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ABSTRACT: We studied the effects of the molecular weight distribution (MWD) on the dynamics of the
early stage spinodal decomposition (SD) in poly(styrene-ran-butadiene) (SBR)/polybutadiene (PB) mixtures
by using time-resolved light scattering techniques. Inorder tostudy the effects, we used four binary mixtures
of SBR/PB with a given composition in which the PB components have the same weight-average molecular
weight but different MWDs. The time changes in scattered intensity profiles of the four SBR/PB mixtures
can be described by Cahn’s linearized theory over the range of wavenumbers covered in this study. The
characteristic parameters such as the collective diffusion coefficient and the characteristic wavenumber of
which the scattered intensity increases with time at a maximum rate were analyzed on the basis of the
linearized theory. The characteristic parameters for the four mixtures turned out to be identical so that the
dynamics was found to be insensitive to MWD, depending on the weight-average molecular weight.

I. Introduction

The dynamics of phase separation via spinodal decom-
position (SD) in binary polymer mixtures provides a
fascinating research theme in nonequilibrium statistical
physics.1® Advantages of studying polymers may be linked
to the following unique features: (i) the spatial scale of
the concentration fluctuations developed is much larger
and (ii) the dynamics is much slower than the counterparts
insmall-molecule mixtures. Featuresiandii may facilitate
a quantitative study of SD, and the results obtained may
enrich our knowledge in nonequilibrium statistical me-
chanics. Forexample, the results obtained by experiments
in binary polymer mixtures were compared with those
obtained by computer simulations in detail and both
results are found to be in quantitative agreement.’? This
result may provide new information on the dynamics of
phase separation via SD.

Polymer mixtures, however, have features which donot
exist in simple small-molecule mixtures. One of the
features is the effects of molecular weight distribution
(MWD) inherent in polymer systems. The MWD affects
not only static behavior (e.g. the scattered intensity in the
one-phase region,%the spinodal point, and the coexistence
curvell) but also dynamical behavior. Despite the im-
portance of its research, there are few theories and
computer simulations?!3 concerning the MWD effects
on the dynamics of phase separation via SD. Here we
present the initial results of our experiments for this
problem.

One of the most interesting issues is whether the
dynamics of the early stage SD can be approximated by
the linearized theory. The linearized theory without the
thermal noise effects was first derived for a metal alloy by
Cahn.'* Subsequently, Cook!? introduced the thermal
noise effects into the theory. de Gennes,'¢ Pincus,}” and
Binder!® applied the theory to polymer blends. In the
early stage of SD of an A/B polymer blend with no
molecular weight distribution, the time evolution of the
structure factor (S(g,t) for wavenumber ¢ and at time ¢
is described by the Cahn-Hilliard—Cook theory?!8
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S(g,t) = S(g,=) + [S(g,0) - S(g,»)] exp[2R(g)t] (1)

where S(g,0), S(g,»), and R(q) are the S(g,t) at t = 0, the
virtual structure factor, and the growth rate of the g Fourier
mode of the fluctuations, respectively. For the small ¢
region observed in our light scattering experiments, i.e.,
gR, s « 1 and gRgr <K 1, S(g,) is given by

2 2
11,1 L(“A a_a) :

S(g,®) 6aNA ¥ ¢ X+ 18\ ¢, ¥ ¢B ¢ e
where ¢x is the volume faction of the K component (K =
AorB) and Nx and ak are, respectively, the polymerization
index and the statistical segment length of K. x is the
Flory-Huggins segmental interaction parameter per seg-
ment between A and B at the phase separation tempera-
ture. For alarge quench depth and at a sufficiently long
time in the early stage of SD, the thermal noise effect is
negligible and the time evolution of S(q,t) at small q is
expressed by Cahn’s theory:14

S(g,t) = S(q,0) exp[2R(g)t] ®
The growth rate R(g) is given by
1
R(g) = -¢°A(0) 4
q) =-q S@.=) )

where A(0) is the Onsager kinetic coefficient of the system
in the small g limit. A(0) is given by!®
1 1 1

= +
A(0) DyNn¢, DgNgég

)

forincompressible mixtures, where Dy is the self-diffusion
coefficient of K. If the diffusion process of the polymer
obeys the reptation model,!®

Dg = DixNkNg™ (6)

where Dix and Nk are, respectively, the monomeric
diffusion coefficient and the polymerization index between
entanglements of K. Equation 5is called the “slow theory”,
where the slow component controls the collective diffusion
of the system. On the other hand, Kramer et al.,20
Sillescu,?° and Brochard?! proposed the “fast theory”.
According to this, A(0) is expressed by
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and the fast component controls the collective diffusion
of the system. Akcasu, Naegele, and Klein?? calculated
A(0) by using the three-component dynamic random phase
approximation approach and proposed the following
expression which combines both the slow theory and the
fast theory:

A0) = ¢>A2¢»32[ )

DNy + DgNy
(D\N, - DgNp)* ] ®
DyN ¢, + DgNgog + D o,

where D. and ¢, respectively, are the diffusion coefficient
and volume fraction of the vacancy in the mixture. When
D.¢. approaches zero and infinity, eq 8 is reduced to eq
5 (the slow theory) and to eq 7 (the fast theory),
respectively. This theory was compared with the experi-
mental results.23

Schichtel and Binder!? extended the Chan-Hilliard—
Cook theory to a polydisperse A/B polymer blend. Ac-
cording to this theory, if the system is near the spinodal
line of the mixture, the time evolutions of S(g,t) and R(q)
are given by eqs 1 and 4, respectively, in which S(g,~) and
A(Q) are modified as follows:

A(0) = <1>A2¢32[

)
IS A ¢2X+L(NZ,AE.5_
S(g.=) ®aNya  o8Nun I8AN, 4 &4
N, ag’y .
—ﬁ—B—)q2 9)
Nw,B d)B
and
NYNL Ni/NL
1 _ A/ Na + B/{VB (10)

A0 D 1aN AN, 270y Dy gN p(N. wp) 0p

for the incompressible systems (the slow theory) where
Ny kand N, k are the weight- and z-average polymerization

indices of K, respectively, and the moments N} are
defined by

NP = xy NTk a1

where xy;, is the mole fraction of polymer K having
polymerization index N;. It is noted that eq 10 can be

reduced to eq 5 by substituting Ny x = Nox = Ny = Ng

and N; = N‘I‘(. It is noted that eq 9 agrees with the static
structure factor for the polydisperse mixture obtained by
Joanny.10

Many experimental results?*-%7 support the validity of
the linear theory in the early stage of SD. Inthesestudies,
however, special attentions were not focused on the MWD
effect. Here we aim to critically test the validity of the
linearized theory for the mixture with a broad MWD in
Section IV, after describing the samples, experimental
methods, and the quench depth condition in section II
and experimental resultsinsection III. Section V presents
the results of the comparison between the experimental
results and the theoretical result by Schichtel and Binder.

I1. Experimental Section

A. Samples and Sample Preparation. The samples SBR
(coded as SBR10) and PB (coded as PB5, PB10, PB20, PB50,
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Table 1. Characterization of Samples Used in This Study

microstructure wt (%)

styrene
sample 10+ M, M,/M, wt(%) 1l4-cis 14-trans 1,2-vinyl
SBR10 8.3 1.2 20 17 31 52
PB5 4.9 1.3 23 38 39
PB10 8.9 1.4 24 37 39
PB20 22.3 1.3 23 37 40
PB50 51.9 1.8 24 37 39
PB100 103 2.4 20 29 51

and PB100) used in this study were all prepared by using the
living anionic polymerization technique with butyllithium as a
catalyst and cyclohexane as a solvent. Their characteristic
parameters are listed in Table 1 where M,, M,, and styrene wt
(%) designate the weight-average molecular weight, z-average
molecular weight, and weight fraction of styrene monomer in
SBR, respectively. M and M,/M,, were measured by GPC-LS.
The weight fraction of styrene monomer in SBR10 and the
microstructure of the PB part were measured by infrared
spectroscopy. The code PBx refers to the PB specimen having
M, close in units of ten thousand.

The blend specimens used in this study are listed in Table 2.
We prepared two series of the blend specimens. One consists of
P5, P10, and P20 of which PB has the different weight-average
molecular weight and has a single peak in the MWD, P in Px
stands for the blend with SBR10/PBx 50/50 wt % /wt %, while
x in Px stands for weight-average molecular weight of PB in the
blend. The other is the SBR10/PBx/PBy systems (coded as P5/
100, P10/50, and P10/100) to investigate the effects of MWD.
Here the numbers x and y in Px/y refer to PBx and PBy,
respectively. The SBR10/PBx/PBysystem isamixture of SBR10
and two of PB5, PB10, PB50, and PB100. The PB components
inall the SBR10/PBx/PBy blends have different bimodal MWD,
but their My’s are all identical to that of PB20. We made the
M,, values of PB identical to make the thermodynamic driving
force for SD identical, as will be discussed in section II.C.
Therefore the code P5/100 stands for the mixture of SBR10 and
PB in which PB is composed of PB5 and PB100 such that the
M, of the mixture PB is equal to that for PB20. In Table 2,
M, pB, My, pB, and M, pg, are the number-average, weight-average,
and z-average molecular weight of the PB part (i.e., PBx/PBy)
in the mixtures, respectively.

B. Experimental Methods. The mixtures listed in Table
2 were dissolved in toluene to prepare homogeneous solutions
containing 10 wt % polymer. Thesolutions were filtered through
a Millipore filter with an average pore size of 0.2 um and then
cast into the films of 50 um thickness in a Petridish. The solvent
was evaporated slowly at 30 °C for 1 week. The films thus
obtained were further dried in a vacuum oven at room temperature
until their weight became constant.

The as-cast films were opaque because they had phase-
separated structures via SD during the solvent evaporation
process. Since the critical temperatures for the mixtures are
very high, we cannot bring them into a single-phase state by
heating. Instead, we brought them into a one-phase state by
using the homogenization process induced by Baker’s transfor-
mation described elsewhere.?® The 0.1 mm thick homogenized
film specimen was sandwiched between thin glass plates and
placed in asample holder, and then the film specimen was heated
1070 °C quickly. The dynamics of phase separation was ochserved
in situ by the time-resolved light scattering method described
elsewhere.?” The time right after the homogenization was taken
as the origin of time .

C. Phase Separation Condition. We estimated the pa-
rameter er(T) which characterizes the thermodynamic driving
force for the phase separation. ep(T) is defined by

er(T) = Ineee(T) — x,1/ %, (12)

where xe(T) is the effective Flory-Huggins segmental interaction
parameter per segment between SBR and PB at the phase
separation temperature and x, is xeu(7) at the spinodal tem-
perature T. of the mixtures. x, is defined by
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Table 2. Blend Specimens Used in This Study

code systems wt % 10~M,pB 104My p8 104M, pp
P5 SBR10/PB5 50/50 3.5 4.9 6.9
P10 SBR10/PB10 50/50 5.6 8.9 14.2
P20 SBR10/PB20 50/50 17.2 22.3 29.0
P5/100 SBR10/PB5/PB100 50/41.1/8.9 4.18 22.3 204
P10/100 SBR10/PB10/PB100 50/42.9/7.1 6.34 22.3 167
P5/50 SBR10/PB5/PB50 50/31.5/18.5 5.18 22.3 81.5
_1 1 1 Table 3. Thermodynamic Driving Force
xs=-( + ) (13)
2\ Ny sprospr N paden code er(T)®
where ¢gpr and ¢pp are the volume fractions and Ny, pg and Ny sgr P5 0.032
are the weight-average polymerization indices of SBR and PB, P10 0.40
respectively. In the context of the mean field random phase P20 0.90
approximation, x.(7) is approximated by P5/100 0.90
P10/100 0.90
Xett(D) = (1= )P xgp(T) 14) P5/50 0.90
¢ Calculated from eqs 12-15.
where ¢ is the volume fraction of butadiene units in the SBR
chain (¢ = 0.803) and xsp(7T) is the Flory-Huggins segmental < 600
interaction parameter between styrene and butadiene. We use 2 (a) SBR10/PB5
for xss(7T) the following expression: < 500+ t(min.) +1
2 400l 1% 00 P A
xss(T) = —0.021 + 25/T (15) @ 20 152 ",
2 300F 4 g 252 + o
which was determined by small-angle X-ray scattering from £ 200 5 +
polystyrene-block-polybutadiene.?® o B bt
The values of ep(T) calculated with eqs 12-15 are listed in £ 100} % bk iy
Table 3. The values of ep(T) of the Px/y (SBR10/PBx/PBy) 5 ANPLEA _
system are identical with that of P20 because the M, pp values o 0 PR
of SBR10/PBx/PBy are identical with that of PB20. Except for ~ 500
P5 and P10, the values of ep(T) are close to unity. Thus, the D
. " h . = : (b) SBR10/PB10
phase separation conditions used for the mixtures with M pg = < 400l + (min
22.3 X 10* correspond to a deep quench. g 1 % ( lO(% #;"’*
S 300L 20 123 T s
ITII. Results 5 2 A ;?_g +++++*+
At first, we compare the time changes in the scattered £ 200 5 E ' : 4
intensity of the three mixtures P5, P10, and P20 whose g
PB components have different M, values but have a single- = 100
peaked MWD. Figure 1 shows time changes in the light D 0
scattering profiles during SD for P5 (a), P10 (b), and P20 @
(c)at 70 °C. Ineach figure,the relative scattered intensity S
of the early stage of SD is plotted as a function of magnitude < 600k
q of the scattering vector defined by NG
24 . (0 & 400
7= s1n(2) (186) pé
where A and ¢ are the wavelength of the incident beam @ 200
and the scattering angle in the medium, respectively. k= I
Each part shows the following similar trends: the D 0
scattered intensity in the larger ¢ region grows faster than @ 2

that in the smaller g region, and the peak in the scattered
intensity appears at the high g limit covered in this
experiment.

Next we shall compare the time changes in the scattered
intensity of the four mixtures P20, P5/100, P10/100, and
P5/50 whose PB parts have the same My’s but different
MWDs. Figure 2 shows time changes in the time-resolved
light scattering profiles for P20 (a), P5/100 (b), P10/100
(c),and P5/50 (d) at 70 °C. These mixtures have the same
features as P5 and P10. Moreover, the peaks of the four
mixtures at t = 58.5 min appear at the same ¢ = 8.8 X 10-3
nm1,

IV. Test of Cahn’s Linearized Theory in the
Early Stage of SD

Figure 3 illustrates the semilogarithmic plot of I(g,t) vs
t at various fixed ¢ for (a) P20, (b) P5/100, (¢) P10/100,
and (d) P5/50. Each part shows the linear relationship
between In{I(g,t)] and ¢, indicating that the time evolution

qx10~3 /nm”

Figure 1. Time changes in the scattered intensity profiles of (a)
P5, (b) P10, and (c) P20 after the onset of SD at 70 °C.

of the structure factor obeys Cahn’s equation (eq 3) even
for the mixtures with bimodal MWDs and that the thermal
noise effects are negligible at the time and g domains
covered in thisexperiment. We alsofound the exponential
growth of I(g,t) with ¢ for P5 and P10, though we did not
show it here. In previous studies,’® we found that the
homogenization process brings the samples into a single
phase near the spinodal point. As pointed out earlier in
section II.C, the phase separation condition used in this
study corresponds to a deep quench. Therefore the
relationship between S(gq,~) and S{(g,0) should satisfy

1S(g,*)| « S(q,0) a7

for the ¢ region covered in this study, so that the thermal
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noise effects are small, and hence eq 3 is expected to be
valid. Deviations from linearity which are observed in
the time scale longer than about 35 min are due to the
nonlinear effect in the later times of SD.3!

From the slope of each straight line we can determine
R(g) for each mixture. If both components of the mixture
are monodisperse, R(q) is given by

2
R(q) = ¢°D 1———9——] 18
@ =gq app[ =) (18)

from egs 2, 4, and 5 or 7 where Dyp, and gn(0) are the
collective diffusion coefficient and the characteristic
wavenumber of the concentration fluctuations in the early
stage of SD, respectively. In the case when SBR and PB
have no MWD, they are given by3?

D SBRD PBN

D = €
®P  DsprNsprdspr + DepNppdpn -

(T)
(slow theory) (19)

or
_ N(DgprNgpréps + DpaNpedser) )
app NggrNpg T
(fast theory) (20)
and
, 9N
gy (0) = —'EET(T) @1
NgpriNpga
where
N = Ngprospr + Nppdes (22)
and
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Figure 2. Time changes in the scattered intensity profiles of (a) P20, (b) P5/100, (c) P10/100, and (d) P5/50 after the onset of SD
at 70 °C.

a” = $sprapp’ + PpalsaR’ (23)

The corresponding expressions for the mixtures with MWD
will be described in section V.

Dgpp and gm(0) are evaluated from the intercept and
slope of the R(q)/g? vs ¢2 plot. Figure 4 shows this plot
for the four mixtures with My pg = 22.3 X 10% Each plot
shows the linearity as predicted by eq 18. The exponential
growth of I(g,t) and the linear relationship between R(q)/
q? and g2 suggest that the dynamics of the concentration
fluctuations of the early stage SD can be approximated by
Cahn’s linearized theory even for the mixtures with the
bimodal MWD.

V. Parameters Characterizing the Early Stage
SD

Table 4 summarizes the characteristic parameters of
the early stage SD for the three mixtures with different
Mg, pg values. Here the characteristic wavelength A, and
the characteristic time ¢ for the concentration fluctuations
of the mixtures in the early stage SD are defined by

Ap=—2X 24)
a0
and
N @
Dyppm (0)
respectively.

As shown in Table 4, D,pp decreases with My pp but
Gm(0) is nearly independent of My pp. Dapp depends on
¢7(T) and the diffusion coefficients Dggr and Dpg (see eqs
19and 20). ep(T) increases but Dpp decreases with My, pg.
As discussed in a previous paper,® the molecular weight
dependence of er(T) is smaller than that of Dpg. Hence
the molecular weight dependence of D,y is dominantly
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Figure 3. In{l(q,t)] vs ¢t at various fixed g for (a) P20, (b) P5/
100, (¢) P10/100, and (d) P5/50 at 70 °C. Curves are shifted
vertically to avoid overlapping: the curve for ¢ = 9.39 X 103
nm-! is not shifted but the other curves are shifted up by factor
e relative to the neighboring curve.

In[i{q,t)]

controlled by that of Dpg rather than that of er(T), and
as a consequence it decreases with M, pp as expected.
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Figure 4. R(q)/q? plotted as a function of ¢2 for (a) P20, (b)
P5/100, (¢) P10/100, and (d) P5/50 at 70 °C.

Table 4. Characteristic Parameters of Early Stage SD for

SBR10/PB,
code Dy (nm?/s)  10%n(0) (nm1)  10-2Ay (nm)  10-% (3)
P5 36.0 £ 2.0 9.0£0.1 7.0+ 0.1 3.4£0.1
P10 264 £ 0.6 10.2+0.1 6.2+0.1 3.6£0.1
P20 179 % 0.6 9.1+0.2 6.9%0.1 6.7£0.1

qm(0) consists of the er(T) part and the front part

[9N/ (NgprNppa®)] (see eq 21). The front part decreases
with My, pp but er(T) increases with My pp. The molecular
weight dependence of ¢r(T) and that of the front term
may be canceled out so that ¢,(0) is expected to be
insensitive to My, pa.

Table 5 shows the characteristic parameters of the early
stage SD for the four mixtures with the fixed My, pp = 22.3
X 10% It indicates that Dgpp and gm(0) (and other
parameters) are insensitive to MWD, as long as the My, pp
values are identical. The growth rate R(q) even for the
mixture with a broad MWD could be assumed to consist
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Table 5. Characteristic Parameters of Early Stage SD for

SBR10/PB,/PB,
code  Dypp (nm?/s)  10%qn(0) (nm!)  10-2Ay (nm)  10-2% (s)
P20 179+ 086 9.1%0.2 6.9+0.1 6.7+ 0.1
P5/100 178+ 0.7 92403 6.7+0.1 6.6£0.2
P10/100 176+ 1.0 10.2+£0.5 6.2%0.3 54%0.3
P5/50 14.3+£0.5 9.0x0.2 70£0.1 8.6+ 0.2

of the dynamical part A(0) and thermodynamic part
1/S(g,») (see eq 4). The self-diffusion coefficient®
depends on Ny so that A(0) is expressed by

1 1 1

- +
AO) DAZNA,id’A,i DBZNBJ‘bB’i

= 1 + 1 (26)

DiaNaN, ¢4 DipNepN wB B

in the context of the slow theory, or
A(0) = Doy’ Z N6+ Dpsy’ Z Nyg,iog,
= Dy N aN, s 0405 + DipNepN. wB 0pds” (27

in the context of the fast theory. S(g=0,«) alsoc depends
on Ny

1 1 1
= + -2 28
S(0,0) #aN,a @Ny3p X (28

The products of A(0) and 1/S(g=0,») or Dggp, hence,
depend on M. Inthis case the results obtained in Table
5 seem to be reasonable.

Finally, we test the Schichtel and Binder theory.!? The
theory gives the following characteristic parameters in the
context of the slow theory:

D, = D 1aANAD1gN Ny aNo (N 404 + Ny gp)1/
[D1pNs(N,, 5)0p(N3/Ny) +
DNy (N 0)*04(Ny/Np)TJer(T) (29)

and

1 1
9( +
A (30)
(Nz,AaA N, s )
Nyada Nypos

where A and B correspond to SBR and PB, respectively.
Ineq 29 Dgppis divided into two parts: the thermodynamic
part ep(T) and the transport part (the part in parenthesis
in eq 29). ep(T) depends only on M, so that the effects
of the MWD on Dy, for the four mixtures with the same
M, depend on the transport term, i.e., the moments of
polymerization index and monomeric diffusion coef-
ficients. Equation 29 is rewritten as follows:

g0 =

Dapp = DlANeAeT(ﬂ X
ANw Ny 404 + N pép)

alN.
a(N, p) g(N3/NL) + (N, 0?0, (Ng/Np)

= Dy AN pen(TH¥ (32
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Figure 5. D,p, plotted as a function of Y. y is defined in eq 32.
The solid line has a slope of 1.

where we define the quantity ¢ by the quantity in
parenthesis in the right hand side of eq 31, and « is defined
by

a=DgNep/D1aNey (33)

In Figure 5, Dypp is plotted as a function of . Here we
assume that o = 1, as used in a previous paper.3? If the
data obey the theory, the slope of the plot should be 1, as
illustrated by the straight line in Figure 5. However the
experimental results do not support the theory. The
possible reasons of the failure may be that the quench
depth we used in this experiment is a deep quench though
the theory dealing with the MWD is valid near the spinodal
point.

VI. Concluding Remark

In the present paper, the time changes in the scattered
intensity profiles for the SBR/PB blends with PB having
different MWDs were investigated by the time-resolved
light scattering technique. The early stage SD of the
mixtures was well described by Cahn’s linearized theory,
as in the case of the mixtures having relatively narrow
MWDs. The characteristic parameters thus determined
for the early stage SD were found to be insensitive to MWD
but to be sensitive to M. The Schichtel and Binder theory
failed to explain our experimental results probably because
the quench depth we used was deep. The theory would
be expected to describe the dynamics of the early stage
SD for polydisperse binary mixtures at shallow quench
conditions. Hence experiments at shallow quench condi-
tions are needed for comparison with the theory and a
theory is also needed to explain our experimental results.
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