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The time-resolved light scattering experiments have been conducted to investigate the kinet-
ics of coarsening of phase-separated immiscible polymer blends with or without added block
copolymer. The blends studied were polystyrene-poly(methyl methacrylate) mixtures with a
diblock copolymer composed of the corresponding homopolymer blocks. The time evolu-
tion of the peak position ¢, (t,T) and the scattered intensity maximum 1_(t,T) at q,, have
been compared with the theoretically predicted values of exponents for various time scales
of phase separation at various annealing temperatures.
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For designing of new polymer materials by blending, basic understanding
of the phase behaviour is necessary, involving phase equilibrium, kinetics
of phase separation and kinetics of phase dissolution in polymer blends?. It
is generally accepted that there are two mechanisms of phase separation,
depending on where in the phase diagram the system is quenched, which
can result in materials with quite different morphologies?. Quenches near
the binodal, into the metastable region of the phase diagram result in the
nucleation and growth (NG) mechanism, characterized by a more or less
random array of droplets. Deeper quenches result in a mechanism known
as spinodal decomposition (SD), which can possess a bicontinuous or a
droplet morphology containing a characteristic length-scale?. Both mecha-
nisms have been observed in a variety of binary and ternary polymer sys-
tems®-1°, Coarsening of the structures formed by NG and SD can occur via
interfacial and bulk diffusion of the components, droplet coalescence due
to Brownian motion and, in some cases, surface-tension-driven hydrody-
namic flow. Coarsening processes are inherently nonlinear, and analytical
solutions of the governing equation are not yet known. The time depend-
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ence of the scattering-intensity maximum (l,,,) and wavevector maximum
(0,) at intermediate and late stages of the phase separation in a binary
blend is often expressed as scaling laws6:17

qm(t,T) Ot ()

(6, T) OB, 2)

The exponential values of Eqs (1) and (2) fulfil the relationship = 3a as a
result of dimensionality arguments. The exponent a has a typical value
around 1/3 at the intermediate stage and unity at the late stage of phase
separation6-21,

When a peak was present in the scattering function, the time dependen-
ces of the peak height, I,,(t), and peak position, q,,(t), were analyzed. The
peak position dependence was fitted with a function of the form of Eq. (1)
to obtain the coarsening exponent, a, which was compared with theoretical
values. Since it is predicted that the late stages of growth are characterized
by self-similarity of the structure (dynamic scaling)??23, the scaled structure
function was constructed from the measured scattering functions, which
will be mentioned in the Theoretical Background part in more detail.

Smaller coarsening exponents, most commonly taking the value of 1/4,
have been predicted in a pre-asymptotic regime’10-1214 gnd in the case
where the interfacial width is so large that the interface introduces an extra
length-scale into the system”10:13-15 When the droplet size is approxi-
mately equal to the droplet separation, a coarsening exponent of 1/3 is pre-
dicted for the droplet coalescence mechanism?4. However, when the separa-
tion is larger than the droplet size, the exponent becomes lower because of
the lower collision frequency?*2%, An exponent of unity is predicted for the
hydrodynamic coarsening mechanism!® where convective flow is coupled
with droplet motion to accelerate the rate of coarsening. The lowest values
(=1/10) in liquid systems, however, have been observed in NG systems
where the droplets are widely spaced and collisions are rare?®. These find-
ings demonstrate the need for a detailed examination. The aim of the pres-
ent work was to probe the coarsening mechanism and kinetics in a ternary
polymer by time-resolved light scattering experiments, image analysis and
SEM. The blends studied were polystyrene—poly(methyl methacrylate)
(PS-PMMA) mixtures with admixed diblock copolymer composed of the
corresponding homopolymer blocks.
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THEORETICAL BACKGROUND

Scattering Function

The scattering functions for SD samples possessed the form predicted by
Furukawa???® for a droplet structure with a negligible interfacial width
formed from an off-critical quench

I(a) = [1 + (V2)a? 1/[(v/2) + '], 3

where y=d + 1, d being the dimensionality of the system (d = 3 in the pres-
ent case because the droplet size was much smaller than the sample dimen-
sions). The occurrence of dynamic scaling of the scattering function at the
final stage of coarsening in the SD samples agrees with numerical simula-
tions of phase separation, which show dynamic scaling in the asymptotic
coarsening regime in the systems that coarsen by the diffusive mecha
nism'% where the structure evolution can be described by a simple scaling
law R(t) =t The evidence that a gradual movement toward the equilibrium
compositions occurred was provided by the tendency of the peak height
(which is directly related to the composition difference between the phases
for the SD samples) toward a constant value at the late stages of the current
experiments. The scaled structure function of Furukawa?® (Eq. (3)) has been
introduced to explain the scattering profiles (dimensionality d = 3)

1(@)/1(A) = C1(a/am)?/IC; + (A/Am)*] . (4)

where ¢; and c, are constants.
Similarly, the plot of

1(@)/1,(a) = c3(a/am)?/[c4 + (a/01)°] (5)

has been used to find the best fit, where c; and c, are again constants. The
asymptotic exponent -4 is characteristic of sharp domain/matrix interfaces
at high scattering vectors q >> q,,, (the Porod law?).

Coarsening Mechanism: Structural Aspects of Power-Law Dependence

The influence of the system character on the coarsening behaviour of
dispersed particles is discussed?’ for a polydispersed system with a Debye-
Bueche type of the angular dependence of the scattering intensity (I, oc-
curring at g = 0). The coarsening probability p is a complex function of @,
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Nm and R, where @ is the volume fraction of the minor component, n, is
the viscosity of the matrix phase and R is mean particle radius. The propor-
tionality constant k in the relation R = kt® is related to the characteristic
constants @, n and I' (I is the interfacial tension) and does not change with
time. An increased volume fraction, interfacial tension, or decreased viscos-
ity of either phase increase the proportionality constant, which causes the
dispersed particles to grow fast. The growth exponent a is related to the
probability of coarsening p, i.e., [ pdt =t During an increase in particle ra-
dius R with time t, the probability p decreases, which results in the decrease
in the growth exponent a. It is easy to understand that the Brownian mo-
tion reduces the increasing particles radius. Meanwhile, the distance be-
tween two neighboring particles increases with R, which implies decreasing
p. However, the resulting effect strongly depends on the speed of changes
of R. The faster is the R increase, the slower is the increase of the integral
[ pdt (i.e., the smaller is the exponent a). There is a gradual change in the
shape of the R = kt® curves because of different volume fractions. The time
dependence of the mean particle radius is almost linear for small volume
fractions. For large volume fractions, the exponent a is less than 1, ca. 0.8
for @ = 0.4. It is necessary to point out that this theoretical model is derived
from immiscible polymer blends with dispersed particle structures in the
matrix (sea-island structure). Thus the classic 1/3 growth law does not hold
for this system?82°_ A large interfacial tension accelerates the draining and
merging stages, thus making the particles grow faster.

EXPERIMENTAL AND MATERIALS

PS (M, 9.0 x 10* g/mol, Polyscience), polydispersity index (PI) = M,/M,, = 1.06 , PMMA
(M, 7.5 x 10* g/mol, Pressure Chem.), Pl = 1.04 and PS-b-PMMA copolymer (M,, 8.0 x
10* g/mol), Pl = 1.06 were used. The glass temperatures are: Tg (PS) = 99 °C, Tg (PMMA) =
105 °C. Time-resolved light scattering (which probes the g range from 0.2 to 30 um‘l, where
g is the wavenumber of fluctuations) has been widely used to examine the phase separation
kinetics in polymer blends and solutions'*C. Details of the instrument are described else-
where®°. First, PMMA and PS polymers were dissolved in benzene in the 30/70 weight ratio
(PS-PMMA). The solution was filtered with a 1 pm Teflon filter. The films were prepared by
casting from 7% benzene solution on Petri dishes 2 cm in diameter. The films were dried at
90 °C in vacuum for 1 day. The sample holder consisted of two electrically heated quartz
plates with a copper shell insert defining the sample thickness (ca. 50 pm). The holder tem-
perature was controlled to within £0.1 °C. The scattered intensity was detected with a CCD
camera. The time regimes were selected from a time table in dependence on the temperature
changes from the starting to final temperatures. The highest frame speed was ca. two frames
per second. The scattering angles, 6, which are accessible in this experiment are 0.5-42°, and
the corresponding wavevectors (q = (41R/A) sin (6/2)) are 0.0002-0.012 nm™. This corre-
sponds in the real space to the domains of size L = 217/q, i.e. between 0.5 and 30 um. We
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used a standard laser (He-Ne, 15 mW) of A = 632.8 nm. We smoothed the noisy data by
averaging them over circular shells of various thickness; i.e., each point shown in the plot of
I(g,t) vs q has been integrated over the g range (with angular resolution ca. 0.1°) and over
the azimuthal angles 0-2m. The range of g integration could be varied or even overlapped for
individual points.

RESULTS AND DISCUSSION

We present here the results for two systems: (1) PS~-PMMA blend (30/70)
and 4% of diblock copolymer PS-b-PMMA and (2) PS-PMMA (30/70) blend.
It has been shown?®'3? that a blend of two immiscible polymers obtained by
casting from a non-selective solvent displays a relatively “fine” systems of
domains with typical dimensions in the range of several microns. The SEM
micrographs of the PS-PMMA blend with 4% of block copolymer
PS-b-PMMA are given in Fig. 1. The left part shows the free film surface
with PS domains in the PMMA matrix. In the right part is the sub-surface
morphology with the PMMA matrix eliminated by acetic acid etching33.

The presence of a peak in NG colloidal and polymer systems above a cer-
tain droplet volume fraction has been explained by the presence of a deple-
tion layer around the droplets that causes further nucleation to occur in
preferred regions?>34-41, When the droplet volume fraction is high enough,
this effect leads to a correlated morphology?>34-38 (cf. Fig. 1). In the light
scattering experiment, one thus observes a peak of intensity at a nonzero
scattering vector.

The three main ways how the NG peak can be distinguished from the SD
peak are a different profile of the peak height evolution with time, initial
movement of the NG peak to higher scattering vectors, and lower coarsen-
ing exponents from the NG peak34-40.

Fic. 1
Scanning electron micrographs of PS-PMMA (30/70), 4% of copolymer: a surface of the film,
b subsurface area with PMMA removed with acetic acid
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The size scale of the morphology observed by comparing the correspond-
ing q,,, for samples with and without the copolymer (cf. Fig. 2) was found to
decrease with added diblock copolymer (cf. a larger q,, value for a sample
with copolymer) and corresponds very well with the sizes from SEM micro-
graphs (cf. Fig. 1).

The coarsening kinetics was monitored by plotting the time dependence
of the peak position in scattering function (q,,). Power-law coarsening Ki-
netics were observed in all samples, although the exponents of the power
law observed over the time range studied varied systematically with anneal-
ing temperature. The variation of q,, with time in semilogarithmic plot is
shown in Fig. 2. The various coarsening exponents measured in various re-
gimes are shown in Fig. 3.

When the matrix viscosity increases, both the draining rate and merging
rate decrease, which slows down the particle growth. The predictions and
experimental data also show the effect of temperature on coarsening.
Raising the temperature can not only decrease the viscosity of both phases
but also enhance the Brownian motion. The exponent a becomes smaller
when the interfacial tension increases*2. Therefore the change in interfacial
tension with temperature will affect coarsening, but the influence is negli-
gible compared to other effects.

The block copolymer probably tends to slow down the transport of
homopolymers across the interfaces because of accumulation of the copoly-
mer at the interface. The formation of an interfacial layer could induce a
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FiG. 2
Evolution of the peak position g, with time for samples PS-PMMA (30/70) at various
annealing temperatures (in °C): 130 (H), 160 ((J), 180 (®); a with 4% of block copolymer,
b without addition of block copolymer
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strong inhibition mechanism of droplet coalescence similar to that in thin
film43.44, Therefore, the dimensional growth is retarded.

Intensity plots with values I(q,,) for samples with and without the co-
polymer are given in Fig. 4 for annealing temperatures T = 130, 160 and
180 °C. The power law exponents obtained from the fit in Fig. 4 are signifi-
cantly lower than the theoretically predicted values. This might be influ-
enced by the proximity of the T, temperatures of both homopolymers, but
further tests of this hypothesis are necessary. Experimental results for
blends without the copolymer are presented in Figs 4b, 4d, 4f. They show
larger starting I, values in comparison with the blends with the copolymer
(cf. Figs 4b, 4d, 4f). The scattered intensity is proportional to the size and
number of scattering objects and the density difference between them and
the surrounding medium. This agrees well with the expected “homogeniza-
tion” effect of the copolymer.

The power-law dependence of I(g,,) on time is fulfilled only for samples
with the copolymer (Eq. (2)). The predicted power growth law is indicated
in Fig. 4 by solid curves. For higher annealing temperatures, T = 160 and
180 °C, the shape of the I,, vs time curves corresponds to the power-law
type, but the exponents of the power law (ca. 0.15) are much lower than
the predicted value = 0.75-1. For the lowest annealing temperature T =
130 °C, the power law dependence of growing I, on time is evidently not
fulfilled.
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Fic. 3
Comparison of coarsening exponents measured for samples PS-PMMA (30/70) with 4% of
block copolymer (A) and without block copolymer (OJ)
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The time dependence of |, for the PS-PMMA (30/70) blends at temperatures (in °C): 130 (a, b),
160 (c, d) and 180 (e, f). Samples with 4% of block copolymer are in the left column (a, c, e).
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Figures 4b, 4d, 4f illustrate almost linear dependence of growing I, on
time. It is evident that addition of the block copolymer suppresses the scat-
tering intensity, but the scattering maximum data are not consistent with
B =1 at the intermediate and late stages of phase separation. This discrep-
ancy indicates that the time dependence of the scattering maximum does
not seem to follow the theoretical scaling predictions. For a clear compari-
son, the normalized scattering intensities, I/1,, vs 9/q,, , for both the blends
are plotted in Fig. 5.

For all studied blends, the normalized scattering profiles at the intermedi-
ate stage are to a certain extent self-similar and collapsing into a single mas-
ter curve as a function of time, as shown in Fig. 5. The scattering intensity
profiles show a slope of -4 for g/q,, > 1 at lower annealing temperatures,
140 and 160 °C. On the other hand, at the highest temperature, 180 °C, the
slope is less steep than the slopes of the two previous cases. This can be
interpreted as an indication of the formation of fuzzy boundaries caused
by accumulation of diblock copolymers at the interfaces of the phase-
separated domains or by growth of small new domains formed in the origi-
nal domains as well as in the original matrix.

The absence of dynamic scaling at the early stages can be explained by
the finite time required by the phases to reach their equilibrium composi-
tions, which is expected to prevent scaling even when the interfaces are
sharp?4. The reason for the absence of complete dynamic scaling in the fi-
nal coarsening regime is uncertain. Convective effects lead to departures
from scaling*>46. Although convection did not significantly affect the
coarsening kinetics over the time period studied, a small amount possibly
occurred, which was sufficient to prevent the structure from evolving in a
self-similar manner. Another possibility would be that the sample was sim-
ply left for an insufficient time to reach the asymptotic scaling regime?*”.
Scaling of the scattering function in the NG samples did not occur com-
pletely because nucleation of new droplets caused continuous changes in
the length-scale of the morphology, and the system did not obey the R(t) =
t® scaling relationship.

A broadening of the normalized light scattering profiles at T = 180 °C for
both the blends was observed (cf. Figs 5e, 5f). This implies that the distribu-
tion of the domain size gradually broadened with time.

CONCLUSIONS

The coarsening process was studied by systematically annealing two blend
systems, at a fixed composition, at different temperatures. Nucleation and
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growth of particulate systems was characterized by time evolution of |,,(q,t)
and q,,(t) at various temperatures. A self-similarity of structures was ob-
served at the late stages of coarsening. Dynamic scaling did not occur at the
early stages of coarsening because the phases had not attained their equilib-

.

a/Am a/dm

Wl
.

9/dm ' a/am

2 1
a/dm a/dm

Fic. 5

The time dependence of normalized scattering intensity 1/l , for PS-PMMA (30/70) blends at

temperatures (in °C): 130 (a, b), 160 (c, d) and 180 (e, f). Samples with 4% of block copolymer
are in the left column (a, c, €)
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rium compositions, shown by a gradual change in the peak height toward
an asymptotic limit. At the early stages of coarsening of the samples, the
interface was sufficiently diffuse to cause deviations from Porod’s law. Co-
arsening laws of the form R(t) = t* were obeyed by the samples. Coarsening
exponents with values between 1/10 and 1/3, including in some cases a
transition to a temporary faster coarsening regime, were measured in the
samples. The low coarsening exponents were a consequence of the loss of
mobility of the components caused by the proximity of the glass transition
temperature of both components. At all times of nucleation and growth of
samples, the coarsening exponent was lower than 1/3 because coarsening
occurred via droplet coalescence and the droplet size was significantly
smaller than the droplet separation. A coarsening exponent of 1/3 was mea-
sured at the final stage of coarsening once the droplet size was in the range
of the droplet separation. Systems containing block copolymers were
shown to ripen with a power law exponent less than 1/3, indicating stabili-
zation of the system“,

The model predictions?’ agree well with our experiments and are consis-
tent with other published experimental data within a tolerable error limit.
The increasing rate of particle radius with time depends on the system pa-
rameters. In general, a low volume fraction, low interfacial tension, and
high matrix viscosity result in a nearly linear relation of the dispersed parti-
cle radius and the annealing time (R = t). Otherwise, the relation deviates
from linearity, with the exponent a of R = kt® less than 1.
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No. 203/02/1262) and of the Grant Agency of the Academy of Sciences of the Czech Republic (grants
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