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thermal processes, as partially described in this paper. 
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ABSTRACT: An early stage of spinodal decomposition (SD) for the ternary mixtures of polystyrene (PS), 
polybutadiene (PB), and toluene (Tol) and of PS, polystyrene-polybutadiene diblock polymer (SB), and To1 
was investigated by the time-resolved light scattering technique. The SD for the ternary systems in which 
To1 is a neutrally good solvent for all the polymers used in these studies was analyzed on the basis of the 
linearized theory of Cahn, coupled with a pseudobinary approximation and a mean-field approximation for 
the ternary solutions. An overall behavior in the early stage of SD seems to fit well, a t  least qualitatively, 
with the linearized theory coupled with the above two approximations. Quantitative deviations from the theory 
were observed, and they may be attributed ta the validity of the special (mean field) model used for the ternary 
solutions and/or of the linearized theory, besides the experimental errors arising from difficulties studying 
the earliest stage of the process. The characteristic parameters describing the early stage of SD for the ternary 
systems were obtained in the context of the linearized theory and compared with those for the binary mixture 
of PS and poly(viny1 methyl ether). 

I. Introduction 
In the previous paper,l we found a spat ia l  composition 

f luctuat ion with a characteristic periodicity which gives 
rise to a light scattering maximum for the films composed 
of binary and te rnary  mixtures  of polystyrene (PS), po- 
lybutadiene (PB), and polystyrenepolybutadiene diblock 
polymers (SB) prepared b y  solvent cast ing with toluene 
(Tol), a neutrally good solvent for these polymers. These 

‘Present address: Toyoda Gosei Co., Ltd., 1, Nagahata, Ochiai, 
Haruhi-Mura, Nishikasugai-gun, Aichi-Prefecture 452, Japan. 
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periodic fluctuations are found to develop and grow in the 
solutions dur ing  the phase separation due to spinodal 
decomposition (SD) and i t s  subsequent coalescence pro- 
c e s ~ e s . ~ - ~ ~  The existence of SD and the coalescence pro- 
cesses were qualitatively demonstrated by  a time-resolved 
laser light scattering technique using a silicone vidicon TV 
camera and VTR monitor system for the ternary systems 
composed of PS, PB, and To1 or PS, SB, and To1.l 

In the present paper we will focus our  a t tent ion on t h e  
very early stage of SD for  the ternary systems composed 
of PS/PB/Tol and PS/SB/Tol at critical and off-critical 
compositions. Section I1 describes the time-resolved light 
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Figure 1. Cloud-point curves for (a) PS/PB/Tol and (b) PS/ 
SB/Tol at various polymer volume fractions (1 - &,). O2 designates 
volume fractions of PB or SB in the polymer mixture, e.g., O2 = 
vp~/(VpB + V-), where VPB and Vps are the volumes of PB and 
PS, respectively, and 4o designates volume fraction of solvent. 

scattering data on the ternary mixtures in the early stage 
of SD. The data were analyzed on the basis of Cahn's 
linearized theory2 of SD in the context of a mean-field 
approximation1"l8 coupled with a pseudobinary approx- 
imation [i.e., toluene primarily acts as a solvent which 
reduces polymer-polymer interaction (sections I11 and 
IV)]. The characteristic parameters describing the early 
stage of SD for the ternary systems were compared with 
those for a binary polymer mixtures of PS and poly(viny1 
methyl ether) (PVME) (section VI).13 A dramatic dif- 
ference in time dependence of the scattering intensity in 
the SD regime and in the nucleation-growth regime19 will 
be presented in section V. 

11. Results 
Figure 1 shows cloud-point curves for the ternary sys- 

tems (a) PS/PB/Tol and (b) PS/SB/Tol in which 4o 
represents the volume fraction of solvent in the ternary 
mixture, and O2 is the volume fraction of PB or SB in the 
polymer mixture. The method used to evaluate the curves 
and the polymers used in these studies were described in 
detail in the previous paper.l PS, PB, and SB have num- 
ber-average molecular weights of 151 X lo3, 48 X lo3, and 
50 X lo3, respectively, and heterogeneity indices Mw/Mn 
of 1.41, 1.23, and 1.7, respectively. It was also pointed out 
in the paper that the composition 92,c at  which the cloud 
point becomes maximum was not in good agreement with 
the critical composition predicted by a mean-field theory 
of SCOtt.16 

In this paper the kinetics of phase separation was 
studied for off-critical mixture (0, = 0.2), designated as 
S/B-20, and near-critical mixture (9, = 0.8), designated as 
S/B-80, of PS/PB/Tol, and for near-critical mixture (9, 
= 0.65), designated as S/SB-65, of PS/SB/Tol as a 
function of quench depth AT = T, - T,I, where T, and Td 
are the temperatures of isothermal phase separation and 
of the cloud point, respectively. The polymer concentra- 
tions (1 - 40) studied in this work are fixed, 4p = 1 - 
= 0.075 for S/B-80, 0.095 for S/B-20, and 0.115 for S/ 
SB-65, and corresponding cloud points are 46.5,43.0, and 
42.0 "C for S/B-80, S/B-20, and S/SB-65, respectively. 

Figure 2 schematically illustrates a pseudobinary ap- 
proximation on the phase separation of the ternary sys- 
tems. Since Flory interaction  parameter^'^ between PS 
and To1 (xps-Tol) and PB and To1 ( x ~ B - ~ ~ ~ )  are about the 
same, the solvent (Tol) is equally partitioned in the PS and 

Figure 2. Pseudobinary approximation of the ternary system 
A/B/S (S designating a neutrally good solvent for the polymers 
A and B). 

PB (or SB) phases, giving rise to a phase separation be- 
tween PS solution and PB (or SB) solution which will be 
called here as pseudobinary phase separation. The solvent 
will primarily act as a diluent to decrease the interaction 
parameter between PS and PB (or Sb), xpS-pB. The ter- 
nary system with SB generally involves two kinds of phase 
separations: (i) phase separation between PB and SB 
solutions (polymer-polymer liquid-liquid phase separa- 
tion) and (ii) "microphase separation" of SB diblock 
polymers. It was indicated previously1 that the microphase 
separation of SB will not occur at polymer concentrations 
covered in this work, even after completion of the ma- 
croscopic phase separation of PS and SB solutions as 
discussed briefly in the previous paper.l Only polymer- 
polymer phase separation occurs even for PS/SB/Tol. 
Consequently, incorporation of polystyrene block in SB 
does not complicate the polymel-polymer phase separation 
but essentially weakens the x parameter between the 
constituent polymers. As the total polymer concentration 
increases, the microphase separation begins to occur as a 
consequence of the concentration fluctuations built up by 
the polymer-polymer phase separation. When concen- 
tration of the SB in the SB-rich phase exceeds the con- 
centration at which the microphase separation occurs, the 
SB starts to undergo the microphase separation, resulting 
in unique multiphase structures. This is a new regime, the 
studies of which are beyond the scope of the present paper 
but are believed to be important from both academic and 
industrial points of view. 

The kinetics of the phase separation was observed by 
a time-resolved light scattering technique in which the 
change of scattering intensity curves was observed as a 
function of time and scattering vector q after temperature 
drops from 50 OC to T,, 50 "C being higher than Tcl's of 
the solution 

(11-1) 

where 0 and X are the scattering angle and wavelength of 
the light in the medium, respectively. The sample cell and 
a method of temperature drop were described in the pre- 
vious paper.' In the previous paper, the changes of the 
scattering profiles followed by the initiation of the phase 
separation were qualitatively detected by silicone vidicon 
and VTR monitor systems. Here the phase-separation 
kinetics was detected more quantitatively by scanning a 
photomultiplier, a brief description of which was given 
e1~ewhere.l~ 

Figure 3 shows a typical change of scattering profiles 
with time after insertion of the sample cell, initially a t  50 
O C  which is above Tcl, into the metal block controlled at  
T,  = 43.5 "C (AT = -3.0 "C) for S/B-80 with 4o = 0.925. 
The scattering profiles were reconstructed from the plots 
of scattered intensity vs. time at various q's such as shown 
in Figure 4 and correspond to those at  each time slicing. 

q = (4n/X) sin (0/2) 
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The changes of the scattered intensity at various q's with 
time t were plotted in Figure 4 where logarithms of the 
intensity were plotted against a linear scale of t .  It is 
clearly seen that the scattered intensity exponentially in- 
creases with time t in the early stage of phase separation 
( t  5 100 s ) ,  in accord with theoretical prediction of Cahn 
on spinodal decomposition.2 

I (q , t )  = I ( q ,  t = 0)  exp[2R(q)tI (11-3) 

From the slope, one can measure the relaxation rate (or 
growth rate) of the intensity 2R(q) or that of concentration 
fluctuation R(q)  with a particular wavenumber q as defined 
by 2nlA where A is the wavelength or identity period of 
the concentration fluctuations. 

q = 27r/A = (47r/X) sin (8/2) (11-4) 

R(q) is a function of q (Le., a function of 2 7rlA in real space 
and of scattering vector in reciprocal space), increasing 
with q to reach a maximum value at particular q and then 
decreasing with a further increase of q. In the later stage 
of spinodal decomposition (t 5 100 s), the intensity change 
with time deviates from the exponential behavior as de- 
scribed by eq 11-3, which is due to onset of coarsening 
proce~ses .*~J~J~J~ Although the studies on the later stage 
are interesting research projects, they are beyond the scope 
of the present paper. 

It should be noted that Figure 4 shows nonexponential 
behavior even during the earliest stages of the phase sep- 
aration where one would expect a best fit of the expo- 
nential behavior with Cahn's prediction. This nonexpo- 
nential behavior is best interpreted as a consequence of 
a finite time required for the temperature jump. From eq 
11-2 with 7 = 9.8 s, one would expect that achievements 
of (T(t )  - T,)/(Ti - T,) = 0.1 and 0.05 require t = 23 and 
39 s, respectively. This approximately corresponds to the 
time region where the discrepancy from the nonexponen- 
tial behavior is found. 

111. Analyses Based on Linearized Theory of 
Spinodal Decomposition 

In this section we will analyze our data on the ternary 
systems on the basis of Cahn's linearized theory of spinodal 
decomposition, developed for the incompressible binary 
mixtures.2 The analyses will be made in the context of the 
pseudobinary approximation. 

Cahn2 predicted that a growth of spatial concentration 
fluctuation of a particular component during the early 
stage of spinodal decomposition is given by 

Ac(r) = 2 exp[R(q)tl(A(q) cos (qr) + B(q)  sin (qr)) 
P 

(111-1) 

for an isotropic growth where R(q)  is growth rate of the 
fluctuations with wavenumber q = 27r/ A and is given by 

(111-2) 

where f is the free energy density of homogeneous system 
in which the composition of one component is given by a 
constant value c everywhere in the space, and x is the 
coefficient describing the excess free energy density asso- 
ciated with composition gradient ( X ( V C ) ~ ) . ~ J ~  Equations 
111-1 and 111-2 were obtained by neglecting nonlinear terms 
in the modified diffusion equation 

&/a t  = M[(a2f /ac2)V2c - 2xV4c + (nonlinear terms)] 

where M is the classical mobility constant. The linearized 
theory leading to eq 111-1 and 111-2 predicts time depen- 
dence of the elastic scattered intensity of light, X-ray, and 

R(q)  = Mq2{-(@f/dc2) - 2xq21 

(111-3) 
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Figure 3. Typical change of the light scattering profile with time 
after insertion of the sample cell into the metal block controlled 
at the phase-separation temperature T ,  for the S/B-80 at & = 
0.925 and AT = -3.0 "C, AT = T x  - TC1 (Tcl = 46.5 "C). 

SIB-80, aT=-3.0°C 

50 100 150 

t (sec) 
Figure 4. Typical variation of the scattered intensity with time 
during the phase separation for the S/B-80 at 4,, = 0.925 and AT 
= -3.0 O C .  

It should be noted that time t always refers to the t ime 
after insertion of the sample cell into the metal block at 
T, throughout this paper and that the temperature change 
from the initial temperature Ti (50 OC in this case) to T, 
was characterized by a exponential function 

(11-2) 

with relaxation t ime 7 of 9.8 s. It is clearly seen that the 
scattering maximum appears at qm z 2 x nm-' after 
initiation of the phase separation. The scattering intensity 
increases but the scattering vector qm of maximum inten- 
sity does not significantly change with time, the tendencies 
of which are in accord qualitatively with observation with 
a silicone vidicon-VTR apparatus as described in the 
previous paper' and qualitatively with a theoretical pre- 
diction given by Cahn's linearlized theory of spinodal 
decomposition.2 

T( t )  = (Ti - T,) exp(-t/7) + T, 
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Figure 5. Analyses of the early stage of the spinodal decom- 
position, based on Cahn's linearized theory for SIB-80 at $o = 
0.925 and AT = -3.0 "C. 

S/B-80,  %=0.925,T~~46.5°c 

AT(% > 
0 - 2  5 

e - 3 0  

e -4 5 

15 a -8  5 

qzx  lo6 ( n m 3  

Figure 6. Analyses of the early stage of the spinodal decom- 
position, based on Cahn's linearized theory for SIB-80 at $o = 
0.925 and various quench depths AT. 

neutron scattering during the spinodal decomposition as 
given by eq 11-3. 

Equation 111-2 predicts that a particular mode of con- 
centration fluctuations with wavenumber qm can have 
maximum growth rate R(qm).  

qm2 = -(d2f/dc2)/(4x) (111-4) 

N q , )  = M ( d 2 f / d ~ 2 ) 2 / ( 8 ~ )  (111-5) 

The existence of the wavenumber qm results from two 
opposing physical factors: (1) one associated with trans- 
port property giving R ( q )  - Mq2, i.e., the greater the q 
value, the shorter the distance over which the molecules 
are required to translate to build up the fluctuations, and 
hence the faster the growth rate, and (2) the other asso- 
ciated with thermodynamic property, giving R(q)  - (a  - 
pq2) (a and p should be essentially independent of q ) ,  i.e., 
the larger the q,  the greater the gradient free energy of the 
fluctuations, and hence the slower the growth rate. It 
should be noted that the most probable wavenumber of 
the fluctuations qm is purely determined by thermody- 

I S/SB-65, C=0.885, Tr=42.0°c 

q2 x IO6 (nm-2) 

Figure 8. Analyses of the early stage of the spinodal decom- 
position, based on Cahn's linearized theory for S/SB-65 at bo = 
0.885 and various quench depths AT. 

namic conditions such as quench depth but that the 
maximum growth rate R(qm) depends on the transport 
property as well. 

Figure 5 shows the experimental test of eq 111-2 for 
S/B-80, Cpo = 0.925 and at AT = -3.0 "C (near-critical 
mixture) where R ( q ) / q 2  and R ( q )  are plotted as function 
of q2 and q,  respectively. It is clearly shown that the early 
stage of SD ( t  ,< 100 s for this particular case, see Figure 
4) can be well described, at least qualitatively, by the 
linearized theory of Cahna2 One should note that there 
exist quantitative deviations of the experimental results 
from the theory of Cahn. From the q dependence of R(q)  
in Figure 5, qm N 2.3 X lo3 nm-', and hence one would 
expect qc = qm 21/2 N 3.25 X lo3 nm-l. However R ( q )  is 
not zero at q > qc as seen in Figure 4 (see intensity increase 
at  q = 3.32 and 3.95) and in Figure 5. This discrepancy 
may illustrate quantitative failure of the theory. 

Equation 111-2 was further tested for various ternary 
mixtures as a function of quench depth AT, the results of 
which were shown in Figure 6 for S/B-80 at  @o = 0.925, 
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Figure 7 for S/B-20 at  4o and 0.905, and Figure 8 for 
S/SB-65 at c $ ~  = 0.885. Overall and qualitative fits of the 
experimental data with the linearized theory seem to be 
good, though there are quantitative deviations from the 
straight lines in the plots of R ( q ) / q 2  vs. q2, as may be seen 
in curvature in the majority of the plots, especially for the 
data obtained for a large quench depth, AT. It may be 
further pointed out that this curvature is similar to the 
curvature observed in all other systems studied and has 
been used by all other workers in the field to claim failure 
of the linearized theory. At present we feel that this point 
deserves further study particularly for polymeric systems, 
because they could have much a slower growth rate R(q)  
than the rates encountered in this study, depending on 
molecular weights and concentrations. Hence they would 
provide ideal model systems for further careful, rigorous, 
and quantitative studies of the early stages. We present 
below further qualitative analyses in the context of the 
linearized theory. 

From the intercepts of R(q) /q2  at q = 0, one can estimate 
the apparent diffusion coefficient, Dapp, as defined by 

Macromolecules, Vol. 17, No. 12, 1984 

paper,l de Gennes expressed the free energy density of 
homogeneous mixture f(c) by the Flory-Huggins formula 
in the context of mean-field approximation.15-” In de- 
scribing the gradient free energy terms ( 0 ~ ) ~  etc., he also 
employed a linearization approximation and took into 
account “entropy effect” of local variation in c which arises 
from “connectivity” of monomeric units.18 The energetic 
contribution to the gradient term, associated with the finite 
range of energetic interaction of monomer units,2 was 
neglected as it is generally small compared with the en- 
tropic contribution.18 

On the basis of the approximations as described above, 
R(q)  was given by 

where V is the total volume of the systems. It should be 
noted that the greater the value of Dapp the larger the 
curvature of R(q)  with q at  q = qm, and hence the sharper 
the maximum of R ( q )  at q = qm, since 

(111-7) 

Thus the greater the quench depth, the better defined is 
the spinodal ring, i.e., the scattering maximum arising from 
periodic concentration fluctuations. This tendency was 
experimentally confirmed. D,, decreases with decreasing 
quench depth AT as found in these figures and should 
vanish at spinodal temperature T,, since (d2f/ac2) = 0 at  
T = T,. 

From the plots of R ( q ) / q 2  vs. q2 one can also estimate 
qm since 

q m 2  = qc2/2 (111-8) 

and 
N q  = 9,) = 0 (111-9) 

where q, is called as the maximum wvenumber of the 
fluctuations which can grow. The arrows in the figures 
indicate qm2, which again decreases with decreasing quench 
depth IATI and should go to zero at T = T,. It should be 
pointed out that qm’s thus estimated agree with the values 
estimated directly from R(q)  vs. q within the experimental 
errors.24 

The slopes of the straight lines in the plot of R ( q ) / q 2  
vs. q2 are nearly independent of AT for each ternary sys- 
tem. 

These characteristic parameters D,,,, qm, xDc, and R(qm) 
describing an early stage of spinodal decomposition will 
be further analyzed in the next section in the context of 
mean-field approximation.18 

IV. Further Analyses Based on a Special 
(Mean-Field) Model for the Solutions 

In order to understand molecular parameters affecting 
-(d2f/dc2) and X ,  one needs a specific model relevant to 
polymer mixtures. Here we adopt a formalism proposed 
by de Gennes for incompressible, binary liquids composed 
of macromolecules.18 As briefly reviewed in the previous 

where h(q) is the q-dependent Onsager coefficient given, 
on the basis of the scaling argumenP by 

A ( q )  = Nc(1 - c)D, for qRo << 1 (IV-2) 
in the small q regime (Ro being the unperturbed end-bend 
distance of polymer The Onsager coefficient h(q - 0) is related to the classical mobility constant M in the 
Cahn theory 

M = A(q -+ O)/kBT (IV-3) 

where kBT is the Boltzmann energy. The quantities 
-(a2f/ac2) and x in the theory of Cahn are now given by27 

-($) = (const)( y) (IV-4) 

x = (const)Ro2/72 (IV-5) 

where 
kBT 1 (const) = - V Nc(1 - C) (IV-6) 

N is the degree of polymerization of polymer A and B. The 
two polymers were assumed to have identical degree of 
polymerizations, identical diffusion constants D,, and 
identical Kuhn statistical segment lengths a. xs is the x 
parameter a t  spinodal point T,. 

xs-’ = 2Nc(l - c )  (IV-7) 

The SD at the small q regime should occur as a conse- 
quence of translational diffusion of polymer coils through 
“reptation”.20,21 Since the mechanism of SD in the poly- 
meric systems in this regime is the same as that in the 
small molecular systems, R ( q )  should have the same 
functional form as that given by eq 111-2. In fact from eq 
IV-1, and IV-4 to IV-6, it follows that 

R ( q )  = q2Dc[ ( y) - ( g)q2] (IV-8) 

It may be pointed out that the deviation from the special 
(mean field) theory for the ternary solutions might alter 
q dependence of R(q) ,  simply because it changes the term 
associated with the thermodynamic properties, i.e., [(x - 
x,)/x, - (RO2/36)q2]. The deviation, however, will not 
change the term associated with transport property, i.e., 
q2D,. Thus the deviation of the data points from the 
straight line in the plot R(q) /q2  vs. q2 may also result from 
the deviation from the special mean-field approximation 
for the ternary solutions. 

In the pseudobinary approximation, we further assume 
that D,, x, xS and Ro are the corresponding values in the 
presence of neutrally good solvent. It should be noted that 
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Table I 
Characteristic Parameters for the Early Stage of Spinodal Decomposition of the Ternary Systems 

R(q,)1/2/  AT, A,, , /AT1I2~ 7,/ AT2,b 
s-l/2/0C cm/°C-1/2 S I T 2  

SIB-20 1.8 X lo8 8.9 X lo-" 10 x 10-2 4.7 x 10-4 1.0 x 102 
SIB-80 2.0 x 108 1.9 x 10-11 4.2 x 4.4 x 10-4 5.7 x 102 

qm21AT, Da */AT, 
cm-z/oC (cmfs-l)/OC 

SISB-65 1.4 X lo8 8.0 X lo-" 7.4 x 10-2 5.3 x 10-4 1.8 X lo2 

cf. PS/PVMec (107 f 50) X lo8 5.5 x 10-13 (5.5 f 1) X (0.6 f 0.1) X lo4 (3.0 f 1) X lo2 
(SE-70) 

"Am = 2u/q, - br, = l/R(q,) - A T 2 .  CHashimoto, T.; et al. Macromolecules 1983, 26, 641. 

D, becomes very large, x and xs  become small, and Ro 
becomes slightly large in the presence of the solvent. Thus 
in the context of mean-field approximation, the charac- 
teristic parameters describing early stage of SD are given 
by 

(IV-9) 
x - x s  

X S  
Dapp = Dc- 

(IV-10) 
18 X -  X s  qm2 = (1/2)q,2 = - - 

Ro2 X s  

3Dc1I2 x - x S  
R(qm)'/2 = - - (IV-11) 

Ro x s  

and the slope of the plot R(q)/q2 vs. q2 is given by 
1 

36 
Islopel = 2D,+ = (const)-Ro2D, (IV-12) 

Expanding x into a series about T = Ts 

* O 1  

15 - 
n 
7 
E 

? 

v 

ID 10- 

X 

E m 
N 

5 -  
-C SIB-80 
+ S I B - 2 0  
--A- SISB-65 

0 5 10 1 
0' 

x ( T )  = x(Ts) + (2 )  (T - Ts) + ... (IV-13) 
T* 

one obtains' 

-- - 'a - (s) (T  - Ts) + ... (IV-14) 
X S  T ,  

Thus qm2, D, p, and R(qm)'I2 should be proportional to the 
quench deptk AT = T - Ts = T,  - T,. It should be noted 
that for the UCST systems, (a In x/&"lT8 < 0, and AT < 
0, and hence ( x  - x s ) / x s  > 0,  and that, for the narrow 
temperature range of interests as characterized by variation 
of quench depth over a few degrees Celsius, D, and Ro 
should be almost independent of temperature. Thus the 
(slopel in eq IV-8 should be independent of AT. 

The predictions as described above on the basis of the 
mean-field approximation were critically tested in Figures 
9-12.23 It is clearly shown, within experimental errors, 
that qm2, Dapp (intercept in Figure lo), and R(qm)'I2 are 
linearly proportional to the quench depth I A q  for all the 
systems studied in this work2s and that the slope is inde- 
pendent of l A q ,  as predicted from the theory. The results 
obtained from these figures are summarized in Table I and 
compared with those previously obtained for binary 
polymer mixture of PS and poly(viny1 methyl ether) 
(PVME) also on the early stage of SD in the context of 
the mean-field approximation.' 

From Figure 9, qm2 is proportional to quench depth IAT, 
and qm2 per unit quench depth was shown to be about 
(1.5-2) X los cm-2/0C for all the three samples. The 
equality of qm2/AT for these samples suggests that the 
values (l/R:)(a In x / a T ) ,  are about the same for these 
samples. Since qm2 - AT, Am = 2a/qm - The 
value Am/h'T"'l2 is about 4-5 I.cm/OC-'I2 for all the samples. 

The apparent diffusivity per unit quench depth, 
D,,/AT, is in the range from 2 X 10-l' to 10 X cm2/(s 

-AT c°C) 

Figure 9. Plot of qm2 as a function of quench depth -AT. The 
analysis is based on the linearized theory of SD and mean-field 
approximation. 

-AT ("c) 

Figure 10. Plot of the apparent diffusivity D,, (intercept of the 
plot of R(q) /q2  vs. q2 at q = 0) as a function of quench depth -AT. 
The analysis is based on the linearized theory of SD and mean- 
field approximation. 

"C). The variations of the values with samples depend on 

The value R(qm)'/2/AT is in the range of about (5-10) 
x s-lI2/OC, the variation of which should depend on 
(D,'12/Ro)(d In x / a T ) ,  and be predicted from variation 
of Ro, Dc, and (a In x / a T ) ,  with the samples. Such de- 

D,(a In x l a T ) T .  
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+S/B-80 

.-o- S I B - 2 0  

---A- S/S0-65 
h 0.81 

,\" 

" 0.6 

-AT (TC) 
Figure 11. Plot of R(q,)1/2 as a function of the quench depth 
-AT. The analysis is based on the linearized theory of SD and 
mean-field approximation. 

.. 

..-e- 0- S/B-80 -I_ 0 0 5 10 15 

- A T  ( c )  
Figure 12. Absolute value of the slope in the plot of R ( q ) / q 2  vs. 
q2 as a function of quench depth -AT. 

tailed discussions, however, are beyond the scope of the 
present studies. Since R(qm)Il2 is proportional to AT, the 
relaxation time 7, = l/R(qm) should be proportional to 
A T 2 .  The value 7, per unit A T 2  is on the order of lo2 
s / " C 2 .  If AT is increased by 1 order of magnitude from 
1 to 10 "C, 7, is decreased by 2 orders of magnitude from 
100 to 1 s. 

From the results and discussions made in sections I11 
and IV it may be concluded that the overall picture in the 
early stage of spinodal decomposition of the ternary sys- 
tems can be described approximately by the linearized 
theory based on the pseudobinary approximation. 

The ternary systems as designated by S/B-80 and S/ 
SB-65 have nearly critical compositions, while the system 
S/B-20 has off-critical composition, as shown in Figure 1. 
At  the spinodal point (x - x s ) / x s  = 0 and hence qm2, p, 
and R(q,)'I2 should become zero. This principle provdes 
a dynamic method to determine the spinodal phase 
boundary. It is clearly seen in Figures 9-11 that qm2, Dapp, 
and R(q,)'12 become zero at AT = 0, and hence T, is nearly 
equal to Tcl, cloud point for the near critical mixtures. 
However for the off-critical mixture S/B-20, they become 
zero at AT - -3 "C, and hence T, lies 3 "C below the cloud 

0- 100 200 3 
t (sea 

)O 

Figure 13. Typical variation of the scattered intensity with time 
during the phase separation according to the spinodal decom- 
position (AT = -4.8 "C, solid circles) and nucleation-growth (AT 
= -2.0 ' C ,  open circles) for S/B-20 at $,, = 0.925. 

point, the conclusion of which is further confirmed in next 
section. 

V. Scattering Behavior in the Nucleation-Growth 
Regime as Compared with That in the 
S pinodal-Decomposition Regime 

For the off-critical mixture SIB-20 the phase separation 
should occur according to nucleation-growth (NG) mech- 
anism if the quench depth IATI is smaller than 3 "C. It 
was shown in the previous paper1 that the phase separation 
in NG regime does not give scattering maximum as in the 
ease of SD but gives the scattering patterns in which the 
intensity montonically decreases with an increase in the 
scattering angle. The scattered intensity itself increases 
with time during the course of the phase separation. 

Figure 13 shows a typical intensity change at  the par- 
ticular scattering vector q with time after intiation of the 
phase separation for the off-critical mixture. The figure 
includes the intensity change for the phase separation in 
SD regime (Le., the case of AT = -4.8 "C, solid circles) as 
well as that for the phase separation in NG regime (i.e., 
the case of AT = -2.0 "C,  open circles). In the early stage 
of SD, the intensity exponentially increases with time, but 
in the phase separation according to NG, the intensity does 
not increases exponentially from the very beginning of the 
phase separation. Thus the scattering behavior and time 
dependence of the scattered intensity are spectacularly 
different, depending on the mechanism of the phase sep- 
aration for the particular ternary systems studied here, 
which can be used to characterize the mechanism of the 
phase separation. 

VI. Comparisons with the Binary 
Polymer-Polymer Mixture 

Here we shall compare the characteristic parameters 
characterizing the early stage of SD of the ternary systems 
with those of a binary mixture of PS/PVME reported in 
the previous paper,13 again in the context of mean-field 
approximation. Here we shall be concerned only with 
order-of-magnitude type arguments. 

The characteristic parameters for the binary system of 
PS/PVME are also summarized in Table I. PS used in 
PS/PVME mixture was identical with the PS used in the 
ternary mixtures. The number-average molecular weight 
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and the heterogeneity index of PVME were 4.6 
X 104 and 2.7, respectively, which are roughly identical with 
those of PB and SB used in the ternary mixtures. 
Therefore Bo’s in eq IV-10 and IV-11 for the ternary and 
binary systems are roughly identical with each other. 

The value qm2/AT for the binary mixture is about 1-2 
orders of magnitude greater than that for the ternary 
mixture. According to eq IV-10 and IV-14 this implies that 
the absolute value of (a In x/dT), for PS/PVME is greater 
than that for the ternary systems by the same order of 
magnitude, since Ro itself is about the same for the binary 
and ternary systems. This is an interesting finding in 
regard to temperature dependence of x parameter a t  
spinodal points for the LCST and UCST systems. It would 
be even more interesting if the temperature coefficients 
of x at  LCST and UCST were measured for the same 
sample. It should be noted that the PS/PVME system 
has positive (a In x/anT and AT since it has LCST. The 
value A,/AT112 for the $S/PVME system is smaller than 
that for the ternary systems by about an order of mag- 
nitude, as is predictable from qm2/AT. 

The apparent diffusivity per unit quench depth, 
Dapp/AT, for the PS/PVME system is 2 orders of mag- 
nitude smaller than that for the ternary systems. This 
implies that D,(a In x / a T ) T  for the PS/PVME system is 
2 orders of magnitude smdler than that for the ternary 
systems. With information obtained on (a In x/aT), from 
qm2/AT, D, for the PS/PVME is found to be about 3 
orders of magnitude smaller than that for the ternary 
systems. Since molecular weights of component polymers 
are about the same for the two systems, this difference may 
be attributed to concentration dependence of D,. Scaling 
theory predicts that a t  high concentrations (where the 
“concentration-blob” size approaches the “temperature- 
blob” size so that polymer chains become in 8 state) D, 
scale as21.22 

D, - 4L3 (VI-1) 

where 4p is the polymer concentration. Since 4 - 0.1 for 
the ternary systems, the concentration depen&nce of D, 
can account €or the observed difference in the values of 
D,‘s. 

The value R(q.,)l12/AT for the PS/PVME is about the 
same as that for the ternary systems, which can be in- 
terpreted as the values D,‘12(a In x/aT)Ts being about the 
same for all the systems from eq IV-11 and IV-14. More 
precisely, the effect of the PS/PVME system having a 
larger value of (a In x/aT), (1-2 orders of magnitude 
larger than the ternary systems) was counterbalanced by 
the effect of the system having a lower value of D, (3 orders 
of magnitude less). The relaxation times 7, for the fluc- 
tuations to grow are also about the same for all the systems, 
as will be predictable from the values R(q,)l12/AT. 
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