass flask containing 300 ml of dry
toluene under N at 0°C.  After adding 5 umol of EBIZrCl, and a specified amount of
TEA into the flask, propylene was continuously flown at 1 atm at 0°C with vigorous
stirring. The amount of TEA as a chain transfer agent was varied from 2.5 to 120
mmol in order to control the molecular weight of PP.  The end hydroxylation of PP was
conducted based on literature [39-44]. Followed by polymerization for 1 h, propylene
supply was cut off and O, was bubbled for 1 h. Thereafter, 25 ml of 35% aqueous
H.O, was added under O, bubbling, which causes the insertion of O-O into Al-R bonds
(R =PPor Et). Finally, 500 ml of methanol was added to hydrolyze Al-O-O-R bonds.

Thus obtained PP-t-OH was filtered and then washed with distilled water, followed by
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reprecipitation with xylene/methanol.

2.2.3. Synthesis of PP-g-SiO;

500 mg of SiO, was dehydrated in a flask under N, flow at 160°C for 2 h. Then
preliminary dehydrated PP-t-OH, whose amounts roughly corresponded to 50-100
mol% of surface hydroxyl groups of SiO,, 0.1 mg of 2,6-di-tert-butyl-p-cresol (to
prevent oxidative degradation of PP-t-OH), and 300 ml of tetradecane were added in the
flask at room temperature. The mixture was heated to 200°C under stirring and
reacted for 6 h.  The resultant particles were washed with methanol, and dried in vacuo.
Ungrafted PP-t-OH was completely removed by repetitive hot filtration with

o-dichlorobenzene at 140°C, until the weights of grafted chains became constant.

2.2.4. Preparation of PP/PP-g-SiO, nanocomposites

Nanocomposites were prepared by melt mixing using a two-roll mixer at 20 rpm.
PP pellets were kneaded at 185°C for 5 min and then 5.0 wt% of unmodified SiO,, or
PP-g-SiO, was added. The mixture was further kneaded at 185°C for additional 10
min. Thus produced nanocomposites were hot-pressed into sample films with the

thickness of 200 um at 230°C and 20 MPa, and then quenched at 100°C.

2.2.5. Characterizations

The M, and molecular weight distribution (MWD) of PP-t-OH were measured by
size-extrusion chromatography, using gel permeation chromatography (GPC, Viscotek,
HT-GPC 350) equipped with a refractive index detector and a viscometer.

Measurements were conducted at 140°C with polystyrene gel columns using
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o-dichlorobenzene containing 0.03 wt% of 2,6-di-tert-butyl-p-cresol as an antioxidant.
3C-nuclear magnetic resonance (NMR) spectra were recorded with a Bruker 400
MHz NMR spectrometer operating at 100 MHz with proton decoupling at 120°C using
hexachloro-1,3-butadiene as a diluent and 1,1,2,2-tetrachloroethane-d, as an internal
lock and reference. The stereoregularity of PP-t-OH was obtained as the mmmm molar
fraction. Figure 1 shows a typical *C-NMR spectrum of PP-t-OH. The percentage

of end functionalization and M, were respectively calculated based on Eqgs (1) and (2).

1
c c C c

| | | |
HO-C~C-C-C~-C-C—C-C—C—-C
5 3 2 4

c4

. o o

c2 [e4]
40 30 20 10
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Figure 1. Typical *C-NMR spectrum of PP-t-OH
CS

End Functionalization = ——— Eqg. (1),
1/2(C* +C>) a- (1)

n_1/3(Cl+C2 +C?%

42 Eq. (2)
1/2(C*+C%) a ()

The presence of grafted chains on SiO, was confirmed by Fourier-transformed infrared
spectroscopy (FT-IR 6100, JASCO) with resolution of 4 cm™ using the KBr method

[45]. The weight of grafted chains was determined by thermogravimetric (TG, Mettler
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Toledo TG50) analysis. The temperature was kept at 200°C for 30 min and then raised
up to 650°C at 20 °C/min. The weight loss from 200 to 650°C for PP-g-SiO;, with
respect to that for neat SiO, corresponds to the grafted amount.

The dispersion of SiO, particles in nanocomposites was evaluated with transmission
electron microscopy (TEM, Hitachi H-7100) operated at 100 KV, using microtomed
specimens (Reichert Ultracut S with a FC-S cryoattachement). The freeze-fracture
surfaces of nanocomposites were acquired with scanning electron microscopy (SEM,
Hitachi S-4100), where sample films soaked in liquid N, were fractured. Differential
scanning calorimeter (DSC) measurements were conducted under N, on a Mettler
Toledo DSC 822 analyzer. The sample crystallinity was determined with the melting
endotherm in the first heat cycle, where the samples were heated to 200°C at 20 °C/min.
Isothermal crystallization experiments were also conducted. Samples were kept at
200°C for 5 min to erase a thermal history [46], and then cooled down to 128°C at a rate
of 20 °C/min. A crystallization rate at 128°C was determined as an inverse of the half
time of the crystallization (denoted as t;, ). To examine co-crystallization between
the matrix PP and PP-t-OH or PP grafted to SiO, nanoparticles, 50 wt% or 10 wt% of
the matrix PP respectively mixed with 50 wt% of PP-t-OH or 90 wt% of PP-g-SiO, was
subjected to DSC measurements, where the samples with the thermal history erased at
200°C were cooled down to 40°C at 10 °C/min (first cooling) and then heated up to
200°C at 10 °C/min (second heating). The crystalline structure of a sample was
evaluated by wide-angle X-ray diffraction (WAXD, Rigaku Rint-2000). The Cu-Ka (A
= 1.5418 A) radiation was used at 40 kV and 30 mA. Measurements were performed
in the range of 10-40°. Tensile properties were determined with an Abe Dat-100

tensile tester using a dumbbell shaped specimen at a crosshead speed of 1 mm/min at
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room temperature. At least 5 specimens were tested for each sample. The frequency
dependence of oscillatory shear moduli in the molten state (G’, G”) was measured by a
parallel-and-plate rheometer (AR2000ex TA) at 180°C with a frequency range from 100
to 0.01 rad/s under N, atmosphere. The diameter of the parallel plates was 25 mm.
Each measurement was performed within a linear viscoelastic region. Samples were

dried in vacuo 60°C for 1 h prior to the measurements.

2.3. Results and Discussion

2.3.1. Synthesis of PP-t-OH

PP-t-OH with different M,, was synthesized by varying the concentration of TEA
([TEA]) as a chain transfer agent in propylene polymerization using EBIZrCl, catalyst.
The results of characterization for the synthesized PP-t-OH are summarized in Table 2.
M, determined by *C-NMR coincided well with M, determined by GPC, due to the
single-site nature of the catalyst. It was found that M, monotonically decreased as
[TEA] increased, where 1/M, was expressed as a linear function of [TEA]"? (Figure 2),
indicating that monomeric TEA is responsible for the chain transfer reaction [47]. In
addition, the positive x-intercept in Figure 2 indicates that the effective concentration of
TEA became lower than the used concentration, plausibly due to a partial consumption
of TEA for scavenging contaminants in the polymerization system. The
stereoregularity of PP-t-OH was about 85-88 mol%, irrespective of [TEA]. The ratio
of end functionalization was determined by “*C-NMR of PP-t-OH. Except the result

for the lowest [TEA], 60-80 mol% of polymer chains were always functionalized with
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hydroxyl groups relatively independently of [TEA], suggesting that the O, insertion into

the AI-R bond might be responsible for incomplete functionalization [39,40].

Table 2.  Polymerization® and end-functionalization results

[TEA]  Myb My mmmm?  End functionalization?
No.
(mol/L) (mol%) (mol%)
1 0 n.d. 9.0 x 104 86 0
2 8 7.1 x 104 n.d. 88 36
3 16 4.6 x 104 n.d. 88 74
4 25 3.3 x 104 n.d. 88 61
5 33 2.5x 104 n.d. 87 77
6 67 1.8 x 104 n.d. 85 62
7 100 1.2x 104 1.2 x 104 85 73
8 200 8.7x 103 8.7x 103 87 63
9 300 7.1x 103 5.4 x 103 87 68
10 400 5.8x 103 4.9x 103 86 79

% Total volume of toluene: 300 ml, propylene pressure: 1 atm, polymerization
temperature: 0°C, polymerization time: 1 h, Zr concentration: 1.7 x 10> mol/L, Al
concentration for MMAO: 5.0 x 10 mol/L.

® Determined with *C-NMR.

¢ Determined with GPC.
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Figure 2. The inverse proportion of Mj to [TEA]Y2

(o) Determined with GPC and () determined with *C-NMR.

2.3.2. Synthesis of PP-g-SiO,

A part of samples (Nos. 3, 4, 6, 7, 8, and 10 respectively designated as PP460-t-OH,
PP330-t-OH, PP180-t-OH, PP120-t-OH, PP87-t-OH, and PP58-t-OH according to their
M,) were selected for grafting to SiO, nanoparticles. The amount of PP-t-OH to be
used for the reaction was decided in order to fulfill 0.5-1.0 PP-t-OH chain added per OH
groups of SiO, nanoparticles (ca. 30H per nm?). The presence of the grafted chains
was confirmed by the stretching vibration bands of -CH,- and -CHj3 groups (Figure 3)
[48] as well as TEM images of the nanoparticles (Figure 4). The amounts of grafted
chains were determined by TG analysis (Table 3). The grafted amount was hardly
dependent on M, of PP-t-OH to be around 10-11 wt% except for PP58-g-SiO,. This
fact suggested that grafted chains restrict further migration of ungrafted chains to SiO,
surfaces, thus converging into similar layer thicknesses. As a result, the number of

grafted chains per particle decreased for higher M.
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Figure 3. FT-IR spectra of neat SiO, and PP87-g-SiO,

Figure 4. TEM images of a) as-synthesized PP87-g-SiO, and b) PP87-g-SiO, which

was calcined at 650°C under air for 1 h.
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Table 3. Results of grafted PP-t-OH to SiO; nanoparticles

Grafted amount= Grafted chain®
Sample

(Wt%) (chain/particle)
PP58-5-Si02 6.4 140
PP87-2-Si02 10.7 160
PP120-¢-SiO2 11.4 120
PP180-2-Si0O¢ 9.6 70
PP330-2-SiO¢ 10.4 40
PP460-g-Si02 10.9 30

% Determined with TG,
® The chain number per particle was estimated by using the specific surface area and
diameter of SiO, nanoparticles (110 m?/g and 26 nm, respectively) and the M, values

given in Table 2.

3.3.  Properties of PP/PP-g-SiO, nanocomposites

Figure 5 shows TEM images of PP/SiO, and PP/PP-g-SiO, nanocomposites, where
the contents of unmodified SiO, and PP-g-SiO, were fixed at 5.0 wt%. In Figure 5a,
unmodified SiO, nanoparticles formed huge and compact aggregates, whose sizes were
around 1 um, due to the poor compatibility with PP matrix. The grafted chains
significantly improved the dispersion of the nanoparticles. PP58-g-SiO, with the
shortest grafted chains partially formed a small size of aggregates plausibly due to
both/either the slightly lower grafted amount and/or the chain length much shorter than
the critical value for the entanglement. The other PP-g-SiO, showed similarly nice

dispersion, irrespective of the length of the grafted chains. Even though
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as-synthesized PP-g-SiO, nanoparticles were likely connected with each other through
the entanglements among the grafted chains, the compatibility of PP-g-SiO, with the
matrix was enough to disentangle the grafted chains under the applied shear force.
Many of previous studies reported positive influences of polymer grafting on the
dispersion of SiO, nanoparticles, where grafted chains not only improve the interfacial
compatibility but also sterically hinder the agglomeration of nanoparticles
[30-32,34,49,50]. In this study, the dispersion levels attained by using PP as grafted
chains were excellent enough to keep similar dispersion up to 10 wt% of SiO, (not

shown).

Figure 5. TEM images of a) PP/SiO,, b) PP/PP58-g-SiO,, c) PP/PP87-g-SiO,, and d)
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PP/PP460-g-SiO,. The contents of SiO, and PP-g-SiO, were 5.0 wt%.

It is known that surface organic modifications endow the nucleating ability to SiO,
nanoparticles [31], while unmodified SiO, nanoparticles do not act as a nucleating agent
[15]. It was postulated in our previous study [51] that grafted PP chains whose one
end is pinned to SiO, surfaces become nuclei of the crystallization and co-crystallize
with the matrix chains (Figure 6). Table 4 collects the results of the melting behaviors
and isothermal crystallization for pristine PP, PP/SiO, and PP/PP-g-SiO,
nanocomposites. The crystallization rates (ty, ') were almost unchanged by the
addition of neat SiO, nanoparticles at 5.0 wt%, while the addition of PP-g-SiO, greatly
increased the crystallization rates. | have recently clarified that grafted PP chains
forming a semi-dilute brush structure on SiO, not only enhance the nucleation of the
matrix but also accelerate the spherulite growth as a plasticizer [29]. The
enhancements of the crystallization rates were roughly proportional to the number of the
grafted chains (Figure 7), supporting the idea that the grafted chains become the nuclei
in the crystallization of the matrix. On the other hand, not only the melting
temperature but also the crystallinity were hardly affected by the addition of SiO, or
PP-g-SiO,, based on which the effects of the sample crystallinity on the tensile
properties results could be neglected. WAXD patterns for PP/SiO, and PP/PP-g-SiO,
films (not shown) were identical to that for pristine PP, typical for the usual o form

superimposed to the amorphous halo.
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Matrix PP

PP/PP-g-SiO, (50/50 wt/wt)

PP/PP-g-SiO, (25/75 wt/wt)

PP/PP-g-SiO, (10/90 wt/wt)

PP-g-SIO,

Heat flow (W/g)

PP-OH

100 120 140 160 180
Temperature (°C)

Figure 6. DSC exotherm for PP and PP120-g-SiO; blends

Table 4. Melting behaviors and isothermal crystallization results

Tha Xeb tig7l e
Sample

C) (%) (10%/s)
PP 163 50 0.46
PP/Si0¢ 162 47 0.51
PP/PP58-2-Si02 159 50 2.1
PP/PP87-2-Si0O2 162 51 1.8
PP/PP120-2-SiO2 160 51 1.7
PP/PP180-g-Si0O2 163 48 1.1
PP/PP330-2-SiO¢ 162 51 1.4
PP/PP460-2-SiO2 161 53 1.2

% Tr: peak melting temperature,
® X crystallinity of PP,

®ty, 1 half time of isothermal crystallization at 128°C.
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nanocomposites plotted against the number of the grafted chain per particle
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The uniaxial tensile test was performed for pristine PP, PP/SiO, and a series of
PP/PP-g-SiO, samples. The obtained stress-strain curves (Figure 8) were compared
with respect to M,, using a) Young’s modulus, b) tensile strength, c) elongation at break,
and d) toughness in Figure 9. In contrast to little reinforcement for unmodified SiO,
nanoparticles, the addition of PP-g-SiO, greatly improved both the Young’s modulus
and tensile strength. The degrees of the reinforcement sharply increased along M,
below 1.2 x 10*.  Above M, of 1.2 x 10*, the Young’s modulus nearly converged, while
the tensile strength still kept increasing but much more slowly. Such a clear
relationship between the chain length of grafted polymer and the degrees of
reinforcement has been hardly established, which represents high controllability and

reproducibility of our experiments.
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Figure 8. Stress-strain curves for PP/PP-g-SiO, nanocomposites
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modulus, b) tensile strength, c) elongation at break and d) toughness plotted against M,

of the grafted PP

The maximum reinforcement obtained in this study is about +30% for both the Young’s
modulus and tensile strength. In contrast, the addition of PP-g-SiO, at 5.0 wt%
significantly reduced the elongation at break to 10-20% and the toughness to 2-4 MPa
irrespective of the chain length of grafted PP, while the elongation at break for pristine
PP and PP/SiO, was over 300%. It is somehow interesting that only a small fraction of
the nanoparticles drastically affected these properties when highly dispersed.

Generally speaking, the addition of nanoparticles tends to reduce the ductility of
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original polymer. Grafted polymer more or less alleviates this reduction due to its
flexibility. The opposite result for PP-g-SiO, is likely based on reduced flexibility of
SiO, physically cross-linked with the matrix lamellae. SEM images of freeze-fracture
surfaces for PP/PP-g-SiO, in Figure 10 supported good connectivity between the
PP-g-SiO, nanoparticles and the matrix as evidenced by “elongated structures”, which

were not observed for PP/SiO,.

Figure 10. SEM images of freeze-fracture surfaces for a) PP/SiO, and b)

PP/PP460-g-SiO,. Sample films were fractured by soaking soaked in liquid N,. The
fracture surface for PP/SiO, exposed bare nanoparticles on a flat texture, while that for
PP/PP460-g-SiO, showed the elongation of the matrix with the nanoparticles embedded

under the surface, which is clear indication of strong interfacial connection.

In previous studies, it has been proposed that the reinforcement by the addition of
unmodified SiO, arises from cohesive attraction among nanoparticles. On the other
hand, reinforcement rendered by grafted polymer has been ascribed to efficient load
transfer to nanoparticles through interdiffusion and/or entanglement between matrix and

grafted chains, since the grafted polymer rather reduces the cohesive attraction among
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nanoparticles. Returning to Table 1, the maximum reinforcement for the Young’s
modulus around +30% was reported in the cases of PP/MAPP/SIO, and
PP/PP-t-NH,/PGMA-g-SiO, [20,34]. It must be noted that a similar level of
reinforcement (ca. +30%) was attained for unmodified colloidal SiO, as long as
nanoparticles were uniformly dispersed at the nanolevel [35]. In the present case, ca.
+30% of the reinforcement was also obtained except for PP58-g-SiO, that exhibited
dispersion slightly worse than the others. In other words, the degree of the
reinforcement was believed to be constant irrespective of the density and M, of grafted
PP as long as the uniform dispersion is achieved, indicating that the effective load
transfer to hard SiO, nanoparticles plays the dominant role in improving the Young’s
modulus.

The enhancement in the tensile strength by +30% was much higher than the
ever-reported values for spherical SiO, (i.e. filler with the smallest aspect ratio, see
Table 1) and even greater than +24% reported for PP/MAPP/modified montmorillonite
[52]. Such an anomalous enhancement must not be simply based on the effective load
transfer to uniformly dispersed nanoparticles through interdiffusion and/or entanglement
between matrix and grafted chains, but must arise from alternative reinforcing
mechanism.  As was already discussed for the accelerated crystallization in
PP/PP-g-SiO, (also see Figure 6), grafted PP chains co-crystallize with the matrix
chains as crystallization nuclei. Considering that 30-140 chains were grafted to one
SiO; particle, the most plausible scenario is that PP-g-SiO, located in the amorphous
phase of the matrix becomes a physical cross-linker between lamellae through grafted
PP. Along the same scenario, the convergence of the reinforcement over M, of 1.2 x

10* can be accounted by the fact that increasing probability of the cross-linkage for
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longer grafted chains is compensated by the reduction in the graft density (Table 2).

The results of linear viscoelastic measurements at 200°C are shown in Figure 11.
In general, the addition of nanoparticles tends to increase G’ and 7 in melt either
through cohesive attraction between nanoparticles for weak filler-matrix interaction or
through polymer-mediated bridging connection between nanoparticles for strong
interaction. PP/SiO, corresponds to the former case, exhibiting large increments in G’
and 7 especially at a terminal region (Figure 11). Grafting PP chains to SiO; greatly
suppressed the enlargement of G’ and 7 especially at lower frequencies. This is
because the grafted PP chains form a polymer overlayer on SiO, surfaces to inhibit the
cohesive attraction between nanoparticles, and also because chemically inert PP chains
do not bridge between nanoparticles. On the other hand, we have postulated that the
reinforcement for the tensile strength is based on the physical cross-linkage via
PP-g-SiO,. In a PP-based thermoplastic elastomer, the G’ value of the amorphous
phase as the main component is reinforced by the physical cross-linkage between
dispersed crystallites, while it converges to the original value for the amorphous phase
once the crystallites dissolve over their melting temperature [53]. The PP/PP-g-SiO,
nanocomposites represented similar behaviors between the solid and melt states. The
increment in 7 over pristine PP was much lower compared with PP/SiO,, and almost
independent of M, of grafted PP. Considering that the addition of nanoparticles
generally lowers the melt flowability of polymer, it is important that grafted PP
reinforced tensile properties in solid without largely sacrificing the original flowability

of PP in melt.
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Figure 11. Linear viscoelastic behaviors of PP/PP-g-SiO, nanocomposites at 200°C:

a) storage modulus and b) complex viscosity.
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2.4. Conclusions

In this article, a series of PP/PP-g-SiO, nanocomposites having different chain
lengths of grafted PP (M, = 5.8 x 10%-4.6 x 10*) were prepared by melt mixing. |
found that the prepared nanocomposites exhibit profoundly improved physical
properties compared not only with pristine PP & PP/neat SiO, but also with
ever-reported PP/SiO,-based nanocomposites. The PP-g-SiO, nanoparticles were
highly dispersible in the matrix up to the filler content of 10 wt%, irrespective of the
chain length of grafted PP, and exhibited pronounced nucleation effects in the
crystallization of PP, where the enhancement of the crystallization rate over pristine PP
was proportional to the number of grafted chains per nanoparticle. The inclusion of
PP-g-SiO, nanoparticles at 5.0 wt% achieved +30% reinforcement for the Young’s
modulus irrespective of the chain length of grafted PP, as a result of the effective load
transfer to uniformly dispersed hard particles. The most important finding was the
+30% reinforcement for the tensile strength, which is unexpectedly high for spherical
nanoparticles. On the contrary to these reinforcements in the solid state, increments in
G’ and 7 for PP-g-SiO, were much lower than those observed for unmodified SiO,.
All these facts let us propose that the reinforcement for the tensile strength is due to
physical cross-linking through co-crystallization between the matrix and grafted PP.
Thus, we have proved that PP-grafted nanoparticles are promising materials to greatly
enhance the crystallization rate, Young’s modulus, and tensile strength without

sacrificing the melt flowability of PP [54].
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Chapter 3.

The Influences of Mechanical Properties for

Grafted Chain Number on Polypropylene-grafted SiO, of

Polypropylene-based Nanocomposites
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3.1. Introduction

The application of polymer materials has increasingly expanded in recent years, in
which a variety of compounding techniques have played an important role. In
particular, polymer nanocomposites are one of the most promising materials, where the
inclusion of nanosized fillers in polymer matrices can improve not only mechanical but
also other properties such as thermal stability, transparency, gas barrier properties, and
so on [1-6]. While a number of nanocomposites have been investigated by changing
the combination between polymer and nanofillers, polypropylene (PP)-based
nanocomposites have attracted particular attention, owing to the huge market of PP and
a multitude of potential applications [7]. However, the development of practically
useful PP nanocomposites is highly challenging, since the apolar nature of PP prevents
the dispersion and interfacial bonding of nanofillers. In most of cases, nanofillers lead
to macroscopic agglomeration in the PP matrix, which result in marginal reinforcement
as well as other problems like embrittlement, enhanced degradation, and so on.

In order to overcome the compatibility problem, a variety of strategies have been
proposed. The most popular strategy is the addition of a compatibilizer, which is often
combined with surface organic modification [8,9]. The strategy has been successful in
terms of the dispersion, but not in terms of the reinforcement, where the compatibilizer
forms a soft interfacial layer between PP and nanofillers without bonding. As a
consequence, the load transfer to the nanofillers is not effectively achieved during the
deformation. Polymer grafting is a way to attain both of the dispersion and the
effective load transfer [10-11]: Polymer chains grafted onto filler surfaces not only

suppress cohesive attraction among nanofillers but also entangle/inter-diffuse with the
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matrix polymer so as to create strong interfacial bonding. While many kinds of
polymer have been grafted to nanofillers for the fabrication of PP nanocomposites, our
recent efforts are one of a few examples that successfully applied PP-grafted nanofillers
[12-13]: Terminally hydroxylated isotactic PP (PP-t-OH) chains were grafted to SiO;
nanoparticles and the resultant PP-g-SiO, nanoparticles were melt mixed with PP. |
found a variety of positive consequences of the PP grafting such as extremely nice
dispersion up to 10 wt%, four times faster crystallization, ca. +30% improvement in
both the Young’s modulus and tensile strength, and no viscoelastic penalty by the
addition of SiO, nanoparticles. It was concluded that the key feature of our
PP/PP-g-SiO, nanocomposites is at a physical cross-linkage structure made by
co-crystallization between the matrix and grafted chains, where SiO, nanoparticles

bridge neighboring lamellae through the grafted chains (Figure 1).
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Figure 1. Structure model of physical cross-linkage
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In this Chapter 3, we have investigated influences of the number of grafted chains
per particle as well as the amount of PP-g-SiO, nanoparticles on the properties of
resultant PP/PP-g-SiO, nanocomposites. The different grafted chains per particle
(21-120 chain/particle) on PP-g-SiO, nanoparticles were controlled by the amount of
PP-t-OH before the grafting reaction. In the same way, filler content (0-5 wt%) on
PP/PP-g-SiO, nanocomposites was controlled by the introduction amount of PP-g-SiO,
nanoparticles in the melt mixing process. As a result, the grafted chains on PP-g-SiO,
significantly improved the dispersion of the filler compared with unmodified SiO..
The other PP/PP-g-SiO, nanocomposites showed similarly nice dispersion, irrespective
of not only grafted amount but also filler content. It was found that the difference of
not only filler content but also grafted amount greatly affects the crystallization
behavior and mechanical properties. In dependence on grafted amount, increases of
the chain number directly improve the tensile strength and crystallization rate, which
indicated reinforcements of the around 30% and 400% respectively. On the other hand,
predominant factor of Young's modulus related to the dispersion state of filler
regardless of grafted amount. In dependence on filler content, various characteristics

greatly depended on the filler content by high dispersion.
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3.2. Experimental

3.2.1. Materials

PP pellets (M, = 4.6 x 10*, MWD = 5.65, mmmm = 98 mol%) were donated from
Japan Polypropylene Corporation.  Propylene gas of research grade (Japan
Polypropylene Corporation) was used as delivered. rac-Ethylenebis(1-indenyl)-
zirconium dichloride (EBIZrCl;) was purchased from Kanto Chemical Co., Inc.
Triethylaluminum (TEA) and modified methylaluminoxane (MMAO) were kindly
donated by Tosoh Finechem Corporation. Toluene and n-tetradecane were dried over
molecular sieve 4A followed by N, bubbling. SiO, nanoparticles with an average
diameter of 26 nm and a surface area of 110 m?/g were purchased from Kanto Chemical

Co., Inc.

3.2.2  Synthesis of PP-t-OH

PP-t-OH was prepared according to Chapter 2. Briefly, 300 ml of dry toluene (as
solvent), 4.5 mmol of MMAO (as an activator), 1.5 umol of EBIZrCl, (as a catalyst)
and 9.0 mmol of TEA (as a chain transfer agent) were charged in a stirred flask
maintained at 0°C. The propylene polymerization was conducted at 0°C by supplying
1 atm of propylene for 1 h. Thereafter, the obtained product was reacted with
hydrogen peroxide under oxygen atmosphere at the same temperature for 1 h. Thus
obtained PP-t-OH was purified by repetitive washing with acidic ethanol and
subsequent vacuum drying. The M, mmmm, and end functionalization rate of
PP-t-OH determined by *C-NMR (100 MHz, Bruker) and GPC (Viscotek, HT-GPC

350) were 1.2 x 10*, 85 mol% and 73 mol%, respectively.
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3.2.3.  Synthesis of PP-g-SiO,

PP-t-OH was grafted onto SiO, nanoparticles via dehydration between the terminal
hydroxyl groups and surface silanol groups of SiO,. A specified amount of PP-t-OH
(4.0-0.1 g) and 0.5 g of SiO, nanoparticles (dried at 160°C prior to the grafting) were
reacted in tetradecane containing 0.1 mol/L of 6-di-tert-butyl-p-cresol (BHT) at 200°C
for 6 h. The resultant particles were washed with methanol, and dried in vacuo at
60°C for 6 h. Unreacted polymer was carefully removed with repetitive hot filtration
in o-dichlorobenzene at 140°C. The grafted chain number per SiO; particle was
controlled from 21-120 chain/particle by changing the amount of PP-t-OH to be reacted

with SiO;.

3.2.4. Compounding of PP/PP-g-SiO, nanocomposites

PP-based nanocomposites were prepared by a two-roll mixer at 20 rpm. 10 g of
the PP pellets was preliminarily kneaded at 185°C for 5 min, followed by the addition of
a specified amount of unmodified SiO, or PP-g-SiO; nanoparticles (0, 1, 3, 5 wt%).
The mixture was further kneaded at 185°C for additional 10 min. The sample sheets
with the thickness of 200 um were prepared by hot press at 230°C and 20 MPa,

followed by quenching at 100°C for 5 min.
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3.2.5. Analyses

Thermogravimetric analysis (TGA, METTLER TOLEDO TG50) was employed to
measure the grafted polymer amounts. The temperature was kept at 200°C for 30 min
to remove physisorbed water, and then increased up to 650°C at 20 °C/min. The
grafted amount was estimated from the difference in the weight loss between PP-g-SiO,
to unmodified SiO, in the range of 200-650°C. The dispersion of the SiO;
nanoparticles was observed by a transmission electron microscope (TEM, Hitachi
H-7100), using specimens with the thickness of 100 nm which were prepared by an
ultramicrotome (Reichert Ultracut S with a FC-S cryoattachement). The
crystallization behavior of the nanocomposites was examined using a differential
scanning calorimeter (DSC, METTLER TOLEDO DSC 822). A sample in an
aluminum pan was heated from room temperature to 200°C at 20 °C/min, then kept at
200°C for 5 min to eliminate the thermal history, and finally cooled down to 128°C at
20 °C/min for the isothermal crystallization experiment. The melting point (Ty,) and
the crystallinity (X;) of the sample were respectively determined as the peak-top
temperature and the peak area of the endotherm during the first heat cycle. Sample
crystallinity was determined from the endothermic peak area of melting curves using
Equation of Hoffman-Weeks extrapolation methods. The isothermal crystallization
rate (denoted as ty, *) was defined as an inverse of the half time of the crystallization at
128°C. Tensile properties of the nanocomposites were measured by a tensile tester
(Abe Dat-100). A stress-strain curve was acquired at room temperature and at a

crosshead speed of 1.0 mm/min. At least 5 specimens were tested for each sample.
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3.3. Results and Discussion

3.3.1. Synthesis of PP-g-SiO,

Control of grafted amount on PP-g-SiO, was determined by the introduction amount
of PP-t-OH before the grafting reaction. Relations of PP-t-OH amount and grafted
amount are shown in Table 1 and Figure 2. As indicated in the Chapter 2, Chapter 3
suggested that grafted PP chains on SiO, restrict migration of unmodified PP chains to
SiO, surfaces. Thus, grafted amount was hardly dependent on M, of PP chain when
using excess amount of PP-t-OH. This result on Figure 2 supports the Chapter 2.
Grafted amount converged according to the increase of PP-t-OH introduction amount
even if grafted chain number is less than the silanol group on SiO, surface. The
convergence value of the grafted amount becomes approximately 10 wt%, and this
corresponding to 120 chain/particle. In any case, the grafting reaction successfully
controlled the grafted amount on PP-g-SiO, nanoparticles, which denominated the
sample name to 21PP-g-SiO,, 65PP-g-SiO,, 96PP-g-SiO,, and 120PP-g-SiO, in

response to the number of the grafted chains.

58



Table 1. Synthesized PP-g-SiO, nanoparticles with different grafted chain densities

Sample PP-t-OH amount x 10° Grafted amount Grafted chain
(mmol-PP/g-SiO,) (Wt%) [a] (chain/particle) [b]
21PP-g-SiO; 1.67 2.2 21
65PP-g-SiO; 8.33 6.3 65
96PP-g-SiO, 33.3 9.1 96
120PP-g-SiO, 66.7 114 120

[a] Determined with TGA,; [b] The chain number per particle was estimated by using the
specific surface area and the diameter of SiO, nanoparticles (110 m?/g and 26 nm,

respectively) as well as M, of grafted PP chains (1.2 x 10* g/mol).
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Figure 2. Result of grafting reaction from different PP-t-OH amount

Additionally, TEM images for PP-g-SiO, are shown in Table 2 together with that for
unmodified SiO,. Various PP-g-SiO, can observe the polymer layer of several
nanometers of the different permeation rate compared with unmodified SiO,
nanoparticles in Figure 3 a). Moreover the layer thickness enlarged with an increase of

the number of grafted chains. Grafted amount by the TGA measurement don't
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correspond with thickness of the polymer layer by the TEA observation, because there
are possibility and reason for "decrease of the density by the gap in the layer" and
"thickness of the layer don't depend on the SiO, diameter”. In addition, the
observation of 21PP-g-SiO, was extraordinarily-difficult, because the polymer layer is

the thinnest of the PP-g-SiO, samples.

Table 2. Thickness of grafted PP layer on SiO, surface

Sample Thickness of PP layer
(nm)(a]

Dried SiO, 0

21PP-g-SiO, <2

65PP-g-SiO, 4-8

120PP-g-SiO, 8-10

[a] Determined with TEM observation

3.3.2. Properties of PP/PP-g-SiO, nanocomposites

Figure 3 shows the TEM micrographs of the prepared nanocomposites to evaluate
the dispersion state of the nanoparticles in matrix.  Nanocomposite samples
denominated the sample name to a) PP/SiO; 1w, b) PP/SiO; 5w, c)
PP/120PP-g-SiO, 1w, d) PP/120PP-g-SiO, 5w, €) PP/65PP-g-SiO, 5w, and f)
PP/21PP-g-SiO; 5w in response to the filler content. In Figure 3 a,b), PP/SiO,
nanocomposites using unmodified nanoparticles formed the large aggregation according
to increasing fillers. In contrast to PP/SiO, nanocomposites, PP/120PP-g-SiO,
nanocomposites of Figure 3 c¢,d) can maintain the high dispersion state while PP-g-SiO,
with the high miscibility increases introduction amount.  Furthermore, various

PP/PP-g-SiO, 5w nanocomposites using fillers with different grafted amounts show the
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observation result in Figure 3 d-f). The dispersion states of various PP/PP-g-SiO, 5w
definitely improved not only 120PP-g-SiO, 5w nanoparticles of d) but also
21PP-g-SiO, 5w nanoparticles of f), which indicate that the huge aggregation of SiO,
can dramatically scatter SiO, with low grafted amount compared with existing amount
in the Chapter 2 Moreover, PP/PP-g-SiO, nanocomposites of c-f) cannot judge the
differences of the dispersion state and the cluster size by TEM images due to regional
nanoparticles which are smaller than resolution. Therefore, these results conclude that

excess amount of grafted chains don't change the filler dispersibility.
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Figure 3. TEM images of a) PP/SiO, 1wt%, b) PP/SiO, 5w, c) PP/120PP-g-SiO, 1w,

d) PP/120PP-g-SiO, 5w, &) PP/65PP-g-SiO, 5w, and f) PP/21PP-g-SiO, 5w.

The crystallization behaviors of pristine PP and various nanocomposites were

assessed using the DSC instrument, which were summarized in Table 3 and Figure 4.
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The melting point and crystallinity of nanocomposites showed the same results nearly,
which indicate that lamella thickness is same. Crystallization rate by the dependence
of grafted amount is shown in Figure 4 a). Various PP/PP-g-SiO, nanocomposites
improved crystallization rate compared with PP/SiO, nanocomposites, which conclude
that grafted chain has the nuclei effects. Furthermore, in the range of PP/SiO, from
PP/21PP-g-SiO,, the curve produces a large shift. It shows clearly that grafted PP
chains of 21 chain/particle exert the nuclei effect enough. On the other hand, in the
range of PP/21PP-g-SiO, from PP/120PP-g-SiO,, the curve produces a minute change.
The data would seem to suggest that minimal improvement of crystallization rate is a

thing by the increase in filler surface area of increasing grafted chain number.

Table 3. Melting behaviors and isothermal crystallization results

Sample Filler content Chain number ) Tm Xe t%/z’l
(Wt%) (chain/particle) (°C) [a] (%) [b] (107/s) [c]
Pristine PP 0 0 163 50 0.46
PP/SiO»1w 1 0 160 49 0.48
PP/SiO,3w 3 0 161 49 0.52
PP/SiO,5w 5 0 162 47 0.51
PP/120PP-g-SiO.1w 1 120 161 50 0.90
PP/120PP-g-SiO,3w 3 120 162 49 1.4
PP/120PP-g-SiO,5w 5 120 160 51 1.7
PP/96PP-g-SiO 5w 5 96 161 52 1.4
PP/65PP-g-SiO5w 5 65 162 51 15
PP/21PP-g-SiO,5w 5 21 163 51 1.3

[a] Tm: peak top of endotherm peak; [b] X.: crystallinity; [c] 1/2t: half time of isothermal

crystallization at 128°C.
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Figure 4. Crystallization rates of a) grafted amount, b) filler content, and c) total

grafted amount

After that the dependence of filler content is shown in Figure 4 b). The
crystallization rate of PP/SiO, curve indicated approximately-same value from 1 wt% to
5 wt% of SiO, content by the low compatibility between the matrix and fillers. On the

other hand, crystallization rate of PP/120PP-g-SiO, indicates the linear improvement
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from pristine PP to 5 wt% of sample. It pertains to not only the same grafted amount
compared with other PP/120PP-g-SiO, samples but also the high dispersion state of
fillers.

Furthermore, Figure 4 c) shows crystallization rate as against the total grafted
amount in defiance of the particles. The lines of grafted amount and filler content
dependence clearly indicate different behavior. PP/21PP-g-SiO, and
PP120-g-SiO, 1w of similar total-grafted amount greatly differ in a value of
crystallization rate. PP/21PP-g-SiO, already presents the expression of nuclei effect,
which is superior to PP/120PP-g-SiO, 1w of almost same total grafted amount. Thus,
this result is caused by the number of functional nanoparticles having nuclei effect.
Furthermore, this results suggest that grafted amount of 120PP-g-SiO, is excess amount
for crystallization rate. However, this idea doesn’t correspond to the characterization
of mechanical properties.

To analyze the mechanical properties of samples, tensile test is investigated using
dumbbell specimen. As a result, stress-strain curves in Figure 5 were compared with
respect to Young’s modulus and tensile strength in Figure 6. PP-based
nanocomposites with PP-g-SiO, indicated the short elongation at break via structure of
the physical cross-linkage. Toughness also looked the decrease. However, in
actuality the toughness before the yield stress is higher than pristine PP and PP with
unmodified SiO,. This result indicate the strong interfacial structure via physical
cross-linkage between the grafted chain and matrix chain. In Figure 6 a,d), the
maximum improvements of Young's modulus and tensile strength were obtained by
PP/120PP-g-SiO, 5w, which is the most grafted sample of all samples. In Figure 6 a),

the curve of Young's modulus shows a plateau at the level of PP/21PP-g-SiO; 5w.
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This curve consider that the reinforcer of Young's modulus differ from grafted chain

number, which correlate significantly with dispersion states of fillers.
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Figure 5. Raw data of tensile test
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Figure 6. Tensile properties of nanocomposites for a,b) Young’s modulus and c,d)
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In Figure 6 c,d), tensile strength linearly improves both condition by grafted amount

and filler content via simply increase of grafted chain number. This result show that

the improvement of tensile strength depend on the density of physical cross-linkage.
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3.4. Conclusion

Preparations of various PP-g-SiO, and PP/PP-g-SiO, nanocomposites succeeded.
PP-g-SiO, with different grafted amount was prepared by varying the amount of
PP-t-OH in grafting reaction, which is between the 21-120 chain/particle. The
characterizations for PP/PP-g-SiO, nanocomposites raise a number of intriguing results. In
TEM observation, PP/PP-g-SiO, nanocomposites greatly improve the dispersion states
compared with PP/SiO, regardless of grafted PP amount on PP-g-SiO,. Various
PP-g-SiO, enhanced the crystallization rate of pristine PP, whose extent was deeply
correlated with the grafted PP amounts. The dependence on the graft amount was
totally different between the Young’s modulus and tensile strength. It was suggested
that the dispersion of nanoparticles dominated the Young’s modulus. The tensile
strength was effectively-improved by increasing the number of grafted PP chains. In
the dependence on the filler amount, the Young’s modulus and tensile strength were
partially linearly improved by increasing the PP-g-SiO, contents. These results

consider that grafted chain number greatly important factor in reinforce of PP-g-SiO,.
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Chapter 4.

Influences of Mechanical Properties on
Polyethylene-based Nanocomposites using

Polyethylene-grafted Nanosilica Nanoparticles
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4.1. Introduction

Polymer nanocomposites are one of the most successful nanomaterials, where the
inclusion of a small amount of nanoparticles in polymer matrices can dramatically
improve a variety of properties of the original matrices, such as mechanical strength,
thermal stability, gas barrier properties, and so on [1-4]. Moreover, the polymer
matrices can equip novel functionalities of nanoparticles such as electric and thermal
conductivities through the formation of percolation network [1,5,6]. Enormous efforts
have been devoted to apply the great potentials of polymer nanocomposites to
polyolefin as the most important synthetic plastic over the world, but these efforts
exhibited a number of technical difficulties to design practically useful polyolefin-based
nanocomposites. The most serious problem for the polyolefin-based nanocomposites
is attributed to the chemical inertness of polyolefin. The apolar C-H and C-C bonds
exhibit poor compatibility and interfacial bonding with most of nanoparticles (mainly
inorganic), leading to macroscopic agglomeration of nanoparticles as well as scarcely
connected boundaries. These problems caused the deterioration of mechanical
properties and optical clarity. Moreover, the loosely connected boundaries accelerate
the physical loss of stabilizers, thus shortening the lifetime of the polymer [7].

A variety of strategies have been postulated to alleviate these problems, and thus to
develop improved nanocomposites. The most traditional strategy is the addition of a
compatibilizer such as maleic anhydride-grafted polyolefin, where side functional
groups wrap nanoparticles to improve the dispersion in a matrix [8,9]. It has been
often combined with organic modification of filler surfaces, typically via short aliphatic

alkyl groups, which further improved the compatibility between the matrix and filler
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surfaces [10]. One of more recent strategies is in-situ formation of nanocomposites:
Olefin polymerization is conducted using a catalytic component immobilized in/on a
support material, where the generation of polyolefin inside the support material
facilitates the disintegration of the material, eventually leading to the dispersion of
nanosized building units in the formed matrix [11,12]. The in-situ formation of
well-dispersed nanoparticles in a polyolefin matrix is also possible by chemically
converting a metal oxide precursor (such as metal alkoxide) into metal oxide during
melt-mixing with polyolefin. Recently, we [13] and other laboratories [14-16] have
reported a strategy to synthesize novel polyolefin-based nanocomposites by combining
impregnation of a precursor into a reactor powder of polyolefin and subsequently
converting it into metal oxide or hydroxide during melt-mixing. These in-situ methods
are generally suitable for the formation of percolation network at a small filler content.
For improving the interfacial connection, the polymer grafting is the most promising
strategy: Polymer chains that are grafted to nanoparticles entangle/inter-diffuse with a
matrix, resulting in not only good dispersion but also strong interfacial bonding.
Recently, we have firstly reported the synthesis of polypropylene (PP)-grafted SiO;
nanoparticles (PP-g-SiO,) by reacting terminally hydroxylated PP (PP-t-OH) with
surface silanol groups of SiO, and their application to PP-based nanocomposites [17,18].
The developed PP-based nanocomposites exhibited a wide variety of advantages not
only over pristine PP and nanocomposites with unmodified SiO, nanoparticles but also
over ever-reported PP/SiO, nanocomposites. In concrete, PP-g-SiO, was nicely
dispersed in the PP matrix up to 10 wt%, and accelerated the crystallization rate by
300-400% as compared with pristine PP.  Moreover, the tensile properties such as the

Young’s modulus and tensile strength were dramatically improved (ca. +30% over
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pristine PP) at 5.0 wt% of PP-g-SiO,. Such dramatic improvements had not been
reported for PP-based nanocomposites with spherical SiO, nanoparticles. By changing
the molecular weight and the amount of the grafted chains, we have concluded that the
grafted PP chains co-crystallized with the matrix PP and reinforced the matrix as a

physical cross-linker (Figure 1).

co-crystallization

Figure 1. Schematic image of a physical cross-linkage structure for PP/PP-g-SiO,

In the present contribution, the same strategy was applied to polyethylene (PE)
nanocomposites with SiO, nanoparticles not only to develop improved PE-based
nanocomposites but also to understand mechanistic aspects of reinforcements by the

addition of PE-g-SiO, in a comparative way to the PP/PP-g-SiO, nanocomposites.
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4.2. Experimental

4.2.1. Materials

High-density PE pellets with the following characteristics were employed as a
matrix for nanocomposites: M, = 1.48 x 10*, MWD = 3.98, MFR = 1.2 g/10 min, and
Tm = 137°C. Ethylene gas of research grade was donated by Asahi Kasei Chemicals
Corporation and Sumitomo Chemical Co., Ltd. rac-Ethylenebis(1-indenyl)zirconium
dichloride (EBIZrCl;) was purchased from Kanto Chemical Co., Inc.
Triethylaluminum (TEA) and modified methylaluminoxane (MMAO) were Kkindly
donated by Tosoh Finechem Corporation. Toluene and n-tetradecane were dried over
molecular sieve 4A followed by N, bubbling. SiO, nanoparticles with an average
diameter of 26 nm and a surface area of 110 m?/g were purchased from Kanto Chemical

Co., Inc.

4.2.2. Synthesis of PE-t-OH

Terminally hydroxylated PE (PE-t-OH) was prepared according to literature [18,19].
Briefly, 300 ml of dry toluene (as solvent), 5.0 mmol of MMAO (as an activator), 1.7
pumol of EBIZrCI, (as a catalyst) and a specified amount of TEA (as a chain transfer
agent) were charged in a stirred flask maintained at 0°C. The ethylene polymerization
was conducted at 0°C by supplying 1 atm of ethylene for 1 h. Thereafter, the obtained
product was reacted with hydrogen peroxide under oxygen atmosphere at the same
temperature for 1 h. Thus obtained PE-t-OH was purified by repetitive washing with

acidic ethanol and subsequent vacuum drying.
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4.2.3. Synthesis of PE-g-SiO;

PE-t-OH was grafted onto SiO, nanoparticles via dehydration between the terminal
hydroxyl groups of PE-t-OH and surface silanol groups of SiO,. A specified amount
of PE-t-OH (0.5 chain per surface silanol group) and 0.5 g of SiO, nanoparticles (dried
at 160°C prior to the grafting) were reacted in tetradecane containing 0.1 mol/L of
6-di-tert-butyl-p-cresol at 200°C for 6 h. The resultant particles were washed with
methanol, and dried in vacuo at 60°C for 6 h. Unreacted polymer was carefully

removed with repetitive hot filtration in o-dichlorobenzene at 140°C.

4.2.4. Compounding of PE/PE-g-SiO, nanocomposites

PE-based nanocomposites were prepared using a two-roll mixer at 20 rpm. 10 g of
the PE pellets was preliminarily kneaded at 157°C for 5 min, followed by the addition
of a specified amount of unmodified SiO, or PE-g-SiO, nanoparticles (0-5 wt%). The
mixture was further kneaded at 157°C for additional 10 min. The sample sheets with
the thickness of 200 wm were prepared by hot press at 190°C and 20 MPa, followed by
quenching at room temperature for 5 min. For the sake of comparison, pristine PP,
PP/SiO, and PP/PP-g-SiO, nanocomposites were also prepared, where PP-t-OH with M,
of 1.2 x 10* was grafted at the chain density of 120 chain/particle. Details on the

synthesis and characteristics can be found in our previous report [18].
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4.2.5. Analyses
BC-NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer

operating at 100 MHz with proton decoupling at 120°C using hexachloro-1,3-butadiene
as a diluent and 1,1,2,2-tetrachloroethane-d, as an internal lock and reference [18].
Figure 2 shows a "*C-NMR spectrum for a PE-t-OH sample. The M, and the end
functionalized mole fraction of PE-t-OH were respectively determined by the following
equations according to literature [18],

H3c1:—c23HZ—%HZ{SHZ?E%HZ—%HZ—?HZ—OH

HoC—CH,—CH, {CH,}-CH,—CH,—CH, s
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Figure 2. Typical “*C-NMR spectrum of PE-t-OH
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Thermogravimetric analysis (TGA, METTLER TOLEDO TG50) was employed to
measure the grafted polymer amounts, where the temperature was kept at 200°C for 30
min to remove physisorbed water, and then increased up to 650°C at 20 °C/min. The
grafted amount was estimated from the difference in the weight loss between PE-g-SiO,
and unmodified SiO; in the range of 200-650°C. The dispersion of nanoparticles in
the matrix was evaluated with transmission electron microscopy (TEM, Hitachi
H-7100) operated at 100 kV, using microtomed specimens (Reichert Ultracut S with a
FC-S cryoattachement). The crystallization behavior of the nanocomposites was
examined using a differential scanning calorimeter (DSC, METTLER TOLEDO DSC
822). A sample in an aluminum pan was heated from room temperature to 180°C at
20 °C/min, then kept at 180°C for 5 min to eliminate the thermal history, and finally
cooled down to 124°C at 20 °C/min for the isothermal crystallization experiment [20].
The melting point (Tn,) and the crystallinity (X;) of a sample were determined as the
peak-top temperature and the peak area of the endotherm during the first heat cycle,
respectively. The sample crystallinity was determined from the endothermic peak area
of melting curves using the Hoffman-Weeks extrapolation method. The isothermal
crystallization rate (denoted as ti, *) was defined as an inverse of the half time of the
crystallization at 124°C. Tensile properties of the nanocomposites were measured by a
tensile tester (Abe Dat-100). A stress-strain curve was acquired at 20°C and at a

crosshead speed of 1.0 mm/min. At least 5 specimens were tested for each sample.
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4.3. Results and Discussion

4.3.1. Synthesis of PE-g-SiO;

Table 1 summarizes the characteristics of PE-t-OH synthesized at two different
concentrations of TEA as the chain transfer agent.  As the TEA concentration increased,
the molecular weight of PE-t-OH decreased due to enhanced chain transfer. On the
other hand, the end functionalization degree was kept around 70 mol%, plausibly due to
incomplete oxidation of PE-t-Al bonds by hydrogen peroxide [18,19]. The obtained
two PE-t-OH samples with different M, values were termed as PEM,-t-OH and
employed for grafting. Note that M, of 8.0 x 10° for PE8000-t-OH and M, of 1.2 x 10*

for PP-t-OH have similar polymerization degrees.

Table 1. Characteristics of synthesized PE-t-OH

TEA concentration End functionalization
Sample Mn [a]
(mmol/L) (mol%) [a]
PE3000-t-OH 200 3.0x10° 73
PE8000-t-OH 50 8.0 x 10° 71
PP-t-OH [b] 100 1.2 x 10 73

[a] Determined with **C-NMR; [b] Taken from literature [18] or Chapter 2.
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The results of the grafting are summarized in Table 2.  Similarly to the grafting of
PP-t-OH with different M, [18], the grafted amount of PE-t-OH was rather insensitive to
the M, value, becoming 9-10 wt%. This is explained by the restricted diffusion of
PE-t-OH, where the grafting of PE-t-OH made the diffusion of PE-t-OH onto the
surfaces of nanoparticles more and more difficult. Consequently, the chain number per

particle became almost anti-proportional to the M, value.

Table 2.  Amounts of PE-t-OH grafted to SiO, nanoparticles

Grafted amount Grafted chain number
Sample
(wWt%) [a] (chain/particle) [b]
PE3000-g-SiO, 9.1 390
PE8000-g-SiO, 10.0 160
PP-g-SiO; [c] 11.4 120

[a] Determined with TGA,; [b] The chain number per particle was estimated by using the
specific surface area and the diameter of SiO, nanoparticles as well as M, of grafted PE

chains; [c] Taken from literature [18] or Chapter 2.

4.3.2. Properties of PE/PE-g-SiO, nanocomposites

Employing the synthesized PE-g-SiO, samples, PE-based nanocomposites were
prepared at the filler content of 1-5 wt%. Figure 3 compares the dispersion of SiO,
nanoparticles with and without the grafted PE chains. As is usual for unmodified
nanoparticles, SiO, nanoparticles formed micron-sized agglomerates due to poor

chemical compatibility with the PE matrix. On the contrary, the grafted PE chains
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dramatically improved the dispersion of SiO, nanoparticles, where most of
nanoparticles were dispersed in an isolated manner. The grafted chains not only
improved the compatibility with the matrix but also reduced the cohesive interaction

among nanoparticles.

Figure 3. TEM images of a) PE/SiO, and b) PE/PE3000-g-SiO, nanocomposites at

5.0 wt% of the filler content

The melting point and the crystallinity of sample films as well as the isothermal
crystallization rate are summarized in Table 3 and Figure 4. Both the SiO, content
and the polymer grafting hardly affected the melting point and the crystallinity.
However, the isothermal crystallization was pronouncedly affected by these parameters.
The addition of unmodified SiO, nanoparticles tended to accelerate the isothermal

crystallization.

80



Table 3. DSC results

T Xe tus

Sample
(°C) [a] (%) [b] (10%s) [c]

Pristine PE 135 71 0.65
PE/SIiO; (1.0 wt%) 133 69 1.19
PE/SiO; (3.0 wt%) 134 69 1.04
PE/SiO; (5.0 wt%) 132 70 1.33
PE/PE3000-g-SiO, (1.0 Wt%) 135 73 1.41
PE/PE3000-g-SiO; (3.0 Wt%) 135 73 1.77
PE/PE3000-g-SiO; (5.0 Wt%) 134 70 2.08
PE/PE8000-g-SiO; (1.0 Wt%) 135 72 1.40
PE/PE8000-g-SiO; (5.0 Wt%) 134 73 1.97
Pristine PP [d] 163 50 0.46
PP/SiO; (5.0 wt%) [d] 162 47 0.51
PP/PP-g-SiO; (5.0 wt%) [d] 160 51 1.70

[a] Tm: peak melting temperature; [b] X.: crystallinity; [c] t *: half time of isothermal

crystallization at 124°C; [d] Taken from literature [18] or Chapter 2.
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Figure 4. Isothermal crystallization rate at 124°C: (o) PE/SiO,, (e)
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It was reported that even unmodified SiO, nanoparticles can reduce the activation
energy of the nucleation in the crystallization of PE, unlikely for PP [21]. The polymer
grafting further enhanced the nucleation effect, where the observed crystallization rate
reached at maximum ca. 300% compared with that of pristine PE. In our previous
research for PP-g-SiO,, the nucleation effect was found to increase in a convergent
manner in terms of the chain density. In this sense, the marginal difference between
PE3000-g-SiO;, (390 chain/particle) and PE8000-g-SiO, (160 chain/particle) in the
crystallization rate was attributed to the excess chain density, where the influence of the

chain density was saturated.
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Figure 5. Stress-strain curves for PE/PE-g-SiO, hanocomposites

Uniaxial tensile measurements were performed for all the samples. Figure 5
illustrates raw stress-strain curves for selected samples: Stress-strain curves for pristine
PE and PE/PE-g-SiO, nanocomposites were basically similar but the stress at a given
strain became always higher for the nanocomposites. Note that all the samples could
be elongated over the machinery limitation of 300% strain. The average of five

independent measurements for each sample is summarized in Table 4 and Figures 6,7.
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Table 4. Results of tensile tests

Young’s modulus Tensile strength
Sample
(MPa) (MPa)

Pristine PE 464 + 46 20.7+1.1
PE/SIO, (1.0 wt%) 450 + 75 20.8+1.4
PE/SiO, (3.0 wt%) 467 + 45 204+1.2
PE/SiO; (5.0 wt%) 496 + 35 193+14
PE/PE3000-g-SiO, (1.0 wt%) 494 + 12 21.9+1.2
PE/PE3000-g-SiO; (3.0 wt%) 510+ 12 21.7+1.0
PE/PE3000-g-SiO; (5.0 wt%) 576 + 26 227+1.4
PE/PE8000-g-SiO, (1.0 wt%) 562 + 46 22.1+0.8
PE/PE8000-g-SiO, (5.0 wt%) 574 + 57 23.0+£20
Pristine PP [a] 641 + 31 256+1.0
PP/SiO, (5.0 wt%) [a] 648 + 39 259+1.2
PP/PP-g-SiO; (5.0 wt%) [a] 787 + 48 325+1.3

[a] Taken from literature [18].
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Figure 7. Reinforcement of the tensile strength: (o) PE/SiO,, (e) PE/PE3000-g-SiO,,
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Similarly to the PP/SiO, nanocomposites [18], the addition of unmodified SiO,

nanoparticles hardly improved or even reduced the Young’s modulus and tensile

strength, due to poor dispersion (Figure 3) and interfacial bonding. On the contrary,
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the addition of PE-g-SiO, markedly improved the tensile properties. Especially, 5.0
wt% of PE8000-t-SiO; led to the reinforcements of 23% for the Young’s modulus and
11% for the tensile strength as compared with pristine PE.  These reinforcements were
attributed to good dispersion of the nanoparticles and strong interfacial bonding through
entanglement and/or co-crystallization. The influences of the molecular weight of the
grafted chains were rather unclear: The tensile strength was not sensitive to the
molecular weight, while the Young’s modulus showed a positive influence of the
molecular weight only at a small filler content. This result was somehow very
different from that for PP/PP-g-SiO,, where the molecular weight greatly affected the
tensile strength through the extent of cross-linkage, while the Young’s modulus was
only dependent on the dispersion of the nanoparticles. These results suggest possible
difference of the design concepts between PP- and PE-based nanocomposites, especially
for reinforcements. For PP/PP-g-SiO, nanocomposites, it was previously concluded
that the physical cross-linkage via co-crystallization between the grafted and matrix
chains was the main source of the anomalous tensile reinforcement (ca. +30% over
pristine PP), where longer grafted chains caused the increment in the cross-linkage
degree and consequently resulted in greater tensile reinforcement.  To be important, the
tensile reinforcement always accompanied great reduction in the toughness and
elongation at break, since the cross-linkage made the nanoparticles immobile along the
deformation. As for PE/PE-g-SiO, nanocomposites, neither anomalous tensile
reinforcements nor sacrificed toughness were observed. These considerations let us
conclude that the cross-linkage through the grafted chains for PE/PE-g-SiO, was not as
beneficial as that for PP/PP-g-SiO, nanocomposites. This fact is probably attributed to

both/either much higher crystallinity and/or crystallization rate of PE compared with PP.
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4.4. Conclusions

Polyethylene (PE)-based nanocomposites were developed by adding PE-grafted
SiO, (PE-g-SiO;) nanoparticles, which were prepared by grafting terminally
hydroxylated PE (PE-t-OH). PE-t-OH samples with different molecular weights (3.0 x
10 and 8.0 x 10° in M,) were prepared in metallocene-catalyzed ethylene
polymerization using triethylaluminum as a chain transfer agent. The amount of
PE-t-OH grafted to SiO, nanoparticles was insensitive to the M, value, becoming
around 9-11 wt%. PE/PE-g-SiO, nanocomposites were prepared by melt-mixing,
where 1-5 wt% of PE-g-SiO, nanoparticles were added. The addition of PE-g-SiO,
markedly improved the dispersion of the nanoparticles in the matrix and accelerated the
crystallization. The addition of 5.0 wt% of PE-g-SiO, led to increments of the
Young's modulus and tensile strength over pristine PE by 23% and 11%, respectively,
while the addition of unmodified SiO, hardly improved these properties. The
reinforcing mechanism in PE/PE-g-SiO, nanocomposites was discussed by comparing
the obtained results with our previous results on PP/PP-g-SiO, nanocomposites. It was
suggested that the physical cross-linkage effect on the tensile reinforcements was less
pronounced for PE/PE-g-SiO, compared with PP/PP-g-SiO,. Nonetheless, the PE
grafting, which improved the dispersion, the crystallization and the tensile properties, is

regarded as an effective strategy to design improved PE-based nanocomposites.
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Chapter 5.

The Development of

High-Performance and Practical Nanocomposites using

In-Situ Polypropylene Grafting Reaction
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5.1. Introduction

Polymer nanocomposites are promising materials, in which a small fraction of
nanoparticles dispersed in polymer matrices not only induces drastic reinforcements but
also enhances functionalities such as conductivity and gas barrier properties.
Compared with micro-sized particles, nanoparticles dispersed in polymer give much
larger interfacial areas to enable effective load transfer from a matrix to hard particles,
and also have much greater particle number densities (i.e. short particle-particle
distances) sufficient to interfere with polymer relaxation and to greatly diminish a
percolation threshold.

Polypropylene (PP) is one of the most widely used plastics, characterized by a wide
range of advantages such as low cost, light weight, high melting temperature, good
processability, balanced mechanical properties, low environmental load and so on.
PP-based nanocomposites have attracted great attention in order to further expand its
versatility and to explore a new specialty. However, fabrication of industrially
valuable PP-based nanocomposites is extremely challenging owing to the extreme
inertness of PP against inorganic nanoparticles, in contrast to other polymers containing
polar functional groups. In most cases, nanoparticles do not disperse well in PP but
make large and compact aggregates, significantly diminishing reinforcement and even
negatively affecting transparency and ductility. The most versatile strategies to
remedy the poor dispersion of nanoparticles are to add a compatibilizer, typically
side-functionalized PP such as maleic anhydride-grafted PP (MAPP) and to chemically
modify particle surfaces by short aliphatic alkyl chains, for example, using ternary

ammonium salts or silane coupling agents. In recent years, more sophisticated routes
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have been developed to facilitate not only good dispersion of nanoparticles but also
either polymer-filler interaction or filler-filler networking. For example, an in-situ
method enables complete exfoliation of layered fillers through the polymer growth /
formation inside gallery spaces [1,2]. In a sol-gel approach, metal alkoxide precursor
blended or impregnated in molten or solid PP is subjected to the sol-gel reaction to
generate nano-sized inorganic oxide particles [3,4]. Polymer grafting is a potentially
versatile and scalable approach due to the direct applicability to the conventional melt
mixing process, which aims at not only improved dispersion through organic
modification and steric prevention of filler agglomeration but also better interfacial
connection through interdiffusion and entanglement between grafted and matrix
polymer chains [5-7]. Though all of these approaches have greatly refined the design
of PP-based nanocomposites, further advances are essential to realize practically
acceptable improvements over existing PP-based materials.

Recently, we have firstly synthesized PP-grafted SiO, nanoparticles (PP-g-SiO,)
using terminally hydroxylated PP (PP-t-OH), and clarified promising advantages of
PP/PP-g-SiO, nanocomposites such as [8]: In tensile properties, dramatic improvement
of tensile strength achieves the world-record reinforcements from the physical
cross-linkage via grafted PP chains. In dispersion state, PP-g-SiO, nanoparticles
provide high dispersion up to 5.0 wt% of filler content. The crystallization rate of
PP/PP-g-SiO, nanocomposites improves up to 300-400% compared with pristine PP by
the smaller mobility of grafted PP chain. The melt viscoelasticity of PP/PP-g-SiO,

indicates good processability similar to pristine PP.
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The purpose of Chapter 5 tries to establish a new cost- and time-efficient synthetic
route for PP-grafted filler, aiming at scalable manufacturing of PP-based
nanocomposites. The original synthetic route (Scheme 1) involved 1)
metallocene-catalyzed polymerization at a low-yield condition to maintain a high
end-functionalization ratio, ii) grafting poorly reactive PP-t-OH onto SiO, that required
an excess amount of PP-t-OH, and iii) repetitive hot filtration for 2 days to remove
ungrafted PP-t-OH, where the inclusion of metallocene-catalyzed PP was expected to

deteriorate the physical properties of the nanocomposites.

1. OH-terminated isotactic PP (PP-t-OH)

Polymerization Oxidation/Hydration
(1atm,0°C) 1 h (0°C) 1.5 h
Propylene PP-t-OH
EBIZrCl,/MMAO/AIEt, 0,/H,0,

(6 g/300 ml)
2. PP-grafted SiO,

Dehydration (with silanol) Hot filtration with ODCB
(200°C in tetradecane) (Repetition)
excess PP-t-OH +  SiO, > PP-g-SiO,

6h 2 days (< 500-mg PP-g-SiO,)

3. Melt-mixing with matrix

Scheme 1. Synthetic route for PP/PP-g-SiO, nanocomposites

The best synthetic route consider to the start from Ziegler-Natta-catalyzed PP with
terminal double bonds (PP-t-DB) introduced via a visbreaking process. The usage of
the Ziegler-Natta-catalyzed PP is expected to eliminate the necessity of the most
demanding hot filtration process, while it is necessary to convert less reactive DBs to
highly reactive one. The connecting method from PP-terminal vinylidene group

(t-VD) to SiO, selects to the silane coupling agent using hydrosilylation reaction.
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Integrated PP-t-Si(OEt); can expect the easy grafting to SiO; in the reactive matrix

polymer blending.
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5.2. Experimental

5.2.1. Materials

PP pellet for the matrix polymer (M, = 4.6 X 10*, MWD = 5.65, mmmm = 98 mol%)
was donated by Japan Polypropylene Corporation. Nano SiO, (average diameter = 26
nm, surface area = 110 m%g) was purchased from Kanto Chemical Co., Inc. Two
kinds of PP-t-DB samples (PPV1 and PPV2) were prepared by visbreaking process
from pristine PP. Triethoxysilane (TES) and Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane, known as the Karstedt catalyst for hydrosilylation, were used as

delivered under nitrogen atmosphere.

5.2.2. Hydrosilylation reaction

In order to rapidly screen plausible post-modification reactions for PP-t-DB, we
employed a high-throughput (HTP) microwave system, which can automatically
execute at maximum 72 reactions according to a pre-defined protocol with the aid of a
robotic arm for sample handling (Figure 1). The microwave-assisted heating can
greatly enhance reaction rates through the acceleration of molecular motion and

vibration, thus enabling much shorter reaction time.
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Heating with
microwave
irradiation

I3 stir

Figure 1. HTP microwave instrument of a) photograph, b) control monitors by

personal computer, and c) synthesis image of microwave irradiation

Hydrosilylation reactions were conducted as follows:

i) 1.25 g of PP-t-DB, 12 ml of dehydrated solvent, specified amounts of TES and
the Karstedt catalyst were charged in a 10 ml vial and sealed with a septum cap
under nitrogen atmosphere. In some cases, 500 mg of SiO, was also added to
examine the possibility of one-pot “modification and grafting” (these samples
are hereafter termed as PP-g-inSiO,)

i) The mixture was heated under microwave irradiation to desired temperature and
kept for 1 or 3 h.

iii) Thus obtained product was repeatedly washed with dehydrated toluene, dried in
vacuo at 50°C, and stored in an ambient condition to minimize the hydration of

silicon alkoxide groups before melt mixing.
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5.2.3. Preparation of nanocomposites

Nanocomposites were prepared by melt-mixing using a two-roll mixer at 20 rpm. 10
g of the PP pellet was kneaded at 185°C for 5 min in the presence of 0.3 wt% of AO-50
(a hindered phenol stabilizer), and subsequently melt mixed with 5.0 wt% of
unmodified SiO, and a specified amount of PP-t-Si(OEt); for additional 10 min.
Otherwise, PP-g-inSiO, (which originally contained 12 wt% of PP-t-DB and 5.0 wt% of
Si0;) was melt mixed instead of SiO, and PP-t-Si(OEt);.  Thus prepared
nanocomposites (PP/PP-g-(in)SiO,) were hot-pressed into sample films with the
thickness of 200 um at 230°C and 20 MPa, and then quenched at 100°C.

As references, the PP pellet was also melt mixed either with the corresponding
amount of PP-t-DB, with 5.0 wt% of unmodified SiO,, or with 5.0 wt% of mPP-g-SiO,
consisting of 4.5 wt% of SiO, and 0.5 wt% of grafted metallocene-catalyzed PP.

5.2.4. Characterizations

'"H-NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer operating
at 400 MHz at 120°C using 1,1,2,2-tetrachloroethane-d, as an internal lock and
reference. Figure 2 shows the *H-NMR spectrum of PP-t-DB (PPV1), where both of

vinyl and vinylidene groups are visible at similar intensities.
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Figure 2. 'H-NMR spectra of PP-t-DB (PPV1) before and after Hydrosilylation

The terminal DB content, estimated according to Eq. (1), was 3.7 x 10~ mol/mol for

PPV1 and 2.2 x 10~ mol/mol for PPV2.

(H2/2+H%/2)

DB content = 5 5 -
(H/3+H’/2+H")/3

Eq. (1).

The presence of the DBs was also detectable by IR spectroscopy in ATR mode, but the
absorption intensity was not strong enough for quantitative measurements. The degree
of the hydrosilylation was also estimated based on *H-NMR (Figure 2) in terms of the

reduction in the DB content and the increase in the OEt content defined as,

(H*/2)/3

OEt content = 5 s -
(H3+H’/2+H")/3

Eq. (2).
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In general, high-temperature NMR measurements have risks for the isomerization of
the DBs and the hydration/condensation of the silicone alkoxide groups. Consequently,
these contents must be regarded as semi-quantitative or even qualitative values.

The dispersion of SiO, nanoparticles in PP was evaluated with transmission electron
microscopy (TEM, Hitachi H-7100) operated at 100 kV, using microtomed specimens
(Reichert Ultracut S with a FC-S cryoattachement). Differential scanning calorimeter
(DSC) measurements were conducted under nitrogen on a Mettler Toledo DSC 822
analyzer. The sample crystallinity was determined with the melting endotherm in the
first heat cycle, where the samples were heated to 200°C at 20 °C/min. Isothermal
crystallization experiments were also conducted. Samples were kept at 200°C for 5 min
to erase a thermal history, and then cooled down to 128°C at a rate of 20 °C/min. A
crystallization rate at 128°C was determined as an inverse of the half time of the
crystallization (denoted as ti, *). Tensile properties were determined with an Abe
Dat-100 tensile tester using a dumbbell shaped specimen at a crosshead speed of 1

mm/min at room temperature. At least 5 specimens were tested for each sample.
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5.3. Results and Discussion

5.3.1. Microwave-assisted hydrosilylation

Screening of hydrosilylation conditions for PP-t-DB was conducted using the HTP
microwave instrument. The obtained polymer was subsequently analyzed by *H-NMR
after the purification. The results summarized in Table 1 uncovered the following

items.

e Microwave treatment of PP-t-DB in the absence of TES slightly reduced the DB
content (Nos. 1,2) probably due to the isomerization into internal DBs during
both/either the microwave heating and/or the NMR measurement.

e Further reduction in the DB content occurred when it was reacted with TES, and
accompanied an increase in the OEt content. However, the OEt content became
much smaller than the reduction in the DB content, suggesting a non-negligible
contribution of the above-mentioned isomerization or the sol-gel reaction in the
NMR measurement.

e The hydrosilylation slightly progressed even in the absence of the catalyst (Nos.
3,15).

e Neither the increase in the TES amount nor the elongation of the reaction time
improved the hydrosilylation degree (Nos. 3-6). It seems that the amount of
accessible DBs was limited, even though the vinyl and vinylidene groups were

similarly consumed.
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e The impact of the catalyst addition on the hydrosilylation degree is significant: it
increased the hydrosilylation degree 2-3 times (Nos. 6,7, Nos. 10,11, Nos. 15,16,
Nos. 18,19, and Nos. 20,21).

e There was no clear tendency between the hydrosilylation degree and the kind of
solvent employed (Nos. 7,11 and Nos. 19,21), while the increase in the reaction
temperature appeared to improve the hydrosilylation degree (Nos. 11-13, Nos.
16,17,21). The reaction temperature beyond 180°C produced wax materials,
indicative of degradation.

e The hydrosilylation occurred even in the presence of SiO, (Nos. 8,9).

In summary, it was concluded that the increase in the reaction temperature and the
addition of the catalyst are effective to promote the hydrosilylation of PP-t-DB.
However, the applicable temperature was restricted due to the degradation. Since the
condition of “180°C under nitrogen” is never harsh for usual PP, the main cause is
attributed to oxidative species formed on PP-t-DB during the visbreaking process.

Hereafter, we have employed samples Nos. 6-9,22 (all hydrosilylated at 130°C) for

the preparation of the nanocomposites.
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Table 1. Results of microwave-assisted hydrosilylation

TES Catalyst” SiO, Temp. Time DB cont. OEt cont.
No. PP-t-DB  Solvent®

(mmol) (umol) (mg) (°C) (h) (mol/mol) (mol/mol)

1 n/a n/a n/a n/a n/a n/a 3.7x10% 0.0

2 oDCB n/a n/a nla 130 3 3.4x10% 0.0
3 oDCB 135 n/a nfa 130 1 32x10° 1.1x10*
4 oDCB 67.5 n/a nfa 130 1 3.1x10° 9.7 x10°
5 oDCB 67.5 n/a nfa 130 3 31x10° 1.1x10*
6 oDCB 67.5 n/a nfa 130 3 3.1x10° 1.0 x 10*
7 PPV1 0oDCB 67.5 1.0 nfa 130 3 2.4x10° 3.4 x10*
8 oDCB 67.5 n/a 500 130 3 29x10° 1.4x10*
9 oDCB 67.5 1.0 500 130 3 25x10° 2.6x10*
10 TCB 67.5 n/a nfa 130 3 28x10° 8.0x10°
1 TCB 67.5 1.0 nfa 130 3 28x10° 1.3x10*
12 TCB 67.5 1.0 nfa 180 1 1.8x10% 2.4x10*
13 TCB 67.5 1.0 nfa 180 3 27x10°% 22x10*

14 n/a n/a n/a n/a n/a n/a 2.2x10% 0.0
15 XL 135 n/a nfa 100 1 20x10° 35x10°
16 XL 135 1.0 nfa 100 1 1.6 x10° 58x10°
17 D 135 1.0 nfa 100 1 15x10% 9.6x10°

PPV2

18 ODCB 135 n/a nfa 130 1 21x10° 6.3x10°
19 oDCB 135 1.0 nfa 130 1 16x10% 1.1x10*
20 TCB 135 n/a nfa 130 1 1.8x10% 7.0x10°
21 TCB 135 1.0 nfa 130 1 1.4x10% 1.9x10*
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22 TCB 67.5 1.0 n/a 130 3 1.6x10° 1.6 x 10"

8 ODCB: o-dichlorobenzene, TCB: trichlorobenzene, XL: xylene, TD: tetradecane.
® The Karstedt catalyst.

° Determined by "H-NMR based on Egs. (1,2).

5.4.2. Preparation and evaluation of nanocomposites

Table 2 summarizes the information of the prepared samples. Eight
nanocomposites (Nos. 1-8) were prepared by melt mixing the PP pellet either with SiO,
and hydrosilylated PP-t-DB or with PP-g-inSiO; (i.e. SiO added in the hydrosilylation).
In parallel, six reference samples (Nos. R1-R6) were prepared. In particular, best
result of sample from Chapter 2 (PP/mPP-g-SiO;) is nominated as reference sample of
No. R5. The SiO, content was always fixed at 5.0 wit% except for No. R5 that
consisted of 95 wt% of the PP pellet and 4.5 wt% of SiO, grafted to the remaining 0.5
wt% of metallocene-catalyzed PP. It must be noted that we failed to melt mix
hydrosilylated PP-t-DB with SiO; in the absence of the main PP pellet (for preparing a
master batch), where severe degradation was identified irrespective of the mixing

conditions.
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Table 2. The list of sample prepared in this study and their physical properties®

2 Young’s Tensile Elongation at
PP-t-DB Xe T
No.” Name at 128°C modulus strength break
(wt%) (wt%)  (°C)
(min™) (MPa) (MPa) (%)
R1 PP° 0.0 50 163 0.46-0.49 641 + 32 25.6+0.9 >300
R2 PP/SiO,* 0.0 47 162 0.51 648 + 41 259+15 >300
R3 PP/PPV1° 12.0 50 158 0.19 526 + 33 26.9+0.4 >300
R4 PP/PPV2° 12.0 50 162 0.23 540 £ 40 27.0+£0.7 >300
R5 PP/mPP—g—SiOzf 0.0 53 161 1.20 816 £ 47 33.1+13 10+1
R6 PP/PPV1/SiO;® 12.0 51 159 0.28 563 + 34 279+0.8 111+ 70
1(6) PP/PPV1-g-SiO, 12.0 51 159 0.27 568 + 18 29.3+05 106 + 52
2(7) PP/PPV1-g-SiO; (Pt) 12.0 51 158 0.27 601 + 70 322+0.6 18+4
3(7) PP/PPV1-g-SiO,(Pt) 6.0 51 160 0.36 641 +43 32.3+0.6 133 + 100
4(7) PP/PPV1-g-SiO,(Pt) 3.0 50 161 0.36 614 +85 304+12 >300
5(7)  PP/PPV1-g-SiO,(Pt) 1.5 51 161 0.38 622 + 25 30.3+1.1 215+61
6 (8) PP/PPV1-g-inSiO, 12.0 51 159 0.27 587 + 61 28.5+0.6 25+9
7(9) PP/PPV1-g-inSiO,(Pt) 12.0 50 158 0.39 614 + 36 33.0+0.3 30+10
8(22)  PP/IPPV2-g-SiO; (Pt) 12.0 49 161 0.38 668 + 33 325+1.0 59 + 10

2 All of the nanocomposites contained 5.0 wt% of SiO; if not specified.: ° The numbers in parentheses
correspond to the numbers of hydrosilylated PP-t-DB in Table 1.:  Pristine PP.: ¢ Unmodified SiO, was
melt mixed.: °© 12 wt% of PP-t-DB was melt mixed without the hydrosilylation process.: 5.0 wt% of
mPP-g-SiO, (4.5 wt% of SiO, grafted to 0.5 wt% of metallocene-catalyzed PP) was melt mixed.: 9 12

wt% of non-hydrosilylated PP-t-DB was melt mixed together with unmodified SiO,.
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The dispersion of SiO, nanoparticles was observed by TEM (Figure 3). As shown
in Figure 3a, unmodified SiO, did not disperse well in PP to form micro-sized
aggregates. The poor dispersion was readily solved when metallocene-catalyzed
PP-t-OH was grafted to SiO, (Figure 3b). In contrast, the addition of PP-t-DB hardly
improved the poor dispersion of SiO, nanoparticles (Figure 3c), indicating that PP-t-DB
itself does not possess a compatibilizing ability for SiO,. The impact of the
hydrosilylation was significant: Even though PP-t-DB hydrosilylated in the absence of
the catalyst exhibited a quite small OEt content, its addition dramatically improved the
dispersion at a level similar to our best PP/mPP-g-SiO, sample (Figure 3d). This fact
suggested that terminal Si(OEt); groups were in-situ grafted to or at least interacted with
SiO, nanoparticles.  The dispersion was not anymore improved when the
hydrosilylation degree was enhanced with the catalyst (Figure 3e). This is consistent
with our previous finding that good dispersion of SiO, is relatively easily attained
irrespective of the density of grafted PP chains [8]. The dispersion of PP-g-inSiO, was
slightly worse but an interesting phenomenon was observed (Figure 3f): the addition of
PP-g-inSiO, always accompanied fibrils, which looked to be grown from SiO,
nanoparticles. Judging from the contrast, the fibrils must be inorganic SiO,, plausibly
formed through microwave-assisted sol-gel reaction of TES (and/or grafted Si(OEt)s3)

initiated from surface hydroxyl groups of SiO, nanoparticles.
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Figure 3. TEM images of nanocomposites: a) PP/SiO, as No. R2, b) PP/mPP-g-SiO,
as No. R5, c) PP/PPV1/SiO, as No. R6, d) PP/PPV1-g-SiO, as No. 1, e)

PP/PPV1-g-SiO;, (Pt) as No. 2, f) PP/PPV1-g-inSiO, (Pt) as No. 7

The crystallinity [X.] and the melting temperature [Ty,] were acquired using DSC for
each sample film (Table 2). The sample crystallinity was always around 50 wt%,
being hardly affected by the composition of the samples. This fact assured that tensile
properties could be fairly compared among the different samples. On the one hand, the
addition of 12 wt% of PPV1 always reduced the melting temperature by 3-4°C from
that of pristine PP (162°C) (see Nos. R3,R6,1,2,6,7). Since the melting temperature of
PP is dependent on the lamellar thickness of the crystalline phase, it is plausible that
visbroken PP has a reduced isotactic sequence length, and disturbs the growth of the
lamellae. The addition of the less visbroken PPV2 did not reduce the melting

temperature (Nos. R4,8).
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Isothermal crystallization experiments were conducted at 128°C to measure the

crystallization rate of each sample as t 2.

The exotherms for selected samples are
shown in Figure 4. The pristine PP exhibited the exotherm maximum at around 4 min,
while that of PP/mPP-g-SiO, was shortened to around 2 min. In this way, grafted PP
chains with lower mobility greatly accelerate the crystallization. On the other hand,
the addition of 12 wt% of non-hydrosilylated PPV1 elongated the exotherm maximum
to about 8-9 min: PP-t-DB not only restricts the lamellar growth but also decelerates the
crystallization.  The addition of 5.0 wt% of SiO, together with 12 wt% of
hydrosilylated PPV1 partially compensated the crystallization deceleration caused by
PPV1. This fact suggested that hydrosilylated PP-t-DB was in-situ grafted to SiO,
nanoparticles. The other results in Table 2 were all in line with the results explained in
Figure 4. As the sole exception, PP/PPV1/SiO, (No. R6) showed enhanced
crystallization even without the hydrosilylation, i.e. believed to be not grafted. It

might be possible that some polar groups in original PP-t-DB (such as carbonyl groups

and DBs) were more or less trapped onto SiO, surfaces to be crystallization nuclei.

c)

Exo. (mW)

a) b)

d)

0O 2 4 6 8 10 12 14 16 18 20
Crystallization time (min)

Figure 4. Exotherms during isothermal crystallization at 128°C: a) PP/SiO, as No. R2,

b) PP/PPV1 as No. R3, ¢) PP/mPP-g-SiO, as No. R5, d) PP/PPV1-g-SiO; (Pt) as No. 2
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In the end, the uniaxial tensile tests were implemented, where the stress-strain (SS)
curves for selected samples are plotted in Figure 5. In general, a SS curve of PP
shows a linear rise up of the stress along the initial strain (elastic behavior), whose
gradient corresponds to the Young’s modulus. After the elastic region, the curve once
reaches the maximum stress, followed by a necking behavior and the neck development.
The maximum stress corresponds to the tensile strength, whose magnitude is related to
the density of tie molecules. The addition of 5.0 wt% of mPP-g-SiO, significantly
enhanced both the Young’s modulus and tensile strength, while the elongation at break
as well as the toughness was greatly sacrificed. Such a tremendous improvement in
the tensile strength has never been achieved with spherical nanoparticles, and originated
from a cross-linkage effect of PP-grafted SiO, [8]. The addition of non-hydrosilylated
PPV1 decreased the Young’s modulus without affecting the tensile strength, while the
necking behavior became less obvious. The latter led to an increment of the toughness.
The co-addition of SiO, and hydrosilylated PPV1 obviously improved the tensile
strength. When the hydrosilylation was conducted in the presence of the catalyst, the
improvement became much more pronounced, reaching a level comparable with our
best previous PP/mPP-g-SiO,. Moreover, the same sample also exhibited a drastic
decrease in the elongation at break. All of these facts let us conclude that a large amount
of hydrosilylated PP-t-DB (estimated to be around 10 wt%) was successfully in-situ
grafted to SiO, nanoparticles.

Thus obtained characteristic values of the SS curves are summarized in Table 2.
The inclusion of non-hydrosilylated PPV2 deteriorated the Young’s modulus but less
compared with PPV1 (Nos. R3,R4), consistently with their DB contents. The

co-addition of SiO, and non-hydrosilylated PPV1 only slightly recovered the Young’s
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modulus and increased the tensile strength, but the degree of the improvements was too
small to be regarded as being grafted to SiO, (No. R6). By decreasing the amount of
hydrosilylated PPV 1 at the fixed SiO, content, the loss of the Young’s modulus could be
partially suppressed (Nos. 2-5). At 6.0 wt% of PPV1 (No. 3), the best balance
between the Young’s modulus and tensile strength was attained, where the Young’s
modulus was comparable with that of the pristine PP and the tensile strength was
enhanced as much as PP/mPP-g-SiO, could do. The toughness was even better than
that for PP/mPP-g-SiO,.  Similar properties were obtained when hydrosilylated PPV2
was employed (No. 8). Comparing the results for hydrosilylated PPV1 and PPV2 at
the same 12 wt% (Nos. 2,8), it is suggested that the visbreaking strength is an important
parameter for the tensile properties of the nanocomposites, and to employ less visbroken

PP-t-DB must be a way to achieve further improvements.
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Figure 5. SS curves in tensile tests
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5.5. Conclusions

In order to establish a cost- and time-efficient synthetic strategy for PP/PP-g-SiO,
nanocomposites, the hydrosilylation of the terminal double bonds for visbroken PP and
in-situ grafting of the hydrosilylated PP to SiO, nanoparticles were successfully
achieved. The resultant nanocomposites were found to endow promising mechanical
properties: the highest tensile strength and relatively better toughness. On the other
hand, the addition of visbroken PP also brought some disadvantages, such as the ease of
thermal degradation, the prevention of the crystallization, and reduced Young’s modulus.
In particular, the ease of the degradation limited the maximum temperature for the
hydrosilylation, which did not allow for us to alleviate the expensive Pt-based catalyst.
| suggest that to reduce the visbreaking strength must be the best solution for the said

problems.
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Chapter 6.

General Conclusion
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6.1. General summary

In this dissertation, four approaches were explored for improvement of PP-based
nanocomposites. In the Chapter 2, the terminally hydroxylated polypropylene grafted
to SiO, nanoparticles (PP-g-SiO,) with various chain lengths (M, = 5.6 x 10° ~ 4.6 x
10%) were melt-mixing with PP matrix to prepare a series of PP/PP-g-SiO,
nanocomposites. PP/PP-g-SiO, offered several advantages over pristine PP and
PP/SiO; such as highly uniform dispersion up to 5.0 wt%, 300-400% faster isothermal
crystallization rate at 128°C, and about 30% increments for both the Young’s modulus
and the tensile strength without largely sacrificing the melt-viscosity of pristine PP.
Chapter 2 concluded that grafted chains act as crystallization nuclei and co-crystallize
with matrix chains to make PP-g-SiO, as a physical cross-linker between lamellae,
while the linkage disappears in melt and grafted chains minimize the cohesive attraction
between nanoparticles. In the Chapter 3 reported that the effects of relationship
between the number of grafted PP chains and the mechanical properties investigated.
Tensile test indicated that the reinforcement of PP-g-SiO, nanoparticles was more
effective than that in conventional unmodified SiO, nanoparticles. The result
concluded that improvement of tensile strength strongly correlate with the number of
grafted PP chains. On the other hand, Young's modulus was strongly related to the
dispersion of nanoparticles than the grafted PP chains.

As application of the grafting technology, the Chapter 4 of polyethylene (PE)-based
nanocomposites were developed by adding PE-grafted SiO, (PE-g-SiO,) nanoparticles,
which were prepared by grafting terminally hydroxylated PE with chain length via M,

value of 3.0 x 10° ~ 8.0 x 10%. The obtained PE/PE-g-SiO, nanocomposites were
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characterized in terms of the nanoparticle dispersion, the crystallization, and the tensile
properties in a comparative way to pristine PE, PE/SiO, nanocomposites, and Chapter 2
reported PP/PP-g-SiO, nanocomposites. Similarly to the PP grafting, the PE grafting
markedly improved the dispersion of the nanoparticles in the corresponding matrix and
accelerated the crystallization. The addition of 5.0 wt% of PE-g-SiO, led to
increments of the Young's modulus and tensile strength over pristine PE by 23% and
11%, respectively, while the addition of SiO, hardly improved these tensile properties.
The reinforcing mechanism in the PE/PE-g-SiO, nanocomposites was also discussed.
In the Chapter 5, in order to establish a cost- and time-efficient synthetic strategy for
PP/PP-g-SiO, nanocomposites, the hydrosilylation of the terminally unsaturated for
visbroken PP and in-situ grafting of the hydrosilylated PP to SiO, nanoparticles were
successfully achieved. The resultant nanocomposites were found to endow promising
mechanical properties: the highest tensile strength and relatively better toughness. On
the other hand, the addition of visbroken PP also brought some disadvantages, such as
the ease of thermal degradation, the prevention of the crystallization, and reduced
Young’s modulus. Especially, the ease of the degradation limited the maximum
temperature for the hydrosilylation, which did not allow for us to alleviate the expensive
Pt-based catalyst. The Chapter 5 suggests that to reduce the visbreaking strength must
be the best solution for the said problems.

The general conclusion is shown in next section (6.2.).
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6.2. General conclusion

In general conclusion, 4 approaches via the two kinds of studies (Chapter 2 and 3)
and the two Kkinds of applications (Chapter 4 and 5) succeeded using the
polymer-grafting technology.

In recent years, the amount of annual worldwide production of PP as a one of the
general plastics has exceeded 60 million tons because of its versatile properties and
wide range of applications. Therefore, further expansions of use application are
necessary with the objective of substitute and recycle. The nanocomposite technique
is the most promising methods for the demand. However, poor adhesion between
apolar PP and polar nanofiller causes severe agglomeration of fillers, and results in only
marginal improvements. In order to overcome this difficulty, one of the best strategy
is to graft PP chains onto the nanoparticle. Grafted PP chains can reinforce the
matrix/filler interface through the physical-cross linkage.

In this research, various PP-g-SiO, nanoparticles on PP-based nanocomposites were
prepared by accurate controls from the functionalization condition, grafting reaction
condition, and other preparation conditions. The experimental results of PP/PP-g-SiO,
nanocomposites using various PP-g-SiO, were measured by some instrument such as
'H- and C-nuclear magnetic resonance (NMR) analyzer, Thermogravimetric (TG)
analyzer, transmission electron microscope (TEM) and scanning electron microscope
(SEM) observations, differential scanning calorimetry (DSC) measurement, tensile test,
and rheometer instrument.

The details are shown below.
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e The synthesis and functionalization of PP-t-OH and PE-t-OH succeeded using
Isotactic specific metallocene catalyst and TEA as a chain transfer agent, which could
control the M, between minimum 3.0 x 10° and maximum 4.6 x 10* via TEA
concentration.  The functionalization rate on chain end was 60-80% approximately
by *C-NMR analysis. In PP-t-OH, high M, more than 4.6 x 10* could not keep the

functionalization rate of over 60%.

e PP-g-SiO;, and PE-g-SiO, using PP(or PE)-t-OH and spherical SiO, succeeded by
grafting-reaction at 200C of 6 h in tetradecane solvent, which could control the

grafted amount between 21-120 chain/particle via different t-OH amounts.

e The crystallization rate of PP/PP-g-SiO, nanocomposites improved by 300-400%
compared with pristine PP, which depends on the chain length and chain number.
In grafted chain effect, crystallization rate of grafted amount 10 wt% improved by
short length more than long chain. However, crystallization rate of grafted chain

number was same value by excess grafted chain number.

e The tensile properties of PP/PP-g-SiO, nanocomposites improved the Young's
modulus and tensile strength compared with pristine PP and PP/SiO, nanocomposites
without changing crystallinity degree, melting point, and crystal form. Young’s
modulus and tensile strength indicated totally different dependence. It was
suggested that the dispersion of SiO;, nanoparticles dominated the Young’s modulus.
On the other hand, the tensile strength was almost linearly improved by increasing

the number of grafted PP chains. In particular, the tensile strength of sample greatly
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improved more than M, of 1.2 x 10*. This tendency indicates that grafted chain
length is over the critical molecular weight, which can tangle to matrix chain.
Therefore, this chain and matrix chain can form the physical cross-linkage structure.
As a result, the maximum improvements of PP/PP-g-SiO, were obtained by
PP/PP460-g-SiO, using longest grafted chain in Chapter 2, which is 29% for the
Young's modulus and 26% for the tensile strength respectively.

However, the reinforcement mechanism in PE/PE-g-SiO, nanocomposites was
suggested that the physical cross-linkage effect on the tensile reinforcements was less
pronounced for PE/PE-g-SiO, compared with PP/PP-g-SiO,, which is 23% for the
Young's modulus and 11% for the tensile strength respectively. In particular, the
decisive difference between the PP/PP-g-SiO, and PE/PE-g-SiO; is the elongation at
break. In PE-g-SiO, can lengthen over 300% of elongation at break. Thus,
improvement of tensile strength is limited to 11% compared with pristine PE.
Moreover, the toughness of PP-based nanocomposites using visbreak PP-terminal
vinylidene group (t-VD) indicated 200% compared with PP-based nanocomposites

using PP-t-OH.

e The melt viscoelasticity of PP/PP-g-SiO, nanocomposites can support the results of
mechanical properties and physical cross-linkage effect. The melt properties of
PP/PP-g-SiO, was same similar compared with pristine PP. This result indicated
not only the presence of physical cross-linkage but also the improvement of melt

processability more than PP/SiO,.
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These results consider that grafting technologies assist to development of novel

nanocomposite materials.
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1. Introduction

Science of polymer materials has advanced rapidly because of the major
breakthroughs on polymer structure, properties and usage during the last 50 years.
Especially, polypropylene (PP)-based materials are one of the most widely used plastics
(6080 x10* tons/year), characterized by various advantages such as low cost, light
weight (0.90 g/cm?), balanced mechanical properties, high melting temperature (Tr, =
155-165°C), good processability, low environmental load and so on [1].  In mechanical
properties and cost, PP is gaining attention as a possible construction material.
However, PP easily undergoes oxidative degradation, which is initiated by oxygen,
shear, heat, ultraviolet rays, catalyst residues and so on [2,3]. Oxidative degradation is
one of the most serious problems of polymer materials. This problem causes

deterioration of various mechanical properties and appearance [4,5]. Therefore,

2R-O0e - R-OH +R=0+10, > R-OH + R=0 + O,
T RH Radical scavenger

(Primary antioxidant)
( Hindered phenol stabilizer )
‘ Chemllumlnescence ‘ Re
(Heat, L|ght etc.)
HO R
o*\é
Hindered amine light stabilizer
(HALS)
4NN . WE— L HNb* R )
Autoxidation :
.—L}‘ utoxidatio ,’ R- OOH Peroxide decomposer

CyCIe / (Secondary antioxidant)
Phosphate stabilizer
OR
R-OH OR
R.H R-OOe Thioe(t)her stabilizer
HZO ROJ\/\S/\R’

R1-C(-08)(-CH,)-CH,-R? — R1-C(=0)(-CH,) + eCH,-R?
R-Oe

Figure 1. Autoxidation cycle



addition of stabilizers is essential to keep the properties. In Figure 1, oxidative
degradation of PP has been explained by the autoxidation cycle which basically consists
of initiation, propagation, chain scission and branching [6-9]. Stabilizers effectively
trap radicals and decompose peroxide products [10-12]. These two effects of
stabilizers are categorized as "primary antioxidant” and “secondary antioxidant"
respectively. In Figure 1 and Figure 2, primary antioxidants scavenge for alkyl (Re),

alkoxy (R-Oe), and peroxyl (R-OOe) radicals by donating hydrogen atoms. Thus

Hindered phenol stabilizer

Hindered amine light stabilizer (HALS)

1/20, + H@*R% R=0 + R-OH + oO—l\Ei>*R <—> R-O0e + R—O—N\;/;>*R

Figure 2. Reactions of primary antioxidants

these stabilizers stop the free-radical chain reaction of oxidation. On the other hand,
secondary antioxidants decompose the hydroperoxides (R-OOH) and stop the
propagation of radicals in Figure 1 and Figure 3. They reactions alter hydroperoxides
to more stable products. Especially, phosphates-based stabilizers show strong
synergistic effects in combination with hindered phenol-based stabilizers [10].
Furthermore, stabilizer effects in PP depend on chemical structure (antioxidant ability),
molecular weight (mobility, melting and boiling temperature), solubility (mobility and

diffusion), and combination of stabilizers [13,14]. Hence, evaluation of stability is
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most important factor on the lifetime of polymer products.

Phosphate stabilizer
R-OOH + P-OR ——> R-OH + OP-OR

Thioether stabilizer

(i) (i)

I LT I
R-OOH + T —> R-OH+ T:O |S:O + ROOH —> O:|S:O + ROH
R” R” R” R”

Figure 3. Reactions of secondary antioxidants

Stability and mechanism on the oxidative degradation of PP were investigated by
various instruments such as thermo gravimetry analyzer (TGA), high-temperature gel
permeation chromatography (HT-GPC), infrared spectroscopy (IR), ultraviolet visible
absorption spectroscopy (UV-vis), nuclear magnetic resonance (NMR), electron spin
resonance (ESR), gas chromatograph mass spectrometer (GC/MS) , chemiluminescence
analyzer (CLA) and so on [15-21]. Especially, CLA have some advantages compared
with other instruments. In Figure 4 this instrument can detect the ultra-weak

chemiluminescence (CL) of initial stage before oxidative degradation.

Other instrument
CLA (GPC, IR, TGA etc.)

Pure material Oxidation is progress... Degradation
Chain
Decrease of
properties

Figure 4. The advantage of CLA measurements

126



Furthermore, CLA not need oven, because this instrument can perform both the
detection and the heating in sample space (Figure 5). Therefore, CLA can obtain the
detailed information more than other instruments.  For instance, George et al. reported
that model PP is able to explain the observations of volatile formation in the earliest
stages of oxidation and the rapid crack formation at the end of the induction period as
well as other anomalies which cannot be rationalized in a homogeneous kinetic model
by CLA[21]. The aim of this work is to enlarge the performance and application of
the CLA instrument on the various characterizations. In this report, degradation

behavior of stabilized PP was observed by imaging CLA measurements.

Power
—]
Cooling device ~4
(25°C) PMT
300-850 nm
B
Filler ——»

Outline —=

Sample —
(100 ml/min)

Heater ——»

Figure 5. Model of CLA instruments
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2. Experimental

2.1. Materials

PP pellet (Figure 6, Novatec® PP MA 3, M, = 1.11 x 10°, M,, = 3.97 x 10°, MWD =
3.58, MFR = 11 g/10min, mmmm = 98 mol%, T, = 165°C, density = 0.90 g/cm®, Japan
Polypropylene Co., Ltd.) was donated by the company. Irganox 1010 {Figure 7(a),
pentaerythritol-tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate), hindered
phenol-based primary antioxidant, MW = 1178 g/mol, T, = 110-125°C, BASF Japan
Co., Ltd.} stabilizer and Irgafos 168 {Figure 6(b), Tris(2,4-di-tert-butylphenyl)
phosphate, hydrolytically stable phosphate-based secondary antioxidant, MW = 646.9
g/mol, Tp, = 183-186°C, BASF Japan Co., Ltd.} stabilizer were used as a stabilizer.

These materials were used for a sample preparation.

n

Figure 6. Molecular structures of PP

= N e N
o
HO (CHy)sC—O—CHA-C o+P
Hinderegd phenol
(@) Irganox 1010 (b) Irgafos 168

Figure 7. Molecular structures of Irganox 1010 stabilizer and Irgafos 168 stabilizer
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2.2. Sample preparations

Pristine PP (PP) was donated by the company. In Table 1, rPP, rPP/Irganox 1010,
rPP/Irgafos 168, and rPP/Irganox 1010/Irgafos 168 were prepared by injection molding
at 230°C. This rPP gave the thermal loading same as other samples in order for

accurate evaluation.

Table 1. PP and PP/stabilizer samples

Irganox 1010 amount Irgafos 168 amounts
Sample ?

(ppm) (ppm)
PP 0 0
rPP 0 0
rPP/Irganox 1010 2000 0
rPP/Irgafos 168 0 4000
rPP/Irganox 1010/Irgafos 168 2000 4000

& PP: Pristine PP, rPP: PP without stabilizer in injection molding at 230°C, rPP/nox1010
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2.3. Characterization of imaging CLA

Imaging CLA of TOHOKU ELECTRONIC INDUSTRIAL (TEI) Co., Ltd. is shown
in Figure 8.  Measurement samples of about 20-40 mg are set into the sample dish in
the chamber. CCD camera can detect the CL from the sample and monitor the data by
personal computer. This camera is cooled down to under —25°C by cooling device to
decrease the noise level. Samples can be heated up to 300°C and O, gas (100 ml/min)
can be introduced into the sample chamber. Measurement range is 150-300°C (0.2
°C/min). Incidentally sample position in chamber is shown in Figure 9.

Power

—

Cooling device <J CCD
(25°C) 300-1000 nm

Optical filler SN

Outline=—=
Sample — ==
(100 ml/min)

Heate! ———»

Figure 8. Model of CCD imaging type CLA-IMG instrument

Figure 9. Sample positions of (a) Pristine PP, (b) rPP, (c) rPP/Irganox 1010, (d)

rPP/Irgafos 168 and (e) rPP/Irganox 1010/Irgafos 168
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3. Results and discussion

Figure 10 shows the raw data of all samples on imaging CLA.

Figure 10. Result of imaging CLA observation from (a) Pristine PP, (b) rPP, (c)

rPP/Irganox 1010, (d) rPP/Irgafos 168 and (e) rPP/Irganox 1010/Irgafos 168

Yellow regions of photographs show CL by the decomposing R-OOH groups and/or
deactivating stabilizer. Figure 10 can see the oxidation degradation very visually.
This raw data change it to spectrum data in Figure 11. It shows time dependence of
imaging CLA during oxidative degradation. The CL intensity of the vertical axis

includes not only the luminescence intensity but also the total luminous region
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Figure 11. Result of imaging CLA measurements of (a) Pristine PP, (b) rPP, (c)

rPP/Irganox 1010, (d) rPP/Irgafos 168 and (e) rPP/Irganox 1010/Irgafos 168

on sample cell. The CL in induction period is very weak and could not get the
spectrum before 290 min (208°C). CL of samples was detected in order of rPP, PP,
rPP/Irganox 168, rPP/Irganox 1010, and rPP/Irganox 1010/Irganox 168 after 290 min.
The rPP is fastest detection by thermal loading, next is pristine PP without thermal
loading, and next is 3 types of stabilized PP.  On stabilized PP, rPP/Irgafos 168 showed
the stability that was lower than rPP/Irganox 1010 containing hindered phenol structure.
This reason depends on effective site of stabilizer in autoxidation cycle of Figure 1.

The synergy effect of two types of stabilizers between the primary antioxidant and
secondary antioxidant was seen in rPP/Irganox 1010/Irgafos 168. CL peak of this
sample is only one place despite using two stabilizers. Furthermore, this CL peak was
not same on rPP/Irganox 1010 and rPP/Irgafos 168. These results definitely suggest
that CL of PP is not the thing by boiling point and decomposition point of stabilizer

merely.
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4. Conclusion

PP materials are deteriorated by heat, light, or other stimulators. Degradation
behaviors of various PP/stabilizer samples were observed by imaging CLA. Asa
result, samples deteriorated according to general knowledge in order of rPP, PP,
rPP/Irganox 168, rPP/Irganox 1010, and rPP/Irganox 1010/Irganox 168.  Stability of
rPP/Irganox 1010/Irgafos 168 was able to observe the synergistic effect by two types of
stabilizers of the primary antioxidant and secondary antioxidant.  These results will
support the performance of CLA instruments. In future, CLA instruments shall be
used in various fields such as high throughput technology, lifetime prediction [22], and

SO on.
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