
Macromolecules 1987,20, 2257-2264 2257 

Slow Spinodal Decomposition in Binary Liquid Mixtures of 
Polymers. 2. Effects of Molecular Weight and Transport 
Mechanism 
Mikihito Takenaka,  Tatsuo Izumitani,+ and Takeji  Hashimoto* 
Department of Polymer Chemistry, Kyoto University, Kyoto 606, Japan. 
Received October 20, 1986 

ABSTRACT: The early stage of the spinodal decomposition of binary polymer mixtures of polybutadiene 
and styrene-butadiene random copoIymer (SBR) at a composition of 50/50 w/w was studied by time-resolved 
light scattering as a function of molecular weight of SBR at 60 "C, which is well above the glass transition 
temperature of both components; thus, the two components are in the liquid state. The early stage of the 
spinodal decomposition of the mixtures was found to be described with a good approximation by the linearized 
theory of Cahn, the analyses of which yielded characteristic parameters for the early stage of the spinodal 
decomposition. The parameter qm2/D,, shows the molecular weight dependence of M' at the high molecular 
weight limit, supporting the fact that the decomposition involves mutual diffusion of center of mass of polymer 
molecules via reptation (qm is the wavenumber of the dominant mode of the fluctuations, and D,, is the mutual 
diffusivity of the mixture). The large wavelength, 2r/q,, of the dominant mode of fluctuations relative to 
the size of the individual molecules was found to be primarily due to the small temperature dependence of 
the interaction parameter x between the two polymer which makes e = (x - x , ) / x ,  (x8, x value at spinodal 
temperature) very smaI1, even though the actual quench depth, AT = ITB - TI, is large (T, and T, spinodal 
temperature and phase separation temperature, respectively), e.g., the mixture being effectively close to spinodal 
point. 

I. Introduction 
In the previous paper1 a very slow spinodal decompo- 

sition was reported for the binary liquid mixtures of po- 
lybutadiene (PB) and styrene-butadiene random co- 
polymer (SBR) at temperatures well above the glass 
transition temperatures (Tis) of the constituent polymers. 
The time scale where the early stage of the spinodal de- 
composition (SD) can be described with good accuracy by 
the linearized theory of Cahn2 was found to extend over 
more than 1 h at 40 OC, for example, which is due to the 
system having a very long characteristic time, t,, as defined 
by 

tc = t2/Dapp (1-1) 

where t2 and Dapp are the thermal correlation length and 
mutual diffusivity of the mixture a t  a given temperature, 
T. 

Since the characteristic times of the mixtures are ex- 
pected to vary very much depending on the systems, i t  is 
quite useful to compare the time evolution of the fluctu- 
ations during unmixing of the systems with a reduced time 
scale, T ,  a dimensionless time defined by3 

7 = t / t ,  (1-2) 

where t is real time. The critical reduced time, r,, where 
the spinodal decomposition is described by the linearized 
theory with good accuracy, was shown to be a universal 
constant and was found to be approximately equal to 2 for 
some polymer systems! Thus, the long characteristic time, 
tc, of the systems expands the real time scale where the 
early stage SD occurs. Polymer systems realize beautifully 
this s i t ~ a t i o n . ' , ~ , ~ , ~ ~  

The polymer systems to be considered in this paper have 
advantages of (i) a relatively narrow molecular weight 
distribution as they are prepared by living anionic polym- 
erization and of (ii) being liquid well above Tg's at  the 
measuring temperatures. Moreover, the systems can be 
studied in the dissipative limit where t k tR/c2 ,  and con- 
sequently growth of fluctuations occurs as a consequence 
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of translational diffusion of center of mass of polymer 
molecules. Here the quantity tR is the time required for 
the center of mass of the polymer chains to translate over 
its end-to-end distance, Ro (called "reptation time" when 
the diffusion obeys the reptation mechanismgJO), 

tR Ro2/Dc (1-3) 
and D, is the self-diffusivity. The quantity t is the ther- 
modynamic driving force for the fluctuations to grow as 
defined by 

c = (x - x , ) / x s  = -- ($),.T + @(AT2)  (1-4) 
X s  

where x is the thermodynamic interaction parameter be- 
tween the two polymers, xs is the x parameter a t  spinodal 
point, T, is the spinodal temperature, and AT is the quench 
depth as defined by 

A T = T s - T  (1-5) 
The analyses of the early stage SD's where the linearized 

theory works yield the characteristic parameters l~~,*- ' ,~~-~~ 
such as Dapp and qm, the wavenumber of the dominant 
mode of the fluctuations. If the constituent polymers are 
symmetric, having identical D, and Rot these parameters 
are given by'l 

Dapp = Dcc (1-6) 
9 

RoZt 
qm2 = - 

Thus, the ratio of the two parameters 

qm2/Dapp N Dc-'RO-' (1-8) 
is independent of t and purely depends upon the dynam- 
ical variable D, and hence upon dynamics of the polymers 
a t  the phase transition. If the dynamics obeys reptation 
m ~ d e , ~ J ~  one finds 

qm2/Dapp - N' (1-9) 

since D, - N - 2  and R: - N ,  where N is the polymeri- 
zation index. However, if the dynamics obeys Rouse mode, 
one finds 
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qm2/Dapp - No (1-10) 

Thus, the molecular weight dependence of qm2/ Dapp can 
be a good measure to probe molecular dynamics and 
transport mechanism. 

In this paper we investigated an early stage of SD as a 
function of molecular weight of one of the constituent 
polymers, PB, and the applicability of the linearized the- 
ory. The parameters characterizing the early stage SD will 
be obtained as a function of the molecular weight, from 
which transport mechanism of polymer chains in bulk in 
the ordering process at  the phase transition will be dis- 
cussed. 

Gelles and Frank'* also investigated the effect of mo- 
lecular weight on the kinetics of phase separation in 
polystyrene (PS) and poly(viny1 methyl ether) blends by 
using the technique of excimer fluorescence. By assuming 
that the unmixing occurs by SD, they found the growth 
rate of the fluctuations to decrease with increasing PS 
molecular weight, but the observed effect was weaker than 
that expected from the scaling theory based upon reptation 
mechanism."J2J5 Objectives of our studies are along the 
same line as theirs, but we believe that the time-resolved 
light scattering analysis during the isothermal unmixing 
process would give much more quantitative information 
as to the spinodal decomposition and transport mecha- 
nism. The use of the polymers with narrow molecular 
weight distributions would give further advantages in our 
analyses on molecular dynamics. 

11. Theoretical Background: Spinodal 
Decomposition of Asymmetric Blends 

We consider here linearized theory of spinodal decom- 
position for the asymmetric polymer mixtures A and B 
with polymerization indexes NA and NB, statistical segment 
lengths aA and uB, self-diffusivities DA and DB, polymer- 
ization indexes between entanglement coupling NeA and 
NeB, and volume fraction of each component = 4 and 
@B = 1 - 4. The growth rate of the q-Fourier mode of the 
concentration fluctuations, R(q), is given by de Gennes," 
Pincus,12 and Binder13 theories 

where q is the wavenumber of a particular Fourier com- 
ponent of the concentration fluctuations. The equation 
was obtained for the small q regime where qRgA << 1 and 
qR B << 1 (RgK being the gyration radius of K polymer, K 
= 8; or B) and for the time and e regime where the effects 
of thermal fluctuating force on time evolution of scattering 
is negligible. In eq 11-1, A(q) is the Onsager kinetic 
coefficient describing the mutual diffusion of the two types 
of chains given by1' 

(11-2) -=-+- 

where A K K  is the coefficient for the Kth polymer (K = A 
or B), and A K K  in the small q regime is given by" 

1 1 1 
A!(q) ' i A A ( q )  h B B ( q )  

A K K ( q  - 0)  = D K N K ~  (11-3) 

From eq 11-1 to 3, one obtains for small q regime 

1 Lym J 

where 

N E 4NA + (1 - 4)NB 
and 

62 = u*2(1 - @) + a& 

The eauations reduce to the ones derived 
for the symmetric blends with NA = NB = N, aA = aB = 
a, and DA = DB = Dc. It is clear from eq 11-5 and 11-6 that 
the ratio qm2/Dapp is independent of t but depends only 
upon the dynamical variables and hence upon dynamics. 

qm2/Dapp = g(DANA4A + DBNB4B) / (DADBNANB@') 
(11-10) 

If the diffusion occurs via reptati~n,~JO 

DK = D1,NeKNK-2 (K = A or B) (11-11) 

where DlK is the microscopic diffusion coefficient. From 
eq 11-10 and 11-11, 

9 

(11-6) 

(11-7) 

(11-8) 

(11-9) 

by de Gennes" 

If the two polymers have identical polymerization indexes, 
N = NA = N B ,  the ratio is simply proportional to N 

qm2/Dapp - N (11-13) 

If the two polymers have asymmetry in the polymerization 
indexes but satisfy the condition 

DIANeA DIBNeB E DINe (11- 14) 

as in our experimental systems (see section V), then 

Comparisons of eq 11-12, 11-13, and 11-15 clearly suggest 
that the mixtures with identical NA and NB are the most 
ideal and straightforward to judge the transport mecha- 
nism. 

On the other hand, if the diffusion occurs in the Rouse 
mode 

DK = D1KNK-l (11-16) 

then 

qm2/Dapp = g ( D 1 ~ 4 ~  + D ~ B ~ B ) / ( D ~ A D ~ B ~ ~ )  - NAONBO 
(11- 17) 

111. Experimental Methods 
111-1. Specimens. The samples used in this study are 

listed in Table I together with their number-average mo- 
lecular weight, M,, weight-average molecular weight, M,, 
and heterogeneity index M J M ,  measured by GPC. The 
weight fraction of styrene monomers in the SBR (desig- 
nated as SBR1) was measured by using the infrared (IR) 
absorption at  699 cm-'. The SBR sample and the PB 
samples (designated as PB19, PB55, PB122, and PB273) 
were prepared by living anionic polymerization with bu- 
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Figure 1. Time evolution of light scattering profiles during isothermal phase separation at 60 "C for the binary mixtures of (a) SBRl/PB19, 
(b) SBRl/PB55, (c) SBRl/PB122, and (d) SBRl/PB273. Each scattering profile was obtained at times (in minutes) after phase separation: 
(a) 1, 2.27; 2, 11.5; 3, 16.1; 4, 20.7; 5, 25.3; (b) 1, 2.27; 2, 11.5; 3, 20.7; 4, 29.9; 5, 34.6; 6, 39.1; 7,43.8; (c) 1, 2.27; 2, 17.5; 3, 32.7; 4, 48.0; 
5, 63.2; 6, 70.8; 7 ,  92.4; (d) 1, 4.69; 2, 32.7; 3, 61.2; 4, 89.7; 5, 132,4; 6, 171.6; 7 ,  210.9. 

Table I 
Characterization of Polymers Used in This Study 

sample 10-4Mn 104Mw MwJMn PS, wt % N1N.O 
SBRl 10.0 11.8 1.18 20 32.8 
PB19 16.5 19.0 1.16 0 53.4 
PB55 53.5 54.6 1.02 0 152 
PB122 114 122 1.07 0 344 
PB273 219 273 1.25 0 769 

ON, for SBRl was measured to be 56.1 and that for PB was 
taken to be 35.2 from the literature.16 

tyllithium as a catalyst and cyclohexane as the solvent. 
In Table I, N and Ne are the polymerization index of 

entire polymer and that between entanglement coupling, 
respectively. The value Ne for ABRl was determined to 
be 

Ne = 56.1 for SBRl (111-1) 

(111-2) 

where GeNo is the equilibrium plateau modulus, G,,," is 
the maximum loss modulus with respect to frequency at  
a given temperature, T,  p is the mass density, R is the gas 
constant, and Me is the molecular weight between the 
entanglements. The value G,," was 1.56 X lo6 dyn/cm2 
a t  323 K, and p was 0.92 g/cm3, from which Me was esti- 
mated to be 4.5 X lo3 and Ne to be 56.1. The value Ne for 
PB was taken from Ferry's book16 to be 35.2 by finding 
the value for PB sample having microstructure close to our 
PB. 

The fractions of cis, trans, and vinyl linkages of the 
butadiene part were measured by IR. They are, respec- 
tively, 0.16, 0.23, and 0.61 for SBRl and 0.19,0.35, and 0.46 
for PB19. The microstructure for other PB's (PB55, 
PB122, and PB273) should be similar to that for PB19. 

111-2. Preparation of the Mixtures. Mixtures of 
SBRl/PB19, SBRl/PB55, SBRl/PB122, and SBRl/  
PB273 were prepared as follows. All the mixtures studied 
were 50/50 wt/wt, and they were dissolved in 7 w t  % 
toluene solution. Toluene is a neutrally good solvent for 
PB and SBR. The solution containing 7 wt '70 total 

by rheology measurement by using the relationship 

GeNo N 3.56Gm,/ = pRT/Me 

amount of polymer was homogeneous and was cast into 
film specimens by slowly evaporating the solvent. The 
solvent was completely evaporated until a constant weight 
was attained. 

The films thus obtained were further mechanically 
mixed by holding and pressing repeatedly (typically 30 
times) in order to make "homogenized films" immediately 
before the use for the studies of the phase separation ki- 
netics. Significance of the mechanical mixing or homo- 
genization was discussed in previous papers'J' and will be 
discussed extensively in a forthcoming paper.18 Light 
scattering studies on the homogenized films showed that 
the homogenization brings the mixtures to a state corre- 
sponding to the single phase region near the spinodal 
point.18 

111-3. Time-Resolved Light Scattering Technique. 
Isothermal unmixing process from the homogenized mix- 
tures was analyzed in real time and in situ with an auto- 
mated laser-light scattering photometer constructed in our 
l ab~ra to ry .~  The photometer utilizes a photomultiplier 
with a rapid step-scanning device with data acquisition into 
microcomputer as a function of time during the unmixing 
process. Further details of the apparatus were described 
el~ewhere.~ 

IV. Experimental Results and Discussions 
IV-1. Time Evolution of Light Scattered Intensity 

1 ( q ,  t ) .  Figure 1 shows typical time evolution of light 
scattering profiles during isothermal phase separation at  
60 "C from the homogenized mixtures of (a) SBRl/PB19, 
(b) SBRl/PB55, (c) SBRl/PB122, and (d) SBRl/PB273 
where some but not all of the time-sliced profiles only in 
the early stage unmixing process were shown. The ordinate 
in each figure is relative intensity so that the intensity level 
can be compared only within each figure but not between 
different figures. The abscissa is the scattering vector, q ,  
defined by 

(IV-1) 

where X and 8 are the wavelength of light in the medium 
and the scattering angle in the medium, respectively. It 
should be noted that the scattered intensity at the scat- 
tering vector, q, is related to the intensity of the q-Fourier 

Q = (4a/X) sin (0/2) 
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Figure 2. Time evolution of light scattering intensity at various 
q's during the isothermal phase separation at 60 "C for the binary 
mixtures of (a) SBRl/PB19, (b) SBRl/PB55, (c) SBRl/PB122, 
and (d) SBRl/PB273. The logarithm of the intensity was plotted 
as a function of time t (min). Curves 1-6 were obtained at q = 
9.08 x lo4, 8.23 x lo", 7.22 X 6.39 x 5.50 X and 
4.24 X nm-I, respectively. 

component of the fluctuations. 
Each mixture gives rise to similar time-evolution be- 

havior of scattering: increase of scattered intensity and 
appearance of the scattering maximum at the high q region 
covered in this experiment. The q value a t  which the 
scattered intensity reaches maximum, qm, appears to be 
independent of time in the early stage unmixing process 
for each mixture, 

q m ( t )  = q m ( 0 ) t O  (IV-2) 

Comparisons of Figures 1 and 2 will reveal that the early 
stage of unmixing process can be described with good 
accuracy by the linearized theory of SD and that the 
profiles 1-4 in Figure la ,  1-6 in Figure Ib, 1-5 in Figure 
IC, and 1-5 in Figure Id should correspond to the linear 
SD regime. The behavior given by eq N-2  may be clearly 
seen for the m i x t w  having higher molecular weights (e.g., 
parts b-d of Figure 1). The values qm(0) appear ta decrease 
with increasing the molecular weight, so that the wave- 
length, Am, of the dominant mode of concentration fluc- 
tuations increases with increasing molecular weight. 
Moreover, the larger the molecular weight, the longer the 
time limit defined as t,, where the linear SD behavior is 
observed. In other words, the larger the molecular weight, 
the slower the spinodal decomposition rate. 

The rates of SD and t,,, may be more quantitatively 
investigated in Figure 2, where logarithms of relative 
scattered intensity, I (q ,  t) ,  were plotted as a function of 
time, t ,  after initiation of isothermal unmixing a t  60 OC 
for each mixture (a) for SBRl/PB19, (b) for SBRl/PB55, 
( c )  for SBR/PB122, and (d) for SBR/PB273. Each plot 
shows In I (q ,  t )  vs. t a t  the same q values (but not all q 
values measured in this experiments); curves 1-6 for each 
mixture were obtained, respectively, at q values of 9.08 X 

8.23 X 7.22 X 6.39 X 5.50 X and 
4.24 X nm-'. 

Each figure shows clearly that, in the early stage un- 
mixing process, In I(q,  t )  a t  a given q linearly increases with 
t, indicating the exponential growth of the concentration 
fluctuations of all q-Fourier modes and of the associated 

3 

Figure 3. Growth rate R ( q )  as a function of q at 60 "C for the 
binary mixtures. 

scattered intensity for the q range covered in this exper- 
iment, 

I ( q ,  t )  = I ( s ,  0) exp[2R(q)tI 

S(q, t )  = S(q, 0) exp[R(q)tI 

(IV-3) 

(IV-4) 

where S(q, t )  is the time evolution of order parameter 
conjugated with the scattered intensity, 

I ( s ,  t )  = ( I%,  t)I2)T (IV-5) 

where ( )T denotes the average over all possible probability 
distributions of the order parameter. The observations 
given by eq IV-2-IV-4 strongly suggest that the unmixing 
behavior is approximated by the linearized theory of SD, 
as reported also for other polymer systems. 1 1 9 

From the slope of each straight line, one can determine 
the growth rate, R(q) ,  for each mixture. Comparisons of 
the time evolution behavior of the scattered intensity for 
the mixtures shown in Figure 2 clearly indicate that R(q)  
and t,, strongly depend on molecular weight. The larger 
the molecular weight, the slower the growth, i.e., the 
smaller the value of R(q)  and the larger the value oft,. 

I t  should be pointed out that in the later stage of un- 
mixing (e.g., in the time scale of t > 30 min in Figure 2a, 
t > 60 min in Figure 2b, t > 90 min in Figure 2c, and t > 
125 min in Figure 2d), the intensity increase with time 
deviates from the exponential behavior at all q's due to 
the onset of various coarsening m e ~ h a n i s m s . ~ * ~ ~ - ~ ~  In the 
later stage the growth rates become much slower than that 
of the exponential behavior as predicted by eq IV-3, the 
data points thus falling below the straight lines at all q's. 
The deviations of the data points in the time scale of 25 
5 t 5 30 min in Figure 2a and 45 5 t 5 60 min in Figure 
2b, for example, are not yet those as described above. The 
upward deviation a t  small q's from the straight line and 
the downward deviations at large q's from the straight line 
in that time scale may be due to the effect of thermal 
fluctuating force as described by Okada and Han;a brief 
discussions related to this point will be given in section 
IV-3. In the larger time scale, the deviations from the 
straight lines occur always downward at all q's. The 
analyses in these late stage unmixing processes are given 
e l s e ~ h e r e . ~ ? ~ ~ ~ ~ ~  
IV-2. Growth Rate for q-Fourier Mode of Fluctu- 

ations. Figure 3 shows the growth rates, R(q), as a 

1 4 8 19,ZO 
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stage unmixing behavior of the real systems with good 
approximation over the q range covered in this study. In 
the previous paper,l the mixture SBRl/PB19 was found 
to have T,  N 400 "C. Hence, the phase separation at  60 
"C corresponds to the phase separation under apparently 
large quench depth. It will be shown later in section VI 
that the "effective quench depth" is not as large as the 
actual quench depth appears to be. 

The thermal fluctuation force33 is one physical factor 
which causes the deviation from behavior as predicted by 
the linearized theory of SD. Its effect is especially im- 
portant a t  high q's near qc where R ( q  = 9,) = 0 

qc2 = 2qm2 (IV-6) 

Unfortunately our light scattering technique cannot cover 
the high q regime of q N qc but can only cover the low q 
regime satisfying q << q,. Hence, we are observing the q 
regime where the effects of thermal fluctuating force are 
relatively weak. Even in small q regime, the effects should 
be detected if the effective quench depth is small 
e n ~ u g h . ~ ~ , ~ , ~  In fact, Okada and Hans observed the effects 
clearly for quench depths as large as 0.29 "C but not for 
quench depths as large as 0.44 "C for their polymer mix- 
tures composed of polystyrene and poly(viny1 methyl 
ether). In our earlier paper,4 we analyzed the effects of 
thermal fluctuation force on the time evolution of scattered 
intensity a t  small q and found that the effects are greater 
for the mixtures with larger molecular weights under a 
given e. Under a given e, the effects are greater in polymer 
mixtures than in small molecular fluids by a factor of N 
(degree of p~lymerization),~ which may be a possible reason 
why the effects were observed at  the large quench depth, 
AT, of 0.29 "C in the studies of Okada and Han,s much 
larger than those normally employed in the small molec- 
ular fluids (AT of the order of "C being employed). 
For a given N ,  the effects decrease with increasing e, as 
is well-known from earlier s t ~ d i e s . ~ J ~ , ~ ~ , ~ ~  The "effective 
quench depths" or e's of our systems are much larger than 
0.29 "C, and hence the effects would hardly be seen or be 
small, if they exist, in the small q regime for our system. 
This factor appears to act in favor of the linearized theory 
of SD. 

The plots of Figures 4 and 5 will yield the parameters 
characterizing the early stage SD such as Dapp and q, or 
R, and A, as defined by 

R m  = R ( q m ( 0 ) )  (IV-7) 

and 
A m  = 2r/qm(O) (IV-8) 

The quantities R, and A, are the maximum growth rate 
of the fluctuations and the wavelength of the dominant 
mode of the fluctuations. The parameters thus estimated 
are summarized in Table 11. In Table 11, parameter 7, 

is defined by 

r ,  = R,-' (IV-9) 

and t ,  is the characteristic time of the mixture as defined 
by eq 1-1, where .$ is given by 

t = qm(O)-' (IV-10) 

IV-4. Parameters Characterizing Early Stage of 
Spinodal Decomposition. The apparent or mutual 
diffusivity, Dapp, and the wavenumber, q,(O), of the dom- 
inant mode of the fluctuations decrease with increasing 
molecular weight of one component, e.g., PB (see Table 
11). The value of Dapp depends both upon E ,  the thermo- 
dynamic driving force which depends on NK at  a given 

t u 
'0 2 4 6  8 1 0  

q2~105(,,-~) 

Figure 4. Plots of R(q) /q2  vs. q2 at 60 OC for the binary mixtures 
of SBRl/PB19 and SBRl/PB55. 

F.. 

N 
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q * X  105(~,-~) 
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Figure 5. Plots of R(q) /q2  vs. q2 at 60 "C for the binary mixtures 
of SBRl/PB122 and SBRl/PB273. 

function of q for the four mixtures with different molecular 
weights as determined from the analyses shown in Figure 
2. The growth rates, R ( q ) ,  for all q-Fourier modes covered 
in this study decrease with increasing molecular weights 
of the mixtures. The q dependence of R(q) has a functional 
form given by eq 11-4, the curves drawn by the solid lines 
being the best-fitted results of the experimental R(q)  with 
eq 11-4. It should be noted that the best-fitted curves give 
also the straight lines in the plots as shown in Figures 4 
and 5. The growth rates, R ( q ) ,  for the mixtures appear 
to have a maximum R, a t  q = 4,. The growth rate, R,, 
and the wavenumber, q,, of the dominant mode of the 
concentration fluctuations seem to depend strongly and 
moderately upon the molecular weight of the mixture, 
respectively. The larger the molecular weight, the smaller 
the values R, and 4,. 

IV-3. Test of Linearized Theory of Spinodal De- 
composition. Figures 4 and 5 show the plots of R ( q ) / q 2  
vs. q2 for the four mixtures which provide a critical test 
of eq 11-4 obtained by the linearized theory of SD. All the 
experimental results seem to exhibit, with good accuracy, 
the linearity as predicted by eq 11-4. This evidence to- 
gether with the evidence given by eq IV-2 and IV-3 sug- 
gests that the linearized theory of SD describes the early 
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Table 11 
Parameters Characterizing Early Stage of Spinodal Decomposition at 60 OC 

SBRl/PB19 22 11 10 6.3 0.92 
SBRllPB55 13 6.0 9.5 6.7 1.7 

10-3tC,f s sample DeppVa nm2/s 104~,,* s-1 lO3q,(O); nm-' lO-*A,,d nm 1 0 - 3 ~ ~ :  

SBRljPB122 5.8 2.2 8.8 7.2 4.6 

"Equation 11-4. Equation IV-7. Equation IV-2. Equation IV-8. e Equation IV-9. 'Equations 1-1 and IV-10. 

SBRl/PB273 2.8 0.96 8.4 7.5 10 

Table I11 
Parameters Characterizing Early Stage of Spinodal 

Decomposition at 60 OC 

sample s/nm4 S 

SBRl/PB19 4.4 1.2 2.4 35 18 
SBRl /PB55 6.7 2.1 2.5 21 31 
SBRl/PB122 13 4.2 1.8 16 46 
SBRl/PB273 26 7.2 1.4 11 70 

temperature, and DK, the transport terms which depend 
also on NK (see eq 11-5). Similarly q,(O) depends upon t 

and chain dimension RgK which also depends upon NK. 
Generally N dependences of Dapp and q,,,(O) are a conse- 
quence of N dependences of DK, RgK, and t. From eq 11-7, 
the value xs for our mixtures is given by 

(IV- 11) XS"--+-- 
NPB NSBR 

simply because 4 N where NpB and NsBR are the po- 
lymerization indexes for PB and SBR, respectively. Now 
that the decrease of xs with increasing NpB given by 

1 1 

-dxs/WPB = NPB-2 (IV-12) 

is small for large NpB, the increase of t with increasing NpB 
is also expected to be small. Hence, the N dependences 
of D,, and qm(0) may primarily be determined by those 
of DK and RgK. Since D,,,/t and qm2/c are expected to 
decrease with increasing NpB, the trends found in the ex- 
periments appear to be justified by the mean field pre- 
dictions given by eq 11-4-11-6. Likewise the N dependences 
of other parameters also should primarily be determined 
by the N dependences of RgK and DK rather than that of 

It is interesting to note that the characteristic time, t,, 
increases by about 10 times, from about 500 to 5000 s, by 
increasing NpB. A similar increase of the relaxation time, 
T, (from about 900 to 10000 s), for the dominant mode 
of fluctuations to grow was also found. The wavelength 
of the dominant mode of fluctuations, A,,,, seems to be 
much larger than the molecular sizes themselves, RgK's, by 
1 order of magnitude for all the mixtures (i.e., h,,,/R,K N 

lo),  a possible interpretation of which will be given in 
section VI. 

1%'-5. 7,. In previous papers , l~~ we indicated that the 
critical reduce time, T ~ ,  below which the unmixing behavior 
can be approximated by the linearized theory of SD, is a 
universal constant4 approximately equal to 2 .  

t. 

Tc = t m a x / t c  N 2 

The universality was tested also for the mixtures studied 
here. The tma;s were estimated to be 1.2 X lo3, 2.1 X lo3, 
4.2 X lo3, and 7.2 X lo3 s for SBRl/PB19, SBRl/PB55, 
SBRlJPB122, and SBRl/PB273, respectively, from the 
plots as shown in Figure 2 (see Table 111). For SBR1/ 
PB19 and SBRl/PB55, tmax's were determined at  the 
highest accessible y's, which are still slightly smaller than 
the corresponding y,'s, but for SBRl/PB122 and 
SBRlOPB273, they were determined at corresponding 4"s. 
The estimated values of T~ are also included in Table 111. 

0.46 
0.84 
2.3 
5.2 

i o3  104 105 
*PBNSBR * *SBRNPB 

Figure 6. Plot of qm2/Dapp as a function of the effective polym- 
erization index, @ p B N s n R  + &BRNpB. If the mutual diffusion 
occurs through reptation, a slope of 1 should be observed. 

The results approximately assure the relationship of T~ N 
n 
L. 

V. Transport Mechanism 
As already discussed in section 11, the ratio qm2/Dapp is 

a good probe to investigate the dynamics and transport 
mechanism of polymer molecules in the mixtures under- 
going the phase transition. The ratios were listed in Table 
I11 and plotted in Figure 6 as a function of the effective 
polymerization index, Ne, 

(V-1) 
where 4PB is the volume fraction of PB in the mixture of 
PB and SBR. As is clearly seen from Figure 6, the ex- 
perimental results obtained at the three mixtures with 
larger molecular weights tend to support Neffl, 

~PBNSBR + (1 - ~PB)NPB 

qm2/Dapp - Neffl (V-2) 

and hence the reptation mechanism. In these three mix- 
tures, N/Ne for SBR is about 33 and N/Ne for PB is from 
about 150 to 770 (Table I). However, for the mixture with 
the smallest molecular weight (SBRlJPBlS), there is a 
deviation from the behavior as given by eq V-2. 

Uncertainty of our conclusion results from inequality 
of NsBR and NpB which involves detailed information of 
DIANeA and DIBNeB as is obvious from eq 11-12. Further 
investigations along this line which use SBR and PB 
specimens having about equal NpB and NsBR are in prog- 
ress. Before closing this section, we will make a rough 
estimation on accuracy of our assumption of eq 11-14 or 
a ratio of (Ne/{)sBR to (Ne/C)pB where lK is the monomeric 
friction coefficient of K (K = SBR or PB). 

From Table 12-111 of Ferry's book,16 one can estimate 
monomeric friction coefficients, j-,BR and {pB, at  60 OC by 
using the WLF equation.16 For example, SBR has the 
values for log ,f (dyn-s/cm) of -6.11, -7.93, and -8.25 at 298, 
373, and 398 K, respectively, from which one obtains 
constants C, and Cz in the WLF equation 

where To is the reference temperature (298 K) and {, is 
{ at 298 K 
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C1 = 4.07 and C2 = 102.4 (V-4) 

{SBR = 6.31 X dyn-s/cm (V-5) 

Hence, one can estimate { ~ B R  at  60 "C (=333 K) as 

Similarly by use of the tabulated values for poly-1,4-bu- 
tadiene in Table 12-111 of Ferry's book,16 C1 and C2 for PB 
can be estimated as 

C1 = 3.15 and C2 = 176.5 (V-6) 
for To = 298 K, from which one can estimate rpB at 60 "C 
as 

{ p ~  = 4.79 X dyn.s/cm (V-7) 

It should be noted that the microstructure for poly-1,4- 
butadiene in Table 12-111 is different from that of our PB; 
hence, lpB for our PB is not necessarily the same as that 
given by eq V-7. However, the value of tpB given by eq 
V-7 should be much closer to lpB for our PB than that 
expected for poly-1,2-butadiene. Thus, we use the value 
given by eq V-7 for our PB. The value of (Ne)SBR measured 
was 56.1 and that taken from Table 13-1 of Ferry's book'6 
was 45.8. The value of (Ne)pB was 35.2 from Table 13-1. 
By using these values, one can estimate the ratio 

(DlNe) SBR:(DlNe) PB = (Ne / 0 SBR:(Ne / O P B  = 
1:1.02 or 1.14:l (V-8) 

by using (Ne)SBR = 45.8 or 56.1, respectively. Thus, the 
assumption of eq 11-14 and hence eq 11-15 may be assured. 

VI. Interpretation of Small q m  or Large A, for 
the Dominant Mode of Fluctuations 

We now give an interpretation of large Am's for the 
wavelength of the dominant mode of the fluctuation in the 
early stage. From Table 11, Am's vary from 630 to 750 nm 
upon increasing molecular weight of PB, which appear to 
be quite large compared with the gyration radius of the 
component polymer, e.g., PB denoted here as Rg,PB. Table 
I11 contains Rg,pBe (unperturbed radius of gyration) and 
Am/RgpB The ratios A,/Rg,p? appear to be large, changing 
from 35 to 11 with increasing molecular weight of PB. 

From eq 11-6 and IV-8, it follows that 
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and 

Hence, A, and A,/R,A can be, in principle, very large 
when the mixture is close to spinodal point. The spinodal 
temperature for the mixture SBRl/PB19 (70/30 v/v) was 
previously determined' by measuring qm2(0) as a function 
of temperature and by extrapolating the value qm2(0)  to 
zero and finding the temperature T, at which qm2(0) = 0. 
The extrapolation method uses eq 1-4 and 11-6, hence, a 
mean field relation of qm2(0) - AT. The value of T, thus 
estimated was N 400 "C.  Thus, actual quench d e p t h  is 
very large, AT = 400 - 60 = 340 "C, yet Am/Rg,pB is very 
large, which appears to be puzzling a t  first glance and is 
a subject of present discussions. It may be quite obvious 
from eq VI-1, VI-2, and 1-4 that a key to understanding 
the physics is temperature dependence of x. 

It should be noted that the thermodynamic interaction 
parameter between SBR and PB (XpBISBR) is much smaller 
than that between PS (polystyrene) and PB (xPB ps), be- 
cause of incorporation of butadiene monomers in $BR. If 

- I T  - - I T  - 
Figure 7. Schematic illustration of temperature dependence of 
x values for binary mixtures of PB/PS and PB/SBR. Note that 
the small temperature dependence of x for PB/SBR results in 
small "effective quench depth, e", even under the given large 
quench depth, AT. 

the fraction of butadiene in SBR is defined as $, then one 
can show the following relationship by a simple thermo- 
dynamic c~ns ide ra t ion~~  or by using random phase ap- 
p r o x i m a t i ~ n : ~ ~ ? ~ ~  

XPBjSBR = (l - $)2xPB/PS (VI-3) 

Now that SBR has $ = 0.8, (1 - $)2 = 0.04 and hence 
xpBjsBR is very small compared with XpBjpS for the PB/PS 
mixture with polymerization indexes identical with those 
of PB/SBR, as schematically shown in Figure 7. Likewise 
the temperature dependence of XpB/SBR should be very 
small compared with that of xpBIPs. Hence, 

and 

Comparison between eq IV-5 and IV-6 elucidates that in 
the mixture of PB/SBR, the effective quench dep th ,  (1 
- I+~)~AT,  can be very small and the mixture can be close 
to the spinodal point, Ts,pBpBR, even in the case when the 
actual quench depth, AT, is very large. The quench depth 
of 1 "C for PB/PS corresponds to that of 0.04 "C for 
PB/SBR, and hence PB/SBR is ef fect ively  close to  crit- 
icality, which again is schematically shown in Figure 7 and 
which is a key physical factor to account for the large A, 
and A,/Rg,pB in Tables I1 and 111, respectively. 

From eq VI-2, it follows that 

(&n/Rg,PB)PB/SBR = KPB/SBREPB/SBR-1i2 

(Am/Rg,PB)PB/PS = KPB/PScPB/PS-1/2 

We compare the ratios for the two mixtures PB/SBR and 
PB/PS having corresponding polymerization indexes of 
the constituent polymers, and at  identical quench depths, 
then 

(X - X J P B ~ B R  

K[ 
} '  = K(l - $)-l (VI-9) 

(x - Xs)PB/PS 

where K is the numerical factor of order unity. Thus, 

factor of (1 - $)-I, i.e., by a factor of about 5 for our system. 
(Am/Rg,PB)PB,sBR can be larger than (Aim/ Rg,PB)PB/PS by a 
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hm/Rg,pB is interpreted as a consequence of the small 
temperature coefficient of t. 
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Appendix. Comparison of Experimental and 
Theoretical Am/Rg,PB for PB/SBR Mixtures 

We compare the theoretical values of hm/Rg,PB deter- 
mined from eq VI-2 and the experimental values shown 
in Table I11 in order to investigate whether the experi- 
mental values can be predicted from the mean field theory. 

Experimental data on the temperature dependence of 
xpB/SBR for the PB/SBR mixture are not available. We 
estimate it from the temperature dependence of XpB/pS3' 
by using eq VI-3, 

xp~jps  = -0.0046 + 30.4/T (-41) 

Equation A1 was determined from temperature depen- 
dence of small-angle X-ray scattering profile from poly- 
styrene-polybutadiene block polymer in disordered state. 
From eq A1 and VI-5 and by using +b = 0.8, it follows that 

A T  (-42) ( X  - X~)PB/SBR = - 

We further calculate (x - xs)pB/SBR and t for a particular 
mixture, SBRl/PB19, from eq IV-11, 

(-43) 

The spinodal temperature Ts,pB/pS can be estimated from 
eq A1 and A3 to be 5.6 X lo3 K, from which (x - xs)pB/SBR 
can be estimated as 

( X  - XJPB/SBR = 3.88 X lO-'AT (-44) 

1.22 

Ts,PB/PS2 

1 1 + - = 8.28 x 10-4 
xs = 1840 3510 

Hence, t is given by 

= 4.67 x 10-  AT (A5) 
for SBRl/PB19. One should note that the coefficient 
€1 AT is very small. From eq A5 and VI-2, the theoretical 
value of (hm/Rg,pB)theor. can be estimated by using A T  = 
400 - 60 = 340 K, 

2a6'iz ( 1840)'J2 
(0.016)-1/2 = 34 (A6) 

3 0.5(1840)1/2 + 0.5(3510)1/2 

where uSBR = uPB is assumed. The theoretical value turns 
out to be quite close to the experimental value of 35 (see 
Table 111). Consequently the large experimental value of 


