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Abstract

The miscibility of hydrogenated aromatic hydrocarbon resin (HR) with polybutadiene (PB) and polystyrene (PS) was investigated using
turbidity measurement. Hereafter, the aromatic hydrocarbon resin having nine carbon atoms per monomer is referred to as C-9 resin. We
found that C-9 resin, which has only a limited (or partial) miscibility with PB, became completely miscible with PB as the degree of
hydrogenation (DH) in HR was increased to the optimum value of DH. The hydrogenation reaction of C-9 resin, which was conducted in the
presence of a palladium (Pd) catalyst supported by activated carbon, converted aromatic rings in the resin to alicyclic rings. We controlled
DH of C-9 resin by monitoring the amount of hydrogen used and the duration of reaction. The DH in HR was determined by elemental
analysis and density measurement, and the chemical structures of HRs were determined by Fourier transform infrared spectroscopy,1H and
13C nuclear magnetic resonance spectroscopy, and ultraviolet/visible light spectroscopy. On the basis of the results of the upper critical
solution temperatures of the blend systems investigated, it was found that a favorable interaction between PS and HRs decreased steadily
with increasing DH and that there exists an optimum value of DH (approximately 0.7) in HR that gives the most favorable interaction with
PB. The significance of the enhanced miscibility between PB and HRs, compared to the miscibility between PB and C-9 resin, was
demonstrated by measuring the tack property of pressure-sensitive adhesives (PSAs), which were prepared from a polystyrene-block-
polybutadiene-block-polystyrene (SBS triblock) copolymer and HRs, and from an SBS triblock copolymer and neat C-9 resin. We found
that the probe tack of SBS triblock copolymer/HRs mixtures goes through a maximum (1100 g/cm2) for HR having DH� 0:7; at which HR
has the most favorable interaction with PB as determined from turbidity measurement, whereas the probe tack of SBS triblock copolymer/C-9
resin mixture is negligibly small. These results were qualitatively interpreted by the solubility parameter approach using group contribution
method.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Various kinds of elastomers have been used for pressure-
sensitive adhesives (PSAs) and hot-melt adhesives.
However, elastomers alone cannot provide desired prop-
erties, such as peel strength, tack properties and holding
power. Thus, low-molecular-weight hydrocarbon resins,
for instance, aliphatic C-5 resins, aromatic C-9 resins,
hydrogenated derivatives of C-5 and C-9 resins, and rosin
derivatives, are added to an elastomer in order to improve
the wettability and the contact strength on the surface. Here,
C-5 and C-9 resins represent the aliphatic hydrocarbon resin

having five carbon atoms per monomer, and the aromatic
hydrocarbon resin having nine carbon atoms per monomer,
respectively. These resins are commonly referred to as
‘tackifying resins’, which have molecular weights ranging
from 300 to 3000 and usually exhibit a glassy state at room
temperature [1]. Thus, PSAs consist of an elastomer and a
tackifying resin.

The literature suggests that not only viscoelastic prop-
erties, but miscibility of the constituent components of a
PSA plays an important role in the formulation of PSAs.
Aubrey and Sherriff [2] correlated the viscoelasticity of PSA
to peel adhesion strength. Sherriff et al. [3,4] reported that
the addition of a tackifying resin to an elastomer shifted the
onset of the transition zone to a lower frequency and also
reduced the plateau modulus. Using polystyrene-block-
polyisoprene-block-polystyrene (SIS triblock) copolymers
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blended with mid-block associating resins, Kraus and
coworkers [5–8] showed that the glass transition temp-
erature (Tg) of polyisoprene (PI) mid-block increased and
the plateau modulus decreased with increasing amount of
tackifying resins. Class and Chu [9] carried out an extensive
study on the effect of chemical structure (e.g., aromatic;
aliphatic; alkyl-aromatic), the amount and molecular weight
of tackifying resins on the dynamic mechanical properties of
the blends composed of natural rubber or polystyrene-ran-
polybutadiene and tackifying resins. They found that the
experimentally determinedTg of the blend was consistent
with the prediction by the Fox equation [10]. Han et al.
[11–13] reported that the order–disorder transition
temperature (TODT) of a mixture composed of an SIS triblock
copolymer or polystyrene-block-polybutadiene-block-poly-
styrene (SBS triblock) copolymer and a tackifying resin
varied with the chemical structure and the molecular weight
of the resin. They reported that increasing the amount of
tackifying resin decreased theTODT of the mixture when a
low-molecular-weight resin was associated with the PI or
polybutadiene (PB) mid-block, while theTODT of the
mixture increased when the tackifying resin was associated
with the polystyrene (PS) block.

According to the Dahlquist criterion [14], the plateau
modulus�G0

N;b� of PSAs consisting of a block copolymer
and a tackifying resin should be less than approximately
3 × 105 Pa in order to exhibit good tack properties. In the
PSA industry it is well accepted today that PSAs composed
of an SIS triblock copolymer and a low-molecular-weight
hydrocarbon resin have much better tack properties than
PSAs composed of an SBS triblock copolymer and the
same hydrocarbon resin [15]. This is attributable, at least
in part, to the difference in plateau modulus between PB
and PI. It is reported [16] that for low vinyl contents in PB
and PI, the plateau modulus of PB�G0

N;PB� is 1:15× 106 Pa
and that of PI�G0

N;PI� is 3:5 × 105 Pa; i.e. �G0
N;PB� < 3G0

N;PI:

Note that the values ofG0
N;PB and G0

N;PI; respectively,
depend on the microstructures of the polymers [16]. One
can estimateG0

N;b from G0
N;b � fa

blockG
0
N;i (i � PB or PI),

wherefblock is the volume fraction of block copolymer in
a mixture consisting of a block copolymer and a tackifying
resin, anda is a scaling constant having a value between
2 and 2.25 [17].

It has been known for some time that when aromatic C-9
resin is mixed with an SBS triblock copolymer to formulate
a PSA, the mixture does not provide good tack properties.
This is believed to be due to only a limited miscibility
between the two components. In order to overcome this
shortcoming, the PSA industry has recently introduced
hydrogenated C-9 resins (HRs). We expect intuitively that
a favorable interaction between HRs and SBS triblock co-
polymer would be larger than that between C-9 resin and
SBS triblock copolymer. This is because hydrogenation of
aromatic C-9 resin gives rise to alicyclic compounds, which
certainly would exhibit more favorable interaction with the
PB block of SBS triblock copolymer than with the aromatic

C-9 resin. Here, the degree of hydrogenation (DH)
represents the conversion of the aromatic rings to the ali-
cyclic rings in a C-9 resin. Interestingly, however, the tack
properties of the mixtures of SBS triblock copolymer and
HRs with DH greater than 0.8 were found to be rather poor.
In order to understand this seemingly peculiar behavior, one
must have HRs with varying DHs. Further, the miscibility
between PS and C-9 resin, and between PS and HRs, must
be investigated because most commercially available
SBS triblock copolymers (e.g., Kraton D series) have
about 18–40 wt% of PS block.

During the past decade, many researchers have studied
the miscibility of polymer blends in which one of the consti-
tuent components is fully hydrogenated. In investigating the
miscibility of the blend of poly(1,2-butadiene-co-1,4-buta-
diene) and hydrogenated terpene tackifying resins, Akiyama
and coworkers [18–20] observed the most favorable inter-
action when the mole fraction of 1,2-PB in the copolymer
was about 0.5. Also, Han and coworkers [21] investigated
the phase behavior of PS/PB and PS/hydrogenated PB
(poly(ethylene-co-butene-1):PEB) blends. They found that
the miscibility of the blends depended greatly on the amount
of 1,2-addition in PB or PEB. However, to the best of our
knowledge, no study has ever been reported on the effect of
the DH of aromatic C-9 resin on the miscibility of polymer
blends.

Very recently, we investigated, via turbidity measure-
ment, the miscibility of: (i) mixtures of PB and C-9 resin
with and without hydrogenation; and (ii) mixtures of PS and
C-9 resin with and without hydrogenation. For the study the
degree of hydrogenation of C-9 resin was varied by control-
ling the amount of hydrogen used and the duration of
reaction. On the basis of the phase behavior of the mixtures,
the Flory–Huggins interaction parameters were determined.
It was found that the miscibility of the mixtures depended
greatly on the DH of C-9 resin, and the most favorable
interaction (or the smallest Flory interaction parameterx )
was observed when the DH was ca. 0.7. In this paper, we
report the highlights of our findings.

2. Experimental section

2.1. Materials

A polybutadiene and two polystyrenes (PS-8 and PS-200)
were prepared by anionic polymerization in cyclohexane
with sec-BuLi as an initiator. The weight average molecular
weight � �Mw� was determined using low-angle laser-light
scattering and the molecular weight distribution� �Mw= �Mn�
was determined using gel permeation chromatography
(GPC, Waters Company). The microstructures of the PB
were determined by1H and13C nuclear magnetic resonance
spectroscopy (NMR, Brucker DRX500). The content of the
1,2-addition in the PB was found to be 10.0 mol%, which is
almost identical to that in the PB block of the SBS triblock
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copolymers commercially available (e.g., Kraton D1102).
The � �Mw� and� �Mw= �Mn� of the two PSs were determined by
GPC based on PS standards. The molecular characteristics
of the PB and two PSs synthesized are summarized in
Table 1.

The C-9 resin synthesized by cationic polymerization
with AlCl 3 as an initiator was kindly supplied by the
Kolon Petrochemical Company in Korea. From the infor-
mation received from the resin supplier, C-9 resin is a

copolymer consisting of vinyl toluene and indene
monomers. The chemical structure of C-9 resin was inves-
tigated by1H NMR operating at 500 MHz and13C NMR
spectroscopy (Bruker DRX500) and given in Fig. 1(a) and
(b), respectively. From Fig. 1(a), one notes that the peak at
7.2 ppm corresponds to aromatic hydrogen, and the peaks at
0.4–3.4 ppm correspond to the aliphatic hydrogen in
the resin. From the ratio of the peak area located at
2.5–3.1 ppm, corresponding to the hydrogen of methylene
(CH2) in a five-membered ring in the indene unit, to the peak
area located at 2.1–2.5 ppm, corresponding to the hydrogen
of methyl (CH3) attached to a vinyl toluene unit, the mole
ratio of indene unit to vinyl toluene unit in neat C-9 resin
was estimated to be one to one. Although the peak at
2.3 ppm looks a single peak, it was found that this peak is
a mixture of three peaks at 2.32, 2.29 and 2.23 ppm, respec-
tively (marked by the arrows; see inside peaks in the inset of
Fig. 6). These three peaks correspond to the hydrogen of the
methyl group inortho, metaandpara isomers of the vinyl
toluene. From the peak deconvolution, we consider that
among the three isomers the mole fraction of theortho
isomer was the largest, followed by themetaisomer, with
the para isomer being the least.

It is also seen from Fig. 1(b) that (i) the peaks at
120–151 ppm correspond to the aromatic carbons (a–d);
(ii) the peaks at 38–52 ppm to the main chain carbon (e);
(iii) the peak at 31 ppm to the methylene bridge carbon (f) in
the indene; (iv) the peaks at 18–22 ppm to the methyl
carbon (g) attached benzene ring of vinyl toluene; and the
peak at 15 ppm to the methyl end carbon (h). From the peaks
corresponding to carbons (a), (c) and (g), vinyl toluene has
three isomers,ortho, metaand para isomers. Finally, �Mw

and �Mw= �Mn of the C-9 resin, determined by GPC (based on
PS standards), were found to be 1000 and 1.45, respectively.

2.2. Hydrogenation reaction

The double bonds in the aromatic rings (vinyl toluene and
indene units) of C-9 resin (Fig. 2(a)) were saturated (or
hydrogenated), yielding alicyclic rings, using a parr reactor
with the capacity of 300 ml. The solvent was cyclohexane
(polymer concentration was 150 g/l), and the catalyst
employed in this study was palladium (Pd) supported
by activated carbon (10 wt% Pd, Aldrich Company).
Previously, Gelsen and Bates [22,23] reported that in the
presence of Pd catalyst, the benzene ring in PS was fully
hydrogenated, yielding poly(vinyl cyclohexane) (PVCH).
The concentration of catalyst was 0.15 g per 1 g of C-9
resin. The hydrogenation reaction employed in the present
study was as follows. First, the parr reactor containing the
polymer solution (ca. 160 ml) in cyclohexane in the
presence of the catalyst was purged by fresh hydrogen gas
(purity over 99.999%) for 4-5 min at room temperature;
then reactor pressure was increased to 10 bar without stir-
ring. Next, while stirring the solution vigorously (ca.
2000 rpm), we increased the reaction temperature slowly

J.K. Kim et al. / Polymer 41 (2000) 5195–5205 5197

Table 1
The molecular characteristics of polystyrenes and polybutadiene

Sample code �Mw
�Mw= �Mn

a Microstructure (mol%)b

1,2 trans-1,4 cis-1,4

PS-200 197 500a 1.07 – – –
PS-8 7600a 1.07 – – –
PB 676 000c 1.07 10.0 48.8 41.2

a Determined by GPC measurement.
b Determined by a1H NMR spectrometer.
c Determined by a low-angle laser light scattering (LALLS) device.

Fig. 1. 1H (a) and13C NMR (b) spectra for neat C-9 resin employed in this
study.



to 2208C at a rate 108C/min. At this point, the reactor pres-
sure was ca. 17 bar due to the high temperature. Then, the
pressure inside the reactor was increased to 55 bar by adding
hydrogen gas. When the hydrogenation reaction occurred,
which reduced the pressure to 28 bar, the reactor pressure
was again increased to 55 bar. The DH of C-9 resin was
controlled by changing the amount of hydrogen and the
reaction time between 1 h and 18 h. After the reaction, the
reactor was cooled to room temperature with a cooling
jacket, and the hydrogen gas inside the reactor was
thoroughly vented with the aid of fresh nitrogen gas. The
catalyst in the cyclohexane solution was removed using a
cellite-filled glass filter. Finally, the solvent was completely
removed in a fume hood for 7 days at room temperature and
under a vacuum oven at 608C for 2 days. The chemical
structures of partially- and fully-hydrogenated C-9 resins
are given in Fig. 2(b) and (c), respectively. We found that
�Mw and �Mw= �Mn with increasing DH were not changed in

GPC measurement. This is expected because the molecular
weight increment was just 5%, even if neat C-9 resin was
fully hydrogenated. Thus, we concluded that any chain
scission and degradation did not occur during the reaction,
even though the reaction condition employed in this study
(2208C) was more severe than that reported in Refs. [22,23]
where the reaction temperature was 1408C.

The DH of C-9 resins synthesized in this study was
quantitatively determined by elemental analysis (EA,
VareoEL). The chemical structures of C-9 resins were
determined by Fourier transform infrared (FT-IR) spectro-
scopy (Bio-Red 375C) using the KBr disk method, ultra-
violet/visible light spectroscopy (UV, Shimadzu) at a
constant concentration 0.02 g of a resin per 100 g of cyclo-
hexane. TheTg of hydrogenated C-9 resins was determined
using differential scanning calorimetery (DSC, Perkin–
Elmer 7 Series) at a heating rate of 108C/min. The densities
of the PSs and the C-9 resins with various DHs were
measured using a density gradient column consisting of a
methanol and ethylene glycol system at 268C. The swelling

effect of the specimen in the mixed solvent was negligible,
because of no change in the specimen height in the column
for 24 h.

2.3. Turbidity measurement

Several compositions of each blend system, PB/C-9 resin
and PS/C-9 resin systems with various DHs, were prepared
by dissolving a predetermined amount of mixture into
toluene (10 wt% in solid). The solvent was slowly evap-
orated at room temperature in a fume hood for 24 h and
completely removed under vacuum at 608C for 24 h. The
specimen thickness was ca. 20mm. The turbidity point
(Tb) of the specimen was determined by light scattering
using a He–Ne laser (5 mW) at a wavelength of
632.8 nm and a photomultiplier tube detector.Tb was
determined by the temperature at which the scattering
intensity at a scattering angle of 308 increased abruptly
during cooling at a rate of 1.08C/min from the homo-
geneous state (say 15–208C above theTb). For some
blends, the cooling rate was varied from 1.0 to 0.18C/
min in order to obtain reproducibility of theTb within
^0.28C.

3. Results and discussion

3.1. Characterization of HRs and the degree of
hydrogenation

HRs with various values of DH ranging from 0 up to
0.951 were synthesized in this study, as listed in Table 2.
The values of DH in Table 2 were determined by the EA of
C and H atoms, since we found that the C-9 resin employed
in this study was only composed of C and H by spectro-
scopic analysis. Hereafter, a hydrogenated C-9 resin with a
certain value of DH will be denoted as HR-xyzresin, where
xyzrefers to the conversion of the aromatic rings to alicyclic
rings divided by a thousand. Also, given in Table 2 are the
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Fig. 2. Scheme describing the hydrogenation reaction: (a) neat C-9 resin; (b) partially hydrogenated C-9 resin; and (c) fully hydrogenated C-9 resin.



densities of HRs, and variations of the density with DH are
given in Fig. 3. It can be seen in Fig. 3 that the density (r ) of
HR decreases linearly with increasing DH:

rHR-resin� 1:08112 0:09547DH �1�
The decrease of density with increasing DH is attributed to
the longer bond length of the cyclic single bonds compared
to the aromatic double bonds. However, the density change
is not due to a small increase of molecular weight with
increasing DH. As mentioned above, the change of�Mw

and �Mw= �Mn with increasing DH in all HRs synthesized
was not detectable using GPC chromatograms. The results

of density measurement are in good agreement with those of
EA.

Fig. 4 gives the FT-IR spectra for various HRs. As DH
increased, the aliphatic C–H stretching peaks at wave
numbers (n ) of 2925 and 2853 cm21 increased. Also, the
aromatic C–H stretching peaks atn of 3062 and 3025 cm21,
the aromatic CyC stretching peaks atn of 1603 and
1493 cm21, and the aromatic C–C out-of-bending peaks at
n of 750 and 701 cm21 decreased with increasing DH. Here,
the CH3 bending peaks atn of 1450 and 1375 cm21 were
used as the internal reference peaks. The observation that
the aliphatic peak absorbance increases, while the aromatic
peak absorbance decreases, with increasing DH is
qualitatively consistent with the results given in Table 2.

Fig. 5 gives the UV spectra of various HRs. The
maximum of the aromatic secondary peak at a wave-
length (lmax) of 266–280 nm decreases with increasing
DH. Interestingly, however, the decrease in the peak
height with increasing DH was not linear, rather the
peak was shifted towards the higher wavelength (red shift)
with increasing DH. For instance,lmax of C-9 resin was
266 nm, but this was increased to 280 nm for HR-951.
Due to a red shift inlmax, the peak absorbance did not follow
the Lambert–Beer relationship.

In order to explain the reason why a red shift occurred,
1H NMR spectroscopy is employed and the results are given
in Fig. 6. With increasing DH, the peak intensity at 7.2 ppm
corresponding to the aromatic hydrogen decreased and the
double bond peaks in a chain end appearing at 5.54 and
5.75 ppm disappeared. From the inset in Fig. 6, one notes
that with increasing DH, two peaks at 2.32 and 2.29 ppm
decrease significantly compared to the peak at 2.23 ppm,
and only one peak at 2.23 ppm is observed for HR-951.
This implies that the hydrogenation reaction started at the
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Table 2
The hydrogenated resins with various degrees of hydrogenation

Samples code Mole ratioa(H/C) Degree of hydrogenationb Densityc (g/cc)

Neat C-9 resin 1.050 0.0 1.0878
HR-056 1.085 0.056 1.0734
HR-162 1.152 0.162 1.0659
HR-298 1.238 0.298 1.0520
HR-385 1.293 0.385 1.0411
HR-488 1.358 0.488 1.0328
HR-667 1.471 0.667 1.0145
HR-699 1.491 0.699 1.0134
HR-759 1.529 0.759 1.0057
HR-846 1.584 0.846 0.9991
HR-873 1.601 0.873 0.9986
HR-900 1.618 0.900 0.9982
HR-914 1.627 0.914 0.9963
HR-940 1.643 0.940 0.9935
HR-951 1.650 0.951 0.9908

a Determined by elemental analysis (EA).
b Estimated from EA results.
c Determined by a density gradient column measurement using methanol–ethylene glycol solution at 268C.

Fig. 3. Plots of density versus DH of C-9 resin synthesized in this study.



ortho and meta isomers of vinyl toluene as well as the
indene unit. When DH exceeded ca. 0.7, the hydrogenation
reaction occurred at the isomer of vinyl toluene. This is due
to the fact that the Pd catalyst employed in this study was
more selective than the Ni catalyst. These results can now
explain the red shift in the UV spectra with increasing DH
(see Fig. 5), since the values oflmax of ortho, metaandpara
isomers of vinyl toluene are 263, 264 and 279 nm, respec-
tively, and thelmax of an indene is 272 nm.

The values ofTg of C-9 resin and HR-951 resin are 58 and

668C, respectively. During the first heating run, there is an
additional melting peak near theTg due to the lower
molecular weight of C-9 resin and HRs. But, once C-9
resin and HRs were heated to 1308C followed by quenching,
only Tg appeared during the second heating run. Previously,
Gelsen and Bates [22,23] reported that when PS was fully
hydrogenated to PVCH, theTg of PVCH was ca. 408C
higher than that of PS. The small increment ofTg with
increasing DH of C-9 resin might be attributed to the exis-
tence of an indene unit in the C-9 resin or relatively low
molecular weight of HRs compared with high molecular
weight of PS.

3.2. Phase behavior

The change in light scattering intensity, measured at a
scattering angle of 308 with decreasing temperature for
various blend compositions of PB/neat C-9 resin blend, is
given in Fig. 7 and each curve is shifted vertically to avoid
overlapping.Tb was taken as the intersection of the two
slopes given in Fig. 7 (marked by the arrow). Fig. 8 gives
phase diagrams for seven PB/HR pairs (neat C-9 resin, HR-
056, HR-162, HR-873, HR-914, HR-940 and HR-951),
showing that all blends exhibited upper critical solution
temperature (UCST) above which a homogeneous mixture
was obtained. Thus, with increasing temperaturex
decreases, and a favorable interaction is enhanced. This is
because there is no intermolecular interaction except for the
van der Waals repulsive force between the constituent
components. The solid curve for each blend system was
theoretically predicted by the Flory–Huggins lattice model
with the interaction energy density (a in mol/cc given byx
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Fig. 4. FT-IR spectra for various HRs synthesized in this study.

Fig. 5. UV spectra for various HRs synthesized in this study.

Fig. 6. 1H NMR spectra for various HRs synthesized in this study.



divided byVref whereVref is the reference monomer volume)
[21,24]:

a � a 1 �b 1 cfi�=T; i � PB or PS �2�
wherefi is the volume fraction of PB (or PS) in the blend
and T is the absolute temperature. In calculating the
binodal curve, the specific volume (vsp) of PB is taken as
1.1352 cm3/g and thevsp of PS is taken as 0.9540 cm3/g,
measured using the density gradient column at 268C.1 The
vsp of HR with various DHs is equal to the inverse of the
density given in Table 2.

The values ofa, b andc in Eq. (2), determined for the
PB/HRs blend, are given in Table 3, showing that with
increasing DH, the value ofb decreases for PB/HRs
blend with DH, 0:2; whereas it increases for PB/HRs
blends with DH. 0:85: Further, with increasing DH, the
value ofa at a given volume fraction of PB in the blend and
turbidity temperature decreases for DH, 0:2; while it
increases for DH. 0:85: Thus, a minimum value ofa
(i.e. the most favorable interaction between PB and HRs)
at a given volume fraction of PB in the blend and turbidity
temperature exists for the blends with DH� 0:2 2 0:85: It
should be noted that the values ofc in Eq. (2) are not negli-
gible for all PB/HRs blends investigated. If the concentra-
tion dependent term (c) in Eq. (2) is neglected, the critical

volume fraction of PB (f c) in the blend is given by the
Flory–Huggins theory:

fc � 1=�1 1
�����������
VPB=VHR

p � �3�

in which VPB andVHR are the molar volumes of PB and HR,
respectively. When Eq. (3) is employed, the predicted value
of f c for PB/HR blends is 0.035, which is considerably
smaller than 0.1 determined experimentally. The predicted
binodal curves are consistent with experimental turbidity
curves.

Fig. 9 gives variations of UCST with DH for PB/HR
blends. When the DH in HR is lower than approximately
0.2, UCST decreases with increasing DH, implying that the
miscibility of PB/HR blends was enhanced. This is because
a favorable interaction between the PB and the aromatic unit
is worse than that between the PB and the alicyclic unit.
However, when the DH in HR was greater than approx-
imately 0.85, the blend became turbid at room temperature.
Further, the UCST of this blendincreaseswith increasing
DH for DH . 0:85; which is the highlight of this paper. The
above observations lead us to conclude that the miscibility
of PB/HR blendsis not always enhanced with increasing
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Fig. 7. Variations of light scattering intensity with temperature at 308 during
the cooling scan at a rate of 18C/min for four different compositions of
PB/C-9 resin blend. The weight fraction of PB in the blend is: (W) 0.03; (K)
0.1; (A) 0.2; and (L) 0.3. Three curves are arbitrarily shifted to avoid
overlapping.

Fig. 8. (a) Phase diagrams for: (W) PB/neat C-9 resin, (K) PB/HR-056, and
(A) PB/HR-162. (b) Phase diagrams for: (X) PB/HR-873, (O) PB/HR-914,
(B) PB/HR-940, and (P) PB/HR-951. The solid curve for each blend
system is a binodal curve calculated from the Flory–Huggins theory with
the expressions ofa given in Table 3.

1 The specific volumes of PB [24] and PS [25] depended upon temp-
eratures. However, in this study, the constant values are used for the specific
volumes of PB and PS. This is because we did not measure the density
variation with temperature for all HR resins.



DH. Although the exact reason for this behavior is not clear,
it might be attributable to the fact that the HR employed in
this study are random copolymers consisting of vinyl
toluene, indene and their hydrogenated units. Therefore, in
order to understand in detail this interesting UCST behavior,
one must investigate the effect of DH on the miscibility (or
UCST) of a blend system consisting of PB and an oligo-
meric vinyl toluene, and a blend system consisting of PB
and an oligomeric indene.

Of particular noteworthy in Fig. 9 is a decrease of UCST
with increasing DH. This is smaller at lower values of DH,
compared to the increase in UCST at higher values of DH.
The blends with DH ranging from 0.3 to 0.85 were trans-
parent; thus we could not detect the turbid points by the light
scattering method. Even in this situation, we speculate that
the most favorable interaction might be expected for the
blend with DH of approximately 0.7 which was obtained
by the extrapolation of two UCST curves located at lower
and higher values of DH in Fig. 9.

Fig. 10(a) shows the phase diagrams for four pairs of PS-
8/HR blends (HR-759, HR-846, HR-900 and HR-951) and
Fig. 10(b) gives another four pairs of PS-200/HR blends
(HR-488, HR-667, HR-699 and HR-759). The solid curve
for each blend system was theoretically predicted by the
Flory–Huggins lattice model with the interaction intensity
density (a in mol/cm3) using Eq. (2). The values ofa, b and
c for the blend systems are given in Table 3. The value ofb
increases steadily with increasing DH for the PS-200/HR
blends as well as the PS-8/HR blends. Further, with increas-
ing DH, the value ofa increases at a given volume fraction
of PS in the blend and temperature. In this study, we could
only detect the range ofTb between 110 and 2708C, because
theTg of PS is about 1008C and degradation of the resin may
occur at temperatures above 2708C. In Fig. 10(a) and (b) it is
observed that all blends exhibit UCST and the critical
weight fraction of PS (wc) does not change with DH.
Also, we observewc < 0:18 for PS-200/HR blends, which

is smaller thanwc < 0:4 for PS-8/HR blends. This is due to
the smaller molecular weight of PS in the PS-8/HR blends,
which is expected from the Flory–Huggins theory.
However, the values ofa, b and c for PS-200/HR-759
blend are different from those for PS-8/HR-759. If the
Flory–Huggins theory witha given by Eq. (2) holds for
these blend systems, the values ofa, b and c for the two
blends should be the same. However, when the expression
for a determined from the PS-200/HR-759 blend is
employed to predict the UCST of the PS-8/HR-759 blend,
the predicted value is 1748C, which is about 408C higher
than the experimental value of 1368C. Thus, the above result
implies thata in Eq. (2) should be a function of the mole-
cular weight of PS. This behavior is consistent with the
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Table 3
Interaction parameters determined by turbidity measurement

Blend systems UCST (8C) Interaction parameter (a) (mol/cc)

PB/neat C-9 resin 173 a � 0:3955× 1023 1 �0:16651 0:1012fPB�=T
PB/HR-056 152 a � 0:3993× 1023 1 �0:15381 0:0982fPB�=T
PB/HR-162 108 a � 0:4741× 1023 1 �0:11091 0:0934fPB�=T
PB/HR-873 93 a � 0:4581× 1023 1 �0:9251 0:0790fPB�=T
PB/HR-914 121 a � 0:4289× 1023 1 �0:10991 0:0846fPB�=T
PB/HR-940 132 a � 0:3344× 1023 1 �0:14581 0:0806fPB�=T
PB/HR-951 154 a � 0:3492× 1023 1 �0:14711 0:0847fPB�=T
PS-200/HR-488 123 a � 0:0254× 1023 1 �0:29191 0:1042fPS�=T
PS-200/HR-667 179 a � 20:3893× 1023 1 �0:51281 0:1083fPS�=T
PS-200/HR-699 224 a � 20:4003× 1023 1 �0:56891 0:1269fPS�=T
PS-200/HR-759 262 a � 20:3978× 1023 1 �0:60281 0:1376fPS�=T
PS-8/HR-759 136 a � 20:2467× 1022 1 �1:38221 0:1905fPS�=T
PS-8/HR-846 175 a � 20:2793× 1022 1 �1:66581 0:2060fPS�=T
PS-8/HR-900 182 a � 20:2860× 1022 1 �1:72721 0:2093fPS�=T
PS-8/HR-951 233 a � 20:3243× 1022 1 �2:10231 0:2269fPS�=T

Fig. 9. Variations of UCST with DH of C-9 resin in PB/HR resin blends.
The dashed lines are drawn to guide the eyes.



results reported by Han et al. [21]. They found that when
1,2-addition in the PEB is 84 wt%, the expression fora
determined from PS-N1/PEB-84L blends (the�Mw of the
PEB� 1465) is different from that determined from PS-
N1/PEB-84H blends (the�Mw of the PEB� 3629). They
also showed that theTODT of polystyrene-block-poly(ethy-
lene-co-butene-1) copolymer predicted by thea determined
for the latter is higher than that predicted by thea
determined from the former. (See Fig. 14 in Ref. [21]).

Fig. 11 describes the dependence of UCST on DH for PS/
HR blends, showing that UCST increases with increasing
DH. Although the most favorable interaction between PS
and HR should occur at a certain value of DH between 0 and
0.4 by means of the solubility parameter approach, we could
not unambiguously determine the DH corresponding to the
most favorable interaction because the blends do not exhibit
any turbidity. Further, it was found that even if a PS having
the molecular weight of 4× 106 was blended with HR, these
were transparent whenever DH in HR was lower than 0.4.

3.3. Analysis of miscibility data using the solubility
parameter

The results that the most favorable interaction of the

PB/HR blends system is expected at DH< 0:7 (see Figs. 8
and 9) can be qualitatively explained by the solubility
parameter (d). Although in the literature different values
of d are reported for a given component, in this study we
chose the values ofd in Ref. [26]. When the values ofd for
some components were not available in Ref. [26], they were
estimated using Hoy’s group contribution method [27]. The
effect of microstructure (1,2-addition andcis-1,4-addition,
trans-1,4-addition in PB,ortho, metaandpara isomers of
vinyl toluene) on the estimation ofd was also considered.
Using the values (unit: (J/cm3)1/2) of d � 17:27 for 1,2-PB,
d � 18:27 for trans-1,4-PB,d � 18:51 for cis-1,4-PB,d �
19:30 for the ortho isomer, d � 19:24 for the meta
isomer, andd � 19:86 for thepara isomer of vinyl toluene,
d � 20:48 for indene,d � 17:31 for fully hydrogenated
vinyl toluene, and d � 18:35 for fully hydrogenated
indene, we estimate:d � 18:29 for PB, d � 19:96 for
neat C-9 resin, andd � 17:85 for HR-1000, respec-
tively. When the value ofd for HR resin with a specific
value of DH is estimated from the volume average of
the d values of neat C-9 resin and HR-1000, thed of
HR-780 becomes identical to that of PB, namely, the
most favorable interaction is obtained at HR-780. Although
this value (0.78) of DH is slightly different from the opti-
mum value of DH (ca. 0.7), this result is consistent with the
phase behavior given in Figs. 8 and 9.

Also, the solubility parameter for HR-290 was found to
be identical to that of PS since the value ofd for PS was
taken to be 19.35 (J/cm3)1/2 [26]. But, we could not verify
this argument since PS/HR blends did not exhibit any
turbidity for DH , ca: 0:4: However, for DH. 0:3; the
difference ind between PS and HRs becomes greater with
increasing DH. In other words, a favorable interaction
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Fig. 11. Variations of UCST with DH of C-9 resin in PS-8/HR blends (W)
and PS-200/HR blends (X). The dashed lines are drawn to guide the eyes.

Fig. 10. (a) Phase diagrams for: (W) PS-8/HR-759, (K) PS-8/HR-846, (A)
PS-8/HR-900, and (L) PS-8/HR-951. (b) Phase diagrams for: (X) PS-200/
HR-488, (O) PS-200/HR-667, (B) PS-200/HR-699, and (P) PS-200/HR-
759. The solid curves for each blend system are binodal curves calculated
from the Flory–Huggins theory with the expressions ofa given in Table 3.



between PS and HRs decreases with increasing DH for
DH . 0:3: This is qualitatively consistent with the phase
behavior given in Fig. 10.

3.4. Tack properties of the mixtures of SBS triblock
copolymer and HRs

On the basis of Fig. 9, it is reasonable to expect that at a
given blend composition of PB/HR blends, the most favor-
able interaction between these components would occur for
DH < 0:7: Since no turbidity was observed for the PB/HR
blends with DH� 0:2 2 0:8; we tested indirectly the misci-
bility of the blends by measuring the tack properties of the
mixtures of SBS triblock copolymer and HRs. The SBS
triblock copolymer employed in this study is Kraton
D1102 (Shell Development Co.) having block molecular
weights of 9,000 PS-45,000 PB-9,000 PS [28]. The micro-
structures of the PB block (the mole percent of 1,2-addition,
trans-1,4- andcis-1,4-additions in the PB block are 9.9, 42.9
and 47.2, respectively, as determined by1H NMR) of
Kraton D1102 are almost the same as those in the PB
employed in this study (see Table 1). Because the molecular
weight of the PS block of Kraton D1102 is 9,000, we
speculate from Fig. 11 that a favorable interaction between
the PS block of Kraton D 1102 and HRs would steadily
decrease with increasing DH, especially for larger values
of DH. Thus, the miscibility (or a favorable interaction)
between the PB block of Kraton D1102 and HR would
play an important role in determining the tack properties
of Kraton D1102/HRs mixtures.

Among the many methods available for tack property
measurement, we employed the probe tack test (ASTM
D2979), which is regarded as being one of the most reliable

methods. Although the detailed experimental procedure is
introduced elsewhere [29], we describe this method very
briefly. An adhesive layer of 60/40 (w/w) Kraton D1102/
HRs mixture, which exhibited maximum tack among all
blend compositions, was prepared by solution coating
(50% solid in toluene) onto a poly(ethylene terephthalate)
backing film having the thickness of 52mm, followed by the
removal of the solvent using a convection oven at 1008C for
5 min. The complete removal of the solvent was done in a
fume hood at room temperature for 5 days. After the probe
was in contact with the adhesive layer for 1 s under a load-
ing of 100 g/cm2, the probe tack was determined as the force
in g/cm2 required to separate the probe from the adhesive
layer having the thickness of 0.15 mm. The cross-head
speed of the probe was 10 mm/s. The probe surface was
No. 304 stainless steel and the diameter of the probe was
5 mm (TE6002, Sangyo Co.).

The variations of probe tack with DH for 60/40 Kraton
D1102/HR mixtures are given in Fig. 12, showing that the
blends with DH less than 0.2 and greater than 0.9 do not
exhibit any measurable tack, and that the blends with DH
between 0.67 and 0.76 exhibit good tack properties. This
observation can now be explained by Figs. 9 and 11, which
show only a limited miscibility between PB block and HR
resin for DH, ca: 0:2 and DH. ca: 0:85: It should be

J.K. Kim et al. / Polymer 41 (2000) 5195–52055204

Fig. 12. Effect of DH of C-9 resin on probe tack for 60/40 (w/w) Kraton
D1102/HR resin mixtures.

Fig. 13. (a) Plots of the first order peak of SAXS intensity versus DH of C-9
resin; and (b) interdomain spacing versus DH of C-9 resin for 50/50 (w/w)
Kraton D1102/HR resin mixtures.



mentioned that the 50/50 (w/w) Kraton D1102/ HR mixture
looked turbid for DH. 0:91; thus macrophase separation
occurred and the dispersed phase of HR-951 was ca. 3mm
[29]. These results indicate that even though no macrophase
separation between the components occurred, the blend did
not exhibit any measurable tack unless a favorable inter-
action between PB and HR is observed. These results further
suggest that as a favorable interaction between the PB block
of Kraton D1102 and HR is increased, the tack property of
Kraton D1102/HR mixtures increases. Therefore, the
reason why the Kraton D1102/HR-699 mixture exhibits
the highest tack property among all compositions tested
is due to the most favorable interaction between PB
block and HR. This conclusion is consistent with the results
given in Fig. 9.

Fig. 13 gives plots of scattering intensity of the first order
peak and the interdomain spacing, which is determined from
2p=qp with qp being the first-order peak position, versus DH
for 50/50 (w/w) Kraton D1102/HR blends. These plots were
obtained by synchrotron small-angle X-ray (SAXS) with
3C2 beam line at PLS, Korea. The details of the experimen-
tal procedures employed are described elsewhere [30,31]. It
can be seen in Fig. 13 that a minimum intensity of the first-
order peak and a minimum domain spacing occur for Kraton
D1102/HR-699 mixture with DH< 0:7: A minimum
domain spacing is expected for a blend with the most
favorable interaction between PB block and HR. This
observation is consistent with the results given in Fig. 12.
Further, the results given in Figs. 12 and 13 are consistent
with the observations made above in reference to Fig. 9: the
most favorable interaction between PB and HR occurs for
DH < 0:7:

4. Conclusions

We have shown that the degree of hydrogenation (DH) of
an aromatic C-9 hydrocarbon resin was successfully
controlled by monitoring the amount of hydrogen added
and the duration of reaction. From turbidity measurement
we have observed that a favorable interaction between HR
and PS decreases with increasing DH. Very interestingly,
however, a favorable interaction between HR and PB does
not always be enhanced with increasing DH. There exists an
optimum value of DH (ca. 0.7) which gives the most favor-
able interaction between HR and PB. These results are also
interpreted with the aid of the solubility parameter (d) deter-
mined from the group contribution method. We have shown
that there exists a correlation between the miscibility of PB
block with HR and the tack property, namely, as a favorable
interaction between PB block and HR in Kraton D1102/HR
mixture is increased, the tack property increases. This corre-
lation is further supported by the dependence of the first-
order peak of SAXS intensity and the domain spacing on the
DH in HR. We conclude that the miscibility between the PB
block of Kraton D1102 and HR plays an important role in

determining the tack property of Kraton D1102/HR
mixtures.
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