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ucture–property relationships of
SIS-g-PB copolymers and their application in hot-
melt pressure-sensitive adhesives†

Zhongfu Zhao, *a Peiying Liu, a Chunqing Zhang,*a Wei Liu,a Yifu Ding, b

Yandong Zhang,a Fanzhi Menga and Tao Tangc

A “graft onto” method was combined with an epoxidation reaction and living anionic polymerization to

successfully synthesize a series of SIS-g-PB copolymers with defined branch numbers and branch

lengths. These copolymers were utilized to formulate various hot-melt pressure-sensitive adhesives

(HMPSAs). Their molecular structure and bulk properties were characterized by 1H-nuclear magnetic

resonance (1H-NMR), gel permeation chromatography (GPC), differential scanning calorimetry (DSC) and

rheometry. The adhesion performances were characterized in terms of holding power and 180� peel

strength. The epoxidation reaction alone would negatively influence the rheological properties of the

parent SIS copolymers, particularly for low-temperature applications. Controlled addition of the low-Tg
PB blocks can significantly improve the low-temperature properties of the SIS copolymers. Both h* and

G0 increased in the lower shear frequency regime (<101 rad s�1) but decreased in the higher shear

frequency regime (>101 rad s�1) with branch number and branch length, in which branch length had

a greater effect than the branch number. As a result, the 180� peel strength of the SIS-g-PB based

HMPSAs displayed reached 0.23 kN m�1, which is more than twice the value for SIS-based HMPSAs.
1. Introduction

Styrene-b-isoprene-b-styrene (SIS) and styrene-b-butadiene-b-
styrene (SBS) copolymers are a class of polymers that behave
like vulcanized-rubbers at room temperature but can be pro-
cessed like conventional thermoplastics at elevated tempera-
tures. In comparison, SIS copolymers have much lower viscosity
than SBS copolymers since the polyisoprene (PI) chains have
much higher entanglement molecular weight than the poly-
butadiene (PB) chains. On the other hand, SBS copolymers
display a much higher elastic modulus and better low temper-
ature properties.1 Thus, most SIS copolymers are traditionally
used in hot-melt pressure sensitive adhesives (HMPSAs) while
SBS copolymers are mainly used in footwear and asphalt
modication.1–9

SIS-based HMPSAs are mainly formulated with SIS copoly-
mers, tackier resins and antioxidants.10–14 Their nonpolar
feature greatly limits their applications due to their poor
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75
adhesion with polar materials or weak compatibility with
hydrophilic components.15–18 To improve their polarity, addi-
tion of polar tackiers such as rosin and its derivatives were
examined. However, the partial compatibility between the
additives and the styrene end-block might compromise the
integrity of the HMPSAs.3,13,19 Other hydrophilic components
were also introduced into the formulation of the SIS-based
HMPSAs for transdermal delivery of hydrophilic drugs.20,21

Similarly, this method sacriced the adhesive performance of
the SIS-based HMPSAs due to the weak interface interaction.

Another strategy to improve the polarity of the SIS-based
HMPSAs is to functionalize the SIS copolymers.22 One of such
approach is to epoxidize SIS (ESIS).23 Indeed, the ESIS markedly
improved the polarity of the HMPSAs. However, the compati-
bility between ESIS and tackier resins is reduced, which results
in a decrease of the adhesive performance of HMPSAs. To
overcome this shortcoming, parent SIS resins and ESIS resins
were combined in the formulation HMPSAs.24 This method
could greatly improve the adhesive performance of the adhesive
matrix, but again lowered the polarity of the adhesives.

In this article, we explore a new synthetic approach to
improve both the polarity of SIS copolymers and the compati-
bility with components in the HMPSAs formulations. The main
idea is to controllably gra PB blocks onto ESIS, as PB is known
to have excellent compatibility with tackier resins in
HMPSAs.25 The inuence of the degree of epoxidation, degree of
PB graing on the properties of the SIS-PB copolymers as well as
This journal is © The Royal Society of Chemistry 2017
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the performance of the corresponding HMPSAs were examined
systematically.

2. Experimental
2.1. Materials

SIS copolymers (YH-1209, Mn � 9 � 104 g mol�1, diblock
content < 1%, styrene content z 29 wt%) were obtained from
the Sinopec Baling Petroleum & Chemical Co., Ltd. Formic acid
(AR grade, 88 vol%) and hydrogen peroxide (AR grade, 30 vol%)
were used as received. Toluene, tetrahydrofuran and cyclo-
hexane were reuxed over calcium hydride and distilled under
argon atmosphere. n-BuLi (J&K Scientic Ltd.) was analysed by
the double-titration method with 1,2-dibromoethane. 1,3-buta-
diene (Sinopec Beijing Yanshan Petrochemical Corp) was
treated with minor n-BuLi to remove the residual water and
inhibitor. C5 resin (C-100R, Eastman Chemical Company, USA)
was used as a tackier. A plasticizer (KN-4010) and antioxidant
Irganox 1010 were purchased from Kelamayi renery and Bei-
jing Jiyi chemical limited company, respectively.

2.2. In situ epoxidation of SIS copolymers

ESIS was prepared by an in situ epoxidation procedure. Typi-
cally, 5.0 g SIS copolymer was rst dissolved into 100 g toluene
in a 250 ml three-necked glass ask at room temperature. At
4 �C (ice bath), a designed amount of formic acid and hydrogen
peroxide (with equivalent mole to the isoprene units in SIS) was
successively added into the system, forming performic acid (an
oxidizing agent). Then, the reaction occurred at a stirring speed
of 300 rpm for a designed reaction time. ESIS was precipitated
in ethanol, washed with distilled water for three times till pH
neutral, and dried at 60 �C in a vacuum oven till constant
weight. In the following discussions, the copolymers were
referred to as ESISx, where x represents the epoxidation degree
(ED, dened as the mole percentage of epoxidized C]C bonds
among all the C]C bonds within the PI blocks of the parent SIS
copolymer). Specically, the ED is controlled by their epoxida-
tion time and estimated by eqn (1).

ED ¼ Að2:69Þ
Að2:69Þ þ Að5:12Þ þ 0:5Að4:75Þ þ 0:5Að4:67Þ � 100%

(1)

where A(i) is the integral area of the peak at i ppm in the
1H-NMR spectra of the respective copolymers.

2.3. Synthesis of SIS-g-PB copolymers

SIS-g-PB copolymers were synthesized by graing living PB
lithium macroanions onto the ESIS copolymers. First, given
amounts of butadiene and cyclohexane were transferred into
a 300 ml glass reactor through stainless steel capillaries. Aer
being initiated by a stoichiometric amount (according to
a designed molecular weight of PB branches) of n-BuLi, living
PB lithium macroanions was polymerized at 50 �C for 4 h.
Subsequently, the reactor was injected with a 5 wt% ESIS/
cyclohexane solution and stirred at 50 �C for 8 h. By design,
the molar ratio of PB lithium macroanions to the epoxide
This journal is © The Royal Society of Chemistry 2017
groups in ESIS ranged between 1 : 5 and 1 : 20. The gra reac-
tion was terminated by a small amount of degassed ethanol and
the product was precipitated in an excess amount of ethanol.
Finally, ethanol and tetrahydrofuran were utilized to carefully
remove the unreacted PB homopolymer.26

2.4. Characterization of SIS-g-PB copolymers
1H-NMR spectrum was recorded on a Varian INOVA 400 MHz
spectrometer in CDCl3 at ambient temperature. The number
molecular weight (Mn), molecular weight distribution (PDI) and
intrinsic viscosity were measured by gel permeation chro-
matograph (GPC) consisting of a Viscotek TDA-302 (Viscotek
Co., USA), equipped with tetra detectors [refractive index (RI),
UV, viscosity (VISC), and two-angle laser light scattering]. THF
was used as eluent at a ow rate of 1.0 ml min�1 at 30 �C, and
polystyrene standards were used to calibrate the instrument.

For all samples, 10.0 � 0.1 mg was used in differential
scanning calorimetry (DSC, NETZSCH DSC 204 instrument,
Germany) measurements. They were rst scanned from room
temperature to 150 �C, kept for 5 min. Then, they were cooled to
�120 �C with a cooling rate of 10 �C min�1 in N2 stream and
kept for 5 min. Finally, they were reheated to 150 �C with
a heating rate of 10 �C min�1.

A rotational rheometer (AR2000ex, TA Instrument, U.S.) was
used to measure the rheological property of SIS-g-PB copoly-
mers. SIS-g-PB copolymers (�0.5 g) were compressed by
a thermal press into discs with a diameter of �25 mm and
a thickness of �1 mm at 170 �C. The rheological measurements
were conducted under 170 �C and nitrogen atmosphere, with
a frequency range of 0.01 Hz–100 Hz and a strain level of 1%, to
ensure that all samples were measured within the linear visco-
elastic response region.

2.5. Preparation and characterization of HMPSAs

In a N2 atmosphere, the copolymers were melt-blended with
a tackier, a plasticizer (at a weight ratio: 3 : 5 : 2) and an
antioxidant (0.5 wt%) to prepare HMPSAs. First, all the
components were slowly mixed at 120 �C in an internal mixer
until the tackier was fully melted. Then, the processing
temperature was gradually elevated to 170 �C. Aer being stirred
at a rate of 500 rpm for 30 min, the mixture was placed on PET
(polyethylene terephthalate) lms (backing layer) to prepare the
HMPSA specimens with an average thickness of 100 mm using
a TX2003-1 lm applicator at 130 �C. Finally, these specimens
were covered with another PET lm (release liner) and were
pressed with a 2 kg rubber roller for three times and stored at
room temperature for 48 h prior to the adhesive performances
tests. In practice, the adhesive performance mainly includes
180� peel strength and holding power. The former is the force
required to remove the adhesive from the substrate surface
under standard conditions. The latter is characterized by the
break time of the adhesive held under a dened shear load.
Their specimens were cut into strips with 25 mm � 100 mm
dimensions for the measurement of 180� peel strength, tested
with a BLD-S electronic all-powerful stripping machine (Lab-
think Instruments Co., Ltd., China) at a peeling rate of
RSC Adv., 2017, 7, 44068–44075 | 44069
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Fig. 2 GPC traces of (a) PB1.9, (b) PB3.1, and (c) PB4.2.
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300 mm min�1 in accordance with GB/2792-1998. The average
value of 180� peel strength for the sample was determined for at
least three times. Their specimens were cut into strips with
25mm� 70mmdimensions for themeasurement of their holding
power, tested with a CZY-6 holding adhesive testing instrument
(Labthink Instruments Co., Ltd., China). They were tested under
a load of 1 kg at room temperature for three times and the reported
data was their average. Prior to the above measurements, these
strips were pressed onto a clean stainless steel substrate with a 2 kg
rubber roller (moved backward and forward for three times) and
le to stand for over 20 min at 23 � 2 �C.

3. Results and discussion
3.1. Fabrication of ESIS copolymers and their HMPSAs

A range of ESIS copolymers were synthesized with varying
epoxidation time. Fig. 1 displays the 1H-NMR spectra of the
copolymers, from which the ED of the ESIS copolymers was
calculated to be 5, 11, 15 and 20 according to eqn (1). The typical
signals of epoxide groups appear at 2.69 ppm in the 1H-NMR
spectra and become stronger at higher ED.

These ESISx and parent SIS copolymers were used to fabri-
cate HMPSAs, referred to as H-ESISx and HSIS in the following
discussions, respectively. The adhesion performances of all the
HMPSAs are summarized in Table 1. Although the holding
power remained rather constant within the range of experi-
mental uncertainty, the 180� peel strength showed strong
dependency on the epoxidation degree. As the ED exceeds 10%,
the corresponding HMPSAs displayed very poor adhesion
performance because the compatibility between ESIS and
tackier resins reduced signicantly by the excess epoxide
Fig. 1 1H-NMR spectra of (a) parent SIS, (b) ESIS5, (c) ESIS11, (d) ESIS15,
and (e) ESIS20.

Table 1 Adhesion performances of H-SIS and H-ESISx HMPSAs

Adhesion performance H-SIS H-ESIS5

Holding power (day) >7 >7
180� peel strength (kN m�1) 0.09 � 0.01 0.11 � 0.0

44070 | RSC Adv., 2017, 7, 44068–44075
groups.23 Since ESIS15 copolymers had sufficient amounts of
epoxide groups and correspondingly H-ESIS15 showed only
slightly lower adhesion performance compared with SIS-based
HMPSA, they were chosen as the main precursors to synthe-
size gra copolymers. These synthesized branch copolymers
were then used to investigate the effect of the branch structures
on the adhesion performance of the corresponding HMPSAs in
the following paragraphs.
3.2. Synthesis of SIS-g-PB copolymers

It is known that the properties of graed polymers show
signicant dependency on the branching, only when the
molecular weight of branched chains is well above the critical
molecular weight for entanglements. In this regard, the entan-
glement behavior of the graed polymers will play an important
role at improving the adhesion performance of HMPSAs, since
they are the matrix materials. 1.7 kg mol�1 is the critical
molecular weight for entanglements of PB chains.1 Thus, PB
branches with Mn of 1.9, 3.1 and 4.2 kg mol�1 were synthesized
(referred to as PB1.9, PB3.1 and PB4.2) in this work. Prior to
being graed onto ESIS15, a small amount of living PB lithium
macroanions were extracted from the reactor and terminated by
degassed ethanol. Fig. 2 shows the GPC traces of the PB ob-
tained. Fig. 3 displays the 1H-NMR spectra with chemical shi
peaks centered at 5.57, 4.91–4.87 and 5.32–5.37 ppm, corre-
sponding to the olenic protons of 1,2-butadiene units (–CH]),
1,2-butadiene (]CH2) units and 1,4-butadiene (–CH]CH–)
units, respectively. By comparing the peak areas, the content of
1,4 BD and 1,2 BD can be quantied. The chemical composition
of the PB branches estimated from 1H-NMR, as well as their
molecular weight and PDI estimated from GPC are summarized
in Table 2.

These PB chains were graed onto ESIS15 to synthesize
a range of SISx-yg-PBz copolymers, where x, y and z represent
their ED, branch number and branch length, respectively.
H-ESIS11 H-ESIS15 H-ESIS20

>7 >7 >7
2 0.09 � 0.01 0.07 � 0.02 0.02 � 0.03

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 1H-NMR spectra of (a) PB1.9, (b) PB3.1, and (c) PB4.2.

Fig. 4 GPC traces of (a) PB3.1, (b) mixture of SIS15-10g-PB3.1 and
PB3.1, and (c) SIS15-10g-PB3.1.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
:5

3:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SIS15-10g-PB3.1 is taken for example to demonstrate the
evolution of their molecular structures, measured by GPC
(Fig. 4) and 1H-NMR (Fig. 5). Prior to the purication, the as-
synthesized products were a mixture of free PB3.1 and SIS15-
10g-PB3.1, evidenced by the two elution peaks in the GPC curve
(curve b in Fig. 4). Aer the purication process, the elution
peak corresponding to the free PB3.1 disappeared (curve c in
Fig. 4). Thus, SIS15-10g-PB3.1 is successfully synthesized
without linear PB3.1 chains. In the 1H-NMR spectrum (curve 3
in Fig. 5), there appear typical peaks of PB and SIS, which
conrms the successful synthesis of SIS15-10g-PB3.1. Moreover,
the peak of epoxide groups at 2.69 ppm is still very strong,
showing that most functional groups were remained in the
SIS15-10g-PB3.1.

Similarly, other SISx-yg-PBz copolymers with well-dened
branch lengths and branch numbers were synthesized with
various living PB lithium macroanions under designed molar
ratios of PB lithium macroanions to epoxide groups. Table 3
lists their molecular structures based on the GPC results of
SISx-yg-PBz, SIS, ESIS and PB branches. Among these copoly-
mers, two series of SIS-g-PB copolymers were chosen to inves-
tigate the effects of their branch number (SIS15-8g-PB1.9, SIS15-
10g-PB1.9 and SIS15-14g-PB1.9) and branch length (SIS15-10g-
PB1.9, SIS15-10g-PB3.1 and SIS15-11g-PB4.2) on their thermo-
dynamic properties and corresponding HMPSAs performances.
3.3. Physical and adhesive properties of SIS-g-PB copolymers

As SIS copolymers are epoxidized, the functional groups will
increase the glass transition temperature (Tg) of PI blocks. As
shown in Fig. 6, the Tg of the PI blocks increases from�57 �C to
�47 �C, as the ED increases to �15. As a result, the working
Table 2 Molecular structures of PB branches

Sample Mn
a (kg mol�1) PDIa 1,4-BDb (%) 1,2-BDb (%)

PB1.9 1.9 1.07 90.1 9.9
PB3.1 3.1 1.12 91.8 8.2
PB4.2 4.2 1.10 90.7 9.3

a Determined by GPC. b Determined by 1H-NMR.

This journal is © The Royal Society of Chemistry 2017
temperature window of ESIS-based HMPSAs becomes narrower
(The Tg of middle PI blocks is the lower limit temperature of
HMPSAs' application).

On the other hand, once graed onto the ESIS chains, PB
blocks, which has a lower Tg than the PI blocks, could restore or
even improve the low temperature property of ESIS-based
HMPSAs. Fig. 7 displays the DSC curves of PB branches
(PB1.9, PB3.1 and PB4.2), showing that the Tg value increases
with the molecular weight from�103.4 �C for PB1.9 to�99.0 �C
for PB4.2. These PB chains all have much lower Tg values than
the SIS copolymers (�56 �C) and ESIS15 (�47.2 �C).

Fig. 8 displays the DSC curves of a series of SIS15-yg-PB1.9
copolymers, showing that there is no distinctive glass transition
of PB blocks. Instead, all three branched copolymers showed
a single glass transition, with Tg values lower than the ESIS15.
As the branch numbers increases from 8 to 14, the Tg value
drops monotonically from�53.4 �C for SI5-8g-PB1.9 to�60.3 �C
for SIS15-14g-PB1.9, which is even lower than that (�56 �C) of
the parent SIS copolymers. Fig. 9 shows the DSC measurements
of the copolymer series with constant branch number, but
varying branch length. In this case, as the branch length
increased from 1.9, 3.1 to 4.2 kg mol�1, the Tg value decreases
from �55.0 for SIS15-10g-PB1.9, �70.7 for SIS15-10g-PB3.1 to
�71.7 �C for SIS15-11g-PB4.2, which is signicantly lower than
that (�56 �C) of the parent SIS copolymers. Above experiments
Fig. 5 1H-NMR spectra of (a) PB3.1, (b) SIS, (c) ESIS15, and (d) SIS15-
10g-PB3.1.

RSC Adv., 2017, 7, 44068–44075 | 44071
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Table 3 Molecular structures of SISx-yg-PBz copolymers

Sample Mn (kg mol�1) St (wt%) Bd (wt%) Nb PDI [h] (dl g�1)

SIS 90 29 0.0 0 1.06 1.170
SIS15 92 31.5 1.190
SIS15-14g-PB1.9 116 22.5 22.4 14 1.07 1.424
SIS15-10g-PB1.9 109 23.9 21.1 10 1.08 1.411
SIS15-8g-PB1.9 103 25.3 12.6 7 1.08 1.410
SIS15-19g-PB3.1 150 17.4 40.0 19 1.07 1.511
SIS15-12g-PB3.1 127 20.6 29.1 12 1.06 1.449
SIS15-10g-PB3.1 121 21.6 25.6 10 1.07 1.425
SIS15-11g-PB4.2 136 19.2 33.8 11 1.06 1.525
SIS15-8g-PB4.2 125 20.9 28.0 8 1.07 1.510
SIS15-5g-PB4.2 113 23.1 25.6 5 1.09 1.503

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
:5

3:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
suggest that PB blocks are compatible with the PI blocks in the
graed copolymers. As a result, the mixing of PB blocks with the
PI blocks effectively reduces the overall Tg values of the
copolymers. With increasing number and lengths of the PB
branches, the effective concentration of the PB increases, which
leads to more reduction in Tg values. Such a property can be
utilized to modify the low temperature property of gra
copolymers and their corresponding HMPSA.

We further investigated the inuences of branch numbers
and branch lengths on the rheological properties of the copol-
ymers. Fig. 10 and 11 show the complex viscosity (h*), dened in
eqn (2) and storage modulus (G0) versus angular frequency (u) at
170 �C for SIS, ESIS and various SIS-g-PB copolymers.

h* ¼
"�

G0

u

�2

þ
�
G00

u

�2
#1=2

(2)

Even though ESIS15 copolymer has similar molecular
structures as the SIS copolymer, they display signicantly
different rheological behavior. In comparison, the former has
much lower h* and G0 than the latter throughout the experi-
mental shear frequency range. In the low terminal shear
frequency regime, ESIS15 copolymers have a platform region of
Fig. 6 DSC curves of SIS, ESIS5, ESIS11 and ESIS15.

44072 | RSC Adv., 2017, 7, 44068–44075
h* independent of the shear frequency and accompanying even
lower G0. As PB branches are graed onto ESIS backbones, the
platform region of h* still exists for SI5-8g-PB1.9, SIS15-10g-
PB1.9 and SIS15-14g-PB1.9. Besides, their h* and G0 increase in
the lower shear frequency regime (<101 rad s�1) but decrease in
the higher shear frequency regime (>101 rad s�1) with the
branches numbers of PB for SI5-8g-PB1.9, SIS15-10g-PB1.9 and
SIS15-14g-PB1.9. But, they are still lower than those of parent
SIS copolymers throughout the experimental frequency range.

Fig. 11 illustrates the inuence of the branches length on the
h* and G0 of SIS-g-PB copolymers. For SIS15-10g-PB1.9, SIS15-
10g-PB3.1 and SIS15-11g-PB4.2, they also have lower h* and G0

than the parent SIS copolymers throughout the experimental
shear frequency range. A similar trend takes place. Their h* and
G0 increase with the branches length in a low shear frequency
regime (<101 rad s�1) but decrease with the branches length in
the high shear frequency regime (>101 rad s�1). Their
outstanding difference from SIS15-8g-PB1.9, SIS15-10g-PB1.9
and SIS15-14g-PB1.9 lies in the low terminal shear frequency
regime. Clearly, the platform region in the low terminal shear
frequency regime disappears for SIS15-10g-PB3.1 and SIS15-11g-
PB4.2. Both their h* and G0 have a denite improvement, close
to those of parent SIS copolymers. Their complex viscosity
curves become higher leading to more prominent shear-
Fig. 7 DSC curves of SIS, PB1.9, PB3.1 and PB4.2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 DSC curves of ESIS15, SI5-8g-PB1.9, SIS15-10g-PB1.9 and
SIS15-14g-PB1.9.
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thinning phenomenon. Considering the fact that their physical
crosslinking sites of PS phase disappear at 170 �C, their rheo-
logical behavior could be interpreted as the typical character of
polymers with long chain branching.27 For SIS15-8g-PB1.9,
Fig. 10 (a) h* vs. u and (b) G0 vs. u for SIS, ESIS15, SIS5-8g-PB1.9, SIS15-

Fig. 9 DSC curves of ESIS15, SIS15-10g-PB1.9, SIS15-10g-PB3.1 and
SIS15-11g-PB4.2.

This journal is © The Royal Society of Chemistry 2017
SIS15-10g-PB1.9 and SIS15-14g-PB1.9, their branches length is
very close to the critical molecular weight for entanglements of
PB chains so that they have no the typical character of polymers
with long chain branching. The results also show that the
branches length has greater effects on the rheology of SIS-g-PB
copolymers than the branches number in the experimental
range.

In Fig. 12, these SIS-g-PB copolymers are analyzed by their
van Gurp–Palmen (vGP) plots, in which the loss angle, d (tan d¼
G00/G0), is plotted as a function of the absolute value of complex
modulus (|G*|). The vGP plot is a useful tool for getting insight
into the molecular structure of long chain branched polymers.27

It has been pointed out that materials are almost completely
viscous when the d terminal value is close to 90� and almost
completely elastic when the d terminal value is close to 0�. The
d terminal value of parent SIS copolymers is very low (<30�). By
comparison, ESIS15 copolymers have much higher d terminal
value (close to 60�), demonstrating that the elasticity of parent
SIS copolymers is signicantly reduced due to the introduction
of epoxide groups. SIS15-8g-PB1.9, SIS15-10g-PB1.9 and SIS15-
14g-PB1.9 have similar d terminal value with ESIS15, demon-
strating that PB1.9 is not long enough to dramatically inuence
the rheological properties and the effect of branch number can
be ignored in these copolymers. As their branch length
increases in SIS15-10g-PB3.1 and SIS15-11g-PB4.2, their similar
d terminal value dramatically decreases, approaching that of SIS
copolymers. Obviously, the elasticity of SIS-g-PB copolymers can
be restored only if the branch length is longer enough than the
critical molecular weight for entanglements of PB chains.

Two series of SIS-g-PB copolymers were chosen to fabricate
various HMPSAs in order to investigate the effects of the branch
number (SIS15-8g-PB1.9, SIS15-10g-PB1.9 and SIS15-14g-PB1.9)
and branch length (SIS15-10g-PB1.9, SIS15-10g-PB3.1 and SIS15-
11g-PB4.2) on the HMPSAs performances. These HMPSAs are
named as H-SISx-yg-PBz, where SISx-yg-PBz represents the cor-
responding SIS-g-PB copolymers. The adhesion performances
were summarized in Table 4, mainly including holding power
and 180� peel strength measurement results. The holding
power of the graed copolymers was similar with that of H-SIS
and H-ESIS15, and showed no obvious change with the
10g-PB1.9 and SIS15-14g-PB1.9 at 170 �C.

RSC Adv., 2017, 7, 44068–44075 | 44073
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Fig. 11 (a) h* vs. u and (b) G0 vs. u for SIS, ESIS15, SIS15-10g-PB1.9, SIS15-10g-PB3.1 and SIS15-11g-PB4.2 at 170 �C.

Fig. 12 Van Gurp–Palmen plots of SIS, ESIS15 and various SIS-g-PB
copolymers at 170 �C.
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topological structures of SIS-g-PB copolymers in the experi-
mental range (7 days). However, their 180� peel strength is
prominently inuenced by the branch number and branch
length of SIS-g-PB copolymers.

In comparison, their 180� peel strength is much higher than
the SIS-based HMPSAs in practical applications (Table 1). To
elaborate the mechanism underlying the enhanced adhesion
performance, SIS15-10g-PB1.9 is taken as an example for anal-
ysis. From DSC measurements (Fig. 13), C5 resin is completely
compatible with the PI blocks of SIS copolymers so that the
glass transition of PI markedly shis to higher temperature. In
the case of ESIS15/C5 blends, the Tg of PI slightly shis to
higher temperature. It is clear that the compatibility between
SIS and C5 resin is negatively impacted by the introduction of
epoxide groups, which results in the lower 180� peel strength of
H-SIS15. As discussed in Fig. 8, SIS15-10g-PB1.9 has a low Tg
Table 4 Various HMPSAs based on SISx-yg-PBz copolymers

Adhesion performance H-SIS15-8g-PB1.9 H-SIS15-10g-PB1.9

Holding power (day) >7 >7
180� peel strength (kN m�1) 0.15 � 0.02 0.21 � 0.01

44074 | RSC Adv., 2017, 7, 44068–44075
value, due to the PB branches, which notably shis to much
higher temperature in the blend of SIS15-10g-PB1.9 and C5
resin. To some degree, the long PB branches restore the
compatibility between the rubber phase of copolymers and the
C5 resin. As a result, H-SIS15-10g-PB1.9 displayed higher 180�

peel strength than H-SIS.
In Table 4, the 180� peel strength increases with the branch

number of copolymers for H-SIS15-8g-PB1.9, H-SIS15-10g-PB1.9
and H-SIS15-14g-PB1.9, but slightly changes with the branch
length of copolymers for H-SIS15-10g-PB1.9, H-SIS15-10g-PB3.1
and H-SIS15-11g-PB4.2. These copolymers all have excellent
compatibility with C5 resin just like the blend of SIS15-10g-
PB1.9 and C5 resin (see ESI Fig. S1 and 2†). Thus, the SIS-g-PB/
C5 compatibility cannot be directly used to explain the different
adhesive performance of these HMPSAs, different from H-SIS
and H-ESIS15. It is well-known that the branch chains usually
enhance the bulk properties of branched copolymers by
increasing the entanglement of the chains. This does not agree
with the trend of 180� peel strength for H-SIS15-10g-PB1.9, H-
SIS15-10g-PB3.1 and H-SIS15-11g-PB4.2. As described in the
experimental section, these HMPSAs contain about 70 wt% of
a tackier and a plasticizer. These SIS-g-PB copolymers can
“dissolve” into the “solid solution” of the tackier and the
plasticizer through the excellent compatibility between the
rubber phases and C5 resins, in which the entanglement of PB
branches can be ignored even at the longer branch length.
These SIS-g-PB copolymers still work as skeletons in their
HMPSAs through the entanglement of polystyrene blocks. As
a result, their adhesive performances increase with the branch
number because the epoxide groups can be covered by the
corresponding branches. As the increase of their branch length
has no effect on the epoxide groups, the 180� peel strength has
H-SIS15-14g-PB1.9 H-SIS15-10g-PB3.1 H-SIS15-11g-PB4.2

>7 >7 >7
0.23 � 0.02 0.20 � 0.01 0.18 � 0.03

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 DSC curves of SIS, ESIS15, SIS, SIS15-10g-PB1.9, and their
blends with C5 resin (1 : 1).
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nearly no change for H-SIS15-10g-PB1.9, H-SIS15-10g-PB3.1 and
H-SIS15-11g-PB4.2.
4. Conclusions

A series of SIS-g-PB copolymers with well-dened branch
number and branch lengths were successfully synthesized by
the “gra onto” method. Living anionic polymerization was
used to control their branch lengths and their branch number is
controlled by the molar ratios of living PB lithium macroanions
to epoxide groups. These copolymers were utilized to formulate
HMPSAs. Systematical experiments were performed to investi-
gate the relationships between their molecular structures, bulk
properties, and the adhesive performances of the correspond-
ing HMPSAs.

The results demonstrated that SIS-g-PB copolymer based
HMPSAs displayed much higher adhesive performances than
SIS and ESIS based HMPSAs. The enhancement was attributed
to the improved combability between the ESIS and the matrix
resin of the HMPSAs. Furthermore, for SIS-g-PB copolymers
with constant PB concentration, the branch numbers appeared
to have a greater impact than the branch lengths on the
performance of the HMPSAs. The method reported here offers
a new approach to improve both the polarity and adhesive
performance of the SIS-based HMPSAs.
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