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Time-Resolved Light Scattering Studies on Kinetics of Phase
Separation and Phase Dissolution of Polymer Blends.! 1.
Kinetics of Phase Separation of a Binary Mixture of Polystyrene
and Poly(vinyl methyl ether)

Takeji Hashimoto,* Jiro Kumaki,! and Hiromichi Kawai
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ABSTRACT: The dynamics of liquid-liquid phase separation of a polymer blend of polystyrene and poly(vinyl
methyl ether) was studied by time-resolved elastic light scattering techniques in both the nucleation-growth
(NG) and spinodal-decomposition (SD) regimes. It was found that in the early stage of SD the scattered intensity
at a given momentum transfer ¢ = (4w/)) sin (/2) increases exponentially with time after the initiation of
the isothermal phase separation involved by a temperature jump from the temperature well below the binodal
point. The relaxation rate 2R(g) of the intensity increase is a function of ¢ such that R(g)/¢? linearly decreases
with g%, in accord with the linear theories of SD originally proposed by Cahn for small molecules and extended
by de Gennes for polymers. The spinodal temperature was obtained from the dynamics measured as a function
of temperature in the linear SD regime. In the later stage of SD, the intensity increase with time starts to
deviate from exponential behavior and the scattering maximum shifts to smaller g, corresponding to the onset
of the coarsening process. The higher the superheating, the earlier the stage where the coarsening starts.
In the NG regime the intensity increases nonexponentially with time.

I. Introduction

Our objective in this series of studies is to clarify the
structure—property relationships of polymer blends in
terms of basic molecular parameters such as degrees of
polymerization N, and Ng of polymers A and B, Flory-
Huggins interaction parameter x, Kuhn'’s statistical seg-
ment lengths a, and ag, etc. The role of the molecular
parameters on the structure and properties is dual, af-
fecting both equilibrium and kinetic aspects of phase
separation. That is, they affect mechanisms of the phase
separation (nucleation growth (NG) vs. spinodal decom-
position (SD)) and the dynamics of the phase separation
in the regimes of NG and SD.!

Although the equilibrium structure obtained after the
phase separation of the mixture is independent of the
mechanism of the phase separation but dependent only
upon temperature and composition, the intermediate
structures developed during the course of phase separation
and hence the resulting properties are significantly dif-
ferent for different mechanisms.? In this regard it is
crucial to understand the molecular parameters affecting
the mechanism of the phase separation, i.e., the phase
boundaries (binodal and spinodal lines!?) for the molecular
design of the structure and consequently of the properties.

In order to obtain the intermediate structures one must
quench the phase-separated structures at various stages
of the phase separation below glass transition tempera-
tures, at a rate much faster than the relaxation rate for
the growth of the phase separation. One must therefore
know the molecular parameters affecting the dynamics of
phase separation. In the event when the processing re-
quires molecular mixing at the processing temperatures,
one must know the molecular parameters affecting the
binodal temperature and those affecting the dynamics of
the phase dissolution.* The time required to dissolve the
phase-separated structure is a function of the size of the
phase-separated domain and the relaxation rate (or the
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effective diffusivity of molecules) at the processing con-
dition.

In this paper we selected, as a model system, a binary
mixture of polystyrene (PS) and poly(vinyl methyl ether)
(PVME) having the lower critical solution temperature
(LCST) in an appropriate temperature range for the ex-
periments with the time-resolved light scattering technique
coupled with a temperature-jump method. Nishi, Wang,
and Kwei® have already reported some results on thermally
induced phase separation behavior of the same polymer
blend. They studied the phase diagram and dynamics by
using a different approach, i.e., by light transmission, op-
tical microscope, and pulsed NMR methods. Our studies
are on the same line as theirs, but we believe that we can
obtain more quantitative data by using the light scattering
technique, good for quantitative analyses of the mecha-
nisms and dynamics of the thermally induced phase sep-
aration, as will be clarified in following discussions.

We will describe results on time-resolved light scattering
experiments in section III. We will show that the initial
stage of the spinodal decomposition (SD) can be ade-
quately described by the linear theory of Cahn® and that
modified by de Gennes’ for polymeric systems. Further-
more from the dynamics of the linear SD regime we will
estimate the spinodal temperature as well as some char-
acteristic parameters describing the dynamics. These will
be discussed in section IV. Section II will be devoted to
brief reviews of the linear theories of the SD. In section
IV we shall also discuss the difference in the scattering
behavior in SD regime and nucleation-growth (NG) regime
(Figure 8). Finally in section V we shall briefly discuss the
later stage of SD.

II. Theoretical Background

Cahn and Hilliard® described the free energy F of an
inhomogeneous binary mixture composed of small mole-
cules (e.g., A and B) in the incompressible limit as

F= f dv [f(c) + (Ve)? + ...] (11-1)

where f(c) is free energy density of the system having
composition ¢ of one component (e.g., A) which is uniform
everywhere in space and the second term is the excess free
energy arising from a concentration gradient. The quantity
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¢ refers to volume fraction of one of the components. By
taking the variational derivative of eq II-1, one obtains (u,
- ug), the chemical potential difference. The flux of each
component (J4 or Jp) is then obtained from D, (uy — up).
An application of the continuity equation dc/dt = ~div J,
to J results in the diffusion equation given by

dc /ot = D(3%/0c*) V3% — 2D xVi + ... (I1I-2)

where D, is the translational diffusion coefficient of
molecules.
The solution of eq II-2 is obtained by

c(r) —cp = %eXP[R(q)t]{A(q) cos (g-r) + B(q) sin (g-r)}
(I1-3)

R(q) = D.q%-(3*f/dc?) - 2xq% (I1-4)

where ¢ = 27/A is the wavenumber of the spatial com-
position fluctuations and A is the corresponding wave-
length. The fluctuation Ac(r) = c(r) - ¢, is assumed to be
isotropic so that A(q) = A(g), B(q) = B(g), and R(q) =
R(g). Equation II-4 was obtained by neglecting the higher
order terms of eq II-1 or II-2. We shall call hereafter the
theory based upon the linearization approximation as
“linear theory” for the sake of convenience. One can
calculate the change of elastic scattered intensity with time
from eq II-3,

(g, t) ~ FHAE®) = I(g, t = 0) exp[2R(q)t] (II-5)

where ¢ is the magnitude of the scattering vector q, i.e.,
the momentum transfer vector,

g = (4w /)) sin (6/2) (11-6)

F designates a Fourier transform, Ag(r) is an autocorre-
lation function or self-convolution of the function Ac(r),
A is the wavelength of light, and 8 is the scattering angle
in the medium.

In the NG regime, 6%f/dc? is positive (the mixture being
stable for the infinitesimal fluctuations), leading to nega-
tive R(q) (since « is positive). Consequently the infini-
tesimal fluctuations cannot grow but rather can disappear.
In the SD regime, 3%f/dc? is negative (the mixture being
unstable for the infinitesimal fluctuations), and hence E(g)
can be positive for the value of ¢ smaller than the critical
g(g,). Consequently any infinitesimal fluctuations (in
amplitude) with the wavenumber ¢ < g, can grow, the
relaxation rate of which is given by R(g).5%°

The linear theory can predict the wavenumber g, of the
spatial composition fluctuations that grow most rapidly
in the SD regime and the maximum relaxation rate R(q,,).
From eq II-4, it follows that

I’ = q2/2 = —(8%f/dc?) /4« (I1-7)
R(g,) = -DJ(3%/dc?) /8k (11-8)

It should be noted that g, is controlled only by thermo-
dynamics while R(g,,) is controlled also by the transport
property D.. At the spinodal point T = T,

(62f/8cz)T=Ts 0 (II-g)

Consequently

@m’ = R(gn) = 0 (I11-10)
At g K g, R(g) is dominantly controlled by diffusion, the
contribution of which is such that the greater the g the
larger the R(g) (i.e., Ryitrusion(@) ~ ¢?°D.). On the other hand
at (g, >) ¢ > qu, R(g) is dominantly controlled by ther-
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modynamics, the contribution of which is such that the
greater the g, the larger the gradient free energy term and
hence the smaller the R(q) (i.e., Rinermodynamics(@) ~
[-(8%/3c? - 2kq?]). Consequently g,, and R(g,,) are de-
termined by a balance of these two physical factors.
The relaxation rate R(g) can be experimentally mea-
sured by the time dependence of the elastic scattered in-
tensity of light, X-rays, and neutrons at various reduced
scattering angles g accompanied by the phase separation.
The existence of g, = 27/A,, (wavelength of the spatial
fluctuation having maximum relaxate rate R(g,)) and
R(q,,) predicts the existence of the scattering maximum
at the scattering angle 8,,. The sharpness of the scattering
maximum depends on the curvature of R(g) at g, i.e.,

*fy_
LT —8DC(£) = 8D,

where D, is “apparent diffusivity”, which is efficiently
estimate(f by obtaining an intercept at g% = 0 in the plot
of R(g)/q> vs. ¢* (see eq 1I-4).

Consequently it is clear that the dynamics in the linear
SD regime is determined by D, —(3%/dc?), and «. In order
to understand the molecular parameters affecting —(6%f/
dc?) and «, one needs a specific model relevant to polymer
blends. Recently de Gennes’ proposed a theory of SD for
incompressible, binary liquids composed of macromole-
cules (e.g., A and B) in the context of mean-field approx-
imation. The free energy per lattice site F is given by

F/kBT =(1/N)fclne+(1-¢)ln(l-0c)]+
xe(1 —¢) + [a?/(36¢(1 — e))](Ve)? + ... (11-12)

8°R(q)
dq?

(II-11)

where N is the degree of polymerization of A and B
polymers (assumed to be N = N, = Np), and a is the Kuhn
statistical segment length (again assumed tobe @ = a, =
ag). The first two terms of right-hand side of eq II-12 is
the free energy corresponding to a uniform mixture given
by Flory-Huggins'®!! and the third term is associated with
the composition gradient term including only the “entropic
effects” of local variation in ¢. This entropic effect ap-
parently arises from “connectivity” of monomeric units and
therefore is inherent only to polymeric systems. There is
also an energetic contribution (to the gradient term), as
in eq II-1, associated with the finite range of energetic
interactions of monomeric units.»'2 The energetic con-
tribution is generally small compared with the entropic
contribution.”!?

Starting from eq II-12, one can derive the relaxation rate
for the growth of fluctuations in the linear SD regime:’

1 a’q?
Ne(l-¢) 386c(c-1)

R(q) = ¢*A(g)§2x - (11-13)

where A(g) is the Onsager coefficient, which is given by
Alg) = Nc(1 - ¢)D, (I1-14)

for the small g limit,?® i.e., for the case where SD is
achieved by translational diffusion of polymer molecules
A and B through the “reptation” process,!* D, is the
self-diffusion coefficient for translational diffusion of
polymers, which is predicted* to scale as N2 Thus from
eq II-13 and II-14, it follows that

— R 2
R(g) = qZDc[ (X - X“) - (%)q?] (II-15)
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Figure 1. Schematic diagram showing optics of the automated
light-scattering photometer.

Consequently —(6%f/dc?) and « in the general theory of
Cahn are given by

9 -

L (11-16)
dc? Xs
K = Ry?/T2 (I1-17)

from which g% and R(g,) are obtained. The parameter
X, i8 the x parameter at spinodal temperature

xs = [2Nc(1 - ¢)]7!

and R,? is the unperturbed chain dimension (R? = Na?).
Thus it becomes obvious in the context of mean-field ap-
proximation that the molecular parameters affecting the
dynamics of the linear SD regime are the degree of po-
lymerization of polymers (N4, Ng), x, and the statistical
segment length (a4,a ag). D, is a function of Ny and Np.
Thus at a given composition ¢, the temperature depen-
dence of the dynamics can be predicted if the temperature
dependence of x and D, is known. In the present status
we believe it is very important to pursue critical tests of
the theories for various polymer blends.

(11-18)

III. Time-Resolved Light Scattering

1. Specimens. The poly(vinyl methyl ether) (PVME) has
number-average molecular weight M, = 4.6 X 10* measured by
membrane osmometry and heterogeneity index M, /M, = 2.7
measured by GPC. Polystyrene (PS) was prepared by anionic
polymerization and had the number-average molecular weight
M, = 1.51 X 10° and M,,/M, = 1.4. Thin polymer films, about
150 um, were prepared by casting from 10 wt % toluene solutions
of the polymer blend containing 70 vol % PVME and 30 vol %
PS, designated as SE-70, where 70 refers to the volume percentage
of PVME in the mixture. The toluene solvent cast films, which
were reported to be homogeneous,’51% were further heat treated
in a vacuum oven at T, = 65 °C for at least 24 h (T, is well below
the'cloud point (97 °C) and well above the glass transition tem-
perature (ca. -25 °C)).

The phase separation was thermally induced by a temperature
jump up to temperatures (7;’s) above the binodal point. The
temperature jump was achieved by rapidly transferring the
specimens at T, in the heat-treating oven to another chamber
controlled at T,. The time required to achieve the equilibrium
temperature T, is ca. 2 min and 7 is regulated with an accuracy
of £0.1 °C.

2. Light Scattering Photometer. Changes of the scattered
intensity distributions with time during the isothermal phase
separation were analyzed by an automated laser-light-scattering
photometer constructed in our laboratory. The detailed aspects
of the apparatus will be described elsewhere.!” Here we will briefly
describe its main part. Figure 1 shows optics of the apparatus.
A 20-mW CW He—Ne gas laser was used as an incident light beam
and its polarization direction was rotated by polarization rotator
P. A part of the incident beam was reflected by a glass slide M,
scattered by an opaque glass, and detected by a monitor photo-
multiplier (PM). The rest of incident beam was passed through
arotating circular neutral density filter (RF) to adjust intensity
level of the incident beam and an aperture (D1) to eliminate
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parasitic scattering from the optics. The scattered beam intensity
from the sample (S) was detected by a photomultiplier (PM)
through an aperture (D2), which determines the angular resolution
of the scattering profile, an analyzer (A), a neutral density filter
(F), and an opaque glass (D).

The scanning of the photomultiplier is driven by a pulse motor,
the scanning modes being controlled by a microprocessor. The
scattered intensity data and the times at which the intensity data
are sampled were stored in random access memory (RAM) of the
microcomputer. The time data are important since they tell us
the time after the isothermal phase separation has been started
and also the scattering angles at which the intensity data are
sampled during the step-scanning or continuous-scanning oper-
ation of PM. The outputs of two PM’s are amplified and con-
verted to digitals by 10-bit ADC (analog-to-digital convertor) with
25-us minimum conversion time and stored in RAM by a program
mode with a memory cycle of 18.3 ms. Each intensity datum is
an arithmetic average of 20 intensity-data samplings. The
scanning rate of the goniometer was 0.66°/s. The input intensity
level of the PM was controlled by rotating RF driven with another
pulse motor, which is again controlled by software through a driver
control and a motor drive. The circular filter RF is such a device
that the transmittance varies continuously with its rotation over
many decades.

3. Results. Figure 2a shows typical results of data sampling
of scattered intensity as a function of time after initiation of the
isothermal phase separation of the mixture SE-30 containing 30
vol % PVME in PS at 130 °C under V, polarization conditions.
The PM is scanned back and forth from large 4 to small 4 and
vice versa with time so that the intensity modulates with time
as shown in the figure. One can reduce the variation of intensity
with time at a given 6 as well as the scattering intensity profile
with 6 at a given time slice, as shown in Figure 2b.

Figures 3 and 4 show the variation of the scattering profiles
(I(g) vs. g) with time after the initiation of the phase separation
at two temperatures 99.7 and 101 °C, respectively, the spinodal
temperature 7T, being 99.2 °C as will be discussed in detail in
section IV. At each temperature the scattered intensity increases
with time at a rate depending on the reduced scattering angle
g. After a certain period of time a distinct scattering maximum
appears, with its peak position shifting toward smaller g and its
peak intensity further increasing with time. The increase of
intensity with time is believed to be a consequence of the phase
separation according to the SD mechanism, i.e., periodic spatial
composition fluctuations being built up. The amplitude Ac(r;q)
and the wavelength A = 27/q of the spatial composition fluctu-
ations generally increase with time. The increase of the wavelength
is especially remarkable in the later stage of the SD, resulting
eventually in the macroscopic phase separation.

The rate at which the intensity profiles change, and hence the
kinetics of the phase separation, is dramatically increased by a
slight increase of the phase-separation temperature T,. This
increase is primarily associated with an increase of thermodynamic
driving force for the phase separation, which, in the context of
the linear theory, is given by (-8%f/d¢?)/« in eq II-8 or by (x -
Xe)%/ 52 in eq I1-15 to I1-17.28 In the next section it will be shown
that the linear SD theory applies only in the initial stage of the
decomposition, as long as about 25 min at 99.7 °C and 10 min
at 101 °C. The greater the thermodynamic driving force (or the
superheating AT), the earlier the stage where the dynamics starts
to deviate from that predicted by the linear theory.

IV. Initial Stage of Spinodal Decomposition

Figure 5 shows change of the scattered intensity with
time at various ¢’s for SE-70 at 99.7 °C. In the initial stage
of the phase separation, the intensity varies exponentially
with time at a rate depending upon the reduced scattering
angle ¢ and hence the wavenumber ¢ of the spatial com-
position fluctuations. The exponential increase of the
intensity can be described by a linear theory (see eq II-5).
The intensity increase with time starts to deviate from that
expected from the linear theory in the later stage. The
larger the g values, the earlier the stage where the devia-
tions start, e.g., about 20 and 30 min after the initiation
of phase separation at ¢ = 9.2 X 10* and 4.0 X 104 cm™,
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Figure 2. Typical scattering data obtained by the time-resolved scattering technique with the automated photometer for SE-30 at
130 °C under V, polarization during the course of SD. (a) The scattered intensity as a function of time at various scattering angles
and (b) the scattering intensity profiles with the scattering angles at various time slices.
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Figure 3. Change of the scattered intensity profiles with time
during a course of SD of the polymer blend SE-70 at T, = 99.7
°C. g = (4w/)) sin (8/2). The superheating from the spinodal
point Ty, AT = |T, - T} = 0.5 °C.

respectively. The deviation is believed to be a consequence
of the “coarsening” effect (Ostwald ripening mecha-
nism).”'%2! That is, in the later stage the fluctuations
become so large that the higher order terms of eq II-1 and
II-2 cannot be ignored.

On can estimate the relaxation rate R(q) for the fluc-
tuations to grow as a function of the wavenumber g of the
spatial fluctuations from the initial slope of In I(g,t) in the
plot of In 7 vs. ¢, the slope yielding 2R(g). The scattering
method is superior to the other methods such as pulsed
NMR methods as employed by Nishi et al.? in that one can
analyze R(q) as a function of ¢ and that one can follow,
in situ, a rapid growth of the fluctuations without intro-
ducing an additional physical process such as freezing a
given phase-separated state for the measurements at that
state by quenching the specimen below T,.

Figure 6 shows some results of R(q) as a function of ¢
thus estimated for the SE-70 at 99.7, 100, and 101 °C in

the early stage of SD (i.e., in the linear SD region). The
maximum relaxation rate R(q,,) increases from ca. 107 to
ca. 4 X 1078 ¢71, and the relaxation time decreases from ca.
1000 to 250 s with a slight increase of temperature by 1.3
°C. In the g range we measured, R(q) increases with in-
creasing ¢, thus corresponding to the regime where the
kinetics are dominantly controlled by the transport phe-
nomenon, i.e., by the term q%D, rather than the thermo-
dynamic term in parentheses on the right-hand side of eq
I1-4.

Figure 7a shows plots of R(q)/q? vs. g% based upon linear
theory. A fairly good linear relationship was experimen-
tally obtained, indicating that the early stage of SD for the
mixture under investigation can be described by the linear
SD theory with good accuracy. From the plots one can
estimate the characteristic parameters describing the dy-
namics of the phase separation such as (i) the “apparent
diffusion coefficient” D,,, from the intercept of R(q)/q*
at g = 0, (ii) g,, the “maximum wavenumber” of fluctua-
tions that can grow from the intercept of ¢ at which R-
(@)/q* = 0, or g, the “most probable wavenumber” of
fluctuations that can grow at the highest rate, g, being
estimated from g, (¢, = q./2'%), and (iii) R(g,,), the “most
probably relaxation rate” of the fluctuations. In the con-
text of the mean-field theory, these parameters are given
by, from eq II-7, II-8, and II-15 to II-17,

R(Q) X~ Xs
ap = 5 = DC( (IV-1)
q q=0 Xs
18 X — Xs
m? = Wel=—| —— (IV-2)
q /ZQC R02( Xs )
3D x - xs
R(gn)'/? = ———(X X ) (IV-3)
RO Xs
From the slope one can estimate
|slope| = 2D = Ry2D./36 (IV-4)

The parameters thus estimated are summarized in Table
[. It is shown that a slight increase of temperature (i.e.,
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Table 1
Characteristic Parameters Describing Early Stage of Spinodal Decomposition of PVME/PS (70/30 v/v)¢
temp, °C Gm,® cm™! ge,? cm™! Am.C A Aol A R(gp),s™! Dopp, cm?/s
99.7 9 x 104 1.27 x 10° 6.98 x 10° 4,94 x 10° 1.07 x 1073 2.62x 107"
100 9,34 x 10* 1.32 x 10¢ 6.72 x 10° 4.76 x 10® 2,57 x 1073 5.85x 10"
101 9.43 x 10* 1.33 x 10¢ 6.66 x 10° 4,72 x 10° 4.23x 1073 9.47 x 10°*

9 Data are obtained from the plots of R(g)/q® vs. ¢* in Figure 7Ta. ? g.=(2)"%qm. € Am = 27/qm, Ac = 27/g,.
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Figure 4. Change of the scattered intensity profiles with time during a course of SD of the polymer blend SE-70 at T, = 101 °C
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Figure 5. Change of the scattered intensity at various ¢ with
time after the initiation of the phase separation at T, = 99.7 °C
for SE-70.

thermodynamic driving force for the phase separation)
involves a big change in D,;,, and R(g,,) and a shift of g,
(g.) and A, (A, toward larger and smaller values, re-
spectively. These general trends can be qualitatively ex-
plained in terms of eq IV-1 to IV-3 by noting that

X~ Xs

Xs
1] ox 1]
| Z| T-mo+ = 2| T-T)2+ ..
XS[‘?T]T.( ) 2"S[‘WZ]T.( )

(IV-5)
1 [ dx ]
~— — | (T-T)~(T-T,) forT~T, (IV-6)
Xs| 0T T,

The large temperature coefficients of D,,, and R(g,,) and
the large g, value at a given AT = (T, — T.) (compared
with other polymer blends such as the polypropylene and
EPR (ethylene-propylene rubber) system?? and ternary
systems? such as polystyrene (PS), polybutadiene (PB),
and toluene and PS, PS-PB diblock polymer, and toluene)
suggest that the PS/PVME blend has a large value of (8
In x/8T)7 compared with the other systems.

When T' ~ T, Dgpps @m?, and R(gy)'/2 should linearly
increase with T, since D, and R, should not change too
much in the narrow temperature range around 7,. At the
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Figure 6. Variation of the relaxation rate R(q) with g for SE-70
at 7_", =99.7, 100, and 101 °C in the linear spinodal decomposition
regime.
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Figure 7. Data analysis in the linear SD regime for SE-70. (a)
R(g)/q* vs. g* at three different isothermal phase-separation
temperatures T, the arrows indicating the positions of g% and
(b) the temperature dependence of Dy, = R(g)|g% 4= from which
the spinodal temperature T, = 99.2 °C is reduced.

spinodal point T = T, the quantities D,,;, g%, and R-
(gm)/? vanish.

Figure 7b shows a plot of D, as a function of tem-
perature. A fairly good linear relationship was obtained,
from which the spinodal point was estimated to be 99.2
°C. Although the determination of T involves some un-
certainty, this uncertainty will be reduced by simultane-
ously observing the intensity change with time at particular
g’s below and above the estimated T, as will be discussed
later (Figure 8). The slope depends on the characteristic
parameters as given by, from eq IV-1 and IV-6,

8D,,,/0T = 5.5 X 1078 cm?/s deg
=~ D(T)(0 In x/3T)r, v-7)

The reason the “distinct scattering maximum” is not able
to be observed in the linear SD regime is best understood
in terms of a small value of 8?R(q)/d¢¥,-,, and hence D,
(eq II-11). The arrows in Figures 3 and 4 indicate the
position of q,, as estimated from Figure 7a. The systems
that exhibit a distinct scattering maximum in the linear
SD regime generally have a much greater value of D,
usually 2-3 orders of magnitude greater.?2?

It is not well understood at present why the slopes in
the plots of Figure 7a depend on the phase-separation
temperature T,. In the context of mean-field theory,” the
slope should depend on Ry 2D, (eq IV-4), which should be
almost constant in the narrow temperature range (i.e.,
99.7-101 °C). The quantity g, also starts to deviate from
linearity with temperature (as predicted by eq IV-2 and
IV-6) at 101 °C, which again is not well understood at

Macromolecules, Vol. 16, No. 4, 1983

7

700} SEZT0 |
[
soor ¢ fiooec v
I
. 000 * / /
2 it / 997
€ 400; /
2 I
5 300[
&
200+ 99°C
100 F Ts299.2 °C
0 0 20
Time (Min.)

Figure 8. Variation of the scattered intensity at particular ¢ (=
5.8 X 10* cm!) with time at 7, = 99.7, 100, and 101 °C in the
SD regime and at T; = 99 °C in the NG regime for SE-70.

present. However we feel we need more quantitative
studies on well-fractionated materials for the precise dis-
cussions.

From the conclusion reduced from Figure b, i.e., T, ~
99.2 °C, one can expect that at (T}, <) T' < T, (T, binodal
point) the phase separation should occur according to the
NG mechanism, while at T > T, it should occur according
to the SD mechanism. The difference of the phase-sepa-
ration mechanisms is spectacularly shown in the difference
in the scattered intensity change with time, as shown in
Figure 8 for SE-70 at ¢ = 5.6 X 10* cm™.. At T'> T, the
intensity increases exponentially with time, while at T <
T, (e.g., at 99 °C) the intensity increases nonexponentially
from the beginning of the phase separation, which is
considered to be typical of the NG mechanism. The bi-
nodal point is believed to be a point where the rate of the
nonexponential intensity increase becomes zero.

V. Later Stage of Spinodal Decomposition

In order to obtain parameters characterizing the kinetics
of SD over a wide time scale, including both the initial and
later stage, we plotted the wavenumber g, and the peak
scattered intensity I, as a function of time in Figure 9.
The borderlines where the kinetics starts to deviate from
the linear SD theory and to be affected by the coarsening
effect are roughly specified by vertial dash—-dot lines. In
the linear regime q,, is independent of time and I in-
creases exponentially with time in accord with Cahn’s
theory.8

In the later stage g, starts to decrease with time; thus
the characteristic wavelength of the spatial composition
fluctuations increase with time, and I, starts to deviate
from the exponential increase with time in such a way that
the rate of the intensity increase tends to slow down. As
pointed out earlier in section III, at a given thermodynamic
driving force AT = T, — T, for the phase separation, the
deviation starts at an earlier time for the fluctuations with
larger ¢ than those with smaller g. If ¢, is defined as the
critical time where the deviation starts, ¢, = 14 and 26 min.
for g = 9.2 X 10* and 4.0 X 10* cm™, respectively. Ata
given q, the higher the value AT, the earlier the deviation
starts; e.g., at ¢ = 7.8 X 10* cm™, ¢, = 17, 9, and 6 min. for
T, = 99.7, 100 and 101 °C (T, = 99.2 °C).®

We will try to fit our results in the later stage with the
theories proposed by Langer et al.?! and Binder et al.?* as
Nojima, Tsutsui, and Nose?® tried. Langer et al.?! proposed
a theory for the SD in the later stage by taking into ac-
count the higher order terms in eq II-1 and II-2. The
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Figure 9. Variation of g, and peak intensity I, with time in the
early and later stages of SD for SE-70 at T, = 99.7, 100, and 101
°C.

theory predicts that g, fits a power-law expression with
t

a =021 (V-1)

The power-law relationships between q,, and ¢ and between
I, and ¢ were also obtained from the theory of Binder et
al. on the basis of cluster dynamics,?

qm ~ t—a’ a= 1/3; Im ~ tﬁy B =1 (V'2)

Our results in the later stage of SD do not fit too well
with the power-law expressions, especially for the smallest
AT, i.e., the decomposition at 99.7 °C, as in the experi-
mental results reported by Nojima et al.?® for oligomeric
polystyrene and poly(methylphenylsiloxane). The fits of
our data I, and g, with the power-law expressions yielded
the values of a approximately equal to 0.39 and 0.42 at 100
and 101 °C, respectively, and the corresponding values of
@ approximately equal to 0.8 and 1.1, respectively. The
fits of our results with the theories are not generally too
good, but the data seem to fit a little better with Binder’s
theory rather than with Langer’s theory.

VI. Concluding Remarks

By using the time-resolved light scattering technique we
studied the dynamics of a liquid-liquid phase separation
of PS/PVME mixture at a given composition (30/70 v/v)
(section IIT). We have found in the early stage of SD that
the intensity increases exponentially with time, with a rate
2R(q) of which is a function of the reduced scattering angle
g and yields the relaxation rate R(g) for a Fourier com-
ponent of the composition fluctuations having the wave-

g ~
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number ¢ = 27/A (A being the wavelength of the fluctu-
ations). The fact of the exponential increase of the scat-
tered intensity with time and the fact that R(g)/q? linearly
decreases with ¢? can predict that the early stage of SD
can be described basically by a linear theory proposed by
Cahn® and modified by de Gennes’ for polymer blends
(section IV). Thus the linear theory can predict the mo-
lecular parameters affecting the dynamics (section II).

Our conclusion that the early stage of SD can be de-
scribed by the linear theory is in accord with the conclusion
obtained by Nishi et al.,> who showed from the spin-lattice
relaxation time 7T in the pulsed NMR experiments that
the total reduction @ of PVME in the PS-rich phase during
SD varies exponentially with time in accord with the linear
SD theory,

3T/2qy 3
QW =[ [ (e - el dx | ~ expl3R(@m)] (VD)
7/24n

The scattering technique is obviously much more pow-
erful than the NMR technique in that one can obtain the
relaxate rate R(g) for each Fourier component g of the
spatial composition fluctuations as well as the average
quantities like Q(¢) and (Ac?),. The assessment of R(q)
can allow a critical test such as the linearity of R(g)/q* and
¢* and the evaluations of the parameters characterizing the
dynamics such as Dy, ¢, R(qy,), and T from the scat-
tering method alone (sections II and IV). Nishi et al.?
obtained the parameter R(g,) from NMR measurement
on the sample decomposed at a given temperature for a
given time duration followed by quenching and the pa-
rameter g,, from the microscopic observations. They re-
duced other characteristic parameters as obtained in this
paper from R(qg,) and g,,. The parameters estimated by
them are qualitatively in good agreement with ours.

We pointed out, however, that the linear SD theory can
describe only the early stage of SD, only a minor fraction
of the entire spectrum in the kinetics of phase separation
(sections III and IV). The coarsening effect (or Ostwald
ripening process) soon appears during the course of SD,
resulting in the intensity increase with time, which departs
from the exponential increase. The departures are found
to start at an earlier stage for greater “superheating” T,
= T~ T, (for the LCST system) at a given ¢ and for larger
q at a given T (section V). We found that the functional
fits with the power laws (V-1 and V-2) are not generally
good. However a better fit was obtained with Binder’s
theory?* compared with Langer’s theory.?! From a view-
point of molecular design of structure and properties we
believe it is crucial to understand molecular parameters
affecting the later stage of SD.

Finally we should point out that Nojima, Tsutsumi, and
Nose? recently reported results of kinetic studies of SD
as observed by light scattering on a liquid-liquid mixture
of oligomeric PS (M, = 9000) and poly(methylphenyl-
siloxane) (PMPS) (M, = 2800). They claimed that even
in the early stage of SD, the kinetics does not fit with the
Cahn linear theory but rather that their data fit better with
the power laws (see eq V-1 and V-2) as proposed by Langer
et al. and Binder et al., in contrast to our conclusion and
the conclusion obtained by Nishi et al.5° Our tentative
interpretation to this controversy is such that their blend
PS/PMPS has a much lower molecular weight than our
PS/PVME and hence much higher diffusivity D,, higher
D,,p, and higher R(g,,) (see eq IV-1 to IV-3), which in turn,
should cause the deviation from linear theory at a much
earlier stage than ours, at a given thermodynamic driving
force AT = |T - T,| (eq IV-6).

In order to find the linear SD regime for lower molecular
weight species, one might have to observe SD at much
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lower AT or at a much earlier stage.
Registry No. PS, 9003-53-6; PVME, 9003-09-2.
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Structure and Properties of Tapered Block Polymers. 4.
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ABSTRACT: A series of tapered block polymers of styrene~butadiene (S and P series) and styrene—isoprene
(K series) were prepared by anionic polymerization, and the effects of composition variation along the main
chain in the tapered block polymers on microdomain structure and on linear dynamic mechanical response
were investigated. It was found that the effects are generally twofold: (i) enhancement of mixing of unlike
segments in the interfacial region (“interphase”™) between two coexisting microphases (*domains”) (i.e., en-
largement of the interphase), designated as “domain-boundary” effect, and (ii) enhancement of mixing of unlike
segments in the domains (or domain centers), designated as “mixing-in-domain” effect. The domain morphology
and linear dynamic mechanical response were found to be predicted in terms of the two effects, the relative
contribution being dependent upon the primary chemical structure. The morphological and mechanical behaviors
of the ideal block polymer and S series can be predicted in terms of the domain-boundary effect, while those
of the P and K series are dominantly affected by the mixing-in-domain effect.

I. Introduction

Zelinski and Childers! reported a large degree of control
over monomer sequence distribution can be achieved by
anionic copolymerization of butadiene and styrene. For
example, when mixtures of butadiene and styrene are co-
polymerized with lithium alkyls in nonpolar hydrocarbon
media, block polymers are formed in which the first block
is a copolymer rich in butadiene and the second is one rich
in polystyrene. An addition of ether such as diethyl ether

tPresent address: Department of Synthetic Chemistry, Faculty
of Engineering, Nagoya University, Furo-Cho, Chikusa-ku, Nagoya
464, Japan.

tMitsubishi Petrochemical Co., Ltd., No. 1 Toho-cho, Yokkai-
chi-city, Mie, Japan.
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to the reaction medium results in the block polymer in
which styrene and butadiene monomers are more exten-
sively mixed along the chains.>7

In this paper we define “tapered block polymer” as the
block polymers in which composition of one component
varies along the main chain. The “ideal block polymer”
prepared by a sequential polymerization of styrene and
butadiene monomers is effectively a special type of tapered
block in which the styrene fraction jumps stepwise from
unity to zero along the main chain. The ideal random
copolymer in which the comonomers follow each other in
statistically random fashion along the chain may be re-
garded as another extreme of the tapered block in that the
fraction of one comonomer averaged over many chains is
uniform along the main chain. The effects of the monomer
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