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a b s t r a c t

Surface-initiated reversible addition-fragmentation chain transfer (SI-RAFT) polymerization has been
widely used to synthesize various polymers grafted from nanoparticles (NPs) for incorporation into
polymer nanocomposites. It is believed that these grafted polymer brushes, with a similar chemistry as
the matrix polymer, can be employed to improve NP dispersion by reducing unfavorable interactions
between the inorganic NPs and organic matrices. While controlled radical polymerization methods do
not allow the polymerization of polyolefins, a substitute strategy is controllably attaching polyolefin-like
polymers onto the NP surface. In the present work, the SI-RAFT polymerization was used to anchor
poly(hexyl, lauryl, and stearyl methacrylate) on silica NPs, showing good control of the polymerizations.
The long alkyl side chains can create an “olefin-like” interface and improve the compatibility of modified
particles with polyolefins. Subsequently, we investigated the dispersion of these poly(alkyl
methacrylate)-modified silica NPs in linear low density polyethylene (LLDPE). Poly(stearyl
methacrylate)-grafted silica NPs (PSMA-g-SiO2) demonstrated improved dispersion of particles when
compared to shorter alkyl side chain methacrylates. TEM images showed that the dispersion of these
particles was highly dependent upon the molecular weight and density of the grafted PSMA chains.
Differential scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS), small-angle X-ray scat-
tering (SAXS), and dynamic mechanical analysis (DMA) were used to characterize these nanocomposites.
SAXS showed that the inter-particle distance (distribution of particle spacings) in the semicrystalline
state was broader than in the melt, suggesting that particles spacing was affected by the polyethylene
crystallization particularly at lower loadings. Nanocomposites at low loadings, 0.5 wt% core content,
showed significant improvement in storage modulus due to the compatible particle-matrix interface.
Further increases in particle loadings, however reversed this trend likely due to the increase in soft PSMA
content.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It has been well accepted that the incorporation of a small vol-
ume fraction of nanoparticles into a polymer matrix can lead to a
large property enhancement [1,2]. However, these enhancements
depend strongly on the NPs dispersion and the nature of the
nanoparticle!polymer interface [3e5]. One strategy to control the
interface is to covalently attach a polymer with the same chemistry
as that of the matrix onto the surface of NPs. Other variables
influencing the interface are the grafting density and the chain

length of the grafted polymer. Control over such variables can be
used to create an attractive interface due to the better entangle-
ment and wetting of the grafted chains and the matrix [6e9]. For
example, we have shown that grafting of polystyrene chains onto
the silica nanoparticles in a suitable range of chain densities and
chain lengths and mixing it with polystyrene matrix can result in
superior dispersion and offer improved mechanical properties
[10e12].

In contrast to the case of non-crystalline polystyrene nano-
composites, dispersion of NPs in polyolefins is a greater challenge.
Polyolefins are semi-crystalline polymers with phase separated
amorphous and crystalline domains. As the size of the particles
decreases to the nano-level and especially smaller than higher-
order structures in semi-crystalline polymers, particles can* Corresponding author.
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interact with these crystalline structures which may lead to even
more aggregation of NPs or changes in the matrix crystalline
structure [13,14].

Polyethylene (PE) is one of the most important and widely used
plastics due to its inertness, low cost, good processability, light
weight, and good mechanical properties [15,16]. PE nano-
composites are conventionally prepared by extreme extrusion
mixing of inorganic particles with the polymer in the melt which in
most cases leads to large aggregates, significantly decreasing
reinforcement [17]. In recent years, a variety of new methods have
been proposed for improving the dispersion of particles in PE. In
situ particle synthesis within the polymer matrix as well as
attachment of Ziegler-Natta catalysts on nanoparticle surfaces fol-
lowed by ethylene polymerization have been reported [18e21].
However, these methods have the disadvantages of complexity,
possible aggregation of particles and inhomogeneous dispersion
throughout the matrix. Another method which has attracted more
attention is grafting a type of alkyl molecule or an end-
functionalized PE onto the particle surface through chemical
bonding (grafting-tomethod) [14,17]. This method has shown some
improvements in the dispersion of particles as well as in the in-
teractions between themodified particles and thematrix. However,
this method is restricted to low graft densities and low molecular
weights because of the steric hindrance imposed by the already
grafted chains, while it has been well established that high graft
density brushes are necessary to screen attractive van der Waals
interactions between particle cores [22,23]. An alternative is the
grafting-from approach in which the initiating sites are attached to
the substrate surface. Polymerization is then conducted from the
particle surface to prepare polymer-grafted NPs [24,25]. We have
previously shown that the grafting-from strategy has advantages
over the grafting-to since we can achieve a wide range of chain
densities and molecular weights by performing the radical poly-
merization of the desiredmonomer on the surface of substrate [26].
While controlled radical polymerization methods do not allow the
polymerization of PE, a substitute strategy could be controllably
attaching polyolefin-like polymers onto the NP surface. In this
work, we studied the RAFT polymerization of long side-chain
methacrylates on silica NPs. These polymers were chosen because
of the chemical similarity of their “olefin-like” side-chains to PE.
We then investigated the dispersion and properties of the poly(-
alkyl methacrylate)-modified silica NPs with different side-chain
lengths, chain densities, and overall chain lengths in a linear low
density polyethylene (LLDPE) matrix.

2. Experimental

2.1. Materials

LLDPE (Dowlex 2045, Mn ¼ 34676 g/mol, PDI ¼ 3.55) was
supplied by Sealed Air Co. HPLC grade anhydrous THF was pur-
chased from Fisher Scientific and used without further purification.
Colloidal silica nanoparticles (15 nm, 30 wt % in methyl isobutyl
ketone (MIBK)) were supplied by Nissan Chemicals Inc. Lauryl
methacrylate (97%, Acros), stearyl methacrylate (95%, TCI America),
and hexyl methacrylate (98%, TCI America) were passed through a
basic alumina column to remove the inhibitor before use. Other
materials utilized in the RAFT polymerization synthesis of grafted
nanoparticles have been reported earlier [22].

2.2. Synthesis of CPDB-g-SiO2 nanoparticles

In a typical experiment, a solution (20 mL) of colloidal silica
particles (30 wt % in methyl isobutyl ketone) was added to a two-
necked round bottom flask and diluted with 40 mL of THF. 3-

Aminopropyldimethylethoxysilane (0.32 mL, 2 mmol) was added
and the mixture was refluxed in a 75 #C oil bath for 5 h under ni-
trogen protection. The reaction was then cooled to room temper-
ature and precipitated in a large amount of hexanes (300 mL). The
particles were then recovered by centrifugation and dispersed in
THF using sonication and precipitated in hexanes again. The amine-
functionalized particles were then dispersed in 40 mL of THF for
further reaction. Then 0.2 g, (0.4 mmol) of activated 4-cyano-4-
(phenylcarbonylthioylthio)pentanoate (CPDB) was prepared as
described previously [26] and added dropwise to a THF solution of
the amine functionalized silica nanoparticles (40 mL, 6 g) at room
temperature. After complete addition, the solution was stirred
overnight. The reaction mixture was then precipitated into a large
amount of hexanes (300 mL). The particles were recovered by
centrifugation at 3000 rpm for 8 min. The particles were redis-
persed in 30 mL THF using sonication and precipitated in hexanes.
This dissolution!precipitation procedure was repeated two more
times until the supernatant layer after centrifugationwas colorless,
indicating the complete removal of ungrafted CPDB from the par-
ticles. The pink CPDB-anchored silica nanoparticles were dried
under vacuum at room temperature and analyzed using UV analysis
to determine the chain density using a calibration curve con-
structed from standard solutions of free CPDB.

2.3. Surface-initiated RAFT polymerization of alkyl methacrylate

CPDB-g-SiO2 NPs with surface density of 41.9 mmol/g (6 g,
0.251 mmol), monomer (125.7 mmol), THF (1 L), and AIBN initiator
(0.025 mmol) with a ratio between species of
[monomer]:[CTA]:[initiator] ¼ 500:1:0.1 were added to a round
bottom flask. The particles were dispersed into the solution via
sonication for 2 min and subsequently the mixture was purged by
nitrogen for 30 min and then was placed in an oil bath set at 60 #C.
The polymerization was stopped after various times (hr) by
quenching in ice water. The resultant polymer grafted particles
were then precipitated into a large amount of isopropanol and
centrifuged at 5000 rpm for 5 min and the particles were dispersed
back into THF. A small number of particles were set aside and the
chains were cleaved using hydrofluoric acid and analyzed for mo-
lecular weight and PDI measurements.

2.4. Composite preparation

Various poly(alkyl methacrylate)-modified NPs solutions in THF
were mixed with a 5% solution of LLDPE in toluene in appropriate
quantities at 100 #C. The solution was stirred for 10 min and was
cast on glass and dried in vacuum for 24 h and then annealed at
150 #C for several hours. The final filmwas peeled off to be used for
further characterizations.

2.5. Instrumentation

The composites were embedded in epoxy and cryo-microtomed
at !160 #C into 100e150 nm slices using a diamond knife. Sections
were collected on a copper grid for transmission electron micro-
scopy (TEM). The microstructures were imaged on a Hitachi H8000
TEM operating at an accelerating voltage of 200 kV. TGA charac-
terization was operated using a TA Instruments Q5000 with a
heating rate of 10 #C/min from 25 #C to 1000 #C under nitrogen
flow. NMR spectra for kinetic studies were recorded on a Varian 300
spectrometer using CDCl3 as a solvent. Molecular weights and
dispersity (Ð) were measured using a Polymer Labs PL-GPC-120 gel
permeation chromatograph (GPC) associated with a 515 HPLC
pump, a 2410 refractive index detector, and three Styragel columns.
The columns consisted of HR1, HR3 and HR4 which have
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corresponding effective molecular weight ranges of 100e5000,
500e30000, and 5000e500000, respectively. The GPC used tetra-
hydrofuran (THF) as eluent at 30 #C and a flow rate of 1.0 mL/min
with the calibration of poly(methyl methacrylate) standards ob-
tained from Polymer Laboratories. Differential scanning calorim-
etry (DSC) was performed using a TA Instruments DSC Q-2000 with
steady heating and cooling rates of 10 #C/min and nitrogen flow
rate of 20 mL/min. Dynamic mechanical analysis tests were per-
formed using a TA Instruments RSAIII dynamicmechanical analyzer
(DMA). The tests were run on 0.2 mm thick films from !140 to
100 #C, using a heating rate of 3 #C min!1. They were performed in
tensile mode with strain rate of 0.1% and at frequency of 1 Hz.
Small-angle X-ray scattering (SAXS) experiments were conducted
using a SAXS LAB Ganesha at the South Carolina SAXS Collaborative
of the University of South Carolina. A Xenocs GeniX3D microfocus
source was used with a copper target to generate a monochromic
beam with a 0.154 nm wavelength. The instrument was calibrated
using a silver behenate reference with the first order scattering
vector q* ¼ 1.076 nm!1, where q ¼ 4pl!1sin q with a total scat-
tering angle of 2q. Each data set was acquired for about 30 minwith
an incident X-ray flux of ~1.5 M photons/s. Samples were first
analyzed at room temperature and then heated to 150 #C for 1 h
and analyzed in the melt in order to compare the dispersion of
particles.

3. Results and discussion

3.1. Surface initiated RAFT polymerization of alkyl methacrylate

Scheme 1 shows three different polymers studied in this work:
Poly(hexyl methacrylate) (PHMA), poly(lauryl methacrylate)
(PLMA), and poly(stearyl methacrylate) (PSMA). PLMA and PSMA
are semicrystaline polymers since their alkyl side chains crystallize
in spite of an amorphous backbone [27].

Using the grafting-from approach, we have previously demon-
strated the synthesis of polymer-grafted particles using the RAFT
polymerization technique from surface-anchored chain transfer
agents, which in this work were used to prepare poly(alkyl

methacrylate)-g-silica NPs (Scheme 2) [26]. In this process, a
mercaptothiazoline activated-CPDB (4-cyano-4-(phenyl-
carbonylthioylthio)pentanoate) chain transfer agent was anchored
onto the surface of silica nanoparticles functionalized with amine
groups. This approach has been used to prepare CPDB-grafted silica
nanoparticles (CPDB-g-SiO2) with graft densities varying from 0.01
to 0.68 RAFT agents/nm2 by controlling the ratio of silica nano-
particles to 3-aminopropyldimethylethoxysilane [26,28].

We have previously reported the synthesis and kinetic studies of
the surface-initiated RAFT polymerization of HMA [29]. Here we
studied the RAFT polymerization of SMA and LMA in solution and
on the surface of nanoparticles. SI-RAFT polymerization of stearyl
methacrylate was carried out from the surface of CPDB-g-SiO2 to
give poly(stearyl methacrylate) brush-anchored silica nano-
particles (PSMA-g-SiO2). Azobisisobutyronitrile was used as the
initiator and a 10:1 [CPDB]/[AIBN] ratio utilized for all polymeri-
zations. Low AIBN concentrations minimized the amount of free
polymer and still maintained a moderate polymerization rate [24].
The weight ratio of THF/SMA was kept high (~6) for all SMA poly-
merizations since high concentrations of hydrophobic SMA caused
silica particles to aggregate. Therefore, particles were diluted down
in THF prior to addition of monomer. The polymerization reaction
was carried out at 60 #C for a desired time and then precipitated in
methanol. PSMA chains were etched from the silica nanoparticles
by hydrofluoric acid and were analyzed by GPC analysis. The GPC
traces of the cleaved PSMA and PLMA are shown in Figs. S1 and S2
respectively.

The kinetic study of SI-RAFT polymerization of SMA on nano-
particles (coated CPDB density: 0.16 agents/nm2) was followed over
19 h to demonstrate the living character of the RAFT process. Fig. 1a
shows the pseudo-first-order rate plot for this polymerization. The
ratio between the species of [SMA]/[CPDB]/[AIBN] was 1000:1:0.1
in THF with a monomer concentration of 25% wt/vol. Conversion of
monomer was determined by 1H NMR by comparing the vinyl
hydrogens of the monomer with those of trioxane. A linear rela-
tionship between ln([M0]/[Mt]) (where M0 is the initial monomer
concentration and Mt is the monomer concentration at time t) and
polymerization time was observed after an induction time of 3 h,
which implies a constant radical concentration. The Mn deter-
mined by GPC (calibrated with PMMA standards) increased nearly
linearly with monomer conversion for molecular weight up to
approximately 100 kg/mol. (Fig. 1b). The higher experimental mo-
lecular weights (compared to the theoretical) are likely due to the
use of PMMA standards in GPC analysis. The same trend was
observed for the kinetic studies of the solution RAFT polymeriza-
tion of SMA and LMA (Figs. S3 and S4). Demetriou et al. [30] have
reported similar observations for the RAFT polymerization of LMA
in benzene and related this difference to the partial CTA deactiva-
tion. However, we believe this difference arises from the relative
molecular weights obtained from a GPC calibrated with PMMA
standards.

The dispersity for the SI-RAFT polymerization of SMA (Ð ~ 1.4)
was larger at higher molecular weights compared to solution
polymerization of SMA (Ð ~ 1.2) (Fig. S3). This could be attributed to
either the dilute polymerization media (solvent to monomer ratio
was ~6) which would increase the dispersity by limiting the access
of monomer to the growing chain, or that the bulky immobilized
PSMA chains on the particle hinder access of the growing radicals to
the monomers.

The kinetic study of the SI-RAFT polymerization of LMA is
shown in Fig. 2. It was performed by the same method and con-
ditions as for SMA. However, the polymerization of LMA proceeded
to higher monomer conversions and higher molecular weights.
This result may be attributed to the smaller size of LMA monomer
compared to SMA, which then allows for easier access of monomersScheme 1. Chemical structures of poly(hexyl, lauryl, and stearyl methacrylates).
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to the growing radicals.
The surface initiated RAFT polymerization method described

above was then used to prepare several different polymer-grafted
particles, some of which are summarized in Table 1. PHMA,
PLMA, and PSMA grafted NPs were synthesized at a constant chain

Scheme 2. Modification of silica nanoparticles by poly(alkyl methacrylates) using the RAFT technique.

Fig. 1. (a) Kinetic plot and (b) dependence of the GPC molecular weight (diamond),
theoretical molecular weight (solid line), and dispersity (triangle) on the conversion
for the surface-initiated RAFT polymerization of stearyl methacrylate on modified
nanoparticles with CPDB density: 0.16 agents/nm2 ([SMA]/[CPDB]/
[AIBN] ¼ 1000:1:0.1).

Fig. 2. (a) Kinetic plot and (b) dependence of the GPC molecular weight (diamond),
theoretical molecular weight (solid line), and dispersity (triangle) on the conversion
for the surface-initiated RAFT polymerization of lauryl methacrylate on modified
nanoparticles with CPDB density: 0.16 agents/nm2 ([LMA]/[CPDB]/
[AIBN] ¼ 1000:1:0.1).
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density of 0.16 ch/nm2 with molecular weights of 70, 165, and
115 kg/mol, respectively. Then, PSMA-g-SiO2 with various chain
densities and molecular weights were also synthesized (see
Table 1).

3.2. LLDPE nanocomposites filled with various poly(alkyl
methacrylate)-grafted nanoparticles

The main goal of this study was to investigate the compatibility
of various poly(alkyl methacrylate) grafted silica NPs with a poly-
olefin such as LLDPE. During the preparation of this paper, Sanchez
et al. [31] reported on the preparation of low density polyethylene
nanocomposites filled with poly(lauryl methacrylate) grafted Al2O3
nanoparticles. However, they did not fully investigate the role of
the molecular graft variables on the dispersion of nanoparticles in
the matrix. Moreover, this work reports significant differences be-
tween lauryl methacrylate and the longer stearyl methacrylate and
their compatibility with polyethylene matrices.

To study the effect of different chemistries on the dispersion and
the properties of LLDPE nanocomposites, PHMA, PLMA, and PSMA-
grafted NPs (NP-1, NP-2, and NP-3 from Table 1) were prepared and
studied. Samples were prepared at 4 wt% silica core loading which
were determined by Thermogravimetric Analysis (TGA). Fig. 3
shows the TGA measurements for PSMA-g-SiO2 (NP-3) and NP-3
mixed with LLDPE at 4 wt% silica core loading.

The dispersion of the grafted silica NPs was examined using
Transmission Electron Microscopy (TEM). Fig. 4 shows a repre-
sentative comparison of dispersion states for nanocomposites filled
with bare silica, PHMA, PLMA, and PSMA-grafted nanoparticles.
Nanocomposites filled with bare silica (Fig. 4a) showed a compact
aggregation of particles due to the incompatibility and poor inter-
face between silica and PE. PHMA-g-SiO2 also showed particle ag-
gregates (Fig. 4b). Although the particles were grafted with PHMA,

micrometer size agglomerates still formed due to the in-
compatibility between the PHMA brush and PE matrix. We suggest
that the hexyl side chain in PHMA does not make the PHMA suf-
ficiently “olefin-like” and the mixing is thus enthalpically unfa-
vorable. PLMA-g-SiO2, with a dodecyl pendent group, is more
olefin-like compared to PHMA and showed some level of compat-
ibility with PE (Fig. 4c). The TEM images of PLMA-g-SiO2 showed
less firmly packed agglomerates than the bare silica and PHMA-g-
SiO2 filled nanocomposites. The compact agglomerated structures
observed previously were not observed, instead replaced by
swollen self-associated structures (intermediate morphology).
Fig. 4d shows the TEM image for nanocomposites filled with PSMA-
g-SiO2 nanoparticles with randomly distributed particles. PSMA,
with 18 carbon side chains, is believed to be sufficiently olefin-like
to show a good level of compatibility with PE. Since PSMA-g-SiO2
particles showed better compatibility with the PE matrix, these
particles were the focus for further studies.

3.3. Effect of grafting chain densities

In order to investigate the role of polymer chain grafting density
on the dispersion of PSMA-g-SiO2 NPs in a PE matrix, PSMA-g-SiO2
NPs with chain densities of 0.03, 0.06, 0.16 and 0.33 ch/nm2 with
molecular weights of 121, 132, 115, and 86 kg/mol, respectively,
were synthesized. Fig. 5 shows the TEM micrographs of the nano-
composites attributed to these samples. It is evident that as the
chain density increased, the dispersion of the particles improved. A
chain density of 0.03 ch/nm2 corresponds to about 20 chains per
particle which appears to be insufficient to screen the core-core
interactions between silica particles leading to large aggregated
structures. The 0.06 ch/nm2 particles also appeared insufficient to
alleviate the core-core interactions between silica particles. How-
ever, the sizes of the agglomerates were smaller than nano-
composites prepared with 0.03 ch/nm2 particles. Particles with
densities of 0.16 and 0.33 ch/nm2 showed much improved disper-
sions of particles. The density of 0.16 ch/nm2 corresponds to about
100 polymer chains per particle and is believed to be enough to
moderate the core-core interactions. It is worth mentioning that
the molecular weights of the PSMA brushes were chosen to ensure
that the chain segments at the outer portions of the nanoparticles
would be in the semi-dilute brush conformations.

3.4. Effect of grafted polymer chain length

In order to investigate the role of grafted PSMA chain length on
the nanoparticles dispersion, PSMA-g-SiO2 NPs at the same chain
density of 0.16 ch/nm2 with different molecular weights of 10, 40,
and 115 kg/mol were prepared and used to fabricate LLDPE nano-
composites (Table 1). Fig. 6 shows a comparison of TEM micro-
graphs of these nanocomposites. The dispersion of nanoparticles is
evidently improved with the increase in the molecular weight of
the grafted PSMA. Particles with 10 kg/mol grafted PSMA formed
large agglomerates, despite the compatibility of the grafted chains
and matrix chains discussed earlier. Although the particles were
grafted with PSMA chains to screen the core-core attractions, par-
ticles still aggregated because of the poor entanglement between
the short grafted PSMA and long LLDPE chains (matrix cannot wet
the polymer-grafted particles) [6e9,22]. Increasing the molecular
weight of the PSMA brush to 40 kg/mol improved the entangle-
ment but not sufficient to fully disperse the nanoparticles. When
the grafted chain length finally increased to 115 kg/mol, favorably
interaction and entangle with the matrix chains led to spatially
dispersed particles.

Table 1
Various poly(alkyl methacrylate)-g-SiO2 NPs synthesized using RAFT
polymerization.

Number Polymer Graft density, chains/nm2 MW, Kg/mol

NP-1 PHMA 0.16 70
NP-2 PLMA 0.16 165
NP-3 PSMA 0.16 115
NP-4 PSMA 0.06 132
NP-5 PSMA 0.03 121
NP-6 PSMA 0.16 10
NP-7 PSMA 0.16 40
NP-8 PSMA 0.33 86

Fig. 3. TGA curves for the NP-3 nanoparticles (dashed line) and 4 wt% NP-3/LLDPE
composite (solid line).
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3.5. Characterization of PSMA-g-SiO2 filled LLDPE nanocomposites

The composite with NP-3 (highly dispersed sample) was used
for initial screening studies to probe the interactions between the
PSMA-g-SiO2 particles and LLDPE. Composites with 10, 20, 30, 40,
and 60 wt% PSMA-g-SiO2 nanoparticles were prepared which
contained 2, 4, 6, 8, and 12 wt% core silica, respectively (Table 2).
Samples were solution cast on glass and after solvent evaporation,
annealed for 24 h. DSC was used to study the thermal properties of
the composites (Fig. 7). The temperature was increased at a rate of
10 #C/min from !50 to 150 #C and then cooled at 10 #C/min
to !50 #C. This was repeated two times per specimen. Data from
the first cycle was not considered in order to eliminate thermal
history effects. The cyclic heating-cooling DSC curves for LLDPE
filled with 20% PSMA-g-SiO2 (NP-3) are illustrated in Fig. S5.

The unfilled LLDPE showed a peak at 124 #C for the melting
transition with a shoulder at ~113 #C which was attributed to the

composition distribution of the side chains in the LLDPE. This peak
did not move with addition of up to 60 wt% particles. The crystal-
lization peak for the unfilled LLDPE was at 110.1 #C. This peak also
did not seem to be greatly affected by the incorporation of particles.
Composites containing PSMA-g-SiO2 showed a melting transition
at 30 #C attributed to the side-chain crystallization of PSMA which
increased with increasing particles loading. It is worth mentioning
that the melting transition for the pure PSMA-g-SiO2 was 33 #C
which is higher than that of the related composite. The decrease for
the melting point could be due to the perturbation of the molecular
ordering of PSMA in the composite [32].

Wide angle x-ray scattering (WAXS) patterns of neat LLDPE and
20% filled composite shown in Fig. 8 show two main peaks at 21.5
and 23.6# (2q) which correspond to the (110) and (200) planes of PE
[33]. The WAXS pattern of the nanocomposite shows no measur-
able changes in the crystalline lattice structure of the PE matrix,
which suggests that the crystallinity of the LLDPE matrix is not

Fig. 4. TEM micrographs of LLDPE nanocomposites filled with 4% loading of a) bare silica, b) PHMA-g-silica (NP-1), c) PLMA-g-silica (NP-2), and d) PSMA-g-silica (NP-3) at a fixed
chain density of 0.16 ch/nm2 (scale bars are 200 nm).

Fig. 5. TEMmicrographs of LLDPE nanocomposites filled with approximately 4% silica loading of PSMA-g-silica NPs with chain densities of a) 0.03 (NP-5), b) 0.06 (NP-4), c) 0.16 (NP-
3), and 0.33 ch/nm2 (NP-8). (Scale bars are 200 nm).
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affected by the particles [34].
The results from the SAXS of the 20, 40, and 60% PSMA-g-SiO2

(NP-3) filled nanocomposites at solid state (room temperature) and
melt state (140 #C) are shown in Fig. 9a and b, respectively. The
scattering peak originates from the contrast between the silica
particle and the polymeric matrix (~80% increase in electron den-
sity for silica over crystalline PE) which is completely different from
the primary scattering contrast between the crystalline and

amorphous phase (Fig. S6). The effective surface-to-surface dis-
tance between the particles, heff was determined using

heff ¼
2p
qm

! deff

where qm is the first-order scattering maximum and deff is the
effective particle diameter which is approximately 14 nm. Using
this formula heff was calculated to be 24, 19, and 17 nm for 20, 40,
and 60% filler loadings, respectively, in both the melt and solid
state. Therefore, mean particle spacing remained unchanged when
the sample was cooled from the melt to below the crystallization
temperature (Tc). However, the x-ray peaks broadened in the
crystalline state (Fig. 9a). This has been quantified from the half-
width-at half-maximum (Dq) on the high-q side of the peaks
(Dq ¼ 0.05, 0.04, and 0.04 nm!1 for 20, 40, and 60% loadings above
Tm, respectively, and Dq ¼ 0.09, 0.06, and 0.06 nm!1 for 20, 40, and
60% loadings below Tc, respectively). This means that the distri-
bution of particle separation is broadened in the semicrystalline
polymer. It is clear that the broadening is muchmore significant for
the 20% filled sample compared to samples with higher particle
loadings. This phenomenon has been observed in our previous
work on polyethylene oxide composites filled with PMMA-g-SiO2

Fig. 6. TEM micrographs of LLDPE nanocomposites filled with approximately 4% silica loading of PSMA-g-silica NPs with different grafted molecular weights of a) 10 (NP-6), b) 60
(NP-7), and c) 115 kg/mol (NP-3), at a set chain density of 0.16 ch/nm2 (Scale bars are 200 nm).

Fig. 7. DSC curves of different LLDPE systems filled with PSMA-g-SiO2 with 0.16 ch/
nm2 density and 115 kg/mol molecular weight. Percent loading is based on total weight
of filler.

Fig. 8. WAXS results showing negligible changes in the patern for the pure LLDPE and
LLDPE filled with 20% NP-3.

Table 2
Thermal and crystalline properties of LLDPE composites.

LLDPE/Fillers Filler loading (wt%)a Tm (#C) Tc (#C)

LLDPE 0 123.9 110.1
LLDPE/NP-3 10 123.9 109.5
LLDPE/NP-3 20 124.5 109.2
LLDPE/NP-3 30 123.9 108.6
LLDPE/NP-3 40 124.8 108.0
LLDPE/NP-3 60 123.5 107.1

a The weight percent is based on the total PSMA-g-SiO2 (nanocomposite with 20%
filler contains 4% silica and 16% grafted PSMA).
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NPs that showed samples with particle loadings below 20% did not
contribute to the crystalline structure of the matrix and the parti-
cles are forced away from the crystalline sites [34]. This was further
investigated by SAXS analysis of two 20% loading nanocomposites
at room temperature. Both samples were cooled after a 24 h ther-
mal annealing period, one quenched in liquid nitrogen and the
other cooled at a rate of 0.5 #C/min (Fig.10). The slow cooled sample
showed a broader peak compared to the fast cooled sample, which
indicates a broader distribution of particle separation for the slow
cooled sample. This result suggests that when the composite was
cooled fast, particles did not have time to move away from the
crystallizing fronts and were trapped, resulting in a narrower par-
ticle separation. Therefore, we conclude from these differences
especially at lower particle loadings, the growing polyethylene
crystallites push some of the particles out of the way, resulting in a
broader distribution of particle spacing in the solid state. TEM

imaging over a range of particle loadings did not present obvious
differences in dispersion, but showed that particles were generally
well-dispersed within the PE matrix. Fig. 11 illustrates the TEM
results for the 60% filled composite which shows a good state of
dispersion even at such high loading.

Film samples (0.2 mm) of neat LLDPE, nanocomposites con-
taining 2.5% and 12% PSMA-g-SiO2 (NP-3), and a control sample
containing 0.5% silica and 2% of free PSMA were prepared and
analyzed by dynamic mechanical analysis (DMA) in the tempera-
ture range of!140e100 #C. Note that a 2.5% PSMA-g-SiO2 com-
posite contains 0.5% of core silica and approximately 2% of grafted
PSMA. Both storage (Fig. 12) and loss moduli (Fig. S7) of all com-
posites were increased compared to the neat LLDPE films and the
increase was more significant at lower temperatures. The increases
of the storage modulus at !100 #C for 2.5% control, 2.5%-NP-3, and
12%- NP-3 were found to be 15%, 87%, and 62% respectively while
these increases at 25 #C for 2.5% control, 2.5%-NP-3, and 12%-NP-3,
were found to be 18%, 52%, and 38%, respectively. Therefore, the
composite containing 0.5% bare silica þ2% free PSMA showed the
smallest increase in modulus. A similar increase was observed in
the case of addition of 0.5% bare silica and is consistent with pre-
vious reports for polyethylene composites [31,35,36]. These results
support that a composite containing 2.5% of well-dispersed PSMA-
g-silica has a greater interfacial adhesion between the particles and
the matrix due to the compatibility of PSMA brushes and the
polyethylene matrix which causes a better load transfer at the
particle-matrix interface. The further increase of PSMA-g-SiO2
loading to 12% did not further increase the storage modulus. This
trend has been previously seen in other cases of polyethylene
composites, i.e., that by increasing the nanoparticles concentration,
the mechanical reinforcement becomes smaller [31,35]. This phe-
nomenon was attributed to the possible aggregation of particles at
loadings above 1%. However, we know that PSMA-g-SiO2 particles
(NP-3) were well-dispersed in LLDPE even at higher loadings,
therefore other reasons could be involved in our work. A 12%
PSMA-g-SiO2 composite contains approximately 2.5% core silica
and 9.5% of grafted PSMA chains. Since PSMA has much lower
modulus compared to polyethylene, we believe that further in-
creases in concentration of PSMA on the grafted particle negates
the effect of the dispersed silica particles on the modulus especially
at higher temperatures (melting point of PSMA is ~33 #C). There-
fore, maintaining a low concentration of particles is necessary for
achieving higher mechanical reinforcement. While these data
confirm the compatibility of PSMA-g-SiO2 with polyethylene, more
detailed studies are needed to investigate the effect of these par-
ticles on other properties of polyethylene composites which will be

Fig. 9. SAXS results of the 20, 40, and 60% (NP-3) loading nanocomposite as a function
of scattering vector, q, at solid state (room temperature) and melt state (140 #C). Note
that the scattering peak originated from the contrast between the silica particle and
the polymeric matrix (not the scattering between the crystal and amorphous phase).

Fig. 10. SAXS results of the 20% loading nanocomposite as a function of scattering
vector, q, at room temperature cooled from two annealed samples, one quenched in
liquid nitrogen and the other one slowly cooled down with a rate of 0.5#/min. Fig. 11. TEM results for LLDPE nanocomposite filled with 60% NP-3.
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the focus of our research for the future.

4. Conclusions

We have demonstrated a method for the preparation of poly(-
alkyl methacrylate)-grafted silica nanoparticles using surface-
initiated RAFT polymerization. Composites of LLDPE filled with
PHMA, PLMA, and PSMA-g-SiO2 NPs were prepared and examined
by TEM to test the effects of side chain length on the dispersibility.
PSMA-g-SiO2 showed the highest state of dispersion among the
three modified particles. It was suggested that the 18 carbon long
alkyl side chains make the PSMA more “olefin-like” and are
responsible for the compatibility of PSMA-g-SiO2with polyethylene
due to the molecular similarity. The graft density of PSMA chains
was also shown to be crucial in the dispersion of particles
throughout the matrix. Particles with lower grafting densities
agglomerated where the higher densities showed improved dis-
persions. The agglomeration of lower graft density particles was
due to the core-core interaction of silica particles. The effect of
chain molecular weight was also studied and showed that low
molecular weight PSMA grafted particles agglomerated and as the
molecular weight increased the state of dispersion improvedwhich
was ascribed to the enhanced entanglement of high molecular
weight brushes with the LLDPE matrix. DSC and WAXS revealed
that PSMA-g-SiO2 particles did not greatly affect the thermal and
crystalline properties of LLDPE. SAXS studies showed the particle
spacing distribution broadened when cooling the samples slowly
from the melt to the crystalline state. For the nanocomposites with
nanoparticle loadings especially below 20wt%, it is likely that some
of the nanoparticles were pushed out of the way of the growing
crystallites, resulting in a broadening of the particle distribution.
Storage and loss modulus of the samples were analyzed by DMA
and showed improvement by the addition of PSMA-g-SiO2 NPs. The
storage modulus of the polyethylene improved by addition of only
2.5% PSMA-g-SiO2 (NP-3) and this improvement was found to be
more significant at lower temperatures (up to 90%). The detailed
investigation of the effect of these compatible particles on the
properties of polyethylene is an interesting issue that we shall
probe in future work.
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