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ABSTRACT

Poly(butyl methacrylate) (PBMA) densely grafted on a fumed silica particle consisting of primary
particles with an average diameter of 14 nm, has been synthesized by surface-initiated atom transfer
radical polymerization (SI-ATRP). In these syntheses, a newly designed initiator, p-(bromomethyl)benzyl
2-bromoisobutylate was used for the immobilization of the initiator moiety on the silica particle to give
the densely grafted PBMA. Thus synthesized nanocomposites have exhibited unusual miscibility with
poly(vinyl chloride) (PVC) through differential scanning calorimetry (DSC). The derivative DSC peaks for
the composite/PVC blends were significantly different from those for the conventional PBMA/PVC blends.
This interesting finding is due to a wide gradient of the PVC concentration on a microscopic scale,
resulting from the densely grafted PBMA chains; the PBMA component is enriched near the surface of the
fumed silica, while the PVC component is enriched far from the surface. This gradient miscible state is
strongly supported by dynamic mechanical analysis. Furthermore, a synergistic effect on storage
modulus was seen in the nanocomposite/PVC blends.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer/inorganic nanocomposite materials have remarkably
been developed for the last few decades [1-9]. Generally, in these
materials, nano-sized inorganic fillers are dispersed in polymer
matrices. The inorganic fillers include silica particles, layered sili-
cates (e.g., montmorillonaite, mica), carbon materials (e.g., carbon
black, carbon nanotube), nanoparticles of metals and metal oxides
(e.g., Au, Ag, TiO,, Fe304), and so on. Among these inorganic fillers,
silica particles, such as fumed and colloidal silica, are one of the
most widely used materials because of their advantages of stiffness,
dielectricity, chemical stability, availability and inexpensiveness;
especially, fumed silica is effective in reinforcement of polymeric
materials due to its large specific surface area and relatively high
aspect ratio. Polymer/silica nanocomposites, therefore, have
attracted not only academic interest but also industrial one [10,11].

On the other hand, interfaces between the polymers and the
inorganic fillers play a dominant role in properties of the nano-
composites. Strong interaction at the interface often leads to good
mechanical properties; stiffness, tensile and impact strengths.
Therefore, the surfaces of inorganic fillers have commonly been
treated with organic agents, such as silane coupling agents. Polymer
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grafting is also promising for modification of the fillers [12-27]. The
technique of grafting polymer is divided into two methods, “grafting-
to” and “grafting from”. The “grafting-to” method involves the
reaction of reactive macromolecules and functional groups on fillers
[12-14]. Though synthetically simple, “grafting-to” method has
a number of disadvantages; most notably low graft density due to
steric hindrance by the polymer chains. The “grafting from” method
overcomes this serious limitation, where the surfaces of inorganic
fillers are modified with initiators, and then monomers are poly-
merized [15-27]. “Grafting from” provide high graft densities because
unlike polymer chains, the small monomers can easily approach the
active sites for polymerization. The “Grafting from” method also
referred to as surface-initiated polymerization (SIP). In recent years,
SIP involving living polymerization (especially, living radical poly-
merization; e.g., atom transfer radical polymerization (ATRP) [28,29],
reversible addition-fragmentation chain transfer polymerization
[30]), or surface-initiated living polymerization (SILP) has been
established to give controlled and/or concentrated polymer brushes
[18-27]. The graft densities of the concentrated polymer brushes
reach as high as 0.7 chains/nm? for common polymers, such as
poly(methyl methacrylate) (PMMA) and polystyrene. Fukuda and
coworkers have demonstrated that the glass transition temperature
[31], compression resistance [32], and miscibility with free
macromolecules [33], of the concentrated polymer brushes are
quite different from those of semi-dilute brushes (less than
0.05 chains/nm?) for the polymer brushes on inorganic substrates.
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Also, a new family of colloidal crystals was identified for a nano-
composite consisting of PMMA densely grafted on spherical silica in
solution [34]. However, no notable property in bulk has been reported
for nanocomposites containing densely polymer-grafted nano-
particle; e.g., the densely grafted polymer itself and that dispersed in
polymer matrix.

The concentrated polymer brush has already lost extensive chain
conformational entropy due to the chain stretching perpendicular
to the surface. Consequently, it occurs that the polymer brush
excludes even the same kind of free polymer chains in condensed
state, because the mixing causes further entropic loss for the graft
chain conformation [33]. This phenomenon would be unfavorable
for the mechanical strength of nanocomposites containing the
densely grafted polymer, because of reduction in the entanglement
between the polymer brushes or between the polymer brush and
the matrix polymer. On the other hand, a question is raised as to
what happens if a different polymer which is originally miscible
with the graft polymer, is blended into the polymer brush. The
densely grafted polymer might merge into the miscible different
polymer due to the interaction between the two kinds of polymers.
Furthermore, in the case of polymer chains densely grafted on
a nano-particle, the number of the polymer chains per unit area is
decreased as the chains are far from the curved surface of the
particle. Therefore, in the mixture of a polymer densely grafted on
the nano-particle and a miscible polymer, the miscible polymer
chains are expected to be gradually enriched with increasing in the
distance from the surface of the nano-particle. This type of blend of
the nanocomposite with the miscible matrix polymer, must be
different from both the original composite and a conventional
miscible blend of the two kinds of polymers in many properties.
Herein, we have demonstrated this strategy by a nanocomposite/
miscible polymer blend system. In order to realize this concept, the
nanocomposites consisting of poly(butyl methacrylate) (PBMA)
densely grafted on a fumed silica nano-particle were synthesized by
SILP technique using a newly designed initiator of ATRP, p-(bro-
momethyl)benzyl 2-bromoisobutylate. Thus synthesized nano-
composites were blended with poly(vinyl chloride) (PVC), which is
miscible with PBMA [35-37]. The resultant nanocomposite/PVC
blends were characterized by differential scanning calorimetry and
dynamic mechanical analysis.

2. Experimental section

2.1. Synthesis of p-(bromomethyl)benzyl 2-bromoisobutylate
(BBnBiB)

Monochlorination of p-xylene-a.,0/-diol [38]: 300 ml of concen-
trated hydrochloric acid was added to 83 g (0.60 mol) of p-xylene-
a,0/-diol dispersed in 1.2 L of toluene. After stirring for 9 h at room
temperature, the oil layer was separated from the resultant mixture
and washed with aqueous sodium sulfate. The solvent was removed
by evaporation, and then the residual p-(chloromethyl)benzyl
alcohol was recrystallized from chloroform.

Esterification of p-(chloromethyl)benzyl alcohol: A mixture of
100 g (0.44 mol) of bromoisobutyryl bromide and 100 ml of diethyl
ether was added dropwise to a solution of 68 g (0.44 mol) of the
purified p-(chloromethyl)benzyl alcohol in 300 ml of diethyl ether in
the presence of 36 g (0.45 mol) of pyridine over 1h at 0°C. After

stirring for an additional 2 h at room temperature, 300 ml of water
was added. The oil layer was separated and washed with aqueous
sodium hydrogen carbonate and aqueous sodium sulfate succes-
sively. Evaporation of the solution which had been dried over anhy-
drous sodium sulfate gave a residue of crude p-(chloromethyl)benzyl
2-bromoisobutylate.

Halogen exchange of p-(chloromethyl)benzyl 2-bromoisobuty-
late: 130 g (0.43 mol) of the crude p-(chloromethyl)benzyl 2-bro-
moisobutylate and 89 g (0.86 mol) of sodium bromide were heated
at 60 °C for 1 h in 300 ml of N,N-dimethylformamide. Then, the
mixture was cooled and filtered, and 10 g (0.1 mol) of sodium
bromide added again. After heating for an additional 1h, the
product was extracted by a mixture of chloroform/water. Separa-
tion of the oil layer followed by evaporation gave a viscous residue
of crude p-(bromomethyl)benzyl 2-bromoisobutylate (BBnBiB). The
product was recrystallized from methanol repeatedly. '"H NMR
(400 MHz, CDCl3): ¢ 1.95 (s, 6H), 4.50 (s, 2H), 5.20 (s, 2H), 7.3-74
(m, 4H). mp: 39-40 °C.

2.2. Synthesis of benzyl 2-bromoisobutylate (BnBiB)

A mixture of 23 g (0.10 mol) of 2-bromoisobutyryl bromide and
50 ml of diethyl ether was added dropwise to a solution of 13 g
(0.12 mol) of benzyl alcohol in 100 ml of diethyl ether in the pres-
ence of 12 g (0.12 mol) of triethylamine over 0.5 h at 0°C. After
stirring for an additional 2 h at room temperature, 100 ml of water
was added. The oil layer was separated and washed with aqueous
sodium sulfate. Evaporation of the solution gave a residue of crude
benzyl 2-bromoisobutylate (BnBiB). The liquid was purified by
distillation under reduced pressure.

2.3. Synthesis of ATRP initiator-modified fumed silica

Amine-modification of fumed silica: 3.6 ml of N-[3-(trimethoxy-
silyl)propyl]aniline (15 mmol) and 0.8 ml of hexylamine (6 mmol)
were added to 15 g of fumed silica with a primary particle diameter of
14 nm (Silica, fumed, d =22 g/cm?, Sigma) homogeneously dis-
persed in 380 ml of acetonitrile (AN). The dispersion was sonicated
and kept at 50 °C for 6 h. The amine-modified silica was purified by 3
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Fig. 1. TG curves of the modified fumed silica samples in an air flow. (a) Silica. (b)
Silica-NHPh. (c) Silica-Br. (d) Silica-PBMA.
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Table 1
Characteristics of the modified fumed silica particles.

Sample M, x 10732 M /M2 Loading® (umol/g)
Silica-Br - - 370
Silica-PBMA 41 1.10 50

2 Values for the free polymer formed from the unfixed initiator.
b Determined by TG in an air flow.

cycles of centrifugation and redispersion in AN. The purified amine-
modified silicawas dried and thermally treated at 130 °C for 2 hunder
vacuum.

Immobilization of ATRP initiator on fumed silica: 5.3 g of BBnBiB
(15 mmol) and 1.9 g of proton-sponge (9.0 mmol) were added to
14.5 g of the amine-modified fumed silica homogeneously dispersed
in 200 ml of AN. The mixture was sonicated and kept at 50 °C for 6 h.
After dilution with 200 ml of N,N-dimethylacetamide (DMACc) fol-
lowed by passing through a 5.0 pm PTFE membrane filter, the initi-
ator-modified fumed silica was precipitated into methanol and
purified by 3 cycles of centrifugation and redispersion in DMAc.

2.4. Surface-initiated polymerization using initiator-modified
fumed silica in the presence of an unfixed initiator

A solution of 5.4 pl of BnBiB (30 umol) in 30 ml of DMAc was
added to 0.50 g of the initiator-modified fumed silica and 14.3 mg
of CuBr (100 pmol) in a vacuum. After sonication of the mixture,
31.2 mg of bpy (200 pmol) in 30 ml of BMA was added, and the
dispersion was kept at 60 °C for 1 h. The resultant polymer mixture
was precipitated in methanol, and the free polymer grown from the
unfixed initiator was separated by 2 cycles of dissolving in benzene
and centrifugation.

2.5. Surface-initiated polymerization using initiator-modified
fumed silica in the absence of an unfixed initiator

30 ml of DMAc was added to 0.50-1.7 g of the initiator-modified
fumed silica and 14.3 mg of CuBr (100 pmol) in a vacuum. After
sonication of the mixture, 31.2 mg of bpy (200 umol) in 30 ml of
BMA was added, and the dispersion was kept at 60 °C for 2.5-9 h.
The resultant poly(butyl methacrylate) (PBMA) grafted on the
fumed silica was precipitated in methanol and dried under vacuum.

2.6. Blending with poly(vinyl chloride) (PVC)

Polymer blend films were obtained by casting from 5% solutions
for mixtures of the PBMA samples and PVC (M;, = 70 k, Wako Pure
Chemical) in tetrahydrofuran (THF). The films were dried and
annealed at 110 °C for 6 h under vacuum.

2.7. Measurements

Thermogravimetry (TG): About 10 mg of the sample taken in
a platinum pan was heated with a thermobalance (Rigaku, Thermo
Plus TG 8120) from room temperature to 800 °C at a rate of 10 °C/min
under an air flow (200 ml/min).

Differential scanning calorimetry (DSC): DSC measurements
were performed with a differential scanning calorimeter (Q1000,

TA Instruments) under an N; flow. About 5 mg of the sample was
heated to 110 °C at a rate of 10 °C/min and then cooled to —20 °C at
a rate of —10 °C/min. The sample was reheated to 110 °C at a rate of
10 °C/min. The second heating was used for characterization.

Size exclusion chromatography (SEC): SEC measurements were
carried out at 30 °C using a system equipped with a refractive index
detector (GPC-101, Shodex), and a set of three separation columns
of 300 mm x 7.8 mm i.d. (TSKgel G4000yg, Tosoh). THF was used as
the eluent at a flow rate of 1.0 ml/min. The SEC system was cali-
brated with standard poly(methyl methacrylate) (PMMA) samples
(M-75, Shodex). The PMMA calibration curve was modified for
PBMA by universal calibration principle, where the Mark-Houwink
parameters in THF were used; PMMA: K=9.55x 107> dL/g,
a=0.719, PBMA: K = 1.48 x 10~*dL/g, a = 0.664 [39].

Scanning electron microscopy (SEM): The PBMA/silica composite
sample was molded into a sheet by compression of 10 MPa at 90 °C.
The surface of this thin sample which had been etched by an argon
ion beam, was observed on a scanning electron microscope (S-5500,
Hitachi) operated at an accelerating voltage of 2 kV.

Dynamic mechanical analysis (DMA): The annealed film samples
were cut into rectangular specimens of 25 mm x 5 mm with ca.
0.12 mm thickness. Dynamic viscoelastic behaviors of the speci-
mens were obtained using a dynamic mechanical analyzer (DVA-
220, IT Keisokuseigyo) at a heating rate of 4 °C/min and a frequency
of 1 Hz.

3. Results and discussion

3.1. Synthesis of the ATRP initiator with benzyl bromide
moiety for immobilization

Benzyl bromide compounds react under moderate conditions
with nucleophilic functional groups such as amino, carboxyl,
phenolic hydroxyl, and mercapto groups. Therefore, benzyl bromide
compounds having ATRP initiator moieties are useful for immobili-
zation of the initiators on thus functionalized materials. For example,
silica materials are easily modified with amines and thiols using the
corresponding silane coupling agents. On the other hand, alkyl esters
of 2-bromoisobutylic acid are suitable for the ATRP initiator because
of the high initiation efficiency for many ATRP monomers [40].
Considering these facts, we have newly designed an ATRP initiator
with a benzyl bromide moiety; p-(bromomethyl)benzyl 2-bromo-
isobutylate (BBnBiB). The BBnBiB was synthesized as Scheme 1.

The reactivity of the two alkyl bromide moieties in the BBnBiB
compound, or the benzyl bromide and the 2-bromoisobutylate
moieties, was checked out for amines; e.g., hexylamine, aniline, and
N-butylaniline. The benzyl bromide moiety reacted with the aliphatic
and aromatic amines even at room temperature [41], whereas the 2-
bromoisobutylate moiety was inactive for these amines below 50 °C.
However, the aliphatic amines seemed to abstract hydrogen bromide
from the 2-bromoisobutylate moiety above 60 °C.

3.2. Synthesis of nanocomposites consisting of PBMA densely
grafted on fumed silica

ATRP initiator-modified silica was synthesized as Scheme 2.
Fumed silica which was composed of shapeless secondary particles
formed by primary particles with a diameter of 14 nm, was treated

proton-sponge
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Table 2

Characteristics of the PBMA Samples for Blending with PVC.
Sample My x 1073 My /My, Fraction of fumed silica

Weight Volume®

PBMA 120 k 118 1.15 - -
Silica-PBMA 57 k 57% - 0.25 0.14
Silica-PBMA 120 k 1162 - 0.14 0.077
Silica-PBMA 270 k 2672 - 0.069 0.036

2 Estimated using the loading amount of the polymer chains on the fumed silica
described in Table 1.

b Calculated using the bulk densities of 2.2 and 1.1 g/cm? for the fumed silica and
the rest of organic phase containing PBMA, respectively.

with N-[3-(trimethoxysilyl)propyl]aniline (NHPh). This NHPh-
modified fumed silica (Silica-NHPh) exhibited good dispersibility in
AN in spite of its large specific surface area, and was successfully
modified with BBnBiB in the presence of 1,8-bis(dimethylamino)-
naphthalene (proton-sponge). In the reaction, hydrogen bromide
generates as a byproduct, and the hydrogen bromide should be
trapped by a base for quantitative conversion of the amine. The
proton-sponge is suitable for the base because it is inactive for alkyl
bromides including benzyl bromides in spite of a strong basicity. BMA
was polymerized using this ATRP initiator-modified fumed silica,
where an unfixed initiator, or benzyl 2-bromoisobutylate (BnBiB) was
added in order to obtain a free polymer grown from the unfixed
initiator for characterization. Several groups have reported that the
average number molecular weights (My) of graft polymers were
almost the same as the free polymers simultaneously formed in
solution [19,21,24]. Fig. 1 shows TG curves of the modified fumed
silica particles in an air flow. The loading amounts for the initiator-
modified fumed silica (Silica-Br) and the PBMA-grafted fumed silica
(Silica-PBMA), calculated from the weight losses from 180 to 800 °C
in Fig. 1, are listed in Table 1 together with the SEC result for the
corresponding free PBMA polymer. In the polymerization, the
molecular weight distribution (M,y/M,) of the free polymer is 1.10,
indicating that the polymerization was sufficiently controlled. On the
other hand, the graft density for Silica-PBMA cannot be calculated
because the surface area of the fumed silica is not identified. There-
fore, the graft density of PBMA in our method was tentatively
determined using the same ATRP initiator fixed on a spherical silica
with an average diameter of 500 nm (Supplementary data). Suppose
that the graft density of the PBMA on the fumed silica is essentially
the same as that on the 500 nm-spherical silica (0.54 chains/nm?,
Table S2), the graft surface area of the fumed silica is, in turn, esti-
mated to be 56 m?/g. This value of the ‘effective’ specific surface area
is equivalent to that for a spherical silica with a diameter of 54 nm.
Surface-initiated polymerizations of BMA in the absence of the
unfixed initiator, were also carried out using Silica-Br for preparation
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Fig. 3. Schematic drawings for the morphologies of (a) Silica-PBMA nanocomposite
and (b) Silica-PBMA/PVC blend. The PBMA and PVC chains are respectively depicted in
black and gray.

of blends with poly(vinyl chloride) (PVC). Three Silica-PBMA
composites thus synthesized are summarized in Table 2. The Mys of
the graft polymers were estimated using the loading amount for the
fumed silica shown in Table 1. The morphology of Silica-PBMA 270 k
in condensed state, was observed by SEM, where the surface of the
sample had been slightly etched by an argon ion beam in order that
the PBMA polymer chains on the surface were removed out. Fig. 2
shows the SEM images of Silica-PBMA 270k obtained at two
magnifications. The SEM image at the low magnification in Fig. 2a
suggests that fumed silica particles appeared to be homogeneously
dispersed in the PBMA matrix. Each the particle clearly observed at
the high magnification in Fig. 2b, must be an individual secondary
particle formed by primary particles. The size of the secondary
particle, 40-90 nm, is consistent with the ideal diameter calculated
from the effective specific surface of the fumed silica.

3.3. Preparation of the densely grafted PBMA/PVC blends

In the case of polymer chains densely grafted on a nano-particle,
the number of the polymer chains per unit area (hereafter referred
to as chain density) is decreased as the chains are far from the
curved surface of the particle, as shown in Fig. 3a. Therefore, it is
expected that if a miscible different polymer is blended into the
polymer brush, the miscible polymer chains are gradually enriched
with increasing in the distance from the surface of the nano-particle
(Fig. 3b). Here, we apply this strategy to the nanocomposites con-
sisting of the PBMA densely grafted on the fumed silica.

In this study, PVC was used as a free polymer miscible with the
graft PBMA, and the resultant blends were compared to conven-
tional miscible blends of PBMA and PVC through DSC and DMA
measurements. PBMA 120 k/PVC blends contained PVC weight
fractions of 0.1, 0.3, 0.5, 0.7, and 0.9. Silica-PBMA/PVC blends were

Fig. 2. SEM images of Silica-PBMA 270 k at (a) low and (b) high magnifications after argon etching.
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designed to have the same PBMA/PVC weight ratios (rpgma) as
PBMA 120 k/PVC blends; the added amounts of PVC were calcu-
lated on the basis of the net polymer contents in Silica-PBMA
composites. All of the blends obtained by solution casting from THF,
were annealed at 110 °C for 6 h under vacuum to attain to thermo-
dynamically stable state.

3.4. Evaluation of the miscibility by DSC measurements

The miscibility of Silica-PBMA composites with PVC was eval-
uated by DSC. Fig. 4 shows derivative DSC (DDSC) curves of PBMA
120 k/PVC and Silica-PBMA 120 k/PVC. DDSC peaks are located
around 35 °C and 84 °C respectively for PBMA 120 k and Silica-
PBMA 120 k (Fig. 4a and b rpgma = 10/0), and PVC (Fig. 4a and
b rpgma = 0/10). In addition, single DDSC peaks are observed for the
both blend sample series in the temperature range from 43 °C to
83 °C depending on the weight ratio of PVC. However, the DDSC
peaks for Silica-PBMA 120 k/PVC blends (rpgva = 5/5, and 3/7) are
broadened to significantly differ from those for the corresponding
PBMA/PVC blends. Notice that grafting of PBMA on the fumed silica
have little impact on the DDSC trace (compare the DDSC curves at
rpgma = 10/0 in Fig. 4a and b). This interesting finding is clearly
explained by a wide gradient of the PVC concentration on a micro-
scopic scale as shown in Fig. 3b; in Silica-PBMA 120 k/PVC blends,
the PBMA component is enriched near the surface of the fumed
silica, while the PVC component is enriched far from the surface. By
contrast, at rpgyva = 1/9, the DDSC peak for Silica-PBMA 120 k/PVCis
sharper than that for the corresponding PBMA/PVC, showing
a similar shape to that of the neat PVC. This is because excess PVC
chains are excluded from the PBMA/PVC phase and localized around
the mixed phase in Silica-PBMA 120 k/PVC. The localization of PVCis
clearly confirmed from Fig. 5, where the peak-top temperatures
of the DDSC traces in Fig. 4 are plotted as a function of the
volume fraction of PVC. The peak-top temperatures for Silica-PBMA

W reema = 10/0
W reawa = 9/1

reema = 713

I'eeva = 5/5
g
s
2
o
= resva = 3/7
@©
Q
<
)
=
©
2 peva = 1/9
o)
o
I'eBMA = 0/10

T T T T T T T T 1
0O 20 40 60 80 100

Temperature (°C)

. - a U
80 o
O 70 o
. "
=}
T 60 o
S .
= ] o
5
~ 50+
L}
40
3OT S B B S e e — —
0 0.2 0.4 0.6 0.8 1

Volume fraction of PVC

Fig. 5. Peak-top temperatures of the DDSC curves as a function of the volume fraction
of PVC. (0J) PBMA 120 k/PVC. (M) Silica-PBMA 120 k/PVC.

120 k/PVC blends (rpgma = 3/7, and 1/9) are almost the same as that
of PVC. Moreover, the peak-top temperatures for Silica-PBMA 120 k/
PVC blends (rpgma = 9/1, 7/3, and 5/5) are also higher than those for
the corresponding PBMA 120 k/PVC blends, which indicates
formation of the PVC rich phase in Silica-PBMA 120 k/PVC blends.
The effect of the chain density of the graft PBMA on the misci-
bility of Silica-PBMA/PVC blends was also examined by varying the
M, of the graft PBMA; lower My, of the graft chains gives a higher
average of the chain density in total, whereas higher M, of the graft
chains gives a lower average of the chain density. Fig. 6 shows DDSC
curves of Silica-PBMA/PVC blends (rpgma = 3/7). There is a signifi-
cant variation in the DDSC peaks depending on the My, of the graft
PBMA, or the average chain density. Considering that the DDSC
peak of the neat PVC is observed 84 °C in Fig. 4, we can easily find
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Fig. 4. Derivative DSC curves of (a) PBMA 120 k/PVC and (b) Silica-PBMA 120 k/PVC. The values of rpgma represent the weight ratios of PBMA/PVC.
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Fig. 6. Derivative DSC curves of the blends (rpgma=3/7). (a) PBMA 120 k/PVC. (b)
Silica-PBMA 270 k/PVC. (c) Silica-PBMA 120 k/PVC. (d) Silica-PBMA 57 k/PVC.

that the amount of a localized PVC is increased as the average chain
density of the graft PBMA is increased. The localization of the PVC
phase can be clearly seen for Silica-PBMA 57 k/PVC (rpgma = 3/7).

3.5. Dynamic viscoelastic behavior of the densely grafted
PBMA/PVC blends

A fundamental mechanical property, or dynamic viscoelastic
behavior was investigated for Silica-PBMA/PVC blends. Fig. 7
shows storage modulus (E’) and loss tangent (tand) curves of PBMA
120 k/PVC (rpgva = 5/5), Silica-PBMA 120 k/PVC (rpgva = 5/5), and
PVC as a function of temperature. The storage modulus of Silica-
PBMA 120 k/PVC is much higher than that of PBMA 120 k/PVC
at the temperature less than 40°C. However, the softening
temperature of Silica-PBMA 120 k/PVC s slightly lower than that of
PBMA 120 k/PVC, where the softening temperature is defined as
a temperature at which storage modulus is suddenly decreased.
On the other hand, the primary dispersion peak of Silica-PBMA
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Fig. 7. Temperature-dependence of dymamic viscoelastic behaviors. (O) PVC. ()
PBMA 120 k/PVC (rpgma = 5/5). (M) Silica-PBMA 120 k/PVC (rpgma = 5/5).

120 k/PVC is broader than that of PBMA 120 k/PVC, and the peak
top temperature for Silica-PBMA 120 k/PVC is higher than that for
PBMA 120 k/PVC by about 5 °C, which are consistent with the DSC
results. Fig. 8 shows softening temperatures of PBMA 120 k/PVC
and Silica-PBMA 120 k/PVC blends as a function of the volume
fraction of PVC. Because softening temperatures are closely
associated with glass-transition ones, the softening temperature of
PBMA 120k/PVC is increased as the weight ratio of PVC is
increased. In the volume fraction of PVC more than 0.4, however,
Silica-PBMA 120 k/PVC exhibits an almost constant value, which is
much lower than those for PBMA 120 k/PVC. The lower softening
temperature results from the PBMA rich phase near the fumed
silica particle, where the mixed PVC amount is spatially restricted
by the densely grafted PBMA chains, or the Silica-PBMA/PVC
blend system has the upper limit of the softening temperature.
This behavior strongly supports the gradient miscible state in the
Silica-PBMA/PVC blend.

A synergistic effect was found on the storage modulus of Silica-
PBMA/PVC blends. Fig. 9 shows storage moduluses of all of the
blends at 20 °C, which is lower than the softening temperature of
PBMA. The storage modulus for PBMA 120 k/PVC blends increases
corresponding to the volume fraction of PVC, and the values are
close to theoretical ones drawn by a broken line, which is straight
line passing through the two extreme points of storage modulus.
This is a typical behavior for miscible polymer blend systems. For
Silica-PBMA 120 k/PVC, however, there are more increments in the
storage modulus than are theoretically estimated (drawn by a solid
line), especially at rpgpma = 7/3 and 5/5. It is well-known for polymer
blend systems that unlike mechanical strengths such as impact and
tensile strengths, modulus is seldom subjected to synergistic effects.
Nevertheless, the storage modulus of Silica-PBMA 120 k/PVC
(rpema = 5/5) are 32% higher than theoretical one in this system. In
addition, the storage moduluses of Silica-PBMA 270 k/PVC and
Silica-PBMA 57 k/PVC blends (rpgma = 5/5) are respectively 18% and
40% higher than corresponding theoretical ones (not drawn in
Fig. 9), which indicates that this synergistic effect is closely related
to the chain density of the graft PBMA. We consider that the
synergistic effect on the storage modulus occurs as a result of two
dominant factors; the densely grafted PBMA chains which radially
spread over the matrix phase, and the gradient of the PVC concen-
tration on a microscopic scale. It has been reported that even
a concentrated polymer brush is further stretched in good solvent
[42]. Also, in the case of Silica-PBMA/PVC blends, the densely grafted
PBMA chains would be highly stretched due to the penetration of
PVC. It would be possible that the highly stretched PBMA chains
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Fig. 8. Softening temperatures as a function of the volume fraction of PVC. (1) PBMA
120 k/PVC. (M) Silica-PBMA 120 k/PVC.
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Fig. 9. Storage modulus as a function of the volume fraction of PVC at 20 °C. (O0) PBMA
120 k/PVC. ( A ) Silica-PBMA 270 k/PVC. (M) Silica-PBMA 120 k/PVC. (@) Silica-PBMA
57 k/PVC. Theoretical storage modulus curves for PBMA 120 k/PVC and Silica-PBMA
120 k/PVC blends are respectively drawn by broken and solid lines.

behave like a stiff filler. Secondly, this blend system is further
reinforced with a PVC rich phase produced by the gradient of the
PVC concentration. The PVC rich phase makes possible the forma-
tion of a stiff matrix phase in Silica-PBMA/PVC blends; PVC has
higher storage modulus than PBMA. The PVC content is also
important. In Fig. 9, drops in the storage modulus at rpgpva = 3/7 for
Silica-PBMA 57 k/PVC and Silica-PBMA 120 k/PVC are observed,
suggesting that too much PVC content spoils in the synergistic effect
for the blend system, where the somewhat localizations of the PVC
are confirmed as shown in Fig. 6¢,d.

This type of miscible blend system provides a new concept of
polymer materials. In the new blend system, the high chain density
of the graft polymer is important according to the chain density
dependence of the storage modulus exhibited in Fig. 9. The densely
grafted polymer gives this blend system the continuously varied
phase with the wide blend gradient. The blend system in this study,
therefore, should also demonstrate its potential abilities for tensile
and impact strengths, because these mechanical properties more
affected than the storage modulus by the heterogeneous
morphology mentioned above. In this sense, the new blend system
is similar to block copolymer systems and mixed polymer systems
adopting sea-island structures. However, our blend system has the
further advantage of strengthening by the graft polymer chains
over such materials. Further studies on the new blend system for
the mechanical properties are currently in progress.

In conclusion, we have synthesized PBMA/fumed silica
composites by surface-initiated ATRP. In these syntheses, a newly
designed initiator, p-(bromomethyl)benzyl 2-bromoisobutylate
made possible the immobilization of the initiator on the fumed
silica. The PBMA densely grafted on the fumed silica has exhibited
unusual miscibility with PVC through DSC and DMA measure-
ments. This interesting finding is due to a wide gradient of the PVC
concentration on a microscopic scale, resulting from the graft
PBMA chains. Furthermore, a synergistic effect on storage modulus
was seen in the densely grafted PBMA/PVC blends. A possible
explanation is suggested that the PBMA chains highly stretched
owing to penetration of PVC behaved like a stiff filler.
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