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In off-critical binary fluid mixtures undergoing phase separation, a polydisperse set of minority
phase domains grows in a matrix of the majority phase. With confocal microscopy and digital image
processing, we have made direct three-dimensional measurements of structure in phase separated

mixtures of low molecular weight polymers.

The distribution of domain sizes and the spatial

correlations in these mixtures exhibit dynamic scaling, implying that the coarsening may be viewed
entirely as an increase in length scale. This coarsening process appears to be driven by aggregation of

domains.

PACS numbers: 83.70.Hq, 07.60.Pb, 61.43.Hv, 83.80.Es

Among the simplest forms of self-assembly is bi-
nary phase separation, in which two chemical compo-
nents form a homogeneous mixture at high temperature,
separating into two distinct phases upon cooling below
a composition-dependent coexistence temperature 7,.(P).
If such a mixture is rapidly quenched from the single-
phase region to a temperature below this coexistence
curve, but above the spinodal decomposition curve T (P),
then the mixture is metastable, and phase separation oc-
curs by nucleation and growth of minority phase droplets
inside a matrix of the majority phase [1]. If quenched
below 7,(d), the mixture is unstable and rapidly sepa-
rates into two spatially bicontinuous phases. In the lat-
ter case, the spatial structure is dominated by a single
(maximally unstable) wavelength [2], and scattering tech-
niques have been very effective in probing the dynamics
of coarsening in this regime [3,4]. In the late stage of the
nucleation and the growth regime, however, the minority
phase droplets are quite polydisperse and can have com-
plicated morphologies, preventing clear interpretation of
scattering experiments. Attempts to study this regime [5]
with conventional microscopy have been limited by the
large depth of field of conventional microscopes, which is
typically much larger than the distance between droplets.
Thus, many questions remain about the spatial structure
and coarsening dynamics of off-critical mixtures undergo-
ing phase separation.

In this Letter, we show that confocal fluorescence mi-
croscopy [6] can be used to make three-dimensional, real
space measurements of structure in phase separating off-
critical mixtures. With this technique, we directly deter-
mine domain size distributions and spatial correlations at
various coarsening times in polymer mixtures with low
minority phase volume fractions (2.1% < ¢ < 6.7%).
While many previous studies have been made [7] of the
real space structure in phase separating systems, these
relied on inferring three-dimensional structural informa-
tion from isolated two-dimensional sections. Also, many
of these works examined metal alloy systems in which
one phase was often a crystalline solid. In this case, the
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dynamics of domain coarsening may well be related to
the dynamics of defects in the solid phase [8]. In our
experiments, the domain size distributions observed are
not consistent with those expected for coarsening by the
evaporation-condensation mechanism, in which minority
phase domains grow by molecular diffusion through the
majority phase. Instead, coarsening appears to be driven
primarily by coalescence of entire minority phase domains
diffusing through the majority phase.

The mixtures studied consisted of low molecular weight
(M,,), low polydispersity (M,,/M,) oligomers of poly-
styrene (M,, = 1475, M,,/M, = 1.06) and polybutadiene
(M,, = 2760, M,,/M, = 1.08), both obtained commer-
cially [9]. A fluorescent dye, Pyrromethene 580 (0.005%
by weight), was added to provide contrast between the
phases. At the low molecular weights used here, the poly-
mer chains are not long enough to permit significant en-
tanglement, so that both materials should behave as sim-
ple fluids, although with very large viscosities [10]. All
samples were prepared in solution with Tetrahydrofuran
(THF), dried in a vacuum oven, and loaded into optical
microscopy cells. One polybutadiene- (PB-) rich mixture
and three polystyrene- (PS-) rich mixtures were studied.
All of the PS-rich samples has the same composition,
75% PS by volume, but a different minority phase vol-
ume fraction ¢ was obtained in each sample by variation
of the quench depth. After annealing for several hours in
the one-phase region, samples were quenched into the nu-
cleation and growth regime. In the PS-rich samples, the
quench temperatures chosen were 61, 62.5, and 63.5 °C,
producing ¢ = 6.7%, 4.0%, and 2.1%, respectively. The
samples were allowed to coarsen for specified times (20 to
320 h) at the chosen quench temperature, and then frozen
for imaging with a second quench to room temperature.
With a commercial confocal microscope [11], operating
in fluorescence mode with 514 nm illumination, we ac-
quired several series of optical sections through each sam-
ple at each time. Each series contained 30—50 sections
separated in depth by a distance of 0.3 um, with lat-
eral resolution of approximately 0.3 um, allowing three-
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dimensional imaging of micron-size features. To avoid
surface effects, the uppermost section was acquired 5 um
below the sample surface. Figure 1 shows a typical fluo-
rescence section in a PS-rich sample with ¢ = 2.1% that
has been allowed to coarsen for 160 h. In this image, re-
gions of higher intensity represent cross sections through
the nearly spherical PB-rich domains. At present, we do
not know whether the fluorescence contrast between the
phases arises primarily from concentration of the dye in
the PB-rich phase or from partial quenching of the dye in
the PS-rich phase. In the late stage of phase separation,
the boundaries between phases are quite sharp, and the
apparent width of the boundaries in Fig. 1 represents the
resolution of the microscope. With computer image anal-
ysis, we “binarize” each optical section, assigning each
pixel a value of 1 in the PS-rich matrix phase and O in the
PB-rich droplets. Standard techniques [12,13] were em-
ployed for this purpose. Series of binarized sections were
then recombined to form a three-dimensional binary array
representing the domain structure of the sample. From
this array, we determine the size and location of each of
the minority phase domains, as well as the overall minor-
ity phase volume fraction of the sample.

In Fig. 2(a), we show F(R,t), the distribution of
domain radii R, at various coarsening times #, in a
PS-rich sample with ¢ = 2.1%. While the domain
sizes increase with time, the volume fraction remains
constant, resulting in a monotonically decreasing density
of minority phase domains. As a check of our image

FIG. 1(color).

False color image of fluorescence intensity in
a section at depth d = 8.0 um below the surface of a PS-

rich sample with volume fraction ¢ = 2.1%. Bright regions
represent sections through nearly spherical PB-rich domains.
The apparent boundary width arises from the finite lateral and
depth resolution 0.3 and 0.7 wum, respectively. The scale bar
is 1.0 pum.

processing, we have verified that ¢ remains constant
within 0.2% as a function of time. Similar results were
obtained for PS-rich samples with ¢ = 4.0% and 6.7%.
From these size distribution functions, we calculate the
time dependence of the average domain radius R(¢) at
each volume fraction, shown in Fig. 3(a). In each case,
the growth of the mean domain size is well described by
a power law, R(1) = k(¢)r'/> + R(0). In Fig. 2(b), we
show the radial distribution function (the normalized pair
correlation function) of droplet centers, G(x, r), measured
at various times in the ¢ = 2.1% sample. As seen here
the density of droplets is suppressed in the immediate
vicinity of a given droplet, and the size of this depletion
zone increases as the droplets coarsen.

If at each coarsening time we rescale all lengths by the
average domain size at that time, we see that both the
size distribution functions and the radial distribution func-
tions exhibit dynamic scaling. Specifically, if we exam-
ine the size distributions in Fig. 2(a), dividing the hori-
zontal axis by R(¢), and multiplying the vertical axis by
aﬁ4(t), we see that each of the curves collapses onto a
single, time independent, scaled size distribution function
f(R/R, ¢), as shown in Fig. 2(c). The normalization con-
stant « is chosen to make the integrated area under the
scaled curve equal to unity at 1 = 20 h. The radial distri-
bution functions may also be collapsed onto a single scaled
radial distribution function g(x/R, t), shown in Fig. 2(d).
In this case, we need only divide the horizontal axis by
R(1), since G(x, t) is dimensionless. Thus the distribution
functions can be written in the scaling forms F(R,t) =
f(R/R,¢)/aR* (1) and G(x,1) = g(x/R, ¢). Physically
this signifies that the coarsening may be viewed entirely
as an increase of length scale, without any change in basic
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FIG. 2. Structural properties measured at various coarsening
times in a PS-rich sample with ¢ = 2.1%. (a) Domain size
distributions. (b) Radial distribution functions. (c) Scaled do-
main size distributions. (d) Scaled radial distribution functions.
The scaled distribution functions shown in (¢) and (d) are de-
rived by scaling all lengths in the measured distribution func-
tions at a given time by the mean domain size at that time.
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FIG. 3. Volume fraction dependence of structure observed in
PS-rich samples. (a) Time dependence of average domain radii.
(b) Comparison of measured scaled domain size distributions
with those expected from coarsening by various models. Solid
lines: measured size distributions in PS-rich samples (with
points) and in the PB-rich sample (without points). The points
associated with various volume fractions are as shown in
the legend of (a). Dashed lines: size distributions expected
from Smoluchowski aggregation of perfectly sticking spheres
(heavy dashes) and evaporation or condensation at ¢ = 0%,
1%, 3%, and 6% (multiple dotted lines, peak height decreases
with increasing ¢). The aggregation result was obtained by
numerical integration of the Smoluchowski rate equations, and
the evaporation-condensation result was taken from Ref. [15].

structure. In the scaled distributions, we explicitly include
the variable ¢ to denote the possibility that the scaled func-
tions could depend on volume fraction. In fact, f(R/R, ¢)
shows no discernible dependence on ¢, as demonstrated
in Fig. 3(b). The scaled radial distributions, however, do
depend on ¢, developing [13] a small peak with increas-
ing ¢. This peak arises from packing constraints and cor-
responds to the development of a weakly preferred inter-
droplet spacing at higher volume fractions.

What can we learn from these structural observations
about the mechanism of domain coarsening? In the
evaporation-condensation picture, the exact results [14]
of Lifshitz and Slyozov (valid as ¢¢ — 0) and numerical
simulations [15,16] at finite volume fraction predict that
the average domain size increases as R(f) = k.(¢)t'/? +
R(0), in agreement with our observations. The predicted
¢ dependence of the coarsening rate constant k.(¢)
decreases as ¢ decreases but approaches a nonzero value
as ¢ — 0. While this power law growth agrees with
that seen in experiment, a similar growth law would
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be expected from coalscence of droplets colliding while
undergoing diffusive Brownian motion [17]. A mean
field description of such a process would be given by the
aggregation rate equations [18] of Smoluchowski, coupled
with the Stokes-Einstein relation for the diffusivity of
spherical domains moving through a viscous matrix. In
this model, the mean domain size is also known [18] to
grow as R(t) = k.(¢)r'/? + R(0). Here the growth rate
constant is expected to have the form k.(¢) < ¢'/3, in
contrast to the evaporation-condensation model, in which
k.(¢) approaches a nonzero value as ¢ — 0. In principle
then, the measured rate constants k(0) should be useful
in determining the primary growth mechanism, since
growth rates in the two models behave quite differently
as ¢ — 0. In practice, the rate constants in both models
have such a weak ¢ dependence in the range measured
that we cannot differentiate on this basis without more
accurate measurements of domain sizes or measurements
at much lower values of ¢. If we examine the scaled
size distributions, however, we see a clear distinction
between the models. In the evaporation-condensation
picture, f(R/R, ®) should [15] be sharply peaked and
highly asymmetric as ¢ — 0, becoming increasingly
broad and symmetric with increasing ¢, as shown in
Fig. 3(b). In the range of volume fractions studied here, a
substantial ¢» dependence of f(R /R, ¢) is expected in this
model, and none is observed experimentally. This model
also predicts size distributions more narrow than those
observed. In the Smoluchowski model of coalescence,
however, the scaled size distributions are expected to be ¢
independent and are in good agreement with the observed
size distributions, as seen in Fig. 3(b).

If we now examine the PB-rich mixture, we see clear
evidence of domain growth by coalescence. In Fig. 4, we
show a section through the PB-rich sample (¢ = 7.9%,
coarsened 20 h), directly demonstrating that the PS-rich
minority phase domains are formed by aggregation of
smaller demains. The PS-rich domains appear dark in
Fig. 4. Although the domains are not spherical, we may
compare the domain size distribution in this sample with
that in the PS-rich samples by measuring the volume
Vi of each domain and assigning an effective radius
R; = [(3/4m)/V;]'/3. As shown in Fig. 3(b), the scaled
distribution of effective radii in the PB-rich sample is very
nearly the same as the scaled distribution of radii in the
PS-rich samples, indicating that the scaled distributions
of domain volumes are the same in both cases, although
the domain morphology is quite different. Thus it seems
likely that the same mechanism drives coarsening on both
sides of the coexistence curve.

If domains grow by aggregation on both sides of the
coexistence curve, how can we understand the different
morphologies in the PS-rich and PB-rich mixtures? This
difference likely arises from the composition dependence
of two time scales: 7., the mean time between coales-
cence events for a given domain and t,, the time re-
quired for the shape of an aggregate domain to relax
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FIG. 4(color). Fluorescence intensity in a section 8.0 um
below the surface of the PB-rich sample. The PS-rich domains
(dark regions) are clearly formed by aggregation.

to a sphere after coalescence. These times may be es-
timated [17] as t. ~ (R¢p~/3)2/D ~ 6w n,R /kT $*/3
and t, ~ p4R/0o, where D is the Stokes-Einstein diffu-
sivity of the minority phase domains, 74 is the viscosity of
the minority phase domains, 7, is the viscosity of the ma-
jority phase, and o is the surface tension between phases.
At early times (small values of R), t. < t,, and the mor-
phology should be of the type seen in Fig. 4. As R in-
creases with ¢, the morphological relaxation will become
rapid compared to the time between coalescence events,
so that the domains should begin to assume a spherical
morphology when the domains become larger than some
crossover size R,, = (nqakT /3 /67 q,,0)'/2. Since the
viscosity of the polystyrene, nps, is much greater than the
viscosity of the polybutadiene, npg, this crossover size
will be dependent on composition. In the PS-rich sam-
ples, where 71, >> n4, the size at which the domains will
become spherical is much smaller than in the PB-rich case,
where 7,, < 1n4. To estimate the order of magnitude of
R,, in the PS-rich samples, we begin by assuming that the
viscosity of the PB-rich domains in the PS-rich samples
is roughly the same as the viscosity of the PB-rich ma-
trix in the PB-rich sample. The ratio 7,,/7n, may then
be estimated from the ratio of the growth rate constants in
the PS-rich and PB-rich mixtures. Since the growth rate
constant is roughly three times larger in the PB-rich mix-
ture than in the PS-rich mixtures, we may very crudely
estimate [17] 1,,/ 74 ~ 25 in the PS-rich samples. If we
estimate o from the Joanny-Leibler [19] result, we expect
that R,, ~ 0.05 um in the PS-rich samples. Since this
crossover size is well below the resolution of our micro-
scope, the domains in the PS-rich samples should always
appear spherical in our experiments. Indeed, this crossover

size may even be less than the size of the critical nucleus.
If we perform a similar calculation for the PB-rich sample,
we expect that R,, ~ 1.0 um. Thus we would expect that,
in this mixture, domains in the few micron size range will
show the morphology observed in Fig. 4: clearly aggre-
gated, but with substantial relaxation back to spheres.

In conclusion, we have used confocal scanning fluo-
rescence microscopy and quantitative image analysis to
make direct measurements of domain size distributions
and spatial correlations in phase separating binary fluid
mixtures. To our knowledge, this work is the first direct
measurement of these quantities in any three-dimensional
system undergoing a first-order phase transition. In mix-
ture of low molecular weight polymers with moderately
low volume fractions, coarsening appear to occur almost
entirely by domain coalescence. However, in mixtures
with much lower volume fractions or much lower molec-
ular weights than those studied here, the significance of
the evaporation-condensation mechanism is still not es-
tablished.
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FIG. 1(color). False color image of fluorescence intensity in
a section at depth ¢ = 8.0 um below the surface of a PS-
rich sample with volume fraction ¢ = 2.1%. Bright regions
represent sections through nearly spherical PB-rich domains.
The apparent boundary width arises from the finite lateral and
depth resolution 0.3 and 0.7 um, respectively. The scale bar
1s 1.0 gem.



FIG. 4(color). Fluorescence intensity in a section 8.0 um
below the surface of the PB-rich sample. The PS-rich domains
(dark regions) are clearly formed by aggregation.



