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ABSTRACT : The dissolution behavior of well-defined SBS triblock copoiymer with 30 wt% of
styrene hlock was characterized in terms of solubility parameter and its component parameters. Solu-
bility tests in 30 kinds of organic solvents and intrinsic viscosity measurements yield the solubility
parameters of 19.0 and 18.9 MPa™, respectively. These results agree well with a value of 19.0 MPa**
estimated by semi-empirical prediction of Hoy, but are found to deviate slightly from 17.2 MPa* de-
termined by the Hoftyzer-Van Krevelen method. An analysis of the solubility parameter components
based on the Hansen's theory confirmed that the SBS is soluble preferably in such solvents having 8,
higher than 17.2 MPa**, but are hardly soluble where &, marks higher than 4.1 MPa'. All the ex-

perimental data and theoretical predictions of solubility parameters for the SBS triblock copolymer

lead to a conclusion that the solubility parameter lies in the range of 18.1 to 19.0 MPa'".

Introduction

The solubility parameter (8uwa), being proposed
by Hildebrand,' is defined as the square root of the
cohesive energy density of a material. In the sense
that this parameter can be a useful guide to the
miscibility of materials, an evatuation of this
parameter for a given material is essential not only
to the characterization of the strength of inter-
actions between materials but also to the pre- dic
tion of solubility of the material in various liquids.
In particular, for systems where polymers are con-
cerned, this parameter can provide a starting point
for an understanding of dissolution characteristics,
polymer-polymer miscibility or plasticization
phenomenon. Likewise,
parameter can also solve those problems, arising
from industrial areas of paints, coatings or
adhesives.

A method most widely used for the determina-
tion of the B value of a linear polymer is based
on the measurement of solution viscosity using a
series of solvents of varying and known solubility

information on this
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parameters, under the assumption that the mutual
interaction will be the maximum when 8w« of
polymer matches with that of solvent,” and hence
8. of solvent yielding maximum intrinsic viscosity
([n]) can be regarded as being equivalent to that
of polymer.

Meanwhile, thermodynamic studies on the corre-
lation of the cohesive energy and the structural
component groups which constitute the molecule
of a material have led to establish some of useful
but indirect methods for the prediction of & and
its component parameters for polymers.*® These
methods are hased on the assumption that the con-
tributions of different structural groups to the ther-
modynamic property are additive.

SBS triblock copolymer, as is known well,
possesses unique and novel properties for in-
dustrial applications. Their potentials have been
realized in thermoplastic elastomers where the
block copolymer is the principal constituent of the
material and in applications where the block co-
polymer acts as essential additives. However, little
has yet been established on their molecular charac-
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teristics, particularly on their cohesive properties
or solubility parameter.

This paper describes the dissolution behavior of
a well-defined SBS triblock copolymer in various
organic solvents. The 8.s and its component
parameters of the polymer are estimated by ex-
perimental results from both solubility test and [n]
measurements, and by group contribution theory.
The results obtained are then compared and dis-

Experimental

Materials. The SBS, Cariflex TR-1101 prepared
by Shell Chemical Co., was purified by usual suc-
cessive fractional precipitation. The fraction select-
ed for the determination of solubility parameter
has 30 wt% of polystyrene block and 86% of 14-
addition and 14% of 1.2-addition types of poly-
butadiene block. The molecular characterization of

cussed. this fraction was carried out by osmometry,

Table 1. Molecular Characteristics of SBS Fraction Used for This Work
polymer MEx10° AX10° Mx10° MEx10° M, /M, [l

(g/mol) (cm’ mol/g?) (g/mol) (g/mol} (dL/g)

SBS 1.32 142 1.39 1.53 1.10 0.99
“Determined hy Huggins, Kraemer, and Schulz-Blaschke methods in toluene at 30 C.
Table 1L Solvents Used for This Work and Their Solubility Parameters'®
solvent Wem®/mol)* 84, MPa"* &, MPa** §,, MPa? 84, MPa”

#n-Hexane 131.6 14.9 0 0 14.9
Ethy! ether 104.8 14.5 29 51 15.8
Isoprene 101.3 14.7 0 0 14.7
#-Butyl chloride 104.9 16.4 55 2.0 174
Cyclohexane 108.7 16.8 0 0.2 16.8
Methyl ischutyl ketone 1258 153 6.1 4.1 17.0
MMA 106.5 16.0 8.1 0.7 18.0
Ethylhenzene 1231 17.8 0.6 14 17.8
Xylene 121.2 17.8 1.0 31 18.0
Toluene 106.8 18.0 14 2.0 18.2
THF 81.7 16.8 5.7 8.0 19.4
Ethyl acetate 98.5 16.8 53 7.2 18.2
Benzene 89.4 18.4 0 240 12.6
Chloroform 30.7 17.8 31 57 19.0
Butanone 90.1 16.0 9.0 51 19.0
Styrene 115.6 18.6 10 4.1 19.0
Benzaldehyde 101.5 194 74 2.3 215
Chlorobenzene 102.1 19.0 43 2.0 19.6
Methylene chloride 63.9 18.2 6.3 6.1 920.3
Bramobenzene 105.3 20.5 5.5 41 91.7
Cyclohexanone 1040 17.3 6.3 5.1 196
Acetone 74.0 155 10.4 7.0 20.1
1,4-Dioxane 85.7 19.0 1.8 7.4 205
Carben disulfide 60.0 20.5 0 0.6 20.5
Acetic acid 57.1 14.5 8.0 13.5 21.3
Isopropanol 76.8 15.8 6.1 164 235
DMSO 713 184 16.4 102 2.6
DMF 77.0 17.4 13.7 11.3 248
Ethanol 585 15.8 8.8 194 26.6
Methanol 407 151 123 22.3 297

“Molar volume.,
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Figure 1. Plot of pgh/RTC against € of SBS fraction in
toluene.

viscometry, and GPC measurements. The results
are summarized in Table L

Reagent grades of 30 kinds of organic solvents
were used for the solubility test without further
purification. Values of solubility parameter, Han-
sen parameter, and molar volume of solvents used
are listed in Table IL

Characterization and Measurements. The
solubility tests were made by placing 0.05 g of poly-
mer in 5 mL of a desired solvent and stirring for 24
hrs and all the polymer had gene into solution at 30
°C. The dissolution phenomenon was traced by visu-
al inspection and we also confirmed transparency
of the solution by a turbidimeter when dissolution
occurred.

Osmotic pressures of the selected fraction were
measured in toluene at 30°C by employing the
Wescan Model 230 osmometer fitted with Wescan
membrane 007. The plots of the dependence of
reduced osmotic pressures on concentration is il-
lustrated in Figure 1 and the results of M and 4,
are included in Table 1.

Size exclusion chromatogram was recorded on
the Waters Model 201 GPC fitted with UBK in-
jector, R401 differential Rl detector, and M730
data module. Linear columns packed with different
pore sizes in series were used. GPC grade of THF
was used as a mobile phase with a flow rate of 1.0
mL/min. Data obtained were also shown in Table L

Intrinsic viscosities were determined by one
point method, which involves the measurement of
viscosity at a single concentration.”"* An Ub-
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belohde suspended level type of viscometer was
used. All the measurements were carried out at 30
*C+0.05°C.

Results and Discussion

On the basis of three-dimensional solubility
analysis,® polymer can be characterized by a set of
three solubility parameters {Hansen parameter)
designated by Bi(dispersion), 8,(polar), and 3,
(hydrogen bonding), according to the nature of the
interactions they reflect between polymer-liquid,
and hence the total solubility parameter Sua of ei-
ther a polymer or a liquid given by

Bat = (82 + 82 + 5" (D

corresponds to the Hildebrand parameter.’ Howev-
er, since this method of Hansen has a disadvantage
that a three-dimensional structure is necessary for
a graphical representation of the interaction
hetween polymers and solvents, Bagley ef al} pro-
posed a two-dimensional method for practical ap-
plications under the assumption that the effects of
3, and 8, show close similarities, while the effect of
5, is of a quite different nature. Accordingly, they
introduced the volume-dependent parameter &,
defined by

51.::(6-:!2 + 6_02)]/2 (2)

which can lead to a diagram in which 8, and 8. are
plotted on each axis.

In Figure 2, such a diagram is shown for the in-
teractions between SBS and solvents listed in
Table IL.* The majority of points for good solvents
fall in a region delineated by a circle, the center of
which is 8,=18.60 and 8=3.80 MPa'?, which yields
total solubility parameter 8..,~19.0 MPa*. A trend
that is immediately obvious from Figure 2 is that
the solubility increases as the distance from the
center decreases suggesting that SBS is possibly
saluble in such solvents having lower value of &
but moderate value of 8.

Based on this experiment, 18 kinds of solvents
that dissolve SBS were selected and the cor-
responding [n] values to those solvents were de-
termined by three types of one point methods. "
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Figure 2. Solubility of SBS in various organic solvents in

the §, vs. &, plot.
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Table IIL {1] Values for SBS Obtained from One Point Methods

Figure 3. [n] of a SBS fraction in toluene at 30 °C.

No. solvent B MPa"* (Ml dL/g [nlne {dL/g) Mg (dL/g)
1 Ethyl ether 15.8 0.63, 0.644 (.65,
2 Isoprene 14.7 0.80, 0.83; 0.83g
3 n-Butyl chloride 17.4 0.85; 0.88, 0.88,
4 Cyclohexane 16.8 0.84, 0.87; 0.88,
5 MMA 18.0 0.51; 0.525 0.52,
6 Ethylbenzene 17.8 0.92, 0.95; 0.96,

.7 Xylene 18.0 0.96; 1.004 1.01,
8 Toluene 18.2 .99, 1.03; 1.034
9 THF 19.4 0.97, 1.01, 1.01

10 Benzene 18.6 1.02, 1.06 1.07,
11 Chloroform 19.0 202, 1.06, 1.07,
12 Styrene 19.0 0.84; 8.87; 0.87,
13 Benzaldehyde 21.5 0.42, 0.424 0.43,
14 Chlorobenzene 19.6 1.01, 1.05; 1.055

15 Methylene chloride 20.3 0.92, 1.004 1.01,
16 Bromobenzene 21.7 0.91; 0.95, (.95,

17 1,4-Dioxane 20.5 0.67, 0.68; (.69,

18 Carbon disulfide 205 0.50, 0.51, 0.51,

“Solomon-Ciuta eq.’
*Deb-Chatteriee eq.”
"Ram Mohan Rao-Yaseen eq.”

The results are summarized in Table III. The table
shows that all those [m] values vield quite dif-
ferent values depending on the solvent used, but
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appear to be in fairly good agreement between
values determined for a given solvent. However,
as shown in Figure 3, [n] determined by the Solo-
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Figure 5. Plots of [1/V In¢[n),./In]1"* against the solu-
bility parameter of solvents.

mon method” has been found to be the best in
agreement with the value obtained by the common
Huggins type of plot. Hence, [n] values used for
further investigation are referred to those ob-
tained by the Solomon method. [n] dependences of
SRS on O Of various solvents are illustrated in
Figure 4, indicating that 8. of SBS lies in a range
between 18.6 and 19.0 MPa*’.

Mangaraj et al.*, on the other hand, extended the
theory of Gee® and proposed that a polymer
should exhibit maximum viscosity when Sume
equals to Suwm. After confirming experimentally
that [n] is evidently a Gaussian function of V**(8.
5,) where V is the molar volume of solvent, they
need a simple equation of the type written below!

(7] = [t €% (3)
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Figure 6. Plots of (1/V in([n],../ TN against 8, and 8,
of the solvents.

Hence, the plot of [V7In{[n]’/[N1 ] against Suum
can vield Sy from the intersection with Bteen AXIS.

Figure 5 shows the relationship hetween VISCOS-
ity ratio of SBS and solubility parameter of various
solvents. SBS exhibited the largest viscosity ratio
in benzene among solvents used. Although the ex-
perimental points plotted in Figure 5 show scat-
tering to some extent, the least square regression
gave a straight line. The intersection of the str-
aight line with 8y axis was found as 18.90 MPa'”,
which is close to that obtained from the Bagley's
circle. The majority of the viscosity data, shown in
Figure 5, for solvents used, are correlated with a
linear relation except for the case where the & con-
tribution is significant. In order to quantify the de-
gree of contribution of 8, and 8, to total solubility
parameter, plots were made, which are depicted in
Figure 6. The plots using 8, as x-axis show a fairly
good linear relationship between 8, and experi-
mental data, while a plot using 8, reveals a severe
scattering. Furthermore, the plot drawn with b,
yielded the intersection of 18.8 MPa'? which is
very close to 19.0 MPa'® determined by solubility
test. But 8, gave a value of about 15.0 MPa'”. This
result suggests strongly that dispersion and polar
forces play an important role in the disselution of
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Table IV. & Values Determined by Experiments and Semiempirical Calculations

solubility parameters experiments calculations
(MPa™"} solubility test viscometry Hoftyzer-Van Krevelen Hoy
{Bagley's method) {Mangaraj plot)
Brsa 19.8 18.9 172 19.0
&, - - 17.2 173
3, - - 0 6.6
3, 18.6 - - -
& 38 - 0 4.1

SBS polymer.

For comparison, dws and its component parame-
ters of SBS have also been estimated on the basis of
group additivity principie.” Two approaches™™" for
the prediction of 8. of SBS have been attempted
by using available data for -CH:-, —(IZH -, =CH-

and —CHs together with the fact that the com-
position of the polystyrene block is 30 % by weight.
The solubility parameter components predicted by
the method of Hoftyzer-Van Krevelen®® were
found to be 8,=17.2 MPa'* while both the &, and 5,
approached to zero. Meanwhile, the application of
Hoy's method,”* which is different in many aspects
from that of Hoftyzer-Van Krevelen, particularly
in the case where he uses a ‘base value’ to cal-
culate the total molar attraction constant F, gives
8~17.3, 8,=6.6, and 8=4.1 MPa'", and hence Bpea=
19.0 MPa*”. The results of these two arithmetic
methods for the estimation of 8.4 are of the same
order of accuracy (9.48%). Following the Van
Krevelen's advice which describes that the safest
way for the estimation is to take the average value®®
of the results obtained from both methods, the Sua
comes out to be 18,1 MPa",

Table IV shows the values of 8w« and its com-
ponen{ parameters determined by experiments and
theoretical predictions. Although fundamental
theoretical limitations on prediction of solubility
parameter still do not justify the concern about
variations among values from different sources, the
results of 8. shown in Table IV exhibit quan-
titative agreement between experimental and
theoretical methods. This may suggest that the
theoretical predictions are of considerable reliance.
As has been expected from the structure of SBS
chain molecule, solvent having a high degree of hy-
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drogen bonding capability come out as useless for
the dissolution of SBS.

Conclusion

The dissolution behavior of a well-defined SBS
polymer in various organic solvents has been
characterized quantitatively by solubility test,
viscometry, and semi-empirical calculations. The
solubility parameter of SBS is found to lie in the
range of 18.1-19.0 MPa". The analysis on the
solubility parameter components leads the polymer
to be hardly soluble in such solvents having high
values of 8 or 8, but soluble where the dispersion
interactions are predominant.
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