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Preparation of Antibacterial Polymer-Grafted Silica Nanoparticle
and Surface Properties of Composites Filled with the Silica (2)

By Takashi KAWAHARA,' Yoko TAKEUCHI,' Gang WEL? Kumi SHIRAI>
Takeshi YAMAUCHI">* and Norio TSUBOKAWA">**

Antibacterial polymer was grafted onto silica nanoparticle and the surface properties of various composites filled with the
silica were investigated. The grafting of antibacterial polymer, poly(vinylbenzyltributylphosphonium chloride) (poly(St-
CH,P*(Bu)3;Cl™)), onto silica surface was achieved by two methods: one is treatment of poly(vinylbenzylchloride) (poly(St-
CH,Cl))-grafted silica with tributylphosphine and the other is direct grafting of poly(St-CH,P*(Bu);C1™) by radical graft
polymerization of the corresponding monomer. The grafting of poly(St-CH,Cl) and poly(St-CH,P*(Bu);C1™) onto silica
surface were initiated by the system consisting of trichloroacetyl groups on the silica surface and Mo(CO)g. Trichloroacetyl
groups were introduced onto the silica surface by the reaction of amino groups on the silica surface with trichloroacetyl
isocyanate. The percentage of poly(St-CH,Cl) grafting during the graft polymerization initiated by the system increased with
progress of the polymerization reached 116%. The grafting of poly(St-CH,P*(Bu);Cl™) onto silica surfaces was confirmed
by FT-IR spectra, thermal decomposition gas chromatograms and mass spectra (GC-MS), and '*C-CP/MAS NMR. The
surfaces of silicone rubber, polystyrene film, and paints filled with the poly(St-CH,P*(Bu);Cl~)-grafted silica shows strong

antibacterial activity. These composites retained the antibacterial activity even after the boiling in water for 24 h.
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Many researchers have extensively studied the chemical
and physical modifications of nanoparticle surfaces. Among
the permanent chemical modifications, the surface grafting of
polymers, namely, chemical binding of polymers onto silica
nanoparticles interests us for use in designing new functional
inorganic/organic hybrid materials, which have excellent
properties both of inorganic materials, such as heat-resistance
and chemical-resistance, and of grafted polymers, such as
photosensitivity, curing ability, bioactivity, biocompatibility,
and pharmacological activities.'® For example, we have
reported that a capsaicin-immobilized silica shows biorepellent
activity.5

In our previous work, we have reported that the system
consisting of Mo(CO)g and surface trichloroacetyl groups on
nanoparticles, such as silica’ and vapor grown carbon fiber
(VGCF),? has an ability to initiate the radical polymerization of
various vinyl monomers to give the corresponding polymer-
grafted silica and VGCF. We pointed out that the effective
radical grafting was achieved in the initiating system consisting
of trichloroacetyl groups and Mo(CO)s, and percentage of
grafting exceeded 200% because of no formation of fragment
radicals.”8

On the other hand, various kinds of antibacterial polymers
were reported.®”'! For example, alkylphosphonium polymers
show extremely strong antibacterial activity to Escherichia coli
and Staphylococcus aureus. In the previous paper, we have
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succeeded in the grafting of polymer having alkylphosphonium
sulfate groups (poly(St-SO3~P*(Bu);R)) onto the surface of
silica nanoparticle.'> We have pointed out that the surface of
silicone rubber filled with the poly(St-SO3~P*(Bu);R)-grafted
silica shows strong antibacterial activity to a Staphylococcus
aureus and an Escherichia coli.

In this paper, the radical grafting of poly(vinylbenzyltri-
butylphosphonium chloride) (poly(St-CH,P*(Bu);Cl7)) onto
silica surface. The grafting of poly(St-CH,P*(Bu);C1™) was
achieved by two methods: one is treatment of poly(vinyl-
benzylchloride) (poly(St-CH,Cl))-grafted silica with tributyl-
phosphine (Scheme 1) and the other is direct grafting of
poly(St-CH,P*(Bu);Cl™) by radical graft polymerization of
the corresponding monomer (Scheme 2). In addition, the
antibacterial activity of the surfaces of composites prepared
from the poly(St-CH,P*(Bu);Cl™)-grafted silica will be
discussed.

EXPERIMENTAL

Materials and Reagents

Silica nanoparticle used was obtained from Nippon Aerosil
Co., Ltd., Japan. The specific surface area, average particle
size, and silanol group content were 200m2/g, 12 nm, and
1.37 mmol/g, respectively. The silica was dried in vacuo at
40°C for 24 h before use.
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Scheme 2. Preparation of Silica-poly(St-CH,P*(Bu);CI~) (2) by direct graft
polymerization of St-CH,P*(Bu);Cl~.

4-Vinylbenzylchloride (St-CH,Cl) obtained from Sigma-
Aldrich Co., Ltd. was distilled under reduced pressure.
Trichloroacetyl isocyanate, molybdenum hexacarbonyl
(Mo(CO)g), and tributylphosphine obtained from Kanto Chem-
ical Co., Inc., Japan were used without further purification.
Dimethyl sulfoxide (DMSO) obtained from Kanto Chemical
Co., Inc., Japan was distilled before use. Dehydrated toluene
and tetrahydrofuran (THF) were obtained from Kanto Chemi-
cal Co., Inc., Japan and used without further purification.

Silicone Rubber, Polystyrene, and Paints

Silicone rubber, poly(dimethylsiloxane), (two-component
type) was obtained from Shin-Etsu Chemical Co., Ltd., Japan.
Polystyrene was obtained from Wako Pure Chemical Indus-
tries, Ltd., Japan and used without further purification. Water
paint (Neogloss G-80; acrylic emulsion type) and oil paint
(Neopaint urethane #5500AB; two-component acrylic urethane
type) were obtained from Asia Industry Co., Ltd., Japan.

Preparation of St-CH,P*(Bu);Cl~

St-CH,P*(Bu);Cl~ was prepared by the reaction of St-
CH,Cl1 with tributylphosphine according to the method of
literature.!! The structure of St-CH,P*(Bu);Cl~ was confirmed
by FT-IR, 'H NMR, and *C NMR.

Introduction of Trichloroacetyl Groups onto Silica Nano-
particle
The introduction of trichloroacetyl groups onto silica

100 °C / Bulk
Mo(CO)s

(Q-R—CCl-+CH,~CH;

CH,CI
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CH,ClI CH,P*(C4Ho)sCr
Silica-poly(St-CHoP*(Bu)sCl) (1)

Preparation of Silica-poly(St-CH,P*(Bu)3CI~) (1) by two-step reaction.

nanoparticle surface was achieved by the reaction of trichloro-
acetyl isocyanate with amino groups on the silica surface.” The
treated silica was abbreviated as Silica-COCCl5.

Preparation of Silica-poly(St-CH,P*(Bu);Cl™) (1) by Two-
step Reaction

The grafting of poly(St-CH,P*(Bu);Cl™) was achieved by
the treatment of poly(St-CH,Cl)-grafted silica with tributyl-
phosphine as shown in Scheme 1. The radical graft polymer-
ization of St-CH,Cl initiated by the system consisting of Silica-
COCCl3 and Mo(CO)¢ was carried out in a sealed tube under
high vacuum. A typical example was as follows. Into a
polymerization tube, 0.20g of Silica-COCCl;, 0.01g of
Mo(CO)g, 5.0 mL of St-CH,Cl, and a stirrer bar were charged.
The mixture was frozen in a liquid nitrogen bath, degassed with
a high vacuum pump, and then thawed. After this operation
was repeated three times, the tube was heated at 100 °C with
stirring. After the reaction, the product was dispersed in THF
and centrifuged. The supernatant solution was removed and
precipitated silica was dispersed again in THF. The procedures
were repeated until no more ungrafted polymer could be
detected in the supernatant solution. The resulting silica was
abbreviated as Silica-poly(St-CH,Cl).

The Silica-poly(St-CH,Cl) was treated with tributylphos-
phine to convert the benzylchloride groups to tributylphospho-
nium groups.!! A typical example was as follows. 1.0g of
Silica-poly(St-CH,Cl) was charged into a three-necked flask
attached with a reflux condenser, and then a mixture of 50.0 mL
of toluene and 5.0 mL of tributylphosphine was dropped by a
syringe into the flask under nitrogen. The reaction mixture was
refluxed at 110 °C with stirring for 24 h. After the reaction, the
product was dispersed in THF and centrifuged. The supernatant
solution was removed and precipitated silica was dispersed
again in THF. The procedures were repeated until no more
tributylphosphine could be detected in the supernatant solution.
The resulting silica was abbreviated as Silica-poly(St-
CH,P*(Bu);C17) (1).

Preparation of Silica-poly(St-CH,P*(Bu);C1™) (2) by Di-
rect Graft Polymerization of St-CH,P*(Bu);Cl~

The direct graft polymerization of St-CHpP*(Bu);Cl™
initiated by the system consisting of Silica-COCCl; and
Mo(CO)s was carried out in a sealed tube under high vacuum.
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Scheme 3.

The graft polymerization was carried out by the same manner
as grafting of poly(St-CH,Cl) onto silica as mentioned above.
The resulting silica was abbreviated as Silica-poly(St-
CH,P*(Bu);CI7) (2).

Percentage of Grafting

The  grafting of poly(St-CH,Cl) and  poly(St-
CH,P*(Bu);Cl™) onto silica surface was determined by the
following equation:

Grafting (%) = (A/B) x 100

where A is weight of poly(St-CH,Cl) or poly(St-
CH,P"(Bu);Cl™) grafted onto silica surface and B is weight
of silica used. A was determined by measuring the weight loss
when these polymer-grafted silica was heated at 800 °C using a
thermogravimetric analyzer (TGA) under nitrogen.

Tributylphosphonium Group Content of Silica-poly(St-
CH,P*(Bu);CIl7) (1)

Tributylphosphonium group content of Silica-poly(St-
CH,P*(Bu)3;C17) (1) was calculated from the weight increment
of Silica-poly(St-CH,Cl) after the treatment with tributylphos-
phine determined by TGA as mentioned above.

Measurements

Thermogravimetric analysis (TGA) was performed under a
nitrogen flow using a thermogravimetric analyzer (Shimadzu
Manufacturing Co., Ltd., TGA-50) at a heating rate of 10°C/
min. Infrared spectrum was recorded on a FT-IR spectropho-
tometer (Shimadzu Manufacturing Co., Ltd., FT-IR-8200A).
Thermal decomposition gas chromatograms and mass spectra
were recorded on a gas chromatograph mass spectrometer (GC-
MS) (Shimadzu Manufacturing Co., Ltd., GCMS-QP2010)
equipped with a double shot pyrolyzer (Frontier Laboratories
Ltd., PY-2020D). 13C—CP/MAS NMR was recorded on a
Bruker MSL-300.

Preparation of Composites Filled with Silica-poly(St-
CH,P*(Bu);Cl")

Silica-poly(St-CH,P*(Bu);Cl™) was uniformly dispersed in
poly(dimethylsiloxane) containing a curing agent using a
hybrid-deforming mixer (Thinky Co., AR-100) at room temper-
ature. By heating the mixture at 70 °C for 20 min, silicone rubber
filled with Silica-poly(St-CH,P*(Bu);C1™) was obtained.

Polystyrene film filled with Silica-poly(St-CH,P*(Bu);Cl1™)
was prepared as follows. 10.0 g of polystyrene was dissolved in
toluene. Then, 0.10g of Silica-poly(St-CH,P*(Bu);Cl™) was
added into the solution and the mixture was stirred under
irradiation of ultrasonic wave. The mixture was casted in a
Petri dish and toluene was evaporated at room temperature.

Introduction of trichloroacetyl groups onto silica nanoparticle surface.

Paints filled with Silica-poly(St-CH,P*(Bu);Cl™) were
prepared as follows. 0.1% of Silica-poly(St-CH,P* (Bu);CI™)
was mixed with a commercially available paint and curing
agent using a hybrid deforming mixer. The mixture was
painted on a Petri dish and dried at 50 °C for 24 h.

Assessment of Antibacterial Activity of the Composite
Surfaces

The surface antibacterial activity of the composites filled
with Silica-poly(St-CH,P*(Bu);C1™) was estimated according
to the method of the Japanese Industrial Standards (JIS Z
2801). The detailed procedures were described in our previous
paper.'?

RESULTS AND DISCUSSION

Introduction of Trichloroacetyl Groups onto Silica Nano-
particle

The introduction of trichloroacetyl groups onto silica
surface by the reaction of trichloroacetyl isocyanate with
amino groups on the silica surface was successfully achieved
(Scheme 3). The content of trichloroacetyl groups introduced
onto silica surface, which was determined from the unreacted
amino groups, was 0.26 mmol/g. The result suggests that about
90% of amino groups were successfully converter to trichloro-
acetyl groups.

Preparation of Silica-poly(St-CH,P*(Bu);CIl™) (1) by Two-
step Reaction

Figure 1 shows the result of the grafting of poly(St-CH,Cl)
onto silica nanoparticle surface during the graft polymerization
of St-CH,Cl initiated by the system consisting of Silica-
COCClI3 and Mo(CO)s. No polymerization of St-CH,Cl was
initiated by the system consisting of untreated silica and
Mo(CO)g. On the contrary, the graft polymerization of St-
CH,Cl was successfully initiated by the system consisting of
Silica-COCCls and Mo(CO)s. The percentage of poly(St-
CH,Cl) grafting onto the silica surface increased with progress
of the polymerization and reached 116% after 6 h.

To convert the benzylchloride groups of grafted chains
on the silica to tributylphosphonium groups, Silica-poly(St-
CH,Cl) was treated with tributylphosphine as shown in
Scheme 1. Figure 2 shows FT-IR spectra of (A) Silica-
COCCl3, (B) Silica-poly(St-CH,Cl), and (C) Silica-poly(St-
CH,P"(Bu);CI™) (1). FT-IR spectra of Silica-poly(St-CH,Cl)
show a new adsorption at 2930 cm~!, which is characteristic
of methylene groups of poly(St-CH,Cl). FT-IR spectra of
Silica-poly(St-CH,P*(Bu);CI™) (1) show strong adsorptions at
2959-2872cm™!, which are characteristic of alkyl chains of
tributylphosphonium groups. Therefore, the results suggest that

©2009 The Society of Polymer Science, Japan
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Figure 1. Grafting of poly(St-CH,Cl) onto silica nanoparticle surface during
the polymerization of St-CH,Cl initiated by the system consisting
of Silica-COCCI; and Mo(CO)s. Silica-COCCl3, 0.20 g; Mo(CO)s,

0.01g; St-CH,CI, 5.0mL; 100°C.
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Figure 2. FT-IR spectra of (A) Silica-COCClj, (B) Silica-poly(St-CH,Cl), and
(C) Silica-poly(St-CH,P*(Bu)sCI™) (1).

poly(St-CH,Cl) grafted onto silica surface was successfully
converted to poly(St-CH,P*(Bu);CI™).

Figure 3 shows the thermal decomposition gas chromato-
grams and mass spectra (GC-MS) of (A) tributylphosphine and
(B) Silica-poly(St-CH,P*(Bu);Cl1™) (1). Mass spectra of de-
composed gas of Silica-poly(St-CH,P*(Bu);CI™) (1) at reten-
tion time 5.2 min was in agreement with those of tributylphos-
phine. Therefore, the result also shows that tributylphosphonium
groups were introduced onto Silica-poly(St-CH,Cl).

Figure 4 shows '3C-CP/MAS NMR spectrum of Silica-
poly(St-CH,P*(Bu);Cl™) (1). The signals of carbon atoms
based on poly(St-CH,P*(Bu);Cl™) were observed. The signal
of carbon atoms based on benzylchloride groups, which did not
reacted with tributylphosphine, were observed at 50 ppm.

Based on the above results, it is concluded that poly(St-
CH,P*(Bu);C1™) was successfully grafted onto silica surface.
The percentage of benzylchloride groups reacted with tri-
butylphosphine was determined to be about 70% by TGA.

®) .|
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Figure 3. Thermal decomposition gas chromatograms and mass spectra
(GC-MS) of (A) tributylphosphine and (B) Silica-poly(St-
CH,P*(Bu)sClI™) (1).
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Figure 4. '3C-CP/MAS NMR spectrum of Silica-poly(St-CH,P*(Bu)sCI~)
(1).

Figure 5 shows the relationship between the percentage of
poly(St-CH,Cl) grafting onto silica surface and tributylphos-
phonium group content. The tributylphosphonium group con-
tent on silica surface increased with an increase in percentage
of poly(St-CH,Cl) grafting.

Preparation of Silica-poly(St-CH,P*(Bu);C1™) (2) by Di-
rect Grafting

Silica-poly(St-CH,P*(Bu);C1™) (2) was prepared by the
direct graft polymerization of the corresponding monomer
initiated by the system consisting of Silica-COCCl; and
Mo(CO)s. Figure 6 shows the relationship between percentage
of poly(St-CH,P*(Bu);Cl™) grafting and reaction time. The
percentage grafting of poly(St-CH,P™(Bu);CI™) onto silica
surface increased with progress of the polymerization and
reached 22.6% after 60 min. But the percentage of grafting was
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Figure 5. Relationship between the percentage of poly(St-CH,Cl) grafting
onto silica nanoparticle surface and tributylphosphonium group
content introduced onto the surface by the treatment with

tributylphosphine.
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Figure 6. Grafting of poly(St-CH,P*(Bu)sCI~) onto silica nanoparticle sur-
face during the polymerization of St-CH,P*(Bu);Cl~ initiated by
the system consisting of Silica-COCCl; and Mo(CO)e. Silica-
COCCl3, 0.20g; Mo(CO)s, 0.01g; St-CHyP*(Bu)sCl=, 0.9g;
DMSO, 10mL; 70°C.

smaller than that of Silica-poly(St-CH,P*(Bu);Cl™) (1). This
may be due to the fact that St-CH,P(Bu);Cl~ has bulky side
group.

Mass spectra of thermal decomposition gas of Silica-
poly(St-CH,P*(Bu);Cl™) (2) at retention time 5.2min was
also in agreement with that of tributylphosphine. Figure 7
shows '3C-CP/MAS NMR spectrum of Silica-poly(St-
CH,P*(Bu);Cl17) (2). The signals of carbon atoms based on
poly(St-CH,P*(Bu);Cl™) were observed. Based on the above
results, it is concluded that poly(St-CH,P*(Bu);Cl™) was also
successfully grafted onto silica surface.

Estimation of Antibacterial Activity of Silica-poly(St-
CH,P*(Bu);CI7) (1)

Figure 8 shows the effect of  Silica-poly(St-
CH,P™(Bu);C1™) (1) (grafting = 142%) on the antibacterial

a b e
Q) R-CH,CHi —
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>
CH2P-((CH2)3CH3)QCI
d e f
f
S e e e |
150 100 50 0
ppm
Figure 7. '3C-CP/MAS NMR spectrum of Silica-poly(St-CH,P*(Bu)sCI~)
(2).
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Figure 8. Antibacterial activity of the surface of silicone rubber filled with
Silica-poly(St-CH,P*(Bu)sCl=) (1) (grafting = 142%) against
Staphylococcus aureus. (a) cells inoculated, (b) untreated silica
1.0wt%, (c) Silica-poly(St-CH2P*(Bu)sCI=) (1) 0.1wt%, (d)
Silica-poly(St-CH,P*(Bu)sCl~) (1) 0.5wt%, (e) Silica-poly(St-
CH2P*(Bu)3Cl~) (1) 1.0 wt %.

activity against Staphylococcus aureus. It was found that the
surface of silicone rubber filled with untreated silica shows no
antibacterial activity. On the contrary, cells of Staphylococcus
aureus decreased from 2.4 x 10° to less than 10 CFU/mL
on silicone rubber filled with 1.0wt% of Silica-poly(St-
CH,PT(Bu);Cl™) (1). Even the surface of silicone rubber
filled with 0.1wt% of Silica-poly(St-CH,P*(Bu);Cl™) (1)
shows antibacterial activity.

Based on the above results, it was concluded that the surface
of silicone rubber filled with Silica-poly(St-CH,P*(Bu);Cl™)
(1) shows strong antibacterial activity to Staphylococcus
aureus.

©2009 The Society of Polymer Science, Japan
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Figure 9. Antibacterial activity of the surface of silicone rubber filled with
Silica-poly(St-CH,P*(Bu)sCl=) (2) (grafting = 22.6%) against
Staphylococcus aureus. (a) cells inoculated, (b) untreated silica
1.0wt %, (c) Silica-poly(St-CH,P*(Bu)sCI~) (2) 1.0 wt %.
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Figure 11. Relationship between contacting time and concentration of living
cells of Staphylococcus aureus on the surface of silicone rubber
filled with 1.0wt% of Silica-poly(St-CHoP*(Bu)sCl=) (1)
(grafting = 142%).
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Figure 10. Antibacterial activity of the surface of silicone rubber filled with Silica-poly(St-CH,P*(Bu);CI~) (1) (grafting = 142%) against (A) Escherichia coli and
(B) Pseudomonas aeruginosa. (a) cells inoculated, (b) untreated silica 1.0 wt %, (c) Silica-poly(St-CHxP*(Bu)3CI~) (1) 1.0 wt %.

Estimation of Antibacterial Activity of Silica-poly(St-
CH,P*(Bu);CI7) (2)

Figure 9  shows the effect of  Silica-poly(St-
CH,P*(Bu);C17) (2) (grafting = 22.6%) on the antibacterial
activity to Staphylococcus aureus. Figure 9 clearly shows that
the surface of silicone rubber filled with 1.0wt% of Silica-
poly(St-CH,P*(Bu);Cl™) (2) also shows antibacterial activity
to Staphylococcus aureus.

Antibacterial Activity of the Surface of Silicone Rubber
Filled with Silica-poly(St-CH,P*(Bu);Cl~) (1) against Sev-
eral Bacteria

Figure 10 shows the antibacterial activity of the surface of
silicone rubber filled with Silica-poly(St-CH,P*(Bu);C1™) (1)
(grafting = 142%) against (A) Escherichia coli and (B)
Pseudomonas aeruginosa. It was found that the surface

of silicone rubber filled with 1.0wt% of Silica-poly(St-
CH,P*(Bu);Cl™) (1) also shows strong antibacterial activity
against Escherichia coli and Pseudomonas aeruginosa.

Figure 11 shows the relationship between contacting time
and concentration of living cells of Staphylococcus aureus
on silicone rubber filled with 1.0wt% of Silica-poly(St-
CH,P*(Bu);Cl™) (1) (grafting = 142%). It was found that
the concentration of living cells decreased from 1.4 x 10° to
less than 10 CFU/mL even after 3h. The result suggests that
the surface of silicone rubber filled with 1.0% of Silica-poly(St-
CH,P"™(Bu);CI™) (1) effectively inhibited the proliferation of
bacteria.

Antibacterial Activity of the Surface of PolySt Film Filled
with Silica-poly(St-CH,P*+(Bu);C1™) (1)
Figure 12 shows the antibacterial activity of the surface
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Figure 12. Antibacterial activity of the surface of polySt film filled with Silica-
poly(St-CH,P+(Bu)3CI~) (1) (grafting = 91%) against Staphylo-
coccus aureus. (a) cells inoculated, (b) untreated silica 1.0 wt %,
(c) Silica-poly(St-CH2P*(Bu)sCI~) (1) 1.0wt %.

of polySt film filled with 1.0wt% of Silica-poly(St-
CH,P*(Bu);C17) (1) (grafting = 91%) against Staphylococcus
aureus. It was found that the surface of polySt filled with
Silica-poly(St-CH,P™(Bu);CI™) (1) inhibited the proliferation
of Staphylococcus aureus, and the living cells decreased from
4.3 x 10* to 3.3 x 10> CFU/mL. It is concluded that Silica-
poly(St-CH,P*(Bu);Cl17) (1) can be applied as an antibacterial
filler not only silicone rubber but also polySt.

Antibacterial Activity of the Surface of Paints Filled with
Silica-poly(St-CH,P*(Bu);C17) (1)

Figure 13 shows the antibacterial activity of the surface of
(A) water paint (acrylic emulsion type) and (B) oil paint
(acrylic urethane type) filled with 2.0 wt % of Silica-poly(St-

(A) Water paint

11 1

(a)

i v Z g
1 107 10 108 108
Concentration of living cells (CFU/mL)

CH,P*(Bu);Cl1™) (1) (grafting = 145%) against Escherichia
coli, respectively. It was found that the surface of water paint
filled with Silica-poly(St-CH,P*(Bu);CI™) (1) inhibited the
proliferation of Escherichia coli, and the living cells decreased
from 1.6 x 107 to 8.9 x 103 CFU/mL. In addition, it became
apparent that the surface of oil paint filled with Silica-poly(St-
CH,P*(Bu);C17) (1) also inhibited the proliferation of Esche-
richia coli.

Stability of Antibacterial Activity of the Surface of Silicone
Rubber Filled with Silica-poly(St-CH,P*(Bu)3;Cl™) (1)

The decrease of antibacterial activity based on the elimi-
nation from silicone rubber filled with Silica-poly(St-
CH,P*(Bu);Cl~™) (1) by boiling in water was estimated.
Figure 14 shows the antibacterial activity of the surface of
silicone rubber filled with (c) Silica-poly(St-CH,P*(Bu)3;C1™)
(1) and (d) free poly(St-CH,P*(Bu);Cl™) against Escherichia
coli after boiling in water. The amount of free poly(St-
CH,P"(Bu);CI™) filled into silicone rubber is exactly equal to
that of grafted poly(St-CH,P*(Bu);CI™) on the silica surface.

Before the boiling in water (boiling for Oh), the surface of
silicone rubbers filled with poly(St-CH,P*(Bu);CI™) and free
poly(St-CH,P*(Bu);Cl™) shows strong antibacterial activity.
However, the antibacterial activity of the surface of silicone
rubber filled with free poly(St-CH,P"(Bu);Cl™) dramatically
decreased even after boiling for 1h and lost the antibacterial
activity after boiling for 24 h because of elimination of poly(St-
CH,P*(Bu)3;Cl™) from silicone rubber surface.

On the contrary, the surface of silicone rubber filled with
Silica-poly(St-CH,P™(Bu);Cl™) (1) was maintained antibacte-
rial activity even after boiling for 24 h. The results clearly show
that by grafting of poly(St-CH,P*(Bu);Cl™) onto silica sur-
face, the elution of poly(St-CH,P*(Bu);Cl™) from silicone
rubber was completely inhibited because of an anchor effect of
silica nanoparticle.

(B) Oil paint
g I I

(b)

/ vd vl v
1 10? 10° 108 108
Concentration of living cells (CFU/mL)

Figure 13. Antibacterial activity of (A) water paint (acrylic emulsion type) and (B) oil paint (acrylic urethane type) filled with Silica-poly(St-CH,P*(Bu)sCI~) (1)
(grafting = 145%) against Escherichia coli. (a) cells inoculated, (b) untreated silica 1.0 wt %, (c) Silica-poly(St-CH,P*(Bu);CI~) (1) 1.0 wt %.
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Figure 14. Antibacterial activity of the surface of silicone rubber filled
with  free  poly(St-CH2P*(Bu);CI-) and  Silica-poly(St-
CH,P*(Bu)sCI™) (1) (grafting = 142%) against Escherichia coli
after boiling in water. (a) cells inoculated, (b) untreated silica
1.0wt%, (c) free poly(St-CH2P*(Bu)sCI~), (d) Silica-poly(St-
CH,P*(Bu)3Cl~) (1) 1.0wt %.

CONCLUSIONS

1. Antibacterial polymer, poly(St-CH,P™(Bu);Cl™), was
successfully grafted by two methods: one is treatment
of poly(St-CH,Cl)-grafted silica with tributylphosphine
and the other 1is direct grafting of poly(St-
CH,P*(Bu);Cl™) by radical graft polymerization of the
corresponding monomer.

2. The surfaces of silicone rubber, polystyrene film, and
paints, filled with Silica-poly(St-CH,P*(Bu);Cl™)
showed strong antibacterial activity against various
bacteria.

3. The surface of silicone rubber filled with Silica-poly(St-

CH,P*(Bu);Cl™) was maintained antibacterial activity
even after boiling for 24 h in water because of an anchor
effect of silica nanoparticle.
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