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ABSTRACT: Antibacterial polymer was grafted onto nano-sized silica surface and the surface properties of sili-

cone rubber filled with the silica were investigated. The grafting of antibacterial polymer was carried out by two-step

reactions as follows. Poly(p-styrene sodium sulfate) (poly(St-SO3
�Naþ)) was successfully grafted onto nano-sized sili-

ca surface by the radical polymerization of St-SO3
�Naþ initiated by the system consisting of trichloroacetyl groups on

the silica surface and Mo(CO)6: trichloroacetyl groups were introduced onto the silica surface by the reaction of amino

groups with trichloroacetyl isocyanate. The percentage of poly(St-SO3
�Naþ) grafting increased with progress of the

polymerization and reached about 30%. The poly(St-SO3
�Naþ)-grafted silica was treated with tributyltetradecylphos-

phonium chloride (Bu3RP
þCl�) to convert the SO3

�Naþ groups to alkyl phosphonium salt, SO3
�PþBu3R, groups. The

grafting of poly(St-SO3
�PþBu3R) onto the silica surface was confirmed by IR spectra. The poly(St-SO3

�PþBu3R)-

grafted silica gave a stable dispersion in DMSO and poly(dimethylsiloxane). It was found that silicone rubber filled

with the poly(St-SO3
�PþBu3R)-grafted silica shows extremely strong antibacterial activity. The silicone rubber surface

has an ability to inhibit the reproduction of a Staphylococcus aureus and an Escherichia coli.

[doi:10.1295/polymj.PJ2005225]
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Many researchers have extensively studied the
chemical and physical modifications of nano-sized
particle surfaces. The chemical modification of sur-
faces is permanent, but physical modification is tem-
porary. Among the permanent chemical modifications,
the surface grafting of polymers, namely, chemical
binding of polymers onto nano-sized particles, such
as silica and carbon black, interests us for use in
designing new functional inorganic/organic hybrid
materials, which have the excellent properties both
of inorganic materials, such as heat-resistance and
chemical-resistance, and of grafted polymers, such
as photosensitivity, curing ability, bioactivity, bio-
compatibility, and pharmacological activities.1–3 For
example, we have reported that biocompatible poly-
mer-grafted nano-sized silica surface shows anti-
thrombus characteristic.4

In our previous work, we have reported the radical
grafting of various vinyl monomers onto nano-sized
silica5 and carbon black6 initiated by surface radicals
formed by thermal decomposition of azo groups pre-
viously introduced onto the surface. We have also re-

ported that the system consisting of Mo(CO)6 and
surface trichloroacetyl groups on the nano-sized mate-
rials, such as silica7 and vapor grown carbon fiber
(VGCF),8 has an ability to initiate the radical poly-
merization 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 trichlo-
roacetyl groups and Mo(CO)6, and percentage of
grafting exceeded 200%, because no fragment radicals
are formed.7,8

It was reported that the grafting of polymers from
particle surface was successfully achieved by atom
transfer polymerization initiated by the system con-
sisting of surface groups and transition metal com-
plex.9,10 The grafting of polymers onto colloidal silica
surface was also reported by Yoshinaga et al.11–13

On the other hand, various kinds of antibacterial
polymer polymers were reported.14–17 For example,
alkyl phosphonium polymer shows extremely strong
antibacterial nature to Escherichia coli and Staphylo-
coccus aureus. It is expected that when antibacterial
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polymer-grafted silica was compounded with various
polymers, the silica acts as a reinforcing filler and
antibacterial polymer chain grafted onto silica surface
can give antibacterial nature as schematically shown
in Figure 1. The composite has potential use as sani-
tary goods, toilet seats, and medical materials.
In this paper, the radical grafting of poly(p-sty-

rene sodium sulfate) onto nanosized silica surface
(Scheme 1) and conversion of the grafted chain to an-
tibacterial polymer, polymeric alkyl phosphonium
salt, were investigated (Scheme 2). In addition, the
antibacterial nature of composite prepared from sili-
cone rubber and the polymeric alkyl phosphonium
salt-grafted silica will be discussed.

EXPERIMENTAL

Materials
Nano-sized silica used was obtained from Nippon

Aerosil Co., Ltd. Japan. The specific surface area,
average particle size, and silanol group content are
200m2/g, 12 nm, and 1.37mmol/g, respectively. The
silica was dried in vacuo at 110 �C for 48 h before use.
Silicone rubber (X-35-302; two-component type) was
obtained from Shin-Etsu Chemical Co., Ltd. Japan.

p-Styrene sodium sulfate (St-SO3
�Naþ) was ob-

tained from Wako Pure Chemical Co., Ltd. Japan
and used without further purification. 4,40-Azobis(4-
cyanopentanoic acid) (ACPA) obtained from Wako
Pure Chemical Co., Ltd. Japan was recrystallized from
methanol and dried in vacuo at room temperature.
Tolylene 2,4-diisocyanate (TDI) and dimethyl sulf-
oxide (DMSO) were distilled before use. �-Amino-
propyltriethoxysilane (�-APS), trichloroacetyl isocya-
nate, and molybdenum hexacarbonyl (Mo(CO)6),
obtained from Kanto Chemical Co., Ltd. Japan were
used without further purification.
Tributyltetradecylphosphonium chloride (Bu3RP

þ-
Cl�) was synthesized by the reaction of tri-n-butyl-
phosphine (Bu3RP) with 1-chlorotetradecane (R-Cl)
according to the method of literature.17

Introduction of Azo Groups and Trichloroacetyl
Groups onto Nano-sized Silica Surface
The introduction of azo groups onto nano-sized sili-

ca surface was achieved by the reaction of 4,40-azo-
bis(4-cyanopentanoic acid) with isocyanate groups
on the surface, which were introduced by the treat-
ment of the silica having amino groups. The introduc-
tion of amino groups onto the silica surface was
achieved by the treatment with �-aminopropyltrieth-
oxysilane.7 The content of azo groups introduced onto

Antibacterial polymer-
grafted silica

Various polymer
High performance composite
Hydrophobic surface
Antibacterial surface

Application

Sanitary goods, Toilet seat, Medical tube

Figure 1. Surface properties of composite prepared from anti-

bacterial polymer-grafted nano-sized silica.
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silica surface, which was determined from the exo-
thermic peak area, was 0.27mmol/g. The treated sili-
ca was abbreviated as Silica-azo.
The introduction of trichloroacetyl groups onto

nano-sized silica was achieved by the reaction of
trichloroacetyl isocyanate with amino groups on the
silica surface.7 The content of trichloroacetyl groups
introduced onto silica surface, which was deter-
mined from the unreacted amino groups, was 0.23
mmol/g. The treated silica was abbreviated as
Silica-COCCl3.

Graft Polymerization of St-SO3
�Naþ Initiated by Azo

Groups Introduced onto Nano-sized Silica Surface
The radical graft polymerization of St-SO3

�Naþ in-
itiated by azo groups introduced onto silica surface
was carried out in a sealed tube under high vacuum.
A typical example was as follows. Into a polymeriza-
tion tube, 0.20 g of Silica-azo, 0.50 g of St-SO3

�Naþ,
and 10.0mL of DMSO as a solvent and a stirrer bar
were charged. The mixture was frozen in a liquid ni-
trogen bath, degassed with a vacuum pump, and then
thawed. After this operation was repeated three times,
the tube was sealed under high vacuum. The sealed
tube was heated at 70 �C with stirring. After the graft
polymerization, the content of the tube was poured
into a large excess of methanol. The precipitate thus
obtained was filtered and dried in vacuo. Conversion
was calculated by the following equation:

Conversion (%) ¼ ðA� BÞ=C � 100:

where A is weight of product, B is weight of silica
charged, and C is weight of monomer charged.

Graft Polymerization of St-SO3
�Naþ Initiated by the

System Consisting of Trichloroacetyl Groups onto
Nano-sized Silica Surface and Mo(CO)6
Into a polymerization tube, 0.20 g of silica having

trichloroacetyl groups, 0.01 g of Mo(CO)6, 0.50 g of
St-SO3

�Naþ and 10.0mL of DMSO were charged.
The mixture was frozen in a liquid nitrogen bath, de-
gassed with a vacuum pump, and then thawed. After
this operation was repeated three times, the tube was
sealed under high vacuum. The sealed tube was heat-
ed at 70 �C with stirring. After the graft polymeriza-
tion, the content of the tube was poured into a large
excess of methanol. The precipitate thus obtained
was filtered and dried in vacuo.

Introduction of Alkyl Phosphonium Salt to Grafted
Chains on Nano-sized Silica Surface
Into a three-necked flask that contained 1.0 g of

poly(St-SO3
�Naþ)-grafted silica and 50mL of pure

water, aqueous solution of Bu3RP
þCl� (5.24mL of

Bu3RP
þCl� was dissolved in 12.3mL of pure water)

was added dropwise under sitting with a magnetic stir-
rer and reacted at 30 �C for 1.5 h. After the reaction,
the reaction mixture was centrifuged and precipitated
silica was dispersed in pure water. The procedures
were repeated until no more Bu3RP

þCl� could be
detected in supernatant solution and dried in vacuo.
The amount of SO3

�PþBu3R was determined from
weight increment of silica after the treatment with
Bu3RP

þCl�. The treated silica was abbreviated as
Silica-poly(SO3

�PþBu3R).

Determination of Percentage of Grafting
The product was dispersed in DMSO and centri-

fuged. The supernatant solution was removed and sili-
ca precipitated was dispersed in DMSO. The proce-
dures were repeated until no more ungrafted poly-
mer could be detected in supernatant solution and
dried in vacuo. The percentage of poly(St-SO3

�Naþ)
grafting (percentage of grafted polymer to silica) was
calculated by the following equation:

Grafting (%) ¼ ðD=BÞ � 100;

where D is poly(St-SO3
�Naþ) grafted onto silica sur-

face and B is silica charged. The amount of poly(St-
SO3

�Naþ) grafted onto silica surface is determined
by weight loss, when poly(St-SO3

�Naþ)-grafted silica
was heated at 800 �C by use of a thermal analyzer
(Shimadzu Manufacturing Co., Ltd., TGA-50).

Preparation of Silicone Rubber Filled with Antibacte-
rial Polymer-grafted Silica
Poly(SO3

�PþBu3R)-grafted silica was mixed with
silicone and curing agent using a hybrid defoaming
mixer (Thinky Co. Japan, AR-250) at room tempera-
ture. The mixture was cured at 120 �C for 2 h.

Contact Angle of Silicone Rubber Filled with Poly-
(SO3

�PþBu3R)-grafted Silica
Contact angle of water on silicone rubber filled

with silica was determined by using a Contact Angle
Meter. The determination of contact angle was car-
ried out at different 10 points and the measured value
was averaged.

Evaluation of Antibacterial Activity of Silicone Rub-
ber Filled with the Antibacterial Polymer-grafted
Silica
The evaluation of surface antibacterial activity of

silicone rubber filled with poly(SO3
�PþBu3R)-grafted

silica was carried out by Japan Spinners Inspecting
Foundation according to the method of Japanese
Industrial Standards (JIS Z 2801).18 A typical example
is as follows: Culture contains c.a. 2:5{10� 105

cells/mL was prepared by ordinary method and used
for antibacterial test.
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The test piece (40mm� 40mm� 2mm) was wip-
ed lightly with absorbent cotton immersed in ethanol 3
times and dried completely and placed in a sterilized
Petri dish making the test surface up. The above test
inoculum was instilled with a pipet onto each test
piece in the Petri dish: the number of bacteria cells in-
oculated was 2:0� 105–4:0� 105 per test piece. The
instilled test inoculum was covered with a film and
the film was pressed so that the test inoculum spreads
over the film. The Petri dishes containing the test
piece inoculated with the test inoculum (3 untreated
test pieces and 3 test pieces) were incubated at
35 �C and a relative humidity of 90% for 24 h. After
the incubation, the test piece and the covering film
were placed in a sterilized stomacher pouch using
sterilized tweezers with caution so that the test inocu-
lum does not spill. Then 10mL of SCDLP broth with
a pipet and massage the test piece and the covering
film sufficiently with hands for the microbial test to
wash out the test bacteria.
Exactly 1.0mL of the washings was added into a

test tube containing 9.0mL of phosphate buffered
physiological saline. Then 1.0mL of the mixture in
the test tube was added into another test tube contain-
ing 9.0mL of phosphate buffered physiological saline.
By repeating the procedures, 10-fold serial dilution
was prepared. From these dilutions, the surviving bac-
teria were countered by the spread plate method. After
inoculation, the plates were incubated at 35 �C. After
48 h, the colonies were countered. The counting was
carried out in triplicate every times.
An antibacterial activity was estimated by the de-

crease ratio of bacteria determined by the following
equation:

R ¼ ½ðE � FÞ=E� � 100:

where E is average of the number of initial cells of
bacteria and F is average of the number of viable cells
of bacteria on the test piece.

RESULTS AND DISCUSSION

Grafting of Poly(St-SO3
�Naþ) onto Nano-sized Silica

Surface
The grafting of poly(St-SO3

�Naþ) onto nano-sized
silica surface by the polymerization of St-SO3

�Naþ

initiated by azo groups introduced onto the surface
was investigated. Figure 2 shows relationship between
poly(St-SO3

�Naþ) grafting and reaction time. No
polymerization of poly(St-SO3

�Naþ) was initiated by
untreated silica and no grafting of poly(St-SO3

�Naþ)
onto the surface proceeded. On the contrary, it was
found that graft polymerization of St-SO3

�Naþ was
successfully initiated by azo groups to give poly(St-
SO3

�Naþ)-grafted silica. The grafting of poly(St-

SO3
�Naþ) onto the surface increased with progress

of the polymerization, and no longer increased after
2 h. This may be due to the fact that grafted polymer
chains on the silica block the azo groups on the sur-
face.
Figure 3 shows the effect of monomer charged on

the grafting of poly(St-SO3
�Naþ) onto silica surface.

The grafting hardly increased even if the concentra-
tion of monomer increased.
We have pointed out that the effective grafting of

polymers onto silica surface can be achieved by use
of the initiating system consisting of trichloroacetyl
groups on the surface and Mo(CO)6 Therefore, the
polymerization of St-SO3

�Naþ initiated by the system
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Figure 2. Grafting of poly(St-SO3
�Naþ) onto nano-sized

silica surface by the polymerization of St-SO3
�Naþ initiated by

azo groups introduced onto the surface. Silica-Azo, 0.20 g; St-
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consisting of Silica-COCCl3 and Mo(CO)6 was also
investigated. The results are shown in Figure 4.
The graft polymerization of St-SO3Na was also

successfully initiated by the system to give poly(St-
SO3

�Naþ)-grafted silica. The grafting of poly(St-
SO3

�Naþ) onto the surface increased with progress
of the polymerization as shown in Figure 5. This sug-
gests that poly(St-SO3

�Naþ) is propagated from the
surface radicals formed by the interaction of surface
trichloroacetyl groups with Mo(CO)6.
It is interesting to note that poly(St-SO3

�Naþ)
grafting onto silica surface in Silica-COCCl3/
Mo(CO)6 system was much higher than that in the
polymerization initiated by Silica-azo. This reason
may be explained as follows: Surface azo groups on

silica produce both surface radicals and primary (frag-
ment) radicals. The surface radicals initiate the graft
polymerization of St-SO3

�Naþ, but fragment radical
produces ungrafted polymer. In the middle and last
stage of the polymerization, the formation of un-
grafted polymer preferentially proceeds because of
blocking of surface radicals by grafted polymer chains
on the surface.5,6 On the contrary, in the COCCl3/
Mo(CO)6 system, propagation of grafted chain from
the surface effectively achieved because of the ab-
sence of fragment radicals, which produce ungrafted
polymer.7,8

To isolate of polySt-SO3
�Naþ grafted onto the

silica surface during the above graft polymerization,
polySt-SO3

�Naþ-grafted silica was treated with alkali
solution. But polySt-SO3

�Naþ was failed to isolate
from the resulting alkali solution. Therefore, the deter-
mination of molecular weight of polySt-SO3

�Naþ

grafted onto the silica surface could not be achieved.
The molecular weight of polySt-SO3

�Naþ grafted
onto the silica surface was presumed to be 104–105

from that of polystyrene obtained from the graft poly-
merization of styrene onto silica surface initiated by
the above initiating system.7

Introduction of Alkyl Phosphonium Salt to Grafted
Chains on Nano-sized Silica Surface
Ikeda et al. have reported that polymeric phospho-

nium salts shows strong antibacterial activity to
Staphylococcus aureus and an Escherichia coli.17

Therefore, the introduction of phosphonium salt
groups to grafted chains on silica surface was investi-
gated.
Poly(St-SO3

�Naþ)-grafted silica was treated with
Bu3RP

þCl to convert the sulfonium groups to alkyl
phosphonium salt (SO3

�PþBu3R) groups. Figure 6
shows infrared spectra of (A) poly(St-SO3

�Naþ)-
grafted silica and (B) poly(St-SO3

�Naþ)-grafted sili-
ca treated with Bu3RP

þCl. Infrared spectra of the lat-
ter (B) show new adsorptions at 1456 and 2927 cm�1,
which are characteristic of phosphonium group and
alkyl group, respectively. Therefore, it is concluded
that the sulfonium groups of poly(St-SO3

�Naþ)-
grafted silica was successfully converter to poly(St-
SO3

�PþBu3R)-grafted silica by the treatment with
Bu3RP

þCl as shown in Scheme 2.
Figure 7 shows the percentage of grafted poly-

(St-SO3
�Naþ) chain on silica surface converted to

poly(St-SO3
�PþBu3R). The percentage of SO3

�Naþ

groups reacted with Bu3RP
þCl decreased with in-

creasing polymer grafting. This may be due to the in-
crease of steric hindrance with increasing poly(St-
SO3

�Naþ) grafting.
The poly(St-SO3

�PþBu3R)-grafted silica gave a
stable dispersion in DMSO. In addition, the silica
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Figure 4. Graft polymerization of St-SO3
�Naþ onto nano-

sized silica surface by the polymerization of St-SO3
�Naþ initiated

by the system consisting of Silica-COCCl3 and Mo(CO)6. Silica-
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easily and uniformly dispersed in poly(dimethylsilox-
ane).

Contact Angle of Silicone Rubber Filled with Poly(St-
SO3

�PþBu3R)-grafted Silica
Table I shows contact angel of water to silicone rub-

ber filled with poly(St-SO3
�PþBu3R)-grafted silica.

As shown in Table I, the contact angel of water to sil-
icone rubber filled with untreated silica decreased with
increasing content of silica, because untreated silica
shows hydrophilic nature. On the contrary, the contact
angel of water to silicone rubber filled with poly(St-
SO3

�PþBu3R)-grafted silica increased with increasing
the content of poly(St-SO3

�PþBu3R)-grafted silica.
This may be due to the hydrophobic alkyl chain of
poly(St-SO3

�PþBu3R) grafted on silica surface.

Evaluation of Antibacterial Nature of Silicone Rubber
Filled with the Antibacterial Polymer-grafted Silica
The composite of silicone rubber filled with poly-

(St-SO3
�PþBu3R)-grafted silica was prepared and

the surface antibacterial activity was investigated. The
content of poly(St-SO3

�PþBu3R)-grafted silica was
1.0, 5.0 and 10.0%.
Tables II and III show antibacterial activity of the

surface of silicone rubber filled with silica to Staphy-
lococcus aureus and Escherichia coli. As shown in
Table II, It was found that cells of Staphylococcus
aureus increased from 2:0� 105 cells/cm2 to 4:1�
105 cells/cm2 on silicone rubber filled with untreat-
ed silica. On the contrary, the propagation of the
cell almost completely inhibited on silicone rubber
filled with 1%–10% of poly(St-SO3

�PþBu3R)-grafted
silica: the antibacterial activity was 100%.
As shown in Table III, the antibacterial activity of

those filled with 5%–10% of poly(St-SO3
�PþBu3R)-
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Figure 7. The percentage of grafted poly(St-SO3
�Naþ) chain

on silica surface converted to poly(St-SO3
�PþBu3R).

Table I. Contact angle of silicone rubber filled

with Poly(StSO3
�PþBu3R)-grafted silica

Silica
Content
(%)

Contact Angle
(�)

None 103.7

Untreated 1 100.7

Untreated 5 99.8

Untreated 10 96.9

Poly(St-SO3
�PþBu3R)-grafted 1 106.8

Poly(St-SO3
�PþBu3R)-grafted 5 111.2

Poly(St-SO3
�PþBu3R)-grafted 10 117.8

Silicone rubber, 10.0 g; poly(St-SO3
�PþBu3R)-grafted sili-

ca (Overall grafting = 53.8%).

Table II. Antibacterial activity of silicone rubber filled with

Poly(St-SO3
�PþBu3R)-grafted silica to Staphylococcus aureusa

Silica
Content
(%)

Living cells
(cells/cm2)

Decrease
ratio (%)

Untreated silica 10 4:1� 105 �105b

Silica-Poly(St-SO3
�PþBu3R) 1 <10 100

Silica-Poly(St-SO3
�PþBu3R) 5 <10 100

Silica-Poly(St-SO3
�PþBu3R) 10 <10 100

aCells inoculated, 2:0�105 per test piece (40mm�40mm�
2mm). bCells propagated.

Figure 6. FT-IR spectra of (A) poly(St-SO3
�Naþ)-grafted

silica and (B) poly(St-SO3
�Naþ)-grafted silica treated with

Bu3RP
þCl.

Table III. Antibacterial activity of silicone rubber filled with

Poly(St-SO3
�PþBu3R)-grafted silica to Escherichia Colia

Silica
Content
(%)

Living cells
(cells/cm2)

Decrease
ratio (%)

Untreated silica 10 1:9� 106 �493b

Silica-Poly(St-SO3
�PþBu3R) 1 7:9� 105 �146b

Silica-Poly(St-SO3
�PþBu3R) 5 <10 100

Silica-Poly(St-SO3
�PþBu3R) 10 <10 100

aCells inoculated, 3:2� 105 cells per test piece (40mm�
40mm� 2mm). bCells propagated.
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grafted silica against to Escherichia coli was 100%.
However, Escherichia coli propagated on the surface
of silicone rubber filled with 1% of poly(St-
SO3

�PþBu3R)-grafted silica. This may be due to the
fact that the propagation rate of Escherichia coli
was larger than those Staphylococcus aureus in the
cultivation conditions.
Figures 8 and 9 also show the antibacterial activity

of the silicone rubber against Staphylococcus aureus
and an Escherichia coli, respectively.
These results indicate that we can readily prepare

composites having antibacterial surface from the anti-
bacterial polymer-grafted silica. The methods for the
preparation of antibacterial surface have several ad-
vantages, no damage of the bulk polymers and simple
processes for the preparation. Therefore, the compo-
sites from antibacterial polymer-grafted silica have
potential use as sanitary goods, toilet seats, medical
polymer tubes, and paints.

CONCLUSIONS

1. Poly(St-SO3
�Naþ) was successfully achieved by

the radical polymerization of St-SO3
�Naþ initi-

ated by the system consisting of trichloroacetyl
groups on the silica surface and Mo(CO)6.

2. Sodium sulfonate groups of poly(St-SO3
�Naþ)-

grafted silica were successfully converted to
SO3

�PþBu3R groups by the treatment with
Bu3RP

þCl.
3. Silicone rubber filled with the poly(St-SO3

�Pþ-
Bu3R)-grafted-grafted silica shows strong anti-
bacterial activity. The silicone rubber surface
has an ability to inhibit the reproduction of Esch-
erichia coli and Staphylococcus aureus.
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