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ABSTRACT: Graft polymerization of N-isopropylacrylamide (NIPAAm) onto styrene-
butadiene-styrene (SBS) block copolymer using benzoyl peroxide was studied to im-
prove the water absorptivity and thermosensitivity of SBS. The influence of various
grafting reaction factors on the conversion of NIPAAm and the grafting percentage of
SBS-g-NIPAAm were also investigated in the study. The experimental results showed
that the conversion of SBS-g-NIPAAm was enhanced as the monomers of NIPAAm
were increased. The maximum conversion of SBS-g-NIPAAm was observed when the
molar ratio of NIPAAm to butadiene was 1.25. In addition, increasing the reaction time
enhanced the conversion of SBS-g-NIPAAm; the maximum grafting percentage was
obtained with a 4-h reaction. The optimal concentration of the initiator was 3 3 1024

mol/20 mL of toluene, and the grafting reaction occurred at over 65°C. The test results
of the hydrophilicity of the grafted membranes showed that the hydrophilicity and
thermosensitivity were significantly enhanced by grafting NIPAAm onto SBS. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 82: 2641–2650, 2001

Key words: styrene-butadiene-styrene; N-isopropylacrylamide; grafting copolymer-
ization; thermosensitivity

INTRODUCTION

Styrene-butadiene-styrene (SBS) block copoly-
mer, a microphase separated polymer with excel-
lent mechanical properties1,2 and comprising
glassy and rubbery microdomains, is used as a
thermoplastic elastomer. It behaves as a vulca-
nized rubber at room temperature and can be
processed as a thermoplastic at an elevated tem-
perature. As a result, such copolymers have
gained considerable attention in recent years. In
industrial applications, SBS is used for the rub-
ber soles of shoes. Even though polymeric mate-
rials have been widely used for their desirable

properties such as flexibility, viscosity, resistance
to organic materials, impact resistance, and so
forth, further modifications of the polymeric prop-
erties by various methods have been extensively
studied to improve the inherent properties.3–22 Of
these, graft polymerization is a well-known
method for the modification of the chemical and
physical structures to tailor properties for a spe-
cific application. This polymerization achieves
specifically designed polymer properties by con-
necting different types of polymers with the de-
sired properties in the same polymer chain. The
typical method of graft polymerization is a radical
polymerization of various monomers that is initi-
ated by a chemical initiator,23–30 plasma,31–36

electromagnetism, g-ray irradiation,9–15,37–41 and
UV photografting.16–22

In a previous study42 dimethylaminoethyl
methacrylate (DMAEMA) was grafted onto a
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SBS copolymer membrane by the UV irradia-
tion method; the solubility of oxygen in the
SBS-g-DMAEMA membrane increased with the
increase of DMAEMA grafting. 2-Hydroxyethyl
methacrylate (HEMA) was also grafted onto a
membrane of SBS by a g-ray irradiation method.9

The mechanical properties of SBS-g-HEMA were
found to be superior to those of poly(HEMA) and
were identical with those of SBS, and the wetting
and nonthrombogenic properties of SBS-g-HEMA
were both better than those of SBS. The graft
polymerization method for blood compatibility
was also studied,43,44 and the blood compatibility
of a modified SBS was measured by the Lee–
White clotting test.9,14 Numerous investigators
found that foreign surfaces rapidly adsorb plasma
proteins when exposed to blood,45 so it is essential
to have an understanding of protein–polymer in-
teraction for the development of antithrombo-
genic material. Side-chain liquid crystalline poly-
mers (SCLCPs) were grafted to SBS by radical
polymerization.46 The results indicated that the
SBS-g-SCLCPs samples exhibited much im-
proved properties compared to the solution-cast
blends. The improvement was mainly character-
ized by a much stronger mechanical strength, an
essentially homogeneous morphology with the liq-
uid crystalline component uniformly dispersed,
and an enlarged liquid crystalline phase in some
cases.

Poly(N-isopropylacrylamide) (PNIPAAm) ex-
hibits a lower critical solution temperature
(LCST) at around 32°C in aqueous solution,
which is well known. The water contents of such
polymer gels rapidly decrease when the tempera-
ture is above the LCST. The characteristics of the
PNIPAAm gel were applied to prepare tempera-
ture-responsive gels and absorbents.47–50

The graft copolymerization of NIPAAm onto
SBS using benzoyl peroxide (BPO) as an initiator
was studied to provide hydrophilicity and thermo-
sensitivity to the SBS. The influence of various
grafting reaction factors on the conversion of
NIPAAm and the grafting percentage of SBS-g-
NIPAAm were also investigated.

EXPERIMENTAL

Materials

The SBS (Kratont D-1101, Shell Co. Ltd.) was
used as received, and its characteristics are listed
in Table I. The NIPAAm (Wako Pure Chemical

Co. Ltd.) was further purified by recrystallization.
The BPO was recrystallized by dissolving it in
chloroform at room temperature and then precip-
itating by methanol. Toluene, n-hexane, metha-
nol, and cyclohexane were used as received.

Graft Copolymerization of SBS-g-NIPAAm

The reaction conditions of the graft copolymeriza-
tion of SBS with NIPAAm are shown in Table II.
First the SBS and toluene solvent (20 mL) were
stirred for complete dissolution; the solution was
then heated to 50°C under a nitrogen atmo-
sphere. When the desired temperature was
reached, the NIPAAm monomer (a known
amount containing BPO) was added with stirring.
The reaction was carried out for predetermined
periods. The mixture was then cooled and poured
into an excess of well-stirred n-hexane. The pre-
cipitated polymer was filtered and washed several
times with n-hexane and then dried to a constant
weight at 50°C under a vacuum. The precipitate
was a mixture of SBS-g-NIPAAm grafted copoly-
mer, PNIPAAm, SBS, and crosslinked SBS.

Separation

The solubilities of SBS, PNIPAAm, and SBS-g-
NIPAAm are shown in Table III, and the separa-
tion process is shown in Scheme 1. The PNIPAAm
was removed first by a Soxhlet extractor with
methanol as a solvent. The SBS was then re-
moved with cyclohexane as a solvent. In the final
steps the mixture was dissolved in 1,4-dioxane,
the insoluble crosslinked SBS was filtered from
the solution, the filtrate was poured into a petri
dish, and the solvent was vaporized. The remain-

Table I Physical Properties of Kratont D-1101

Butadiene/styrene ratio (wt %) 69/31
Total molecular weight 1.02 3 105

Microstructure of PB
1,4-trans (%) 42
1,4-cis (%) 49
1,2 (%) 9

Specific gravity 0.94
Viscosity at 25°C and 25% toluene (CP) 4000
Melt flow at 180/5 kg (g/10 min) ,1.0
ASTM D412

300% Modulus (MPa) 2.9
Tensile strength (MPa) 33.0
Elongation (%) 880

Hardness, type A 72
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ing SBS-g-NIPAAm membrane was dried under a
vacuum and weighed.

Measurement of Grafting Parameters

The grafting parameters were estimated from the
weight of the sample before and after grafting.
The percentage of grafting and the grafting effi-
ciency (GE) were calculated according to the fol-
lowing relationships:

% grafting

5
mass of NIPAAm in SBS-g-NIPAAm

mass of SBS-g-NIPAAm 3 100%

(1)

GE 5
mass of NIPAAm in SBS-g-NIPAAm
mass of NIPAAm in SBS-g-NIPAAm

1 mass of PNIPAAm

3 100 (2)

Characterization Techniques

The IR spectra of the casting films were measured
on a spectrophotometer (Horiba FT-7X0) in the
range of 400–4000 cm21.

Water Content Measurement

The water contents of the SBS-g-NIPAAm mem-
branes were tested by immersing the dry weighed
membranes (Wd) in deionized water at various
temperatures. The weight of a wet sample (Ww)

Table II Reaction Conditions of SBS-g-NIPAAm Grafting Reaction

Sample No.
SBS
(g)

NIPAAm
(30.013 mol)

BPO
(31024 mol)

Reaction
Time (h)

Reaction
Temp.

(°C)

A1 (1 : 0.75) 0.75
A2 (1 : 1) 1
A3 (1 : 1.25) 1.25
A4 (1 : 1.5) 1 1.5 1 4 75
A5 (1 : 2) 2
A6 (1 : 2.5) 2.5
A7 (1 : 2.75) 2.75
B1 (0.75 : 1) 0.75
B2 (0.875 : 1) 0.875
B3 (1 : 1) 1
B4 (1.25 : 1) 1.25 1 1 4 75
B5 (1.5 : 1) 1.5
B6 (2 : 1) 2
C1 (1 h) 1
C2 (2 h) 2
C3 (3 h) 1 1 1 3 75
C4 (4 h) 4
C5 (6 h) 6
D1 (0.8) 0.8
D2 (1) 1
D3 (2) 2
D4 (3) 1 1 3 3 75
D5 (4) 4
D6 (7) 7
D7 (10) 10
F1 (65°C) 65
F2 (70°C) 70
F3 (75°C) 1 1 1 3 75
F4 (80°C) 80
F5 (85°C) 85
F6 (90°C) 90
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was determined after removing the surface water
by blotting with filter paper at various time inter-
vals until absorption equilibrium was attained.
The water content based on Ww and Wd was then
calculated as follows:

water content 5 ~Ww 2 Wd!/Ww (3)

RESULTS AND DISCUSSION

Characterization of SBS-g-NIPAAm Graft
Copolymer

The use of IR spectroscopy is a well-known
method for the identification of functional groups
and quantitative analysis. The IR spectra of SBS,
PNIPAAm, and the graft copolymers are exhib-
ited in Figure 1. The appearance of new peaks in
the grafted sample at 1716 cm21 indicated the
addition of the carbonyl group and at 3284 cm21

indicated the addition of the secondary amine
group of NIPAAm.

Effect of NIPAAm/Butadiene Molar Ratio on
NIPAAm Conversion and Grafting Percentage

There is 0.013 mol of butadiene in 1 g of SBS.
Figure 2 and Table IV show the effect of the molar

ratio of NIPAAm/butadiene in 20 mL of toluene
(range of 0.75–2.75) on the conversion, grafting
efficiency, and grafting percentage. The percent-
age of grafting of NIPAAm increased gradually
with an increasing molar ratio of NIPAAm/buta-
diene in 20 mL of toluene (0–1.25). The percent-
age of grafting was 10.4% when the molar ratio of
NIPAAm/butadiene was 0.75. Furthermore, it
reached a maximum value of 24.4% when the
molar ratio of NIPAAm/butadiene increased to
1.25. Beyond this molar ratio, the percentage of
grafting was constant when the molar ratio of
NIPAAm/butadiene increased. This result was
similar to outcomes reported by Saroop and co-
workers51 and our previous studies.52–54 This was
because the grafted chains generally grew until
the active sites were completely occupied and
reached a maximum grafting percentage. Above
this molar ratio (1.25) the excess NIPAAm mono-
mer generated a large amount of PNIPAAm ho-
mopolymer (see Table IV, Ch). This event resulted
in reducing the grafting efficiency. This result
shown in Table IV for the conversion of NIPAAm
for the overall polymerization (Cp), grafting copo-
lymerization (Cg), and homopolymerization (Ch)
was also confirmed by the results under polymer-
ization conditions.

Table III Solubilities of SBS, PNIPAAm, and SBS-g-NIPAAm

Solvent PNIPAAm SBS Mixture
SBS-g-NIPAAm

(GR 5 23.8)

Water E 3 3 3
Methanol E 3 3 3
Ethanol E 3 3 3
Isopropanol E 3 3 3
Acetone E ‚ ‚ 3
MEK E ‚ E E

MIBK ‚ E E E

Cyclohexanone E E E E

Cyclohexane 3 E ‚ 3
n-Hexane 3 S 3 3
1,4-Dioxane E E E E

DMAc E ‚ 3 3
DMF E ‚ 3 3
DMSO E 3 E 3
Acetonitrile E 3 3 3
Chloroform E E E E

Ethyl Acetate E ‚ E E

Petroleum ether 3 S 3 3
Benzene 3 E E ‚

Toluene 3 E E ‚

Xylene 3 E E ‚

(E) soluble, (‚) slightly soluble, (3) insoluble, and (S) swelling.
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Effect of SBS Concentration on Grafting
Percentage

The effect of the concentration of SBS in the range
from 0.75 to 2 g/20 mL of toluene on the conver-
sion, grafting efficiency, and grafting percentage
is shown in Figure 3 and Table V. The percentage
of grafting was gradually increased with the in-
crease of the concentration of SBS from 0 to 0.875
g/20 mL of toluene. The percentage of grafting
was 12.2% when the SBS concentration was 0.75
g/20 mL of toluene. Furthermore, it reached a
maximum value of 23.8% when the SBS concen-
tration was increased to 0.875 g. Beyond this con-
centration (1 g/20 mL of toluene), the percentage
of grafting and the grafting efficiency were de-
creased with an increasing concentration of SBS.
This was because the viscosity of the SBS in tol-

uene interfered with the grafting reaction. This
result can also be seen from Table V. The conver-
sion of NIPAAm for Cp, Cg, and Ch decreased
conspicuously with the increase of the concentra-
tion of SBS. This event can be attributed to the
solution becoming more viscous when the SBS
concentration was increased. A large amount of
NIPAAm homopolymer was then formed and it
decreased the percentage of grafting and the
grafting efficiency. This phenomenon was also ob-
served in previous studies.52,54

Effect of Reaction Time on Grafting Percentage

The effect of the reaction time (1–6 h) on the
conversion, grafting efficiency, and grafting per-
centage is shown in Figure 4 and Table VI. The
percentage of grafting gradually increased with
increasing the reaction time from 1 to 4 h. The
percentage of grafting was 3.8% when the reac-
tion time was 1 h. It reached a maximum value of
23.1% when the reaction time was increased to
4 h. Beyond 4 h the percentage of grafting and the
grafting efficiency slightly decreased with in-
creasing reaction time to 6 h. This meant that the
grafted chains generally grew until the active
sites were occupied completely and reached max-
imum grafting at a particular time, after which
the grafting percentage and the grafting effi-
ciency did not increase. From the results shown in
Table VI, the Cg increased continuously with the
increase of the reaction time but did not increase
at 6 h. This result was different from the results
obtained from HEMA grafted onto dehydrochlori-
nated poly(vinyl chloride) (DHPVC).52 However,
it was quite similar to the results obtained from
NIPAAm grafted onto DHPVC54 and AAm
grafted onto poly(hydroxybutyrate-co-hydroxy-
valerate) film.55

Effect of Initiator Concentration on Grafting
Percentage

The effect of an initiator concentration range of
(0.8–10) 3 1024 mol on the conversion, grafting
efficiency, and grafting percentage is shown in
Figure 5 and Table VII. The percentage of graft-
ing and grafting efficiency were slightly increased
with the increasing of the initiator concentration
from (0.8 to 2) 3 1024 mol, and then they increas-
esd to a maximum with the increasing of the
initiator concentration to 3 3 1024 mol. This was
due to the increasing chance of hydrogen abstrac-
tion from the backbone and the chain transfer

Scheme 1 The separation process.
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reaction of the PNIPAAm homopolymer to SBS.
However, beyond the concentration of 3 3 1024

mol/20 mL of toluene, the percentage of grafting
and grafting efficiency decreased. Because the re-
combination of primary radicals and the termina-

tion reaction of growing grafted chains can be
enhanced at higher initiator concentrations, the
increase of the initiator concentration usually re-
sults in a decrease of the grafting percentage.
Table VII shows that the ratio of the conversion of
grafting copolymerization to those of homopoly-
merization (Cg/Ch) increased and reached a max-
imum value of 0.23 when the initiator concentra-
tion was increased to 3 3 1024 mol/20 mL of
toluene, then it decreased with increasing concen-
tration of the initiator.

Figure 1 IR spectra of PNIPAAm (spectrum a), SBS-g-NIPAAm (spectrum b), and
SBS (spectrum c).

Figure 2 The effect of the NIPAAm/butadiene molar
ratio in the grafting reaction on the NIPAAm conver-
sion and grafting percentage.

Table IV NIPAAm Conversion of Overall
Polymerization (Cp), Grafting Copolymerization
(Cg), and Homopolymerization (Ch) in Toluene

NIPAAm/Butadiene
Molar Ratio

Cp

(%)
Cg

(%)
Ch

(%)

0.75 88.7 11.1 77.6
1.0 98.4 18.7 79.7
1.25 96.0 13.8 82.2
1.5 94.8 9.8 85.0
2.0 93.8 6.6 87.2
2.5 96.0 8.3 87.7
3.0 95.9 8.8 87.1

The experimental conditions were 1 g of SBS, 1 3 1024 mol
BPO, and 20 mL of toluene with a reaction time of 4 h and a
reaction temperature of 75°C.
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Effect of Reaction Temperature on Grafting
Percentage

The effect of a reaction temperature range of 65–
90°C on the conversion, grafting efficiency, and
grafting percentage is shown in Figure 6. It is
clear that the grafting degree was gradually in-
creased with the increase of the grafting temper-
ature, but the grafting reaction did not happen
when the reaction temperature was lower than
65°C. From 70 to 90°C the grafting percentage
increased gradually. This result is also shown in
Table VIII. The conversion of graft copolymeriza-

tion was zero when the reaction temperature was
65°C and then increased gradually with the in-
crease of temperature. It was similar to the result
obtained from NIPAAm grafted onto polypro-
pylene,56 but it differed from the result obtained
from NIPAAm grafted onto ethylene vinyl ace-
tate.57

Water Content of Grafted Copolymer Membranes

Because of the existence of a hydrophilic group
(amido-, OCONHO) in NIPAAm, the water con-
tent of SBS is improved by graft copolymeriza-

Figure 3 The effect of the SBS concentration in the
grafting reaction on the NIPAAm conversion and graft-
ing percentage.

Table V NIPAAm Conversion of Overall
Polymerization (Cp), Grafting Copolymerization
(Cg), and Homopolymerization (Ch) in Toluene

SBS Concentration
(g/20 mL Toluene)

Cp

(%)
Cg

(%)
Ch

(%)

0.75 83.6 5.0 78.6
0.875 94.9 13.6 81.3
1.0 98.4 18.7 79.7
1.25 88.0 10.8 77.2
1.5 80.4 8.5 71.9
2.0 67.9 4.9 63.0

The experimental conditions were 0.013 mol NIPAAm, 1
3 1024 mol BPO, and 20 mL of toluene with a reaction time of
4 h and a reaction temperature of 75°C.

Figure 4 The effect of the reaction time in the graft-
ing reaction on the NIPAAm conversion and grafting
percentage.

Table VI NIPAAm Conversion of Overall
Polymerization (Cp), Grafting Copolymerization
(Cg), and Homopolymerization (Ch) in Toluene

Reaction
Time (h)

Cp

(%)
Cg

(%)
Ch

(%)

1 69.0 2.5 66.5
2 80.7 3.6 77.1
3 88.0 12.2 75.8
4 98.4 18.7 79.7
6 97.2 18.5 78.7

The experimental conditions were 1 g of SBS, 0.013 mol
NIPAAm, 1 3 1024 mol BPO and 20 mL of toluene with a
reaction temperature of 75°C.
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tion. The improvement of water absorption for
SBS is indicated by the water contents of copoly-
mer membranes. Figure 7 shows the water ab-
sorbing kinetics of the grafted copolymer mem-
branes with different grafting percentages at
25°C. The equilibrium water content of the copol-
ymer membrane increased with the percentage of
grafting. This result explicitly indicated that the
hydrophilic group of NIPAAm affected the water

absorbency of grafted membranes. When the de-
gree of NIPAAm grafted onto SBS increased, the
role of the hydrophilic PNIPAAm in SBS-g-
NIPAAm became more important.

Temperature Sensitivity of Grafted Copolymer
Membranes

Figure 8 shows the equilibrium water contents of
the grafted membranes with different grafting
percentages at different temperatures. The equi-
librium water contents of the copolymer mem-

Figure 5 The effect of the initiator concentration in
the grafting reaction on the NIPAAm conversion and
grafting percentage.

Table VII NIPAAm Conversion of Overall
Polymerization (Cp), Grafting Copolymerization
(Cg), and Homopolymerization (Ch) in Toluene

Initiator
Concentration
(31024 mol/

20 mL
Toluene)

Cp

(%)
Cg

(%)
Ch

(%) Cg/Ch

0.8 86.7 11.6 75.1 0.15
1.0 88.0 12.2 75.8 0.16
2.0 89.0 12.6 76.2 0.17
3.0 94.1 17.8 76.3 0.23
4.0 96.1 16.1 80.0 0.20
7.0 90.1 12.4 77.7 0.16

10.0 84.0 7.2 76.8 0.09

The experimental conditions were 1 g of SBS, 0.013 mol
NIPAAm, and 20 mL of toluene with a reaction time of 4 h and
a reaction temperature of 75°C.

Figure 6 The effect of the reaction temperature in
the grafting reaction on the NIPAAm conversion and
grafting percentage.

Table VIII NIPAAm Conversion of Overall
Polymerization (Cp), Grafting Copolymerization
(Cg), and Homopolymerization (Ch) in Toluene

Reaction
Temp.

(°C)
Cp

(%)
Cg

(%)
Ch

(%)

65 60.1 0 60.1
70 83.5 8.3 75.2
75 88.0 12.2 75.8
80 91.5 14.7 76.8
85 98.7 21.8 76.9
90 96.2 21.4 74.8

The experimental conditions were 0.013 mol NIPAAm, 1
3 1024 mol BPO, and 20 mL of toluene with a reaction time of
4 h.
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branes with various grafting percentages de-
creased rapidly between 30 and 35°C. As in pre-
vious reports,47–50 the NIPAAm contained a
hydrophilic group (amido-, OCONHO) and a hy-
drophobic group (isopropyl-). The hydrophilic
group in the polymer structure forms an intermo-
lecular hydrogen bond with the surrounding wa-
ter at low temperature (below the gel-transition
temperature). Hence, water penetrating into the
SBS-g-NIPAAm membrane was in a bound state
at low temperature. The water molecule under-
goes enthalpy during the increase of temperature,
and the hydrophilic group in the NIPAAm is
turned into an intramolecular hydrogen bond in
this condition. At the same time, the hydrophobic
force of the isopropyl group of NIPAAm increases.
These two results made the water molecule inside
the membrane change from a bound state to a free
state, releasing it from the membrane. This phe-
nomenon made the water contents of the grafted
membranes rapidly decrease at the gel-transition
temperature: the higher the degree of NIPAAm
grafted onto SBS, the more significant the tem-
perature sensitivity of the membrane.

CONCLUSIONS

The grafting of NIPAAm onto SBS by means of
the chemical graft method was successfully per-

formed. Under the reaction conditions chosen, the
NIPAAm/butadiene molar ratio, SBS concentra-
tion, reaction time, initiator concentration, and
reaction temperature were determined for opti-
mal grafting.

The following conclusions were reached:

1. The grafting percentage of SBS-g-NIPAAm
increased with the NIPAAm/butadiene mo-
lar ratio to a maximum value at 1.25.

2. The grafting percentage of SBS-g-NIPAAm
increased with the concentration of SBS in
20 mL of toluene to a maximum value at
1 g, then it dramatically decreased with an
increasing SBS amount in the reaction
mixture.

3. The grafting percentage of SBS-g-NIPAAm
increased gradually with the reaction time
to a maximum value at 4 h.

4. The grafting percentage of SBS-g-NIPAAm
had a maximum value at 3 3 1024 mol of
initiator (BPO) in 20 mL of toluene, then it
decreased with the initiator concentration.

5. The grafting percentage of SBS-g-NIPAAm
increased with the reaction temperature,
but the grafting reaction did not happen
when the reaction temperature was lower
than 65°C.

Moreover, the membranes of SBS-g-NIPAAm
with different grafting percentages possessed wa-

Figure 7 The water absorption of SBS-g-NIPAAm
copolymer membranes with different amounts of graft-
ing as a function of time at 25°C.

Figure 8 The equilibrium water content of the SBS-
g-NIPAAm copolymer membrane with different
amounts of grafting as a function of temperature.
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ter absorptivity and temperature sensitivity,
which are particular properties of NIPAAm.

The authors appreciate the financial support of Tatung
University.
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