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The molecular weight dependence of mobility in polystyrene/poly (vinyl methyl ether) blends (PS/PVME),
in polybutadiene/styrene—butadiene random copolymer (PB/SBR) blends and in polyisoprene/styrene—
butadiene random copolymer (PI/SBR) blends has been studied by time resolved light scattering. In the
case of PS/PVME, blend samples were quenched from an initial equilibrium temperature, close to the
critical temperature, to a final temperature which is deeper in the miscible region. The decay of concentration
fluctuations was measured, and the interdiffusion coefficient was deduced, then mobilities were calculated.
In the PB/SBR and PI/SBR biends, samples were homogenized by uniaxial compression and interdiffusion
coefficients were obtained through time resolved light scattering measurement in the early stage of spinodal
decomposition. Mobility was related to the ratio of the interdiffusion coefficient and g2 (0), with g,,(0) as
the peak position which corresponds to the dominant mode of concentration fluctuations in the early stage
of spinodal decomposition. It is clear from our results that mobility can be represented by the vacancy
model at lower molecular weights but shows deviation towards the incompressible model at higher molecular
weights. The converse can also be said. The overall molecular weight dependence of the mobility can be
well represented by the Akcasu—Naegele—Klein equation.
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INTRODUCTION

The molecular weight dependence of the diffusion process
which characterizes the concentration fluctuation or
relaxation (interdiffusion) in a binary mixture has been
an important and also controversial issue in recent
years'~!5. Theoretically, two limiting cases have been
calculated : the first is the incompressible model which
was originally calculated by Brochard et al.' and Binder?.
This model calculates the interdiffusion of a binary
incompressible system, i.e. the total local density is
conserved, ¥ Ap; = 0, and therefore the total local flux
is also conserved, J, + J; = 0. The consequence is that
the mobility is a weighted inverse sum of the mobilities
of individual components. Therefore the slow component
controls the mobility of the system and this model has
been referred to as the ‘siow mode’ model.

The second model, the vacancy model, has been
proposed by Kramer et al.® and later by Sillescu’. This
model assumes that there is an additional vacancy flux
besides the fluxes of components A and B, with
Jo+Jg+ Jy =0 and also Vu, = 0 (g, is the chemical
potential for the vacancy). This leads to the so-called
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‘fast mode’ model, in which the mobility is a weighted
sum of the mobilities of the individual components. We
should point out that both cases are addressing the
concentration fluctuation (or relaxation) around the
average concentration ¢,. In other words, only the first
term in the free energy expansion, (0% Af/d¢?),,, as well
as in the square-gradient expansion, V2 (A¢ ) are included.
At this level of approximation the (inter)diffusion
coefficient can be written as a product of mobility, M,
and the second derivative of free energy with respect to
the concentration of Af” = (8% Af/d¢*),, at average
concentration ¢,. If Af”, which is normally molecular
weight dependent, can be determined separately then the
molecular weight dependence of the mobility, M, at any
given concentration and temperature can be determined
from the measured experimental results of the inter-
diffusion coefficient, D,,,. Thus the question of which (if
any ) of the two models mentioned above represents the
real physical situation can be resolved experimentally.
In order for any experimental test to be conclusive,
several conditions have to be met. (1) The non-linear
contribution from the higher order terms of both the free
energy expansion and the gradient expansion to the
diffusion process has to be avoided. Therefore, the
experiment has to be carried out or extrapolated to a
concentration condition such that either the concentration
gradient or the concentration difference between the two
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testing layers approaches zero (¢, — ¢, ~ 0).(2) A wide
range is needed in the molecular weight dependence study
in order to distinguish these two models. (3) Af" =
(0% Af/0?),, or a quantity proportional to Af " needs to
be determined separately in order to extract the mobility
M, and then to examine the molecular weight dependence
of M. (4) All data have to be either measured or reduced
to the same T and ¢. This is because both M and Af”
could be strong functions of T and ¢; the comparison
of the molecular weight dependence of M is only
meaningful if M values can be obtained at the same T
and ¢.

In this paper we will present studies on three separate
systems: polystyrene/poly(vinyl methyl ether) (PS/
PVME) system ; polybutadiene/styrene—butadiene ran-
dom copolymer (PB/SBR) system; and polyisoprene/
styrene—butadiene random copolymer (PI/SBR ) system.

In the study of PS/PVME we used the temperature
jump (or quench) method and time resolved light
scattering to measure D,,, at various temperatures with
four different PS samples. The experiment was actually
carried out by quenching the sample in the single phase
state from a temperature which is close to the critical
point to another temperature which is away from critical
temperature. We then measured the time dependence of
the decrease of concentration fluctuation from one
equilibrium state to another by measuring the time
resolved static structure factor, S(q, t). Since we were
measuring changes of equilibrium concentration fluctu-
ations as we varied temperature, the results can be
analysed by the linearized diffusion equation without
having to carry out further concentration extrapolations
to minimize the contribution from higher order terms
in the free energy and concentration gradient expan-
sion216-19 We then obtain the temperature dependence
of the mobility from

M(T) = Dy, (T)/Af"(T)

by using the separately determined value of Af”"(T).
Finally we can compare the molecular weight dependence
of M at any given temperature.

In the study of PB/SBR and PI/SBR systems, blend
samples were homogenized by a uniaxial compression
method?%~22 and then the early stage of spinodal
decomposition was studied by the time resolved light
scattering technique. Data were analysed according to
the Cahn-Hilliard theory'®!” and the interdiffusion
coefficients were obtained. Since these two systems are
immiscible within the experimentally accessible tem-
perature range, it is impossible to measure the free energy
of mixing or its derivatives directly. However, the wave
number ¢, (0) for the dominant mode of the concentration
fluctuations in the early stage of spinodal decomposition
has been measured, which is related to Af”. Therefore
the relative mobilities for different molecular weights can
be obtained and compared.

THEORETICAL BACKGROUND

The time evolution of the scattering structure factor due
to concentration fluctuations in a binary mixture in the
early stage of spinodal decomposition can be represented
by the linearized model of Cahn—Hilliard—Cook?*517,
Actually this linearized theory represents well the kinetic
process of a system with a reverse quench from near
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critical temperature (or a system just into the spinodal
region for a short time) which has a large concentration
fluctuation back to a temperature deep into the miscible
region. This linearized diffusion equation can be written
as:

0S(q,t) L[ (2 AF 2) :| 5
P 2Myq [( pYe + 2xq° 1S(q,t) | + 2MkTq
(1)

where M is the mobility defined as the proportionality
constant in the relation between interdiffusion current
density and chemical potential gradient; g is the mag-
nitude of the scattering wave vector (=(4rn/1)sin 6/2,
with n the refractive index and ¢ the scattering angle);
Af'is the free energy density for a uniform system; ¢, is
the average composition; x is an interfacial free energy
coefficient defined as the proportionality constant in
relation between interfacial free energy density and the
square of concentration gradient; kg is the Boltzmann
constant.

The solution for the linearized diffusion equation
(equation (1)) can be obtained as:

5(g:1) =S, + (8o ~ S, ) e (2)

where S, is the so-called ‘virtual structure factor’ arising
from the thermal noise term 2Mk,Tq?, and S, is structure
factor'® at t = 0. The growth rate R(q) is given as:

R(q) = —Mq*[0® Af/0¢5 + 2xq’] (3)

In the unstable (spinodal) region (3% Af/d¢?),, is
negative, which gives positive R(q) at small g or large
wavelength of concentration fluctuation growth. On the
other hand, in the case of reverse quench (into the
miscible region), the change of the structure factor
associated with concentration fluctuation decay is also
governed by equations (2) and (3). In this case, R(q) is
a negative quantity referred to as a decay rate. This is
because 8% Af/d¢3 is positive in the stable region.

Equation (3) can be rewritten as:

R(q) = —Ding”* — 2Mxq* (4)
with the interdiffusion coefficient :
Dy = M 0% Af/ 09§ (4)

By taking the limit as ¢ — oo in equation (1)>!°, the rate
of growth (or decay) can be written as:

_MkBqu
S(q)r

with S(q)t replacing the virtual structure factor S in
the case where the final temperature is in the unstable
region. However,” S(gq)r is the thermal equilibrium
structure factor at the final temperature in the case where
the final state is in the stable (or miscible) region.
This structure factor for a binary polymer system has
been calculated with random phase approximation by
deGennes?3-2*, Binder? and others as:

B 1 4 1 2y

NadavaSa(q) NpdpvpSp(q) vo
where N, is the degree of polymerization ; ¢, is the volume
fraction of component i; v; is the segmental volume of
component i; S;(q) is the Debye function of component

i; x is the pair interaction parameter per segment. In the
zero wave number or thermodynamic limit (g — 0),

R(q)= (5)

S(g)r? (6)



S;(q) = 1 and equation (6) becomes:

_ 02 (Af/kgT) 1 1 2y
S(g—0)" 1= = -
(4 ) 62¢0 Nadavs Npdpvg 1
2
=—(xs—x) (7)
Vo

Actually equation (7) can be obtained easily by combining
equations (3), (5) and (6). By combining experimentally
obtained 0% Af/d¢} and D,,, the molecular weight
dependence of the mobility can be obtained from
equation (4') at various temperatures and compositions.
In cases where 82 Af/0¢3 cannot be measured directly
(such as the PB/SBR and PI/SBR systems reported in
this paper), the relative mobility can still be calculated
if the early stage spinodal decomposition kinetics can be
obtained. From equation (3) it can be easily shown that
the maximum growth rate happens at:

q° = g5 (0) = —Af"/4x (8)

From equations (3), (5) and (6) it can be shown that:

kBT< b2 b )
K=—| -2 4+ =
36 \pava Pprp

2
S (9)
360 ,PpUaR

with vob? = pyvghi + davab3, and b; is the statistical
segment length of the ith polymer. Then from equations
(8), (9) and (4'), it is clear that:

Dy /qn(0) = M Af"/(—Af"/4x)

Mb2kTv,
9P APpvAVR

In order to make comparison with the incompressible
(or slow mode) model by deGennes, Brochard et al.!
and Binder?, or the vacancy (or fast mode) model by
Kramer® and Sillescu’8, we will also write down their
results with proper constants to facilitate comparison
with our experimental results.

The D,,, from the vacancy (fast mode) calculation can
be written as:

=M (10)

Dint = [(1 - d)A)NADA + ¢ANBDB]
x <¢A(1 - ¢A)Uo)(az Af) (11)
kT op2

where D; is the tracer diffusion coefficient of component
i in the A/B blend of composition ¢;. In the bulk
entangled case, the tracer diffusion coefficient of a
polymer chain will follow an inverse molecular weight
square dependence. Therefore, D; can be written as:

Di=Di1Ni_2 (12)

where N, is the degree of polymerization of the ith
component; and D) is the diffusion coefficient of
monomer I.

The mobility for the vacancy model can be written
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from equations (4), (11) and (12) as:

M= =00 4N D, + guNsDs] (13)
=¢A(1 _¢A)UO|:(1_¢A)D?+¢AD]13:| (13,)
kg T Ny Ng

Similarly, the mobility for the incompressible model can
be written as:

1 ks T [(1—¢A)+ m] (14)

M—(ﬁA(l — @A)V DN, DgNy
dall — Pa)vg D Dy
EXPERIMENTAL

Samples

As shown in Table 1, all PS samples used in this study
are standard samples with a narrow molecular weight
distribution. The PVME was cationically polymerized
and fractionated in toluene/n-heptane. The molecular
weighzt and polydispersity of PVME were determined by
g.p.c.?®.

All PS/PVME samples were made of 80 wt% PVME
and 20 wt% PS, and contain 0.05 wt% of 4,4’-thiobis-
(6,tert-butyl-m-cresol) as the antioxidant. Specimens
were prepared by casting from toluene solutions {(~ 10%
total polymer concentration) on quartz window plates.
The solvent-cast film was dried in vacuum at room
temperature for 2 days, then at 70°C for 2 days and was
then covered by another quartz plate with a metal spacer
to maintain specimen thickness and annealed at 60°C
overnight. The thickness of the specimen used for
spinodal decomposition was 0.1 mm, while that for
studying the decay of concentration fluctuation was
0.2 mm.

All PB/SBR and PI/SBR samples were made by the
same procedure as described before?®~22, Molecular
weights and polydispersities of all SBR, PB and PI
samples are listed in Table 2.

Table 1 Molecular weight and polydispersity of PYME and PS
samples

Sample M, M,/ M,
PS1 (TSK standard) 1.86 x 10° 1.07
PS2 (TSK standard) 3.55 x 10° 1.02
PS3 (NIST standard) 1.05 x 10° <l1.1
PS4 (Pressure chemical standard) 2 x 108 <12

PVME 2 x 10° 1.42

Table 2 Molecular weight and polydispersity of SBR, PB and PI
samples

Sample M, M,/M, Styrene (wt%)
SBR1 1.18 x 10° 1.18 20
SBR10 8.3 x 10* 1.2 20
PBS 49 x 10* 14 -
PB10 8.9 x 10* 1.6 -
PB20 2.23 x 10° 1.3 -
PB100 1.03 x 10°® 24 -
PI20 2.05 x 10° 1.3 -
PISS 5.46 x 10° 1.1 -
PI122 1.22 x 10° 1.3 -
PI1273 2.73 x 10° 1.5 -

POLYMER, 1992, Volume 33, Number 13 2731



Mobility in polymer blends: Y. Feng et al.

Measurement

The temperature jump light scattering measurements
for PS/PVME biends were carried out at NIST on a
time-resolved static light scattering instrument'®, which
uses a 5 MW He-Ne laser as the incident beam and a
set of neutral density filters to keep the scattering intensity
within the dynamic range of the one-dimensional photo-
diode array detector (Radicon tube). The sensitivity of
the detector array was calibrated by fluorescence radiation
from nile blue dye (5 x 107 °gml~!) embedded in
gelatin gel in the same cell as used in blend measurements.
An optical multichannel analyser (OMA3)* was used
for data acquisition. The collection, collimation and
angular mapping of scattering light were accomplished
by a set of lens systems.

The temperature jump was carried out by quickly
transferring samples from the pre-heating block to
the main block. The preheating block was used to anneal
the sample at a temperature in the miscible region in
order to bring the sample to a completely relaxed state.
The main block was controlled at a desired experimental
temperature. Both blocks are controlled by PID con-
trollers to within +0.02°C of the specified temperature.
The sample was kept in the preheating block for about
2 h before measurement. It takes about 1 min to reach
temperature equilibrium (with a time constant of about
20s) after transferring the sample from the preheating
block to the main block. Therefore, the initial time of
the experiment was chosen to be | min after transferring
the sample.

For the PB/SBR and PI/SBR blends, the time-
resolved static light scattering experiments were carried
out in Kyoto University, Japan. The detailed instru-
mentation and procedure have been described else-
where?0-22,

RESULTS AND DISCUSSION

For the PS/PVME system, two sets of temperature jump
and time resolved light scattering experiments were
carried out for each molecular weight combination. One
set is to jump from the miscible region to the unstable
(spinodal) region in order to study the g-dependent
growth rate, R(q), in the early stage of spinodal
decomposition as a function of final temperature. The
second set of experiments is a set of reverse quench
experiments performed by changing temperature from
close to phase separation to far into the miscible region
with various final temperatures. Of course, fresh samples
have to be prepared each time, especially in the first set
of experiments. A typical set of intensity growth data as
a function of time for various scattering wave vectors,
g, after jump into the spinodal region are displayed in
Figure 1 for PS1 (M, = 1.86 x 10°). The corresponding
1/3-power plots are displayed in Figure 2. As explained
in a previous paper!®, the initial slope divided by the
intercept yields R{q)/3 in this plot. The corresponding
Cahn plots, which are R (g)/q> versus q° plots, are shown
in Figure 3. According to equation (4) the intercept of
this plot is the interdiffusion coefficient, D;,,. The main
purpose of carrying out this set of experiments is to locate

* Certain commercial materials and equipment are identified in this
paper in order to specify adequately the experimental procedure. In no
case does such identification imply recommendation or endorsement
by the National Institute of Science and Technology, nor does it
necessarily imply the best available for the purpose
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Figure 1 Scattering intensities at various scattering wave vectors, g,
are plotted as a function of time after the temperature of the specimen
has been jumped from 90 to 116°C. The specimen is a PS/PVME blend
with 20 wt% PS (M, = 1.86 x 10°%). Curves are shifted vertically to
avoid overlapping
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Figure 2 The scattering intensity obtained as in Figure I is plotted
as {t/[1(q,t) — I1(q,0)1}'" versus time. The slope of this plot gives
the g-dependent growth rate, R(g). Curves are shifted vertically to
avoid overlapping; the g = 5.76 um ™! curve is not shifted but every
other curve is shifted down by an additional 0.1 start from the
g =724 ym™ ! curve

the spinodal temperature as a function of molecular
weight for each of the four samples. Later on we will use
these data to obtain corresponding values for 0% Af/dd2.
In the second set of experiments, the blend sample was
annealed at a temperature slightly below its spinodal
temperature, which was obtained from the first set of
measurements. Then the sample was quenched down to
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Figure 3 The growth rate for different jump depths obtained in plots
such as Figure 2 for sample 1 is plotted as R(q)/q* versus ¢*. The
intercept of the straight line fit gives D, according to equation (4)

4 T T T a
M.W.p5=1.86X10°
3l 114.5°C-90°C -
..' m..‘. q/“m
) T
=~ 2k ._.. - D, . 5.76
.-'E\ ., ...."aO . ................'"I‘m.mn.--l-lnz:i4
g 1 - ..-.' "-----..,,."..“m' 8.48 )
- CHR **,
.E .. c... 'Oo.'l.... "“'M“““ 9 . 46
OF, o ot
. —— 11.49
-1+ ., - T
"u....”“. 12.43
—2 L L L L
0 500 1000

Time (sec.)

Figure 4 Scattering intensities for PS/PVME sample 1, after quench
from 114.5 to 90°C, are plotted as a function of time for various g
values. Curves are shifted vertically to avoid overlapping

various temperatures in the miscible region. The purpose
of this choice is to have a large enough change of
scattering structure factor after the temperature quench.
Meanwhile, both initial and final states are well defined
equilibrium states whose concentration fluctuations are
not too large; therefore, the non-linear effects caused
particularly by the large concentration gradient can be
neglected.

Typical scattering intensity (which is proportional to
the structure factor S(gq)) decay curves after a tem-
perature quench from 114.5 to 90°C are displayed in
Figure 4 for the PS1 (M, = 1.86 x 10°) sample at
various g values. The slope of the semilogarithmic plot of
[I(g,t) — I(q,t = oo )] versus time equals 2R (g) according
to equation (2). These are displayed in Figure 5 for the
data set obtained from Figure 4. In Figure 6, —R(q) is
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plotted against g> to demonstrate the g* dependence of
R(q). Also, the fitted straight lines which all pass through
the origin are good indications that the rate of decay of
concentration fluctuations can be represented by equation
(2) with negligible contributions from interfacial free
energy. In Table 3, D, results are given for all four PS
samples in the spinodal region obtained with the
procedure illustrated above. Since PS/PVME blends all
have lower critical solution temperatures the temperature
‘jump’ experiments (into the spinodal region) are
characterized by a negative D,,, which indicates growth

12 T T T T
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114.5°C-»90°C
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3
|

In(I(q,t)—1(q,))
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Figure 5 Semilogarithmic plot of [I(q,t) — I{g, t = oc}] as a function
of time for PS/PVME sample 1. The slope of this plot gives the decay
rate, R(q), according to equation (2). Curves are shifted vertically to
avoid overlapping
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Figure 6 The negative decay rates, —R(q), obtained from plots
similar to Figure 5 are plotted as a function of g* for various quench
depths as indicated in the figure. The solid lines are best fitted straight
lines through the origin. The slope of this line gives D,

POLYMER, 1992, Volume 33, Number 13 2733



Mobility in polymer blends: Y. Feng et al.

in fluctuation size. On the contrary, all temperature
‘quench’ experiments (within the miscible region) are
characterized by a positive D,,, which indicates decay in
fluctuation size. Results of D,,, in this miscible region are
listed in Table 4. In Figure 7, D,, is plotted against
temperature for all four sets of molecular weights.
Smooth curves are drawn through the experimental data.
The curves are shifted up 5°, 3° and 2°C for PSI1
(M,, = 1.86 x 10%), PS2 (M, =3.55 x 10°) and PS3
(M, =105 x 10°) data sets, respectively, to avoid
overlapping. The spinodal temperature, T,, is character-
ized by D;, = 0 because (0> Af/0¢f)r, = 0 at spinodal
temperature. The spinodal temperatures obtained by
extrapolating D, , data obtained in the unstable region
to D;, =0 are also listed in Table 3. These spinodal
temperatures are used in the second set of experiments
(quench experiments) to help determine the initial
temperature which is selected to be less than 2°C lower

Table 3 D, for the PS/PVME blends in the early stage of spinodal
decomposition

Initial Final
temp. temp. m, x 1014 T,
Sample °C) (°C) (cm - (°C)
PSI1 116 6.0
(M, =186 x 10%) 90 117 17.6 115.2
118 30.6
PS2 115.5 6.5
(M,, = 3.55 x 10%) 90 116.0 10.0 114.3
116.5 135
PS3 111.5 0.8
(M, =1.06 x 10°) 90 112.5 48 111.2
113.5 10.0
114.0 13.5
PS4 110 04
(M, =2 x 10%) 90 111 1.5 109.6
112 2.5

than its corresponding T,. These spinodal temperatures
are also used to calculate the corresponding values of
0% Af/ 6¢0 which will be used later. It has been shown in
a previous paper'® that the 62 Af/d¢? values can be
represented by:

o2 Af

op?
for a deuterated polystyrene (PSD)/PVME system with
20% PS and 80% PVME. Although hydrogenated
polystyrene (PSH) is being used in this study, there is
no reason to believe that the temperature dependence of
0% Af/d¢* will be very different from deuterated PS.

Actually, recent SANS work?® of a three-component
PSD/PSH/PVME system has indicated that the

=218 x 103(1/T — 1/T,)Jem™®  (15)

Table 4 D, for the PS/PVME blends in one phase reverse tem-
perature quench

Initial temp.  Final temp.  D;, x 104

Sample (°C) (°C) (em?s™1)
PS1 85 238+ 0.7
(M, = 1.86 x 10°) 90 302 +09
1145 95 331 +10

100 371+ 11

105 353+ 11

PS2 85 173+ 0.5
(M, =355 x 10°%) 90 19.1 x 0.6
112 95 239407

100 26.6 + 0.8

105 209 + 0.6

PS3 85 120+ 04
(M, = 1.06 x 10%) 109 90 13.7+£04
100 16.1 + 0.5

105 150+ 0.5

PS4 85 75+03
(M, =2 x 10°%) 108 90 83+03
95 9.3+0.3

100 88103

i
|
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Figure 7 The interdiffusion coefficient, D, for both jump and quench cases for all four PS/PVME samples are displayed as a function of
temperature. Smooth curves are drawn through data points. The extrapolated temperatures at D,, = 0 are the spinodal temperatures of the
corresponding blend samples. Notice that the temperatures are shifted by 5°C, 3°C and 2°C to the right for samples PS1, PS2 and PS3, respectively,

to avoid overlapping
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7 and equations (4') and (15) are plotted against 1/T. The solid lines are
best fit straight lines

temperature dependence of 82 Af/d¢? for PSH/PVME is
very much the same as that of PSD/PVME blends; we
have therefore used equation (15) in the reduction of our
D, data into mobility, M.

In Figure 8, the logarithm of mobility is plotted against
1/T for all four sets of molecular weights. It can be seen
that the temperature dependence of M for all four
molecular weights follows an Arrhenius behaviour in this
temperature range and that the slopes are equal. The
activation energy is about 20 kcal mol~!. The straight
lines are a best linear fit to each data set. In order to
examine the molecular weight dependence, we arbitrarily
selected two temperatures, 103°C (1/T = 0.00266 K ™)
and 84°C (1/T =0.0028 K™ '), and interpolated M
values for all four PS molecular weight sets from the
straight line fit in Figure 8. The results are plotted as M
versus 1/Nps and 1/M versus Npg in Figure 9a and b,
respectively. According to the vacancy model (equation
(13")) Figure 9a should give straight lines for all mobility
data. It seems that low molecular weight data can be
represented by straight lines very well, but at the largest
molecular weight, M definitely shows deviation. On the
other hand, if the incompressible or slow mode model
(equation (14')) is correct then the 1/M versus Npg plot
(Figure 9b) should be a straight line. Again we see
deviation from a straight line, but this time the deviation
isin the smallest molecular weight data. We also sketched
dotted curves to go through all data points without
attaching any special significance, except that the arrows
at intercepts are calculated from the solid line intercept
of the other model plots. For example the intercept, I,
of equation (13’) should be

It = ¢a(l — @a)vo/kyT(¢psD}/Ny)
while the intercept, I, from equation (14') is
Iy = kgT/[pa(l — da)vo1(daNg/D})
The product is
1] = dall — Pa)vo ((bAD?) kyT <¢ANB)
flg = —
kT Ng / ¢a(l — ¢pa)vg\ DY
= $i (16)

Therefore from Figure 9a, the straight line intercept
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obtained from the fast mode analysis can be used to
predict the corresponding intercept in the slow mode plot
in Figure 9b. These are shown by arrows in Figure 9b.
Conversely, the solid line intercepts obtained from the
slow mode plot in Figure 9b can be used to predict their
corresponding intercepts in the fast mode plot in Figure
9a, also indicated by arrows. From the dashed lines in
Figure 9a and b, it does seem that data tend to follow
slow mode behaviour in the large molecular weight range
and tend towards fast mode behaviour in the smaller
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Figure 9 Mobilities at 103°C (1/T = 0.00266 K~ ')and 84°C (1/T =
0.0028 K™ ') interpolated from Figure 8. (a) M versus inverse of degree
of polymerization of PS, 1/Nps: solid lines are best fit straight lines
for the three low M, data points; dashed lines are hand drawn lines
through data points; arrows at intercepts are obtained from Figure 9b.
(b) 1/M versus Npg: solid lines are best fit straight lines for the three
large Npg data points; dashed lines are hand drawn through low M,
data (conversely to Figure 9a); the two arrows are obtained from the
straight line intercepts of Figure 9a
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Figure 10 (a) Mobility data, M versus 1/Nps for PS/PVME are
displayed (for 1/T = 0.00266) together with a straight line fit of the
fast mode model through three low M,, data points and the dashed
line for slow mode through high M, data. (b) Inverse of mobility data,
1/M versus Npg are displayed, together with a straight line fit of slow
mode model through high M, data and a dashed line for fast mode
model through low M, data

molecular weight range. This can be seen more clearly
by plotting the corresponding straight line values on the
inverse plot. For example, M versus 1/Ng is plotted in
Figure 10afor 1/ T = 0.00266 K ~ ! together with a dotted
line which uses the same slope and intercept values
obtained from the solid line from Figure 10b. A similar
plot for 1/M versus Npg is also made in Figure 10b.
From Figures 9a, b and 10a, b, it seems that the
mobility data can be represented by either the vacancy
or the incompressible model equally well (or badly). The
vacancy model is more consistent with lower molecular
weight data, with some deviation at high molecular
weights. On the other hand, the incompressible model is
more consistent with high molecular weight data, with
some deviations at low molecular weights. The question
is, does either of these two model functions represent the
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real physical situation for the whole molecular weight
range?

Recently, the interdiffusion coefficient for an incom-
pressible ternary system has been calculated using a
three-component dynamic random phase approximation
approach?’=2°_1In this calculation, the third component
can be treated as vacancies and one then recovers both
the ‘fast mode’ and the ‘slow mode’ theories as limiting
cases when the product of the mole fraction and the
corresponding monomer diffusion coefficient, X = ¢ DS
approaches infinity or zero, respectively. For entangled
cases (D ~ 1/N?), the Akcasu—Naegele—Klein (ANK)
equation can be written as follows:

- il D "
kBT ¢ANA ¢BNB

(17)

(v w)
_¢/2x¢lzxvoD¥|i o + 1 Na Ng ]

kg T OaN,y  @pNp M%—@ﬁ-X’
N, Ng

(17°)

with & = D?/D% and X’ = ¢_D$/D"%. By using this ANK
equation, our mobility data can be represented as in
Figures 11a and b. In Figure 11a, we have used values
of ¢, =02, ¢y =0.8, v, = 1.66 x 10722 cm?, o = 0.3,
X' =0.0005 and D? = DIYME =44 x 1077 (at 1/T =
0.0028 K™!) and 2 x 10"®cm?s™! (at 1/T = 0.00266
K~1!). The same data sets and curves can be replotted
in the inverse version shown in Figure 11b. It is clear
that all data can be represented very nicely by the ANK
equation. Furthermore, the ratio of the two DYYME values
used in the two corresponding fittings is 4.5, which is
very close to the ratio of mobilities of 4.2, calculated from
Figure 8 for the same two temperatures. This implies
that, within this temperature range, the assumption that
o and X’ in equation (17') are temperature-independent
quantities does not cause any inconsistency in this
analysis. For the SBR/PB and the SBR/PI systems, as
mentioned earlier, we were unable to obtain the Af”
directly. However, in the time resolved light scattering
study of the early stage of spinodal decomposition, the
wave number ¢,(0) for the dominant mode of the
concentration fluctuations and the value D, were
determined from the Cahn plot shown in Figure 3, and
the relative mobility can be obtained by dividing D, by
q2,(0) according to equation (10). In Table 5 the
experimental temperature, the interdiffusion coefficient
D,,., which was obtained with a similar procedure used
for the PS/PVME blends described above, and the peak
position, gq,,(0), at an early stage of spinodal decompo-
sition for all eight blends are listed. We analysed these
results of the relative mobility, M’, from these two sets
of SBR blends by the same procedure used above for the
PS/PVME blends. In Figure 12a, the relative mobility
M’ for SBR10/PB blends is plotted against the inverse
of the degree of polymerization of PB, while in Figure
12b, 1/ M’ versus Npy is displayed. The circles represent
experimental data. As in the case of PS/PVME systems,
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Figure 11 (a) Inverse mobility data, 1/M, and (b) mobility data, M,
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of PS/PVME plotted against Nyg and 1/Npg, respectively, for the two
temperatures indicated. Solid lines are calculated from the ANK
equation (equation (17'))

the plot based on the fast mode theory tends to fail at
large molecular weight of PB ( Figure 12a) and that based
on the slow mode theory tends to fail at smaller molecular
weight of PB ( Figure 12b). Both solid lines are calculated
according to equations (10) and (17') with ¢ = 0.5,
b* =042 x 107 cm?, a = DFB/DSBR =1, X" = 1.0 x
10"%and D{PR = 6.6 x 1075 cm?s™ 1. Also v, = vy = v,
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was used in this analysis. Similar to the PS/PVME case,
the molecular weight dependence of mobilities can be
nicely represented by the ANK equation. Again, for the
SBR1/PI system, the same analysis has been carried out.
M’ versus 1/Np data are displayed in Figure 13a and

Table 5 D,, and q,,(0) for the SBR10/PB blends and SBR1/PI blends
in the early stage of spinodal decomposition

Temp. —D,, x 10'* g(0) x 107%
Sample (°C) (cm?s™!) (em™1)
SBR10/PB5 70 36 9.0
SBR10/PB10 70 26.4 10.2
SBR10/PB20 70 179 9.1
SBR10/PB100 70 49 79
SBR1/P120 60 31.0 12.0
SBR1/PIS5 60 13.0 9.5
SBR1/PI122 60 5.8 8.8
SBR1/PI273 60 2.8 8.4
a
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Figure 12 (a) Relative mobility data , M’, and (b) inverse relative
mobility data, 1/M’, versus 1/Npy and Ny, respectively, for SBR/PB
system. Solid line is calculated from the ANK equation (equation (17'))
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Figure 13 (a) Relative mobility data, M’, and (b) inverse relative
mobility data, 1/M’, versus 1/Np; and 1/ Ny, respectively, for SBR/PI
system. Solid line is calculated from the ANK equation

then replotted in Figure 13b as 1/M’ versus Ny, The
experimental data (open circles) clearly support the slow
mode in this case, as evidenced by linearity between 1/ M’
versus Np; (Figure 13b) and by non-linearity between M’
versus 1/Np, (Figure 13a). This is because the lowest
molecular weight of PI used in this study is much larger
than the molecular weight of SBR1. The crossover to the
fast mode is expected to be observed at a molecular
weight of PI lower than that covered in this study, i.e.
at the right-hand end of Figure 13a and the left-hand end
of Figure 13b. The best solid line fitted with equation
(17') is plotted as solid curves in Figure 13a and b
with ¢ = 0.5,5% = 0.49 x 10™* cm?, o = DY'/D$BR = 2.3,
X' =10x 1073 and DSPR = 4.0 x 10" %cm? s~ !, Simi-
larly to the PS/PVME and SBR10/PB cases, the
molecular weight dependence of mobilities of the SBR /PI
system can be nicely represented by the ANK equation.
It should be noted, however, that X’ for SBR1/PI is one
order of magnitude smaller than X’ for SBR10/PB,
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implying that slow mode is favoured for the SBR1,/PI
system. We do have to point out that the parameters
used in all three systems may not be the only unique set
which could fit the limited number of data points.
Nevertheless, this ANK model seems to provide, at least
qualitatively, a cross-over model from the vacancy
picture to the incompressible picture and can reproduce
experimental results fairly well. Still, a detailed molecular
model for the dynamics has yet to be developed, and the
uniqueness of the data analysis has to be studied.

We want to point out that this question of inter-
diffusion of a binary system is by no means completely
understood from either a theoretical or from an experi-
mental point of view. Experimental results are often
inconclusive. This can possibly be said about this study
as well. We took the most systematic study (to our
knowledge) in the literature which is the study of
PS/poly(xylenyl ether) (PXE) blends by Composto et
al.'* by means of forward recoil spectrometry. We
analysed their results according to equations (13’) and
(14') and displayed them in Figures 14a and b. The D
used in this notation is proportional to the mobility, M,
used earlier in this paper. It is clear that the data can be
represented by a straight line in both plots. If one does
not invoke the estimated tracer diffusion coefficient of
the polydispersed PXE component, then it will be difficult
to judge which model is better. Moreover, if there is any
deviation from the vacancy model by examining the
molecular weight dependence of A, it will happen when
D?/N, < D}/Ny or when N, is large. This can be
demonstrated by rearranging equation (17). If it is true
that the second component gives a negligible contribution
in this PS/PXE system, then equations (13') and (14')
will become identical.

CONCLUSION

The mobility of PS/PVME blends has been studied as
a function of temperature and PS molecular weight. This
is carried out by measuring the time dependence of the
static structure factor, S(gq, t), with a reverse quench from
a temperature near the critical temperature to a tem-
perature deeper in the miscible region. Since this
experiment measures only the decay of the thermally
induced concentration fluctuation from one equilibrium
condition to another, the linearized diffusion equation
can be used to extract the interdiffusion coefficient, D,,,.
Mobility M can then be obtained by dividing D, by
0% Af/ 02

Similar studies have also been carried out for SBR/PB
and SBR/PI systems. Homogenized specimens have been
obtained by a uniaxial compression technique and then
the early stage spinodal decomposition kinetics have been
studied. Although a direct measure of 9% Af/d%*¢, was
not possible, the interdiffusion coefficient D,, and the
relative mobility M’ = D,,/q:® ~ M have been
obtained.

It is clear from our results of all three systems that the
mobility data can be represented nicely by the vacancy
(fast mode ) model in the lower molecular weight range
but shows deviation at high molecular weights. Con-
versely, the same mobility data can be represented by
the incompressible (slow mode ) model at large molecular
weights and deviates towards the vacancy model at low
molecular weights. The recent calculation of Akcasu et
al.?” for a ternary system can be used to interpolate our
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Figure 14 Data from reference 14 plotted as (a) D versus 1/Npg and
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results very nicely. By treating the third component as
vacancies, the ANK model can recover both vacancy
model and incompressible model as limiting cases and is
consistent with the results of this study. We should also
point out that none of the three models mentioned above
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takes into account the coupling of diffusion coefficients’
nor the dependence of monomeric frictional coefficient,
(i, of one component on the molecular weight of the
second component. We believe that better theoretical
calculation and experimental measurements are needed
in order to have a better understanding of interdiffusion
in a binary polymer system.
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