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ABSTRACT: The early stage of the spinodal decomposition of binary polymer mixtures of polybutadiene
and styrene-butadiene random copolymer (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 g,,2/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 (gy, is the wavenumber of the dominant mode of the fluctuations, and D, is the mutual
diffusivity of the mixture). The large wavelength, 27 /¢, 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 € = (x — x)/Xs (Xs x value at spinodal
temperature) very small, even though the actual quench depth, AT = |T, - T, is large (T, and T, spinodal
temperature and phase separation temperature, respectively), e.g., the mixture being effectively close to spinodal
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point.

I. Introduction

In the previous paper! 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 (T}’s) 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 Cahn? was found to extend over
more than 1 h at 40 °C, for example, which is due to the
system having a very long characteristic time, ., as defined
by

t, = Ez/Dapp (-1)

where ¢? and D,,,, are the thermal correlation length and
mutual diffusivity of the mixture at a given temperature,
T.

Since the characteristic times of the mixtures are ex-
pected to vary very much depending on the systems, it is
quite useful to compare the time evolution of the fluctu-
ations during unmixing of the systems with a reduced time
scale, 7, a dimensionless time defined by?

T=t/t, (I-2)

where t is real time. The critical reduced time, 7., 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,
t., of the systems expands the real time scale where the
early stage SD occurs. Polymer systems realize beautifully
this situation.l-5835

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 T,'s at the
measuring temperatures. Moreover, the systems can be
studied in the dissipative limit where ¢t 2 tg/¢? 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 ¢y is the time required for
the center of mass of the polymer chains to translate over
its end-to-end distance, R, (called “reptation time” when
the diffusion obeys the reptation mechanism®'?),

tr ~ Ry?/D, (1-3)

and D, is the self-diffusivity. The quantity ¢ is the ther-
modynamic driving force for the fluctuations to grow as
defined by \

1{ 9x
= (X — Xs =-—1 — ) AT + O(AT? (14
€= (X~ X /X ° Xs(aT)T, (AT?) (1-4)
where x is the thermodynamic interaction parameter be-
tween the two polymers, x, is the x parameter at spinodal
point, Ty is the spinodal temperature, and AT is the quench
depth as defined by

AT=T,-T (I-5)

The analyses of the early stage SD’s where the linearized
theory works yield the characteristic parametersl24-711-13
such as D,,, and g, the wavenumber of the dominant
mode of the fluctuations. If the constituent polymers are
symmetric, having identical D, and R, these parameters
are given by!!

D, = D.e (I-6)
9
2 = 2
n” = R026 (I-7)
Thus, the ratio of the two parameters
QmZ/Dapp ~ DC—IRO_Z (I'S)

is independent of ¢ and purely depends upon the dynam-
ical variable D, and hence upon dynamics of the polymers
at the phase transition. If the dynamics obeys reptation
mode,*!® one finds

QmZ/Dapp ~ Nt (1-9)
since D, ~ N and Ry®> ~ N, where N is the polymeri-

zation index. However, if the dynamics obeys Rouse mode,
one finds
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QmZ/Dapp ~ N° (I-10)

Thus, the molecular weight dependence of g,,?/D,,, 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(vinyl 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.!%1% QObjectives 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.

II. 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 N4 and Ny, statistical segment
lengths a, and ag, self-diffusivities D, and Dy, polymer-
ization indexes between entanglement coupling N, and
N,_p, and volume fraction of each component ¢, = ¢ and
¢p = 1~ ¢. The growth rate of the g-Fourier mode of the
concentration fluctuations, R(g), is given by de Gennes,!!
Pincus,!? and Binder!? theories

= 2 - . ; -
R(g) = Ag)g®y2x (d)NA * (1- ¢>)NB)

a X1 - ¢) + ago
18¢(1 - ¢)

q*¢ (II-1)

where ¢ is the wavenumber of a particular Fourier com-
ponent of the concentration fluctuations. The equation
was obtained for the small g regime where R,y < 1 and

p < 1 (R being the gyration radius of K polymer, K
= zi or B) and for the time and ¢ regime where the effects
of thermal fluctuating force on time evolution of scattering
is negligible. In eq II-1, A(g) is the Onsager kinetic
coefficient describing the mutual diffusion of the two types
of chains given by!!

1 _ 1 1
Alg)  Aaa(@)  Agp(9)

where Agg is the coefficient for the Kth polymer (K = A
or B), and Ay in the small g regime is given by!!

Axk(g = 0) = DxNgoxg (I1-3)

From eq II-1 to 3, one obtains for small ¢ regime

(I1-2)

2¢,,°

q2
R(q) = ¢*D,,| 1 - (I1-4)
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where
D,DgN
Dapo = DaNaga + DBNB¢B6 (Ir-5)
O’ = o € (1I1-6)
N, Nga?
1 1
2x, = + 11-7
X" 9Ny (1-@)Ng -7
N = ¢N, + (1 - ¢)Np (I1-8)
and
a2 = a X1 - ¢) + ago (11-9)

The equations reduce to the ones derived by de Gennes!!
for the symmetric blends with Ny = Ng = N, a, = ag =
a,and Dy = Dy = D¢. It is clear from eq II-5 and II-6 that
the ratio gn?/Dyy,p is independent of ¢ but depends only
upon the dynamical variables and hence upon dynamics.

qm’/Dapp = HDaNads + DeNpép) /(DsDgNyNpa?
(II-10)
If the diffusion occurs via reptation,®°
DK = DlKNeKNK_2 (K = A or B) (11'11)

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

9
————————(DsNeasNp +
Dy AD1gNeaN 5a° °

DgN.p¢pN,) (for reptation) (II-12)

QmZ/Dapp =

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

sz/Dapp ~ N (I1-13)

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

DiyNy ~ DigN.g = D|N, (Ii-14)

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

9
QmZ/Dapp = ~—_'(]\TB(i)A + NA¢B) (11-15)

D,N.a*

Comparisons of eq I1-12, II-13, and II-15 clearly suggest
that the mixtures with identical N, and Ny are the most
ideal and straightforward to judge the transport mecha-
nism.

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

Dyg = DixNg! (II-16)
then
qmz/Dapp = 9(D;a¢a + D18¢B)/(D1AD1}3C72) ~ NAONBO
(II-17)

II1. Experimental Methods

II1-1. 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,,/ 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) SBR1/PB19,
(b) SBR1/PB55, (c) SBR1/PB122, and (d) SBR1/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, 256.3; (b) 1, 2.27; 2, 11.5; 3, 20.7; 4, 29.9; 5, 34.6; 6, 39.1; 7, 43.8; (¢) 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 1
* Characterization of Polymers Used in This Study

sample 10™M, 10M, M,/M, PS,wt% N/N;/
SBR1 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

¢N, for SBR1 was measured to be 56.1 and that for PB was
taken to be 35.2 from the literature.'®

tyllithium as a catalyst and cyclohexane as the solvent.

In Table I, N and N, are the polymerization index of
entire polymer and that between entanglement coupling,
respectively. The value N, for ABR1 was determined to
be

N, =56.1 for SBR1 (I1I-1)

by rheology measurement by using the relationship
G’ ~ 3.56G,,,” = pRT/M, (I11-2)

where G,5° 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 M, is the molecular weight between the
entanglements. The value G,,” was 1.56 X 10 dyn/cm?
at 323 K, and p was 0.92 g/cm?®, from which M, was esti-
mated to be 4.5 X 10% and N, to be 56.1. The value N, for
PB was taken from Ferry’s book'® 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 SBR1 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.

ITI-2. Preparation of the Mixtures. Mixtures of
SBR1/PB19, SBR1/PB55, SBR1/PB122, and SBR1/
PB273 were prepared as follows. All the mixtures studied
were 50/50 wt/wt, and they were dissolved in 7 wt %
toluene solution. Toluene is a neutrally good solvent for
PB and SBR. The solution containing 7 wt % total

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*? and will be
discussed extensively in a forthcoming paper.'® 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

ITI-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
laboratory.? 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
elsewhere.’

IV. Experimental Results and Discussions

IV-1. Time Evolution of Light Scattered Intensity
I(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) SBR1/PB19,
(b) SBR1/PB55, (c) SBR1/PB122, and (d) SBR1/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, g,
defined by

q = (4w /) sin (8/2) (IV-1)
where A and 6 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, g, is related to the intensity of the g-Fourier



2260 Takenaka et al.

W
T T 3

Aoiative Intensity

W, W W, W
T T J T

|
|

.
b
5,
|

\

T
x
N

‘%

N
s \ﬂ{ .
\\k
\\

Relative Intensity

SBR1/PB273
60.0°C

(@)
Lli*LlllAlAllIllllLllll\All()J
0 20 90 &0 80 0 20 L) 80 80 100 120 140 160 180 200
Timind Timinl

Figure 2. Time evolution of light scattering intensity at various
@’s during the isothermal phase separation at 60 °C for the binary
mixtures of (a) SBR1/PB19, (b) SBR1/PB55, (c) SBR1/PB122,
and (d) SBR1/PB273. The logarithm of the intensity was plotted
as a function of time ¢ (min). Curves 1-6 were obtained at ¢ =
9.08 X 1078, 8.23 X 1078, 7.22 x 1073, 6.39 X 1075, 5.50 X 107, and
4.24 X 107 nm™, 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 g region
covered in this experiment. The ¢ value at which the
scattered intensity reaches maximum, ¢, appears to be
independent of time in the early stage unmixing process
for each mixture,

Im(t) = g (0)t° (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 Figure1a, 1-6 in Figure 1b, 1-5 in Figure
1¢, and 1-5 in Figure 1d should correspond to the linear
SD regime. The behavior given by eq IV-2 may be clearly
seen for the mixtures having higher molecular weights (e.g.,
parts b—d of Figure 1). The values ¢,,(0) appear to decrease
with increasing the molecular weight, so that the wave-
length, Ap, 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 ¢,,,, 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 at 60 °C
for each mixture (a) for SBR1/PB19, (b) for SBR1/PB55,
(c) for SBR/PB122, and (d) for SBR/PB273. Each plot
shows In I(g, t) vs. t at the same g values (but not all ¢
values measured in this experiments); curves 1-6 for each
mixture were obtained, respectively, at ¢ values of 9.08 X
1073, 8.23 X 1073, 7.22 X 1073, 6.39 X 1073, 5.50 x 1073, and
424 X 108 nm™.

Each figure shows clearly that, in the early stage un-
mixing process, In I{(g, t) at a given q linearly increases with
t, indicating the exponential growth of the concentration
fluctuations of all g-Fourier modes and of the associated
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scattered intensity for the g range covered in this exper-
iment,

I{g, t) = I(g, 0) exp[2R(q)t] (IV-3)
S(q, t) = S(q, 0) exp[R{(g)t] (IV-4)

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

I(g, v) = (|S(g, D)1 (IV-5)

where { )1 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.!:4&1920

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 ¢, 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 of ¢,,,.

‘It should be pointed out that in the later stage of un-
mixing (e.g., in the time scale of £ > 30 min in Figure 2a,
t > 60 min in Figure 2b, ¢t > 90 min in Figure 2¢, and ¢t >
125 min in Figure 2d), the intensity increase with time
deviates from the exponential behavior at all ¢’s due to
the onset of various coarsening mechanisms.»?'-3! 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 ¢'s.
The deviations of the data points in the time scale of 25
< t 5 30 min in Figure 2a and 45 < ¢ < 60 min in Figure
2b, for example, are not yet those as described above. The
upward deviation at small ¢’s from the straight line and
the downward deviations at large ¢’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;® 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 g’s. The
analyses in these late stage unmixing processes are given
elsewhere, 42332

IV-2. Growth Rate for g-Fourier Mode of Fluctu-
ations. Figure 3 shows the growth rates, R(q), as a
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Figure 5. Plots of R(g)/q? vs. g% at 60 °C for the binary mixtures
of SBR1/PB122 and SBR1/PB273.

function of g for the four mixtures with different molecular
weights as determined from the analyses shown in Figure
2. The growth rates, R(g), for all g-Fourier modes covered
in this study decrease with increasing molecular weights
of the mixtures. The g dependence of R(g) has a functional
form as given by eq II-4, the curves drawn by the solid lines
being the best-fitted results of the experimental R(g) with
eq II-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(g), for the mixtures appear
to have a maximum R, at ¢ = g, The growth rate, R,
and the wavenumber, ¢, 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 g,

IV-3. Test of Linearized Theory of Spinodal De-
composition, Figures 4 and 5 show the plots of R(g)/q®
vs. g° for the four mixtures which provide a critical test
of eq II-4 obtained by the linearized theory of SD. All the
experimental results seem to exhibit, with good accuracy,
the linearity as predicted by eq II-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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stage unmixing behavior of the real systems with good
approximation over the ¢ range covered in this study. In
the previous paper,! the mixture SBR1/PB19 was found
to have T, ~ 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 force® is one physical factor
which causes the deviation from behavior as predicted by
the linearized theory of SD. Its effect is especially im-
portant at high ¢’s near ¢, where R(q¢ = q,) = 0

qc’ = 2qn’ (IV-6)

Unfortunately our light scattering technique cannot cover
the high g regime of ¢ ~ g, but can only cover the low ¢
regime satisfying ¢ « ¢,,. Hence, we are observing the ¢
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
enough.!3338 TIn fact, Okada and Han® 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(vinyl methyl
ether). In our earlier paper,* we analyzed the effects of
thermal fluctuation force on the time evolution of scattered
intensity at small g and found that the effects are greater
for the mixtures with larger molecular weights under a
given e. Under a given ¢, the effects are greater in polymer
mixtures than in small molecular fluids by a factor of N
(degree of polymerization),* 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,® much
larger than those normally employed in the small molec-
ular fluids (AT of the order of 1072 °C being employed).
For a given N, the effects decrease with increasing ¢, as
is well-known from earlier studies.®133%38 The “effective
quench depths” or €'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 g 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 D, and gy, or
R, and A, as defined by

R, = R(g,(0)) (IV-7)

and
An = 27/95,(0)

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 II. In Table II, parameter 1,
is defined by

(IV-8)

T = Ryt (IV-9)
and ¢ is the characteristic time of the mixture as defined
by eq I-1, where £ is given by

£ = gn(0)?

IV-4. Parameters Characterizing Early Stage of
Spinodal Decomposition. The apparent or mutual
diffusivity, D,,,, and the wavenumber, g,,(0), of the dom-
inant mode of the fluctuations decrease with increasing
molecular weight of one component, e.g., PB (see Table
II). The value of D,,, depends both upon ¢, the thermo-
dynamic driving force which depends on Ny at a given

(IV-10)
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Table II
Parameters Characterizing Early Stage of Spinodal Decomposition at 60 °C

sample Dopp,® nm?/s 104R,,,b 57! 10%g,,(0),¢ nm™! 107%2A,,,% nm 10378 s 103,/ s
SBR1/PB19 22 11 6.3 0.92 0.46
SBR1/PB55 13 6.0 9.5 6.7 1.7 0.84
SBR1/PB122 5.8 2.2 8.8 7.2 4.6 2.3
SBR1/PB273 2.8 0.96 8.4 7.5 10 5.2

¢Equation II-4. ®Equation IV-7. ¢Equation IV-2. ¢Equation IV-8. ¢Equation IV-9. /Equations I-1 and IV-10.
Table 111 R )
Parameters Characterizing Early Stage of Spinodal “ 4
Decomposition at 60 °C £
106(Qm2/Dapp)y 10—3tmaxy Am/ Rg,PB’ ﬁ
sample s/nm* s 7. Rypg nm % 10 stopex!
SBR1/PB19 44 12 24 35 18 Ta
SBR1/PB55 6.7 21 25 21 3l & :
SBR1/PB122 13 4.2 1.8 16 46 NU_E
SBR1/PB273 26 7.2 1.4 11 70
temperature, and Dy, the transport terms which depend I ”‘,'OA s
also on N (see eq II-5). Similarly ¢,,(0) depends upon ¢ ®pgNsar * PsarNPR

and chain dimension R,k which also depends upon Nk.
Generally N dependences of D, and g,(0) are a conse-
quence of N dependences of Dy, R.k, and ¢. From eq I1-7,
the value x, for our mixtures is given by
1 + 1
Xs = 35

* N Ner
simply because ¢ =~ !/, where Npg and Nggp, are the po-
lymerization indexes for PB and SBR, respectively. Now
that the decrease of x, with increasing Npg given by

_dXs/dNPB = NPB_2 (IV-12)

is small for large Npg, the increase of ¢ with increasing Npg
is also expected to be small. Hence, the N dependences
of D,,, and g,,(0) may primarily be determined by those
of Dk and Rk. Since D,,,/¢ and g,,%/¢ are expected to
decrease with increasing Npg, the trends found in the ex-
periments appear to be justified by the mean field pre-
dictions given by eq I1-4-11-6. Likewise the N dependences
of other parameters also should primarily be determined
by the N dependences of R,k and D rather than that of
€.

It is interesting to note that the characteristic time, ¢,
increases by about 10 times, from about 500 to 5000 s, by
increasing Npg. 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, R k’s, by
1 order of magnitude for all the mixtures (i.e., A,/R,x ~
10), a possible interpretation of which will be given in
section VI

IV-5. .. In previous papers,'* we indicated that the
critical reduce time, 7., below which the unmixing behavior
can be approximated by the linearized theory of SD, is a
universal constant! approximately equal to 2.

Te = bmax/tc > 2

(IV-11)

The universality was tested also for the mixtures studied
here. The t,,,,’s were estimated to be 1.2 X 103, 2.1 X 10,
4.2 X 103, and 7.2 X 10% s for SBR1/PB19, SBR1/PB55,
SBR1/PB122, and SBR1/PB273, respectively, from the
plots as shown in Figure 2 (see Table III). For SBR1/
PB19 and SBR1/PB55, t,,.'s were determined at the
highest accessible ¢’s, which are still slightly smaller than
the corresponding ¢,’s, but for SBR1/PB122 and
SBR10PB273, they were determined at corresponding g,,’s.
The estimated values of 7, are also included in Table III.

Figure 6. Plot of g,,%/D,,, as a function of the effective polym-
erization index, ¢pgNgpr + ¢sprNpp. If the mutual diffusion
occurs through reptation, a slope of 1 should be observed.

The results approximately assure the relationship of 7, &~
2.

V. Transport Mechanism

As already discussed in section II, the ratio gn,%/D,y, 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
IIT and plotted in Figure 6 as a function of the effective
polymerization index, N

Ny = ¢ppgNgpg + (1 — ¢pp)Npp (V-1)

where ¢pp 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 N,

sz/Dapp ~ Z\reff1 (V-2)

and hence the reptation mechanism. In these three mix-
tures, N/ N, for SBR is about 33 and N/N, for PB is from
about 150 to 770 (Table I). However, for the mixture with
the smallest molecular weight (SBR1/PB19), there is a
deviation from the behavior as given by eq V-2.

Uncertainty of our conclusion results from inequality
of Ngpr and Npg which involves detailed information of
DN, and DipN g as is obvious from eq 11-12. Further
investigations along this line which use SBR and PB
specimens having about equal Npg and Nggp are in prog-
ress. Before closing this section, we will make a rough
estimation on accuracy of our assumption of eq II-14 or
a ratio of (N,/{)spg to (N,/¢)pp where {i is the monomeric
friction coefficient of K (K = SBR or PB).

From Table 12-II1 of Ferry’s book, one can estimate
monomeric friction coefficients, {sgr and {pg, at 60 °C by
using the WLF equation.'® For example, SBR has the
values for log ¢ (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 C, in the WLF equation

$Ty C(T - Ty)
log | == - V-3
Og( g] )SBR C2+T_T0 ( )

where T is the reference temperature (298 K) and ¢, is
¢at 298 K
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C, =407 and C,=102.4 (V-4)
Hence, one can estimate {sgg at 60 °C (=333 K) as
$sgr = 6.31 X 108 dyn-s/cm (V-5)

Similarly by use of the tabulated values for poly-1,4-bu-
tadiene in Table 12-III of Ferry’s book,'® C; and C, for PB
can be estimated as

C, =315 and C,=1765 (V-6)

for Ty = 298 K, from which one can estimate {pg at 60 °C
as

tpg = 4.79 X 10® dyn-s/cm (V-7)

It should be noted that the microstructure for poly-1,4-
butadiene in Table 12-I1I is different from that of our PB;
hence, {pg for our PB is not necessarily the same as that
given by eq V-7. However, the value of {pg given by eq
V-7 should be much closer to {pg 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 (N,)ggg measured
was 56.1 and that taken from Table 13-I of Ferry’s book!®
was 45.8. The value of (N,)pg was 35.2 from Table 13-L
By using these values, one can estimate the ratio

(D1N)spr:(D1N)pr = (N./spr:(No/Opp =
1:1.02 or 1.14:1 (V-8)

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

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

We now give an interpretation of large A,’s for the
wavelength of the dominant mode of the fluctuation in the
early stage. From Table II, A,,’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 R,pg. Table
IIT contains R, pp (unperturbed radius of gyration) and
An/R,pp. The ratios A, /R, pg appear to be large, changing
from 35 to 11 with increasing molecular weight of PB.

From eq II-6 and IV-8§, it follows that

9 N V2NG/2(g2)1/2
An = “;»,‘W(N—/ “r oI

and

1/2(F72)1/2
ﬁ = 2n6"2[ Ne ! (@ )1/ 2 (VI-2)
Rga 3 N2q,

Hence, A, and A,,/R, 4 can be, in principle, very large
when the mixture is close to spinodal point. The spinodal
temperature for the mixture SBR1/PB19 (70/30 v/v) was
previously determined! by measuring ¢,,%(0) as a function
of temperature and by extrapolating the value ¢,,%(0) to
zero and finding the temperature T, at which ¢,,%(0) = 0.
The extrapolation method uses eq I-4 and II-6, hence, a
mean field relation of g,,2(0) ~ AT. The value of T, thus
estimated was =~ 400 °C. Thus, actual quench depth is
very large, AT = 400 - 60 = 340 °C, yet A,,/R, pp is very
large, which appears to be puzzling at first glance and is
a subject of present discussions. It may be quite obvious
from eq VI-1, VI-2, and I-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 (xpg/sgr) is much smaller
than that between PS (polystyrene) and PB (xpg pg), be-
cause of incorporation of butadiene monomers in éBR. If
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‘am

- - -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, €”, even under the given large
quench depth, AT.

the fraction of butadiene in SBR is defined as y, then one
can show the following relationship by a simple thermo-
dynamic consideration® or by using random phase ap-
proximation;!3

xpe/ser = (1 = ¥)%xpp/ps (VI-3)

Now that SBR has y = 0.8, (1 — ¢)? = 0.04 and hence
XpB/sBR is very small compared with xpg pg 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 xpgp,spr should be very
small compared with that of xpg/ps. Hence,

dx
(x - XJppysen = -(—) AV
PB/SBR aT Ts,pB/SBR
(x - X (1 W( ax) o o
X~ Xs =" - oT -
PB/SBR 0T J Tpm/ps

and

dx
(X = Xs)PB/PS =~ —(—) AT (VI-6)
/ oT Ts,pB/PS

Comparison between eq IV-5 and IV-6 elucidates that in
the mixture of PB/SBR, the effective quench depth, (1
- ¥)?AT, can be very small and the mixture can be close
to the spinodal point, T, pp/spr, 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 effectively 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, /R, pp in Tables II and III, respectively.
From eq VI-2, it follows that

(Am/Rgpe)pe/ser = Kpp/serepnjser™?  (VI-T)
(Am/Rgpa)rB/ps = Kpp/psern/ps /> (VI-8)

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

An An eppysER \
/ =K -
Rgps PB/SBR Rypp PS/PB €PB/PS

-1/2 .
=K1 -y (VI-9)

(X = Xs)PB/SBR
(x = X<)pB/PS
where K is the numerical factor of order unity. Thus,

(Am/Rg,PB)PB/SBR can be larger than (Am/Rg,PB)PB/PS by a
factor of (1-¢)7}, i.e., by a factor of about 5 for our system.
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Further detailed discussions on the values of (A,/
R, pr)pe/ser in comparison with the theoretical values will
be given in the Appendix.
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Appendix. Comparison of Experimental and
Theoretical A, /R, pg for PB/SBR Mixtures

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

Experimental data on the temperature dependence of
xpp,ser for the PB/SBR mixture are not available. We
estimate it from the temperature dependence of xpg/ps”
by using eq VI-3,

Xpa/ps = ~0.0046 + 30.4/T (A1)

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

1.22
(X = XsJepspr = 77— AT (A2)

T, p/Ps
We further calculate (x — x,)pp/ssr and e for a particular
mixture, SBR1/PB19, from eq IV-11,
1 1

= — + — =828 x 10"
Xs 1840+3510 8.28 X 10 (A3)

The spinodal temperature T, pg,ps can be estimated from
eq Al and A3 to be 5.6 X 10° K, from which (x — x.)pp /SBR
can be estimated as

(X = Xs)pB/sBr = 3.88 X 1078AT (A4)
Hence, ¢ is given by
= 4,67 X 107°AT (A5)

for SBR1/PB19. One should note that the coefficient
¢/AT is very small. From eq A5 and VI-2, the theoretical
value of (A,,/R, pp)iheor. can be estimated by using AT =
400 - 60 = 340 K,

A

Rg,PB
2m6l/2 (1840)1/2
3 0.5(1840)!/2 + 0.5(3510)%/2

where agpg = app is dssumed. The theoretical value turns
out to be quite close to the experimental value of 35 (see
Table III). Consequently the large experimental value of

theor

(0.016)°Y/2 = 34 (A6)
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An/Rgpp is interpreted as a consequence of the small
temperature coefficient of .
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