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Figure 4 shows a universal plot of reduced expansion 
factor a(N/Nc)'16 vs reduced blob size (N/Nc). The ex- 
perimental data for light scattering studies yielded as and 
a h  md were transferred from Figure 14 of ref 1 and Figure 
6 of ref 11, respectively, and a h  in the collapsed regime also 
from Figure 2 of ref 3. In Figure 4, an experimental ratio 
of ah3:a13:(Y83 = 2.14 f 0.19:1.2 f 0.1:1 was obtained. We 
noted that aha: as (Y:/a:ah = 24.1125.6 N 1, while if we 
take an average of the two data sets (present work and ref 
9) ( a , 3 1 ~ 1 M ~ ~ / ~ ) ~ h ~ ~  = 25.6, we have (Y;/ff:ah N 25.6/25.6 
= 1 or a: = a:ah. It should be noted that there is one 
true value for a$ and we should not really add the two data 
sets. By averaging the two data sets, we merely point out 
that the expansion factors contain fairly large experimental 
uncertainties. 
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ABSTRACT The order-disorder transition temperature (T,) of two commercial block copolymers, a poly- 
styrene-block-polybutadiene-block-polystyrene (SBS) (Kraton 1102, Shell Development Co.) and a poly- 
styrene-block-polyisoprene-block-polystyrene (SIS) (Kraton 1107, Shell Development Co.), was determined, 
by using a rheological technique recently suggested by Han and Kim. The rheological technique calls for 
measurements of dynamic viscoelastic properties, namely, storage modulus G'(w) and loss modulus G"(w) as 
a function of angular frequency (w )  under isothermal conditions. It has been observed that log G'versus log 
G"p1ots for the block copolymers investigated vary with temperature up to a certain critical value and then 
become virtually independent of temperature as the temperature increases further. Therefore the critical 
temperature at which log G' versus log G" plots cease to vary with temperature is regarded as T,. Our 
experimental results indicate that, to within 110 "C, the T, of Kraton 1102 is 220 O C  and the T, of Kraton 
1107 is 230 "C. The currently held theories of Helfand-Wasserman and Leibler were used to predict the T,'s 
of the block copolymers investigated. It has been found that the accuracy of the theoretical predictions of 
T, depends very much on the accuracy of the temperature dependency of both the interaction parameter and 
the specific volumes of the constituent components in a block copolymer. 

Introduction 
It is a well-established fact today that diene-based block 

copolymers, such as polystyrene-block-polybutadiene (SB), 
polystyrene-block-polybutadiene-block-polystyrene (SBS), 
and polystyrene-block-polyisoprene-block-polystyrene 
(SIS), have an ordered microdomain structure in the form 
of spheres, cylinders, or lamellae, depending upon the 
proportions of the constituent components.'S2 However, 
as the temperature is raised above a certain critical value, 
the microdomain structure disappears completely, giving 
rise to a disordered homogeneous phase. The temperature 
a t  which the microdomain structure completely disappears 
is referred to as the order-disorder transition (also referred 
to as the microphase separation transition (MST)) tem- 
perature (T,). In recent years, several research groups*l2 
have investigated the order-disorder transition behavior 
of block copolymers. Some  investigator^^-^ conducted 
theoretical studies while others6l2 carried out experimental 
studies. 

Leibler4 has developed a theory, suggesting that 
small-angle X-ray or neutron scattering techniques be used 

0024-9297/89/2222-0383$01.50 f 0 

to investigate the order-disorder transition behavior of 
block copolymers. Apparently, Leibler's theory has en- 
couraged some investigators%" to  use small-angle X-ray 
scattering (SAXS) and others12 to use small-angle neutron 
scattering (SANS) to investigate the order-disorder tran- 
sition behavior of diene-based block copolymers. They 
reported that the maximum scattered intensity present at 
room temperature persists well above the glass transition 
temperature of the polystyrene domains but disappears 
a t  a critical temperature a t  which the block polymer is 
believed to become a homogeneous phase. 

In the past, the rheological behavior of SB, SBS, and 
SIS block copolymers a t  temperatures above the glass 
transition temperature of the styrene domains was studied 
extensively by a number of  investigator^.^^" By applying 
frequency-temperature superposition to their dynamic 
viscoelastic data, some in~estigators'~J~ have reported that 
logarithmic plots of dynamic viscosity (9') versus angular 
frequency (w )  or logarithmic plots of dynamic storage 
modulus (G') versus w for an SB, SBS, or SIS block co- 
polymer show an abrupt change over a narrow temperature 
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range and attributed this phenomenon to the disappear- 
ance of the microdomain structure initially present in the 
block copolymer sample. 

Very recently, however, we have pointed out that log 
$ ( w )  versus log w or log G’(w) versus log w plots are not 
sensitive enough to accurately determine the TI of block 
copolymers and suggested that log G’versus log G” plots 
be used to determine the TI of a block copolymer.18 This 
suggestion was based on the experimental observations 
that log G versus log G” plots for an SIS block copolymer 
varied gradually with increasing temperature up to a 
certain critical value and then became virtually inde- 
pendent of temperature as the temperature increased 
further, whereas log G’ versus log G” plots for flexible 
homopolymers in the molten state were virtually inde- 
pendent of temperature over a wide temperature range. 
Thus we have suggested that the TI of a block copolymer 
be determined by the temperature at  which log G versus 
log G” plots cease to vary with temperature. We have 
pointed out further that use of frequency-temperature 
superposition to block copolymers is inappropriate in the 
temperature range where morphological changes of the 
block copolymer may occur, specifically in the temperature 
range from the glass transition temperature (TJ  of the 
polystyrene phase to the temperature a t  which the poly- 
styrene microdomains in the block copolymer are com- 
pletely destroyed. 

Earlier, Han and c o - w o r k e r ~ ~ ~ ~ ~  showed that log G’ 
versus log G ”plots for flexible homopolymers, compatible 
polymer blends, and graft copolymers in the molten state 
are virtually independent of temperature. It should be 
mentioned that in 1941 Cole and Colez4 first used the 
ordinary coordinate system to plot the real part (4 of the 
complex dielectric constant on the abscissa against the 
imaginary part ( e f f )  on the ordinate, for a number of polar 
materials at various temperatures. The ColeCole plot falls 
on a circular arc and a different arc is observed for each 
temperature, with the shape of the circular arc varying with 
temperature. For a given set of experimental data for 
dynamic moduli G’and G” as functions of angular fre- 
quency w ,  the use of the logarithmic coordinates, instead 
of the ordinary coordinates, does not change the charac- 
teristics of the data, but the sensitivity of log G’versus log 
GI’ plots to temperature becomes very much suppressed. 
This can be illustrated best, using the analysis of Han and 
J h ~ n , ~ ~  as briefly summarized below. 

Using the tube model of Doi and Edwards,25 in oscilla- 
tory shearing flow of entangled, monodisperse flexible 
polymers in the molten state we obtain the following ex- 
pressions for GTw) and G”(w): 

Macromolecules, Vol. 22, No. I ,  1989 

and 

where A, = rp/p2 (p = 1, 3, 5, ... ) in which rp = L 2 / D r 2  is 
the disengagement time, where L is a contour length and 
D is the curvilinear diffusion constant, and Go is a constant. 
For linear polymers, Go can be equated, as a first ap- 
proximation, to the plateau modulus GNO, i.e. 

(3) 
where p is the density, R is the universal gas constant, T 
is the absolute temperature, and Me is the entanglement 
molecular weight. 

Go = GNo = p R T / M ,  

t 

IO2 

IO2 to3 104 lo5 
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Figure 1. log G’versus log G“ plots for a low-density polyethylene 
at various temperatures (“c): (0) 160; (A) 200; (El) 220; (V) 238. 

It can be shown that in the terminal region (i.e., wX, << 
1) eq 1 and 2, with the aid of eq 3, reduce to26 

G‘ = (6/5)(M,/pRT)(G ’’12 (4) 

Taking logarithms of both sides of eq 4, one obtains 
log G’ = 2 log G ” +  log ( M J p R T )  + log (6/5) (5) 

It can be seen from eq 5 that in the terminal region, log 
G ’ for monodisperse flexible polymers is proportional to 
log G” with a slope of 2, independent of molecular weight, 
and that the temperature has a very weak effect on log G 
versus log G ”  plots. Note in eq 5 that an increase in 
temperature from T1 to T2 will shift the value of log G’by 
the amount log ( T I /  Tz) and thus, for instance, an increase 
in temperature from 180 to 240 “C will shift the value of 
log G’by the amount 0.054. Such an insignificant amount 
of shift in log G’will hardly be noticeable in the log G’ 
versus log G” plots. 

The above point is illustrated in Figure 1 for a low- 
density polyethylene over the temperature range 160-238 
“C. It can be seen in Figure 1 that log G’versus log G” 
plots do not show temperature dependence over the tem- 
perature range from 160 to 238 O C .  Similar observations 
have been reported for many other flexible polymer sys- 
t e m ~ . ~ * ~ ~  Note that the slope of the log G’versus log G” 
plots in Figure 1 is less than 2 over the range of G” in- 
vestigated, while eq 5 predicts that the slope of log G’ 
versus log G”p1ots should be 2. There are two reasons why 
the slope of the log G versus log G If plot in Figure 1 is less 
than 2. The first reason is that the range of frequency w 
(or G’? investigated was not sufficiently low to have 
reached the terminal region, where the slope of all mate- 
rials must be 2. Note that for the LDPE investigated, 
being a very high molecular weight polymer, it was prac- 
tically very difficult, if not impossible, to have the fre- 
quency sufficiently low to reach the terminal region. The 
second reason is due to the polydispersity of the LDPE 
investigated. If the LDPE were monodisperse, its log G‘ 
versus log G”p1ots would have had a slope of 2 over the 
range of G ’’ investigated. 

Theoretical Background 
Several research have developed theories 

which enable one to predict the order-disorder transition 
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temperature (T,) of block copolymers. Using a mean-field 
theory, HelfandZ7J8 and Helfand and W a s ~ e r m a n ~ ~ ' ~  de- 
veloped a statistical thermodynamic theory to predict the 
free energy and domain size of block copolymer systems. 
Using this theory, Helfand and Wasserman3 made an at- 
tempt to predict the T, of SB and SBS block copolymers. 
On the basis of a random phase approximation method due 
to de Gennes,32 Leibler4 developed a theory to predict the 
microphase separation transition in block copolymers, 
which also enabled him to predict the T, of AB-type di- 
block copolymers. In this section we will review briefly 
Helfand-Wasserman's and Leibler's theories of block 
polymers, only to the extent that they will enable us to 
compute the phase transition temperature of the block 
copolymers that were investigated in this study. 

The Helfand-Wasserman Theory. In a series of pa- 
p e r ~ . ~ ~ ~ ~  Helfand and Wasserman derived expressions for 
the free energy of AB- and ABA-type block copolymer 
systems having a spherical, cylindrical, or lamellar mi- 
crodomain structure. According to Helfand and Wasser- 
man,3929 the difference in free energy density G of a block 
copolymer between the state with microdomain structure 
and the state with homogeneous phase is given by 

6 = &B - &H ( 6 )  

where G B  is the free energy density of a block copolymer 
with microdomain structure and GH is the free energy 
density of the block copolymer in the homogeneous state. 
Note that G B  consists of three contributions: 

(7) 
where Gs denotes the surface free energy density that has 
two contributions, one from the interfacial tension between 
homopolymers A and B and the other from the surface- 
to-volume ratio, which is inversely proportional to the 
domain size; GJ denotes the loss of entropy, which is 
proportional to the logarithm of the ratio of the density 
of joints in the interphase to the density of joints in the 
homogeneous system; and G D  denotes the loss of confor- 
mational entropy in maintaining uniform density in the 
A and B domains. 

The Helfand-Wasserman theory can be summarized in 
the following general form:33 

G B  = 6s + &J + G D  
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G = Sh( :)( &)+ + In (2) + 

where 

(9) 

where 
1/Sh NA/POA l / t=(-+l)  NB/  POB -1  (10) 

in which Sh is a shape factor (1 for lamellar structure, 2 
for cylindrical structure, and 3 for spherical structure); NA 
and NB are the degrees of polymerization for components 
A and B, respectively, where NB must be replaced by NB f 2 
for triblock copolymers; pOA and pOB are the densities of 
pure components A and B, respectively, expressed in terms 
of monomer segments per unit volume; y is the interfacial 
tension; k g  is the Boltzmann constant; T is the absolute 
temperature; X is the domain size; T1 is related to the 
shape factor (Sh) and the degree of polymerization (NA 

Table I 
Numerical Values for the Parameters Appearing in 

Helfand-Wasserman's Theory (See Equation 8) 
Daram Cylindrical domain sDhericd domain 

'?A1 0.0274 0.0123 
'1A2 0.202 0.384 
'1A3 2.605 2.680 
1B1 0.0659 + 0.0357/[ 0.0705 + 0.0578/[ 
?BZ 0.757 - 0.132/[ 0.596 + 0.599/[ 
1B3 2.590 - 0.147/[ 2.550 - 0.132/[ 

and NB); VAl, qA2, qA3, TB1, qB2, and are parametem which 
depend upon the microdomain structure of the block co- 
polymer, the numerical values of which are summarized 
in Table I; a is the interaction parameter; and uJ depends 
on PA, PB, and a 

aJ = f ( P A , P B ) / a 1 / 2  (11) 

PA = P o A ~ A / ~ ;  PB = P o B ~ B / ~  (12) 

where 

in which bA and bB are the Kuhn statistical lengths of 
components A and B, respectively. Note that y/kBT in 
eq 8 is given by34 

According to Helfand and Wasserman>29.33 the value of 
T, can be determined by finding the temperature a t  which 
the free energy density given by eq 8 becomes zero, i.e. 

G(X*) = 0 (14) 
where X* is the domain size that satisfies 

d€ /dX = 0 (15) 

i.e. 

qA22) [(1A8/2)-1lX*3] + 
[qB1'7)B3c6(c6x*2 + q B ~ ) [ ( s w s / 2 ) - 1 1 x * 3 ]  = 0 (16) 

Note that the interaction parameter a depends on tem- 
perature, thus UJ (see eq 11) and y/kBT (see eq 13) also 
depend on temperature. The computational procedure to 
determine T, is as follows: (1) Assume a value for tem- 
perature and evaluate all necessary parameters (a, uJ, y, 
etc.); (2) solve eq 16 for X*; (3) substitute the value X* 
into eq 8 to evaluate the free energy density 6. If the free 
energy density evaluated is not equal to zero (i.e., if eq 14 
is not satisfied), assume a new value for temperature and 
repeat the process until eq 14 is satisfied and, then, one 
will have the equilibrium domain size X 

The Leibler Theory. Leibler4 derive3 the follow_ing 
expression for the composition correlation function S(q) 
for a block copolymer: 

(17) 

where q is the wave vector, x is the interaction parameter, 
and S(q) and W(q) are defined by 

S(q) = S d q )  + S,,(q) + 2S,,(q) (18) 

(19) 

in which Sij(q) are the elements of the matrix IlS(q)ll, which 
is the Fourier transform of the composition correlation 
functions for the ideal independent copolymer chains. 

and T,. 

%7) = W q ) / [ S ( q )  - 2xWq)l 

W(q) = S,,(q)S22(q) - S1z2(q) 
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0 0 0 2 0 . 4  0 . 6  0 . 0  
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Figure 2. (xnT), versus f plots, in which f is f l  for diblock co- 
polymer and 2f1 for triblock copolymer. The broken curve rep- 
resents AB-type diblock copolymer and the solid curve represents 
ABA-type triblock copolymer. 

The composition correlation functions Si j (q)  for an AB- 
type diblock copolymer are given by4 

Sil(q) = N g i ( f i , x )  (20)  

Szz(q) = Ng,(l-f, ,x) (21)  

s , 2 ( ~ )  = ( N / 2 ) k i ( l , x )  - gi ( f i , x )  - gi(l-fi,x)I (22)  

where fl is the fraction of block A (or block B) in an AB- 
type diblock copolymer for which f l  + f i  = 1, N is the 
polymerization index of the block copolymer, and gl(fl,x) 
is the Debye function defined as 

g l ( f l , x )  = ( 2 / x 2 ) [ f 1 x  + exp(-flx) - 11 (23)  

x = q 2 N a 2 / 6  = q2R,2 (24)  

where q is the wave vector, a is the statistical segment 
length for blocks A and B (assumed to be identical), and 
R, is the radius of gyration of an ideal chain. 

Leibler4 has shown that the use of eq 18-22 in eq 17 gives 
(25)  

and x is defined by 

S ( q )  = N / [ F ( x )  - 2xrVl 

where 
m) = gl(~,~)/lgl(fl,x)gl(1-fi,x) - 

( 1 / 4 ) k i ( 1 ~ )  - g i ( f i , x )  - gi(1-fi,x)l2I (26)  
Here, one can obtain a relationship between (xN), ,  at 
which spinodal decomposition oCcurs, and fi, by finding 
values of x* (or q*)  that make S(q) a maximum. Such 
relationships for diblock copolymers are given by the 
broken curve, representing a thermodynamic stability 
limit, in Figure 2 ,  in which the region below the U-shaped 
curve represents the thermodynamically stable and met- 
astable phases, while the region inside the curve represents 
the mesophase (i.e., microphase-separated phase). Note 
in Figure 2 that x is dependent upon the composition f and 
is inversely proportional to temperature, and therefore, at 

100 L 

60 L 

0 
0.15 0.20 0.30 0 .40  0 . 5  

f ,  

Figure 3. xN versus f l  plots for diblock  copolymer^:^ (a) phase 
transition from the disordered phase to spherical microdomain 
structure; (b) phase transition from spherical to cylindrical mi- 
crodomain structure; (c) phase transition from cylindrical to 
lamellar microdomain structure; (d) spinodal curve ((xN), versus 
f l ) .  

a given value of f ,  with information on N the spinodal 
decomposition temperature (T,) can be determined from 
the value of (xN),. Leibler has shown further that the 
microdomain structure (lamellar, cylindrical, or spherical) 
of the ordered phase influences the value of T,. Figure 3 
displays relationships between transition temperature in 
terms of xN and fl for a diblock copolymer with different 
microdomain structures. According to Figures 3, a tran- 
sition from a disordered phase to a lamellar microdomain 
structure at f = 0.2, for instance, by decreasing the tem- 
perature, passes through the spherical microdomain 
structure and then the cylindrical microdomain structure. 
However, this theoretical prediction has yet to be con- 
firmed experimentally. 

It should be mentioned that Helfand’s theory is valid 
for a strong segregation limit and therefore for the for- 
mation and dissolution of a f d y  developed domain system, 
whereas Leibler’s theory is valid for a weak segregation 
limit and therefore for the onset conditions of the domain 
formation or for the final step of the domain dissolution. 

Very recently, by including composition fluctuations 
which were neglected in Leibler’s analysis, Fredrickson and 
Helfand5 investigated the phase transition behavior of a 
diblock copolymer and concluded that (1)  for a symmetric 
diblock copolymer (Le., f = 0.5) with finite values of N ,  
Leibler’s prediction, (xN), = 10.495, must be modified by 

(xwt = 10.495 + 41.O22N-ll3 (27)  

where (xN), refers to the location of the transition (MST) 
induced by composition fluctuations, and ( 2 )  it is possible 
to pass from the disordered phase to each of the ordered 
microphases (lamellar, cylindrical, and spherical micro- 
domain structures) by changing the temperature. 

The composition correlation functions Sij(q) for an 
ABA-type triblock copolymer are given by Mori et  
s l l ( q )  = N k l ( f 1 , x )  + gl(f29x) + gl(f3,x) + gl( lpx)  - 

gl ( l - f#)  - g ~ ( l - f i , x ) I  (28) 
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SZZ(Q) = Ng,(fz,x) (29) 

M q )  = W/2)[g,(l--f,,x) + 
gl(l-f3,x) - gl(f1,x) - gl(f3,x) - 2gl(f2,x)l (30) 

where f l ,  f i ,  and f 3  are the volume fractions of each block 
sequence in an ABA-type triblock copolymer, for which 
f l  + f z  + f 3  = 1. Note that when f 3  = 0, eq 28-30 reduce 
to eq 20-22. 

For an ABA-type triblock copolymer, fl = f 3  and 
therefore A - (1/2)B may be considered to be equivalent 
to a diblock copolymer obtained by cutting the ABA tri- 
block copolymer in the middle of B. It  would be inter- 
esting to see how close the spinodal point of the A - (1/2)B 
diblock copolymer predicted by eq 20-22 comes to that of 
the ABA triblock copolymer predicted by eq 28-30. For 
comparison purposes, relationships between (xN), and f 
for an ABA-type triblock copolymer are given by the solid 
curve in Figure 2. It can be seen in Figure 2 that the 
predictions of (xm, for the two cases, AB-type diblock and 
ABA-type triblock copolymers, become very close only 
when f is equal to or less than approximately 0.2. This has 
been extensively discussed by Mori et 

Experimental Section 
Two block copolymers of commercial grade, a polystyrene- 

block-polybutadiene-block-polystyrene (SBS) (Kraton D-1102, 
Shell Development Co.) and a polystyrene-block-polyisoprene- 
block-polystyrene (SIS) (Kraton D-1107, Shell Development Co.), 
were investigated. These block copolymers have segment mo- 
lecular weightsM loo00 S-5Oo00 B-10000 S for Kraton 1102 and 
1OOOO S-12OOOO I-loo00 S for Kraton 1107, and each of the block 
copolymers contains about 20 wt % uncoupled diblock. 

Samples for rheological measurement were prepared by first 
dissolving the block copolymer in toluene (10% of solid in solution) 
followed by solvent evaporation. The evaporation of solvent was 
carried out initially in open air a t  room temperature for a week 
and then in a vacuum oven a t  40 "C for 3 days. The last trace 
of solvent was removed by drying the sample in a vacuum oven 
at an elevated temperature by gradually raising the oven tem- 
perature up to 110 "C. The drying of the sample was continued 
until there was no further change in weight. Finally, the sample 
was annealed at  130 "C for 10 h. 

A cone-and-plate rheometer (Weissenberg Model R-16 Rheo- 
goniometer) was used to measure the dynamic storage modulus 
(G'j and loss modulus (G'? as a function of angular frequency 
( w )  in the oscillatory shear mode, under isothermal conditions. 
The diameter of the platen was 25 mm and the cone angle was 
4". Data acquisition was accomplished with the aid of a micro- 
computer interfaced with the rheometer. Rheological measure- 
ments were made a t  temperatures over the range 140-240 "C. 
Measurements a t  temperatures above 240 "C were not possible, 
due to  thermal degradation of the samples. The temperature 
control of the rheometer was satisfactory to within f l  "C. For 
each rheological measurement, a fixed strain was used a t  a given 
temperature. Specifically, the strain was varied from 0.03% a t  
140 "C to 0.3% at 240 "C, which were well within the linear 
viscoelastic range of the materials investigated. All experiments 
were conducted under a nitrogen blanket in order to avoid oxi- 
dative degradation of the samples. 

Experimental Results 
Figure 4 gives log G versus log w plots and Figure 5 log 

G"versus log w plots, for Kraton 1102 at  eight different 
temperatures: 160, 180, 190, 200, 210, 220, 230, and 240 
"C. It  is seen in Figure 4 that at  temperatures of 200 "C 
and below, G'  increases modestly with increasing w ,  be- 
havior typical of cross-linked polymers, but at  tempera- 
tures above 200 "C the slope of log G'versus log w curves 
a t  low values of w becomes steep, behavior typical of ho- 
mogeneous thermoplastic melts.37 It is seen in Figure 5 
that the dependencies of G" on w and temperature look 
very similar to the dependencies of G '  on w and temper- 

IO2 
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Figure 5. log G"versus log w plots for Kraton 1102 at various 
temperatures. Symbols are the same as in Figure 4. 

ature, observed in Figure 4. Figure 6 gives log G'versus 
log G"p1ots for Kraton 1102, which were prepared with 
the data from Figures 4 and 5.  It is seen in Figure 6 that 
at  a fixed value of G", G'varies little with temperature in 
the range 160-200 "C, then suddenly decreases as the 
temperature is increased from 200 to 220 "C, and then 
remains virtually constant, independent of temperature, 
at  220 "C and above. In other words, for Kraton 1102,220 
O C  is the lowest temperature at  which log G'versus log G" 
plots cease to vary with temperature. 

Figure 7 gives log G versus log w plots and Figure 8 log 
G" versus log w plots, for Kraton 1107 a t  11 different 
temperatures: 140,148,160,170,180,190,200,210,220, 
230, and 240 "C. It is seen in Figures 7 and 8 that values 
of G'  and G" for Kraton 1107 decrease gradually as the 
temperature is increased from 140 to 240 "C, without 
showing any abruptness that was observed in Figures 4 and 
5.  Using the data from Figures 7 and 8, log G'versus log 
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Figure 6. log G’versus log G”p1ots for Kraton 1102 at various 
temperatures. Symbols are the same as in Figure 4. 
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Figure 8. log G” versus log w plots for Kraton 1107 at various 
temperatures. Symbols are the same as in Figure 7. 

G“ ( P o l  

Figure 9. log G’versus log G”p1ots for Kraton 1107 at various 
temperatures. Symbols are the same as in Figure 7. 

On the basis of the theoretical prediction by eq 5 that 
log G ’ versus log G ” plots for monodisperse flexible hom- 
opolymers in the molten state have a very weak temper- 
ature dependence, we can conclude from Figures 6 and 9 
that the strong temperature dependence of log GI versus 
log G”p1ots over a certain range of temperatures, observed 
experimentally for the Kraton 1102 and Kraton 1107, is 
attributable to the occurrence of a thermally induced 
transition from an ordered microdomain structure to a 
disordered homogeneous phase. This conclusion cannot 
be reached by using log GI versus log w and log G” versus 
log w plots (i.e., using Figures 4 and 5 for Kraton 1102 and 
Figures 7 and 8 for Kraton 1107). If there were no or- 
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der-disorder transition (i.e., no morphological change) 
occurring in the block copolymers as the temperature was 
increased from 160 to 240 "C for Kraton 1102 and from 
140 to 240 "C for Kraton 1107, we would expect virtually 
no temperature dependence in the log G'versus log G" 
plots in Figures 6 and 9 (see Figure 1). I t  can therefore 
be concluded that the T, for Kraton 1102 is 220 "C, and 
the T, for Kraton 1107 is 230 "C. 

Note that T, here is defied as the temperature a t  which 
the dependence of log G ' versus log G " plots on temper- 
ature becomes hardly discernible, i.e., virtually inde- 
pendent of temperature. Very recently, Fredrickson and 
LarsonM pointed out that composition fluctuations in the 
disordered phase at  temperatures sufficiently close to MST 
temperature can lead to strong temperature dependence. 
Under such circumstances, the values of T, determined in 
the present study may not be very accurate. 

It should be pointed out that in the use of SAXS by 
Hashimoto and co-workers- and Roe and co-workers,gll 
T, was determined to be the temperature a t  which the 
intensity of the first-order scattering maximum drops to 
such a level that the first-order peak is hardly discernible. 
According to Leibler; the reciprocal of the scattering in- 
tensity (l/I) should be a linear function of the interaction 
parameter x.  If x is assumed to be proportional to the 
reciprocal of the absolute temperature 1/T, the plot of 1/I 
versus 1/T should give a straight line in the disordered 
state. Hashimoto and co-workers and Roe and co-workers 
determined T, to be the temperature a t  which a linear 
relationship between 1/I and 1/T starts to deviate. In the 
use of SAXS Hashimoto and ~ o - w o r k e r s ~ * ~ ~ * ~ ~  observed 
further that the characteristic size D of spatial segmental 
density fluctuations was independent of temperature in 
the disordered state but dependent upon temperature in 
the ordered state. They determined T, to be the tem- 
perature a t  which D starts to vary with temperature. 

Comparison of Experimental Results with 
Theoretical Predictions 

Microdomain Structure in Kraton 1102 and Kraton 
1107. Before we begin to calculate the order-disorder 
transition temperature T, of a block copolymer, we must 
first have information on the microdomain structure of the 
block copolymer. Figure 10 gives transmission electron 
microscope (TEM) photomicrographs of Kraton 1102 and 
Kraton 1107. Note that the light areas represent the 
polystyrene microdomains and the dark areas represent 
the polydiene phase. I t  can be seen in Figure 10 that 
Kraton 1102 has a cylindrical microdomain structure and 
Kraton 1107 has a spherical microdomain structure. The 
microdomain structures of these block copolymers have 
also been investigated experimentally by other work- 

According to Keller and c o - ~ o r k e r s , 4 ~ * ~ ~  the SBS block 
copolymers containing about 30 wt % styrene have a 
structure consisting of cylindrical polystyrene microdo- 
mains in a polybutadiene matrix. Note that Kraton 1102 
has segment molecular weights 10000 S-50000 B-10000 
S and that the styrene content is about 28 wt %. As may 
be seen in Figure 10, this block copolymer has a cylindrical 
microdomain structure. 

On the other hand, the segment molecular weights of 
Kraton 1107 are loo00 S-12Oo00 I-loo00 S and the sty- 
rene content is about 15 wt %. As may be seen in Figure 
10, this block copolymer has a spherical microdomain 
structure, confirming the results of the previous investi- 
ga tors ,*~~~ I t  should be mentioned that Kraton 1102 and 
Kraton 1107 contain about 20 wt % uncoupled diblock, 
which was produced during the anionic polymerization 

erS.2.41-43 

i 
Figure 10. TEM photomicrographs of an ultrathin section, cut 
parallel to the film surface, of the film cast from toluene: (a) 
Kraton 1102; (b) Kraton 1107. 

followed by a coupling reaction to yield the triblock co- 
polymer, and a small amount of polystyrene homopolymer. 
According to Fetters e t  a1.,44 the amount of polystyrene 
homopolymer in each of these block copolymers is about 
1% or less. The presence of the uncoupled diblock and, 
possibly, the minute amount of polystyrene homopolymer, 
might be responsible for, according to Fetters e t  a1.,44 the 
diffuse phase boundaries between the polystyrene domains 
and the polydiene matrix, observed in the TEM photo- 
micrographs of Figure 10. 

Calculation of the Thermally Induced Transition 
Temperature of a Block Copolymer. Having experi- 
mentally established above that Kraton 1102 has a cylin- 
drical microdomain structure and Kraton 1107 has a 
spherical microdomain structure, we will now proceed to 
predict the phase transition temperatures, namely, spi- 
nodal decomposition temperature ( TB) and/or order-dis- 
order transition temperature (T,), of the two block co- 
polymers investigated herein, using the theories summa- 
rized above (see the Theoretical Background section). 
There are a number of molecular and thermodynamic 
parameters involved with the theories. They are (a) the 
interaction parameter a (in Helfand-Wasserman's nota- 
tion) or x (in Leibler's notation); (2) polymerization index 
N, which is needed in Leibler's theory; (3) the reference 
volume Vmf, which is needed when information on x is 
available; and (4) Kuhn statistical lengths bk, which are 
needed in Helfand-Wasserman's theory. In numerical 
computation, we have used the following values for bk: (1) 
bw = 0.68 nm for polystyrene; (2) b p g  = 0.63 nm for po- 
lybutadiene; (3) bpI = 0.59 nm for p~lyisoprene.~~ 

(i) Thermally Induced Transition Temperature of 
Kraton 1102. In computing the thermally induced tran- 
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Table I1 
Summary of the Theoretically Predicted Transition 

Temperature for Kraton 1102 

interaction diblock Kraton 1102O 
param T,, "C T,, "C T,, "C TI, O C  T,, "C 

Leibler's Theory 
A (eq 31) 269 267 279 277 275 
(Y (eq 32) 297 294 309 306 304 

Helfand-Wasserman's Theory 
A (eq 31) 214 224 222 
(Y (eq 32) 232 243 241 

T, = 0.8!i"I(triblock) + 0.2TI(diblock), due to the fact that Kra- 
ton 1102 contains 20 w t  ?& uncoupled diblock. 

sition temperature for Kraton 1102, we have assumed that 
the microdomain structure of Kraton 1102 is of cylindrical 
shape a t  temperatures above the glass transition temper- 
ature (T,) of polystyrene and used the following two dif- 
ferent expressions to describe the polymer-polymer in- 
teraction. One is the expression for the interaction energy 
density A for the polystyrenepolybutadiene pair given by 
Lin and 

A = 1.573 - 0.0021T + 0.09fpS (31) 

where A is expressed in calories per centimeter cubed, T 
is the absolute temperature, and f p s  is the volume fraction 
of polystyrene in the block copolymer. The other ex- 
pression used is the interaction parameter a for the pair 
given by Rounds:47 

a = -goo + 7.5 x 1051~ (32) 

where a is expressed in moles per meter cubed. 
In applying Helfand-Wasserman's theory, the relation- 

ship a = AIRT was used to compute a from eq 31. Note 
that in applying Leibler's theory (see Figure 2), one needs 
information on xN, but not on x and N separately. Once 
values of QI are known, values of xN can be calculated from 

xN = a[VPS + VPBl = ff[Mw,PSuPS + Mw,PBUPBI (33) 

where V, and VpB are the molar volumes, Mwps and Mwm 
are the molecular weights, and ups and upg are the specific 
volumes of the polystyrene and polybutadiene phases, 
respectively. In order to compute xN from eq 33, the 
following temperature-dependent expressions for specific 
volume of p ~ l y s t y r e n e ~ ~  were used 

ups = 0.9199 + 5.098 X 10-4t + 2.354 X 10-7t2 + 
(32.46 + 0.1017t)/MW,ps (34) 

where Mw,ps is the molecular weight of polystyrene, and 
for p~ lybu tad iene~~  

(35) 

Note in eq 34 and 35 that ups and upB are expressed in 
centimeter cubed per gram and t is the temperature in 
degrees Celsius. 

In the present analysis, eq 31 and 32 were used in 
Helfand-Wasserman's and Leibler's theories, respectively, 
to calculate the transition temperatures. Note that Lei- 
bler's theory allowed for the calculation of both T, and T,. 
The calculated results are summarized in Table 11. It  
should be pointed out in reference to Table I1 that, for 
comparison purposes, TI and T, for the diblock were ob- 
tained by dividing the molecular weight of the midblock 
in half (i.e., 10 000 S-25 000 B) and, in applying Leibler's 
theory, T, for the triblock was obtained by the following 
expression: 

upg = 1.1138 + 8.24 X 10-4t 
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T,(triblock) = T,(triblock) - T,(diblock) + T,(diblock) 
(36) 

The following observations can be made in Table 11: (1) 
Different expressions for the interaction parameter predict 
different values of T,. Specifically, eq 32 predicts a TI 
about 30 "C higher than does eq 31. (2) Leibler's theory 
predicts, when using eq 31, a TI about 55 "C higher than 
the measured value, 220 "C. Note that eq 27 corrects 
Leibler's predictions in the proper direction. (3) Hel- 
fand-Wasserman's theory predicts, when using eq 31, a T, 
of 222 "C, which is very close to the measured value. 
Considering the facts that the measured value of TI is only 
accurate to within A10 "C and that there are many as- 
sumptions made in the development of the Helfand- 
Wasserman theory, such close agreement between the two 
may be considered to be fortuitous. We have found that 
the accuracy of the theoretical prediction of TI depends 
on two other factors: (1) the dependence of the interaction 
parameter A on the composition of block copolymer and 
(2) the dependence of specific volume on temperature. For 
instance, we have observed that (1) when the last term, 
0.09fps, on the right-hand side of eq 31 was neglected, 
Helfand-Wasserman's theory predicts TI to be 214 "C, 
which is about 8 "C lower than the value predicted with 
inclusion of the term, 0.09fps, in A, and (2) when constant 
values of specific volumes, ups = 0.9507 cm3/g and upB = 
1.1025 cm3/g, were used with eq 31, Helfand-Wasserman's 
theory predicts the T, to be 190 "C, which is about 30 "C 
lower than the value predicted by eq 34 and 35. Thus, it 
can be concluded that information on the temperature 
dependence of specific volumes is very important to ac- 
curate predictions of TI. 

It  should be mentioned that by using the SAXS tech- 
nique, Zin and Roelo have determined the TI to be about 
140 "C for an SB diblock copolymer with segment mo- 
lecular weights 7500 S-20 500 B. Assuming that the SB 
diblock copolymer has a spherical microdomain structure 
and using eq 31, together with eq 34 and 35, we have 
calculated the TI to be 221 "C with Leibler's theory and 
153 O C  with Helfand-Wasserman's theory. Again, we have 
learned that Leibler's theory overpredicts the TI as much 
as 80 OC, while Helfand-Wasserman's theory predicts the 
T,  reasonably close to the measured value. Note that eq 
27 corrects Leibler's predictions in the proper direction. 
When we assumed that the SB diblock copolymer has a 
cylindrical microdomain structure, we have calculated the 
T,  to be 212 "C with Leibler's theory and 158 "C with 
Helfand-Wasserman's theory. 

(ii) Thermally Induced Transition Temperature of 
Kraton 1107. By assuming that the microdomain struc- 
ture of Kraton 1107 remains spherical a t  temperatures 
above Tg, we have computed thermally induced transition 
temperatures of Kraton 1107. For the computation, we 
have used the following expression for the interaction 
parameter x for the polystyrene-polyisoprene pair given 
by Mori et al.:50 

x = -0.0937 + 66/T (37) 
In applying Helfand-Wasserman's theory, from eq 37 we 
calculated a using the relationship 

where Vref is a reference volume. 
On the other hand, in applying Leibler's theory, the 

polymerization index N had to be calculated, so that values 
of xN could be determined. Here, N may be defined by 

= X/VI,f (38) 
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rates, the application of oscillatory shear motion may 
disrupt and perhaps reform the network and the state of 
aggregation of polystyrene microdomains. The stable state 
gt rest or a t  very low deformation rates will be a state 
where the molecualr network remains essentially intact. 
This now explains why in Figures 6 and 9 the temperature 
dependence of log G’versus log G”p1ots diminishes as G”  
is increased above a certain critical value. It is therefore 
important to remember that when comparipg the T, of a 
block copolymer determined from lag G’ versus log G”  
plots with that determined from the SAXS technique, the 
dynamic viscoelastic data taken at  low frequencies (Le., 
w - 0) is more appropriate than that take0 at high fre- 
quencies for the discussion of the effect of temperature on 
the thermally induced order-disorder transition in block 
copolymers. Note that, as pointed out recently by Fre- 
drickson and Larson,4* terminal data also have critical 
anomaly. Under such circumstances, the values of T, 
determined by log G’versus log G”  plots may not be very 
accurate. 

Frequency-Temperature Superposition. In the past, 
a number of investigators13-17 used frequency-temperature 
superposition to investigate the dynamic viscoelastic 
properties of SB, SIS, or SBS block copolymers in the 
temperature range over which the morphological change 
of block copolymers might have occurred (i.e., above the 
glass transition temperature of styrene domains). When 
the dependence of G ‘ on temperature is different from that 
of G”, as is the case with Kraton 1102 and Kraton 1107 
(see Figures 6 and 9), the use of frequency-temperature 
superposition is not justified. The fact that log G’versus 
log G ” plots vary with temperature clearly indicates that 
the block copolymer has different morphological states at 
different temperatures, and therefore the use of a shift 
factor for such materials is inappropriate. In other words, 
the use of frequency-temperature superposition is valid 
only for those situations where the morphological state of 
a polymer does not change with temperature. In this 
context, a serious question may be raised as to the validity 
of frequency-temperature superposition used by previous 
 investigator^.'^-'^ 

It is appropriate to mention, a t  this juncture, that Fesko 
and TschoegP2 have pointed out the deficiency of fre- 
quency-temperature superposition, by correlating the 
dynamic mechanical responses of SBS block copolymers 
measured at  various temperatures ranging from -83 to 86 
“C at frequencies between 0.1 and 1000 Hz, i.e., below the 
glass transition temperature (T,) of polystyrene present 
in the SB block copolymers. In other words, the highest 
temperature investigated by them was too low to have had 
thermally induced order-disorder transition, discussed 
above, in SBS block copolymers. Fesko and Tschoegl 
ascribed their observation of the deficiency of frequency- 
temperature superposition to the thermorheologically 
complex nature of SBS block copolymers, by pointing out 
that the frequency-dependent shift factors aT(w) derived 
from different response functions can differ, Le., log uT(w) 
for the storage compliance may be different from log aT(w) 
for the loss compliance. 

The Sensitivity of log G’ versus log G” Plots of 
Block Copolymers to Their Morphological States. We 
have shown above that with increasing temperature, log 
G’versus log w and log G”versus log w plots (see Figures 
4 and 5 for Kraton 1102 and Figures 7 and 8 for Kraton 
1107) show a continuously decreasing trend in G’and G“, 
whereas log G’versus log G”p1ots (see Figure 6 for Kraton 
1102 and Figure 9 for Kraton 1107) initially show a de- 
creasing trend and then become virtually independent of 

Table I11 
Summary of the Theoretically Predicted Transition 

Temperature for Kraton 1107 

Leibler’s Theory 
XI vret 138 146 142 150 149 
X I  Vm,e 159 167 164 171 170 
a (eq 32) 220 233 228 238 237 

x I Vret 141 144 143 
X I  Vref 162 165 165 
a (eq 32) 224 231 230 

Helfand-Wasserman’s Theory 

(ITr = 0.8Tr(triblock) + 0.2Tr(diblock), due to the fact that Kra- 
Vmf defined by eq ton 1107 contains 20 wt % uncoupled diblock. 

40. Vrsf defined by eq 41. 

There is more than one way of defining V,, In the present 
investigation, the following two different definitions for 
Vref are used: 

Vref = [MIs~Ps (40) 

and 

Vref = [([MIsuPs)([MIPP~I l” (41) 

where [MIS and [MI, are the molecular weights of styrene 
and isoprene monomer units, respectively. Therefore, the 
use of Vref defined by eq 40 and 41 respectively in eq 38 
and 39 gave rise to two different predictions of transition 
temperature for each theory applied. We have used, also, 
eq 32 to predict T,, and T, with Leibler’s theory and TI with 
Helfand-Wasserman’s theory. Note that the use of eq 32 
does not require information on VIef and N ,  and thus the 
computational procedure becomes much simplified. The 
computed results are given in Table 111. 

In the numerical computations eq 34 was used for the 
specific volume of polystyrene and the following expression 
for the specific volume of p~lyisoprene:~~ 

upI = 1.0771 + 7.22 X 10-4t + 2.46 X 10-7t2 (42) 

where t is the temperature in degrees Celsius. 
The following observations can be made in Table 111: 

(1) Two different definitions for Vref lead to different 
predicted values of TI. (2) The use of the interaction 
parameter x, given by eq 37, underpredicts T, by as much 
as 70 “C, compared to the measured value, 230 “C. (3) 
Using eq 32, Helfand-Wasserman’s theory predicts the TI 
to be about 230 “C, while Leibler’s theory predicts it to 
be about 237 “C. Again, considering the uncertainties of 
the measurements to be within f10 “C and the many 
assumptions made in the theoretical development, such 
an excellent agreement between the measured and pre- 
dicted values of TI may simply be fortuitous. Nevertheless, 
it is gratifying to see such an excellent agreement. When 
constant values of specific volume, ups = 0.9507 cm3/g and 
up1 = 1.0796 cm3/g, were used with eq 32, the predicted 
value of T, is about 20 “C lower than the value predicted 
with the temperature-dependent specific volumes, eq 34 
and 42. 

Discussion 
The Sensitivity of log G’ versus log G” Plots of 

Block Copolymers to Deformation Rate. Note in 
Figures 6 and 9 that for higher frequencies (i.e., as G“  is 
increased to about 3 X lo4 Pa), the temperature depen- 
dence of log G’ versus log G”  plots begins to disappear. 
This is attributable to the fact that at high deformation 
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temperature at and above a certain critical value. We 
contend that the existence of such a critical temperature 
observed in log G’versus log G ”  plots is a manifestation 
of the microdomain structure, which existed in the block 
copolymer at lower temperatures, disappearing completely 
a t  the critical temperature, giving rise to a homogeneous 
phase. This critical temperature is termed the order- 
disorder transition temperature TI of a block copolymer. 

The above observations lead us to conclude that the log 
G’versus log G”p1ot is very sensitive to the morphological 
state of a block copolymer. A close examination of Figures 
6 and 9 reveals some important differences between Kraton 
1102 and Kraton 1107 in their morphological changes as 
the temperature is increased above the Tg of the poly- 
styrene phase in the respective block copolymers. Spe- 
cifically stated, we observe in Figure 9 that log G’versus 
log G’’p1ot.s for Kraton 1107 vary gradually with increasing 
temperature from 140 to 230 “C, whereas we observe in 
Figure 6 that log G’versus log G”p1ots for Kraton 1102 
seem to vary little with temperature until 200 “C, then 
suddenly changes as the temperature is increased from 200 
to 220 “C, and finally become virtually independent of 
temperature at 220 “C and above. It should be remem- 
bered (see Figure 10) that Kraton 1102 has a cylindrical 
microdomain structure and Kraton 1107 has a spherical 
microdomain structure at room temperature. Therefore 
the differences observed between the two block copolymers 
in their rheological responses, in terms of log G’versus log 
G” plots, may be attributable to the differences in their 
microdomain structures. It may be speculated that when 
heated, the cylindrical microdomain structure in Kraton 
1102 may be sufficiently stable not to respond rheologically 
to a variation in temperature until the temperature reaches 
about 200 “C, whereas the spherical microdomain structure 
in Kraton 1107 may respond with great sensitivity to a 
variation in temperature. 

Morphologically speaking, a variation in log G’ versus 
log G ” plots with temperature can come from two sources, 
one from a variation of the amount of polystyrene micro- 
domain structure present in the block copolymer and the 
other from a change in the morphological state of the 
microdomain structure (spheres, cylinders, or lamellae) as 
the temperature is increased or decreased. The first source 
is rather obvious because more polystyrene microdomains 
will be dissolved in the polydiene matrix with increasing 
temperature. But such an obvious expectation cannot 
explain why G’versus log G”p1ots for Kraton 1102 (see 
Figure 6) do not vary with temperature until the tem- 
perature reaches about 200 “C. According to Leibler’s 
theory: the microdomain structure (lamellar, cylindrical, 
or spherical) of the ordered phase influences the TI and 
a transition from the disordered phase to the lamellar 
structure passes through the spherical and then cylindrical 
structure when the temperature is decreased from a very 
high value (see Figure 3). Assuming that the microdomain 
morphology of Kraton 1102 changes from the cylindrical 
to spherical structure as the temperature is raised from 
room temperature, we have computed the TI of Kraton 
1102 for the spherical microdomain structure, using Lei- 
bler’s theory, and found it to be 283 “C, which is about 8 
“C higher than the T, for the cylindrical structure (see 
Table 11). However, we do not have experimental evidence 
to support whether or not indeed the microdomain 
structure changes from the cylindrical to spherical struc- 
ture when the temperature is raised from room tempera- 
ture to T,, as predicted by Leibler.4 

There is a different view that, the equilibrium mor- 
phology of a block copolymer is dependent solely upon its 

Table IV 
T,, T,, and the Heat of Fusion (AHf) Determined from 

DSC Measurements for VAEOH Terpolymers 

sample vinyl alcohol, Mf? 
code mol % T,, “C T,, “C J J g  

1 6 -6.0 a a 
2 14 -4.2 90.7 0.402 
3 22 2.5 93.6 1.580 
4 30 14.7 94.0 8.955 

“Sample 1 is amorphous. 

composition. For instance, very recently, Ohta and Ka- 
~ a s a k i ~ ~  have extended Leibler’s theory and predicted the 
morphology of the ordered microstructure in block co- 
polymers, by including the long-range interactions of the 
local monomer concentration fluctuations. Applying the 
narrow interphase approximation of Helfand and Was- 
serman,29a Ohta and KawasakiM investigated the transition 
between different structures, namely, from lamellar to 
cylindrical microstructure and from cylindrical to spherical 
microstructure in the strong-segregation limit. They 
concluded that (1) a transition from lamellar to cylindrical 
structure occurs at f l  = 0.355 and (2) a transition from 
cylindrical to spherical structure occurs at f l  = 0.215, where 
fi is the volume fraction of polystyrene domains in a block 
copolymer. The microdomain structures of Kraton 1102 
and Kraton 1107, displayed in Figure 10, are in agreement 
with this theoretical prediction. Note that f i  is about 0.24 
for Kraton 1102 and aboout 0.12 for Kraton 1107. It 
should be mentioned, however, that the microdomain 
structures reported experimentally in the literature and 
those in Figure 10 were determined at room temperature 
and therefore such experimental observations are not 
sufficient to dispel the possibility that the microdomain 
structure of a block copolymer can indeed vary with tem- 
perature, as predicted in Leibler’s theory. This is an im- 
portant area to be dealt with in future investigations. 

The Sensitivity of log G’ versus log G” Plots of 
Partially Crystalline Flexible Polymers to Tempera- 
ture. In order to demonstrate how sensitive the log G’ 
versus log G ” plot to the morphological state of partially 
crystalline flexible polymers is, let us consider the dynamic 
viscoelastic properties of partially hydrolyzed poly[ (vinyl 
acetate)-co-ethylene] (VAE). Note that when the amount 
of vinyl acetate in the copolymer of vinyl acetate and 
ethylene is more than about 60 wt %, the copolymer is 
referred to as VAE, which is still amorphous. However, 
when hydroxyl groups are introduced into the backbond 
of the vinyl acetate in VAE, the resultant terpolymer, 
poly[(vinyl acetate)-co-ethylene-co-(vinyl alcohol)] 
(VAEOH), may become partially crystalline when the 
amount of the hydroxyl group exceeds a certain critical 
value. Very recently, Han et aLZ2 have prepared VAEOH 
with varying amounts of hydroxyl group and Table IV 
gives a summary of the thermal properties of the four 
different grades of VAEOH prepared. In Table IV it can 
be seen that, among the four samples, sample 1 has the 
least amount of hydroxyl group and is amorphous, whereas 
the three other samples are partially crystalline with 
varying degrees of crystallinity. 

Since the VAEOH terpolymers are flexible at room 
temperature, it is possible to measure their dynamic vis- 
coelastic properties at room temperature. Figure 11 gives 
log G’versus log G” plots for the four VAEOH samples 
listed in Table IV. It can be seen in Figure 11 that at a 
fixed value of G”, the value of G’increases with increasing 
degree of crystallinity. This is consistent with our ex- 
pectation because the more crystalline a VAEOH, the 
greater its modulus will be. Note that at room temperature 
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Figure 11. log G’versus log G”p1ots at 25 “C for VAEOH 
terpolymer with different degrees of crystallinity:22 (0) sample 
1; (A) sample 2; (El) sample 3; (8) sample 4. 

samples 2, 3, and 4 have two phases, a crystalline phase 
being dispersed in an amorphous phase. We can, therefore, 
conclude that the log G’versus log G ”  plots in Figure 11 
show a sensitivity to the morphological state of the VAE- 
OH samples investigated. 

However, when dynamic viscoelastic properties were 
measured at 100 “C, which is higher than the melting 
points of samples 2,3, and 4 (see Table IV), log G’versus 
log G”  plots show no temperature dependence, as may be 
seen in Figure 12. Again, this is consistent with our ex- 
pectation because all four samples have identical chemical 
structure and they form a homogeneous phase at  tem- 
peratures above their melting points. The above results 
demonstrate once again that log G’ versus log G“ plots are 
very sensitive to the morphological state of a flexible 
polymer, very similar to the situations observed above with 
the SBS and SIS block copolymers. 

Conclusions 
In the present investigation, we have utilized log G’ 

versus log G”p1ots in order to investigate the thermally 
induced order-disorder transition T, of SBS and SIS block 
copolymers. We have defined T, as the temperature a t  
which log G’ versus log G”  plots for a block copolymer 
cease to vary as the temperature is increased above the 
glass temperature of polystyrene. Using this rheological 
technique, we have determined the T, of Kraton 1102 to 
be 220 “C and the T, of Kraton 1107 to be 230 “C to within 
f10 “C. 

Having confirmed that Kraton 1102 has a cylindrical 
microdomain structure and Kraton 1107 has a spherical 
microdomain structure, we have computed values of T,, 
using the currently held theories of Helfand-Wasser- 
man3p29J3 and Leibler.4 In the computation, we have as- 
sumed that the microdomain structure, observed for 
Kraton 1102 and Kraton 1107 at  room temperature, does 
not vary with temperature and we have used different 
forms of the interaction parameter suggested in the lit- 
erature. We have learned that the use of the interaction 
energy density A, advocated by Roe and co-workers,9-11*46 
has advantages over the use of the Flory-Huggins inter- 
action parameter x, in that the necessity for determining 

lo3 lo4 lo5 
GI’ (Pa ) 

Figure 12. log G’ versus log G” plots at 100 “C for VAEOH 
terpolymers with different degrees of crystallinity.” Symbols are 
the same as in Figure 11. 

the reference volume Vmf and the polymerization index N 
can be avoided. 

We have learned that Helfand-Wasserman’s theory 
predicts values of T, very close to the measured values for 
both Kraton 1102 and Kraton 1107, whereas Leibler’s 
theory predicts the value of T, for Kraton 1107 reasonably 
close to the measured value, but it overpredicts that for 
Kraton 1102. This leads us to conclude tentatively that 
Leibler’s theory predicts the T, for spherical microdomain 
structures better than that for cylindrical microdomain 
structures, whereas Helfand-Wasserman’s theory satis- 
factorily predicts T, for both spherical and cylindrical 
microdomain structures. It is fair to say that Leibler’s 
theory has no adjustable parameters, whereas Helfand- 
Wasserman’s theory has many adjustable parameters (for 
example, see Table I). The present study indicates that 
an accurate determination of the interaction parameter 
and the temperature-dependent specific volumes is very 
important to successful predictions of the phase transition 
temperature of block copolymers, using the currently held 
theories. 

It should be mentioned that the range of telpperatures 
over which the thermally induced ordeldisorder transition 
takes place in an SB, SBS, or SIS block copolymer depends 
very much on its block lengths, styrene content, which in 
turn determines the morphological state of the block co- 
polymers, and molecular weights. Therefore the range of 
transition temperatures obtained for the Kraton 1102 and 
Kraton 1107 in this study should not be construed to be 
applicable to other block copolymers having different block 
lengths, styrene content, or molecular weights. In future 
publications, we will discuss the effects of these variables 
on the order-disorder transition in SB, SBS, and SIS block 
copolymers. 
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ABSTRACT: The temperature dependence of the concentration of loosely cross-linked polymer networks 
swollen to equilibrium in poor solvent has been studied. An attempt is made to compare the prediction of 
different theories with experimental results. It is shown that the classical James-Guth network theory gives 
almost the same result as the modern thermal blob theory. Both theories predict universal dependence if 
scaled concentration and scaled temperature are used. This dependence excludes the possibility of first-order 
phase transition in gels below the 8 point. The Flory-Hermans-Wall-Kuhn theory predicts a collapse 
phenomenon, which has not been observed in our experiments. The results exhibited by poly(viny1 acetate) 
networks of different cross-linking densities swollen in isopropyl alcohol are diametrically opposed to  those 
predicted on the basis of the Flory-Hermans-Wall-Kuhn theory, while the agreement with the James-Guth 
and thermal blob theories is quite satisfactory. 

Introduction 
Considerable attention has been paid recently to the 

theoretical and experimental investigation of the influence 
of solvent power on the network properties.'-13 I t  is pre- 
dicted that under certain conditions, the swollen polymer 
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networks undergo a first-order, coil-globula like phase 
transition marked by a sharp collapse of the gel.'-' 

Despite the theoretical works, the predicted sharp 
transition, called collapse, has not yet been observed ex- 
perimentally, at least for neutral gels. Although poly- 
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