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ABSTRACT: Cocontinuous morphologies of polymer blends are thermodynamically unstable: they will
coarsen when held above their glass or melting transition temperature. We have found that properly chosen
diblock copolymers (bcp) can arrest coarsening during quiescent annealing. The effects of bep on the
cocontinuous morphologies of polystyrene (PS)/polyethylene (PE), PS/poly(methyl methacrylate) (PMMA)
and PS/styrene-ran-acrylonitrile copolymer (SAN) blends were studied using scanning electron microscopy
(SEM) and laser scanning confocal microscopy (LSCM) with image analysis. Bep effectiveness was
dependent on copolymer molecular weight, concentration, and asymmetry. Our interpretation emphasizes
the role of bcp micelle creation and destruction as potential bottlenecks in the kinetics of interfacial
adsorption of copolymer during mixing and of interfacial desorption during coarsening. In cases where
adsorption and desorption appear to be facile, our results for the rate of coarsening are consistent with
equilibrium predictions from self-consistent field theory for the dependence of interfacial tension upon
copolymer asymmetry. We show that the coarsening of cocontinuous blends can provide a method to
quantify the reduction in interfacial tension due to block copolymer addition, which is difficult to measure by

conventional methods.

Introduction

Blending of immiscible polymers is an important route to high
performance materials, often with synergistic improvements in
properties." When the blend composition is close to 50/50,
cocontinuous morphologies can form with advantageous proper-
ties such as enhanced processablllty and mechanical propertles
static charge dissipation® and controlled moisture adsorption.*
Cocontinuous blends tend to be less stable than blends with
dispersed droplets, however, and coarsen rapidly and continu-
ously during annealing.” A few studies, mostly with blends of
polystyrene (PS) and polyethylene (PE), have shown that block
copolymers can slow coarsening. Mekhilef et al.® found that the
addition of styrene—(hydrogenated butadiene)—styrene (SEBS)
triblock copolymer slowed the coarsening of cocontinuous mor-
phologies in 50/50 PS/PE blends. In a more quantitative study,
Veenstra et al.® found that 5% SEBS slowed coarsening 3-fold.
Yuan and Favis’ reported that addlng 0.5% of a PS-b-PE diblock
copolymer suppressed coarsening nearly completely while 7. 5%
SEBS was required to achieve similar stability. Galloway et al.®
studied the effect of molecular weight and concentration of
symmetric PS-b-PE bcp’s and found that as little as 0.1% of
bep with an optimum molecular weight could completely sup-
press coarsening after an initial reduction in interfacial area.

Here we extend the experimental work of Galloway et al. and
provide a more detailed theoretical interpretation of the results.
We experimentally explore the role of block asymmetry, mole-
cular weight and concentration in stabilization of cocontinuous
morphology for another two polymer pairs with lower interfacial
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tension, PS/poly(methyl methacrylate) (PMMA) and PS/styrene-
ran-acrylonitrile copolymer (SAN).

We note that an extremely low interfacial tension, and a
correspondingly low rate of coarsening, could be obtained with
symmetric copolymers at concentrations above the copolymer
critical micelle concentration in either of two ways. Some systems
of nearly symmetric copolymers of intermediate molecular
weight can reach a very low equilibrium interfacial tension, in
which the interfacial layer of adsorbed copolymer remains in
equilibrium with a reservoir of micelles. Alternatively, in systems
of longer copolymers, the interfacial coverage can be compressed
above the equilibrium saturation coverage by the decrease in
interfacial area during coarsening, thus driving the interfacial
tension to zero, if copolymers are unable to desorb from the
interface and reform micelles as interfacial area decreases. We
discuss the expected implications of both of these scenarios, as
well as a third in which, for sufficiently small copolymers, no
micelles may form. We conclude that our results contain exam-
ples whose behavior is consistent with each of these three
scenarios. In cases in which the evidence suggests that the inter-
face remains in equilibrium with a reservoir of micelles, we infer
values for interfacial tension from the observed rates of coarsen-
ing and compare these results to an equilibrium theory for the
dependence of equlhbrlum interfacial tension upon copolymer
asymmetry, ’with encouraging results.

Experimental Section

Materials. Table 1 shows the properties of the blend compo-
nents for these experiments. PS and high density PE (HDPE,
Dow 4452N) were supplied by the Dow Chemical Company.
Their low shear rate viscosities, at 0.1 rad/s and 170 °C, were
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Table 1. Molecular Weight and Composition of Blend Components

NCOl’Sh
M, g
material (kg/mol)  My/M,  fps*

PS 61 <I1.1
HDPE (Dow 4452N) 18 5
6K PS-b-PE 3-3 <1.l 045 4¢
20—20K PS-5-PE 20—20 <l.1 045 25°
28—10K PS-5-PE 28.5-10.5 <1.1 0.69 13¢
33—5K PS-b-PE 33-5 <1.l 084 6°
100K PS-b-PE 50—50 <1.1 045  65°
200K PS-b-PE 100—100 <1.l 045 130°
PS (Dow 685D) 150 1.8
PMMA (Arkema V825N) 52 1.9
FLPS 72 1.7
SAN 71 1.6
42K PS-b-PMMA 21-21 1.1 0.54 74 0.9¢
74K PS-h-PMMA 37-37 1.1 0.54 1.6¢
100K PS-b-PMMA 50.6—47.6 1.1 0.55 17¢ 2.1¢
160K PS-b-PMMA 80—80 1.1 054 277
260K PS-b-PMMA 130—133 1.1 053 44  s54°
900K PS-b-PMMA 450—450 1.1 0.54 18.8¢

“Volume fraction of the PS block. “Neoyc is the total number of repeat
units in the smaller block. ‘Usingy = 0.07 (PS/PE).'* ¢ Using y = 0.035
(PS/PMMA).'¢ “Using y = 4.35 - 107 (PS/SAN, Appendix).

nearly equal, 3200 and 3300 Pa-s, respectively. Viscosities were
measured using a parallel plate rheometer (ARES, TA Instru-
ments) in dynamic frequency. Symmetric (by weight) PS—PE
diblock copolymers (PS-5-PE) with varying molecular weights,
as well as two asymmetric 40 kg/mol (40K) PS-5-PE, were used.
PS-b-PE was prepared by first synthesizing PS-6-PBD (poly-
butadiene) by anionic polymerization followed by selective
hydrogenation. Details of the anionic polymerization, catalytic
hydrogenation and characterization of the copolymers are des-
cribed elsewhere.'®!! Molecular weight and polydispersity of
the polymers (shown in Table 1) were measured by gel permea-
tion chromatography (GPC) using polystyrene standards. The
volume fraction of the polystyrene blocks, fpg, were measured by
nuclear magnetic resonance.

PS (Dow 685D) and PMMA (Arkema V825N) are commer-
cially available. Their low shear rate viscosities, at 0.1 rad/s and
220 °C, were both 11000 Pa-s. The 42K, 74K, 100K, and 260K
PS-b-PMMA were supplied by Polymer Source; information on
their synthesis is given by Varshney et al.'>'* The 900K PS-b-
PMMA was supplied by Polymer Standard Services. The 160K
PS-h-PMMA was synthesized at the University of Minnesota.'*

Fluorescently labeled polystyrene (FLPS) and styrene-ran-
acrylonitrile copolymer (SAN) were synthesized using free
radical polymerization at 60 °C in toluene with azobis-
(isobutyronitrile) as initiator."> 1% of a fluorescent monomer
(anthracenylmethyl methacrylate) was used in the FLPS poly-
merization. The acrylonitrile content in SAN, measured by
elemental analysis, was 19.3 mol %. The low shear rate visco-
sities of FLPS and SAN, at 0.01 rad/s and 200 °C, were 1500 and
2400 Pa-s, respectively.

Interaction Parameters. The last column of Table 1 contains
estimates of the product y N, of the Flory—Huggins interaction
pararameter y and the length N, of the minority block of the
copolymer for the PS/PE and PS/PMMA systems. Our inter-
pretation of the results is that the kinetic barriers for micelle
creation and dissolution are controlled primarily by this quantity.
Values of Negre are given by (1 — foore)Mn/ M, Where feore 1S the
volume fraction of minority block and M, = pvN, is the
molecular weight of an effective monomer with reference volume
v in a melt of mass density p. The same monomer reference
volume was used to calculate all values of N .. Values for PS/PE
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were calculated using y = 0.07 for a reference volume of 100 A3
Values for PS/PMMA were calculated using y = 0.035 for PS/
PMMA for a reference volume of 178 A3.'¢

The thermodynamics of the PS/SAN blends with PS-b-
PMMA copolymers is both more complicated and less well
characterized than the other two systems. Fowler et al.'” ob-
served miscibility in blends of PMMA and SAN with AN-
content between approximately 9 and 33% by weight, and
reported negative y values for the PS—PMMA interaction.
The compatibility between the SAN and PMMA blocks favors
the presence of the copolymer in the SAN phase. Once there, we
expect the equilibrium between micelle formation and dissolu-
tion to be governed by the interaction between the core block
(the PS-block) and the SAN matrix; i.e. by xps/san-. Because of
the chemical similarity of PS and SAN, the value of yps/san is
expected to be smaller than that of PS—PE or PS-=PMMA, but
no reliable literature values are available for this parameter.
As discussed in the Appendix, we have inferred an estimate
xps/saN = 4.35 x 1073 from a measurement of the PS/SAN
interfacial tension. We note that this estimate is only 50% above
our estimate of the critical value of yps;san required to induce
phase separation in this blend. If this blend really is this near its
critical point, however, we might not expect the relation-
ship between y N and the magnitude of the kinetic barriers
in this nearly miscible A/B blend with an A—C copolymer to
be quantitatively the same as those in the other two much
more strongly segregated A/B blends with A—B copolymers.
These differences must be kept in mind when making quanti-
tative comparisons of this system to the other two blends
studied here.

Blend Preparation. PS/PE and PS/PMMA blends were pre-
pared by mixing the components in a HAAKE batch mixer
(HBI System 90 or Polylab OS, Thermo Electron Co.) using a
25 mL mixing bowl equipped with roller blades. To prevent
thermal degradation, antioxidant (Irganox 1010, Ciba) was
added at 0.2 wt %. The materials were dried under vacuum
overnight. The dried materials, 20 g total, were added in one
step, and mixed at 50 rpm (average shear rate = 25 s~ ")'8 for
10 min at a temperature of 170 °C for PS/PE or 220 °C for PS/
PMMA. The blends were then immediately removed from the
mixer and plunged into a liquid nitrogen bath to quench the
morphology. For PS/PE the blend composition was held con-
stant at 50 wt % PS, while for PS/PMMA blends PS was 45 wt %
to ensure the blend morphology was cocontinuous. '

50/50 FLPS/SAN blends were prepared in a recirculating,
conical twin-screw extruder (Microcompounder, DACA Instru-
ments) at 180 °C under nitrogen purge. Blending was performed
atascrew speed of 100 rpm for 10 min. After mixing, blends were
extruded from the mixer, quenched with water then cut into
small pellets.

Annealing. After quenching the PS/PE blends, several pieces,
~2 mm thick, were annealed under quiescent conditions in the
environmental chamber of our rheometer (ARES, TA Instru-
ments). Samples were annealed for various time intervals at
170 °C under a nitrogen atmosphere then quenched using liquid
nitrogen. PS/PMMA blends were annealed in a hydraulic press
(Wabash). Small blend chunks were placed between Teflon
sheets in a 25 mm diameter by 1 mm thick mold and then placed
between the two heated metal platens. No pressure was applied.
Samples were annealed for various time intervals at 220 °C.
After annealing, cold water was flushed through the press
platens to rapidly cool the samples below the glass transition
temperatures of PS and PMMA; the cooling time (~1.25 min to
~100 °C) was taken into consideration for annealing time
determinations. Pellets of FLPS/SAN blends were put in bet-
ween two glass slides separated by 2 mm thick steel washers and
then annealed in a Wabash hydraulic press at 200 °C for
different time intervals. No pressure was applied in the sample
to avoid any sample deformation. After annealing, the samples
were plunged into water to stop the coarsening.



5026 Macromolecules, Vol. 43, No. 11, 2010

Scanning Electron Microscopy and Image Analysis. PS/PE
samples were cryo-microtomed (Reichert UltraCut S Ultra-
microtome) at —120 °C using a glass knife. Contrast between
the phases was achieved by immersing each sample in toluene for
2 min to selectively remove the PS at the surface. PS/PMMA
samples were microtomed at room temperature. Contrast bet-
ween the phases was achieved by immersing each sample in
cyclohexane at 40 °C for 4 min to selectively remove the PS at the
surface. Care was taken to ensure that the extraction was deep
enough to show the surface morphology, but shallow enough as
to not expose other features of the sample interior.?® Samples
were then coated with 50 A of platinum and imaged at 5 kV
using scanning electron microscopy (SEM, JEOL 6500).

Since the size scale of the domains and depth of field in the
micrographs made it difficult to accurately detect the interfaces
using automated methods, the interfaces were manually traced
for this analysis. The traced images were then scanned and each
phase was filled in using graphic software (CoreIDRAW). An
analysis algorithm®® was then used to determine the interface
perimeter per unit area (Q) for each micrograph. For each set of
conditions, 5 to 15 images were analyzed to determine the
average Q. Assuming that the samples are isotropic, characte-
ristic length for the cocontinuous morphologies is obtained by
taking 1/Q . It has been shown that phase size calculated using
this 2D technique agrees with 3D results obtained using mercury
porosimetry and X-ray microtomography as long as the phase
size does not become too large.?>?!' Stereological corrections>
may be used to correct errors in the large size region.”

Laser Scanning Confocal Microscopy and 3D-Image Analysis.
FLPS/SAN samples annealed on glass slides were imaged,
without further treatment, using laser scanning confocal micro-
scopy (LSCM). For each sample a stack of about 100 2D images
at different focal depths (z-position) was obtained. 3D images
were rendered from the stacks, obtaining a triangular mesh
depicting the blend interface. Details of the microscopy method
and the image analysis can be found elsewhere.'® The value of Q,
in this case, was obtained by adding the surface area of all the
triangles in the mesh and dividing by the sample volume.

Results

Effect of Block Copolymer Architecture. Figure 1 shows
SEM micrographs of nonannealed and annealed 50/50 PS/PE
blends without copolymer and with several 40K PS-b-PE
copolymers of different compositions. All micrographs on
the left represent blends quenched immediately after mixing
and all micrographs on the right represent blends annealed for
15 min at 170 °C. Note that the scale bars differ for Figure 1,
parts a and b. Figure 2 plots the characteristic length, 1/Q, for
these blends, showing the effect of bcp symmetry on suppres-
sion of coarsening. Even the most asymmetric copolymer,
33—5K, reduces the coarsening rate, but much less so than the
more symmetric ones.

Effect of Block Copolymer Molecular Weight. Figure 3
shows the effect of annealing on 50/50 FLPS/SAN blends with
and without 100K PS-5-PMMA. Micrographs on the left and
right show blends after 5 and 60 min of annealing, respectively.
Figure 4 shows the effect of the bep molecular weight on 1/Q
for the PS/PE (Figure 4a), PS/PMMA (Figure 4b), and FLPS/
SAN (Figure 4c) blends. For the three systems, the block
copolymer which proved to be the most effective in slowing
the coarsening were 40K PS-b-PE for PS/PE, 42K PS-b-
PMMA for PS/PMMA and for FLPS/SAN 100 and 260K
PS-b-PMMA.

Effect of Block Copolymer Concentration. Figure 5 shows
the effect of annealing on 45/55 PS/PMMA blends with
varying concentrations of 100K PS->-PMMA. All micro-
graphs on the left represent blends annealed for 5 min at
220 °C and all micrographs on the right represent blends
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Figure 1. SEM micrographs of 50/50 PS/PE polymer blends with 1%
40K PS-H-PE with various block architectures, prepared by mixing at
50 rpm for 10 min at 170 °C. All micrographs on the left represent blends
quenched immediately after mixing, while all micrographs on the right
represent blends annealed for 15 min at 170 °C. Key: (a and b) no bep;
(c and d) 20—20K; (e and f) 28.5—10.5K; (g and h) 33—5K. (Note the
scale bar =100 um for parts a and b and 10 ym for parts c—h).

154 :
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time, min

Figure 2. Plot of 1/Q vs annealing time at 170 °C for 50/50 PS/PE
blends. Effect of block copolymer symmetry: blends with (O) no bep,
(O) 1 wt % 33—5K PS-b-PE, (2) 1% 28—10K PS-»-PE, and (<) 1%
20—20K PS-h-PE. Lines are to guide the eye and error bars represent
standard deviation.

annealed for 60 min. Figure 6 gives plots of 1/Q vs annealing
time for PS/PE, PS/PMMA and FLPS/SAN blends with
varying concentrations of a copolymer that was effective
at slowing coarsening. The plot in Figure 6a shows 50/50 PS/
PE blends with 20—20K PS-4-PE, which was reported by
Galloway et al.® The concentrations are 0.1, 0.3, and 1% PS-
b-PE. The plot in Figure 6b shows 45/55 PS/PMMA blends
with 100K PS-b-PMMA; concentrations are 0.1, 0.3, 1,
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Figure 3. 3D rendered LSCM micrographs of 50/50 FLPS/SAN blends
without bep (a and b) and with 1% 100K PS-5-PMMA (c and d)
prepared by mixing at 100 rpm for 10 min at 180 °C. Micrographs on the
left represent blends annealed for 5 min after mixing, while micrographs
on the right represent blends annealed for 60 min at 200 °C.

and 3% PS-b-PMMA. The plot in Figure 6¢ shows 50/50
FLPS/SAN blends with 100K PS-b-PMMA with concentra-
tions 0.1, 0.5, 1 and 5% PS-b-PMMA. In the three plots an
initial rapid coarsening is observed, followed by very slow or
negligible coarsening for bcp concentrations <1%.

The coverage in number of bcp molecules per interfacial
area, 2, is a useful parameter for understanding the plateaus
in Figure 6. X was estimated by

s - WbCPPbCpNa\’ (1)
oM,

where wy,, is the weight fraction of bep in the blend, o), is
the density of the bep (0.855 g/em?® for PS-5-PE and esti-
mated to be 1.0 g/cm? for PS--PMMA?*), N,,, is Avogadro’s
number, and M, is the number-average molecular weight of
the bep. Equation 1 is based on the assumption that all the
bep added to the blends resides at the interface. The quantity
2 in eq 1 is thus an apparent interfacial coverage that we
expect to be equal to or greater than the actual number of
chains per area adsorbed to the interfaces. The maximum
interfacial coverage Z,,,, has been estimated by approximat-
ing the coverage of a saturated monolayer by the area per
chain in the lamellar structure of the pure bcp. Lyu et al.
reported 2, = 0.25 chains/nm2 for the 20—20K PS-5-PE."°
Using the scaling relation, X, ~ M, V3 3 isestimated
to be 0.47 chains/nm?, 0.18 chains/nm?, and 0.15 chains/nm?
for the 6K, 100K, and 200K PS-h-PE, respectively. For the
42K, 74K, 160K, 260K, and 900K PS-6-PMMA, %, is
estimated to be 0.159, 0.132, 0.102, 0.087, and 0.057 chains/
nm?, respectively, using %, = 0.119 chains/nm2 for the
100K PS-b-PMMA?® and the same scaling relation. Table 2
shows 2/%,,,,. for the blends after mixing and after 60 min or
from the average value of 1/Q when coarsening arrested.
The interfacial coverage results in Table 2 give insight into
the plateaus in Figure 6. At 0.1% 40K PS-5-PE and 0.1%
100K PS-6-PMMA coarsening stops just at complete cover-
age, 2/2,,, = 1. For the higher concentrations of 40K PS-b-
PE ¥/, = 1.2—1.3, which may also represent coarsening
to just full saturation within the accuracy of this calculation.
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Figure 4. Plot of 1/Q vs annealing time for (a) 50/50 PS/PE, (b) 45/55
PS/PMMA and (c) FLPS/SAN blends: In (a): blends with (O0) no bep,
(0) 1% 6K PS-b-PE, () 1% 200K PS-b-PE, (&) 1% 100K PS-b-PE,
and (V) 1% 20—20K PS-b-PE [reference Galloway et al. 2005]. In (b):
blends with (O0) no bep, (V) 1% 260K PS-5-PMMA, (<) 1% 160K PS-b-
PMMA, (2) 1% 100K PS-b-PMMA, and (O) 1% 42K PS->-PMMA. In
(c): blends with () no bep, (O) 1% 42K PS-b-PMMA, (2) 1% 74K PS-
b-PMMA, (©) 1% 100K PS-5-PMMA, (V) 1% 260K PS-b-PMMA,
and (a)1% 900K PS-»-PMMA. Lines are to guide the eye and error
bars represent standard deviation.

However, this concentration X/%,,,. > 1 also could indicate
that some of the bcp is in micelles, perhaps formed during
mixing. The fact that after mixing the 1% sample is already
slightly above interface saturation supports micelle forma-
tion during mixing. All the compatibilized PS/PMMA
blends, except the 0.1% 100K PS-6-PMMA, coarsen to
/%, = 1.8 and some start at /%, > 1, again indicating
micelle formation during mixing. The PS/PE blend compa-
tibilized with 6K PS-b-PE has very high X¥/%,,. values,
pointing to relatively high solubility of bcp in the homo-
polymer. The same behavior was observed in the FLPS/SAN
blend compatibilized 42K PS->-PMMA.

Theoretical Considerations. The coarsening that we ob-
serve in these experiments is driven by interfacial tension.
Several authors have predicted that the characteristic length
scale, 1/Q, of a cocontinuous structure should increase
linearly with time®2¢-2

dQo~'/dt =eiT/n (2)

where I'is interfacial tension and 7 is polymer viscosity. Here ¢,
is a dimensionless number that may depend upon the volume
fractions of the two phases, the ratio of their viscosities, and
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Figure 5. SEM micrographs of 45/55 PS/PMMA polymer blends with
various amounts of 100K PS-~-PMMA, prepared by mixing at 50 rpm
for 10 min at 220 °C. All micrographs on the left represent blends
annealed for 5 min at 220 °C, while all micrographs on the right
represent blends annealed for 60 min at 220 °C. Key: (a and b) have
no bep; (¢ and d) 0.1%; (e and f) 0.3%; (g and h) 1% PS-b-PMMA.

details of the interfacial geometry. This prediction follows
from a simple balance of viscous stresses against capillary
forces across curved interfaces.? If the structure coarsens in a
self-similar manner (i.e., if the only change in statistical
geometry induced by coarsening is a change in characteristic
length), and the interfacial tension remains constant, then ¢,
should be independent of time, and should depend only upon
volume fraction and viscosity ratio. This prediction is roughly
consistent with the nearly linear increase of 1/Q with time that
we, and others,>>> 3 observed for immiscible blends in the
absence of copolymer. Our observation of a decrease in dQ/d¢
at long times in the absence of block copolymer may indicate,
however, that the coarsening is not perfectly self-similar over
the time scale of the experiments'>* (see Figures 4 and 6).

In the presence of a copolymer some of the systems that we
have studied exhibit an initial linear increase of 1/Q with
time, followed by a dramatic decrease (or complete
suppression) in the rate of coarsening. We assume that this
dramatic decrease is the result of a decrease in interfacial
tension caused by an increase in the interfacial concentration
of adsorbed copolymer: As the system coarsens, the decrease
in interfacial area tends to increase the concentration of
adsorbed copolymer per unit area, and thus decrease the
interfacial tension. If this process drives the interfacial ten-
sion to zero, the driving force for coarsening is removed, and
coarsening ceases.

In its simplest form, the above argument assumes that any
change in interfacial concentration during coarsening is
solely a result of change in interfacial areas, but that no
copolymer is transported to or from the interface during
coarsening. This will be the case, however, only if there are
significant kinetic or transport limitations to the adsorption
or desorption of copolymer to or from the interface. In the

Bell et al.

time, min

Figure 6. Plots of 1/Q vs annealing time for (a)50/50 PS/PE [reference
Galloway et al. 2005], (b) 45/55 PS/PMMA, and (c) 50/50 FLPS/SAN
blends. In part a: blends with (O) no bep, (O) 0.1% 20—20K PS-5-PE,
(2) 0.3% 20—20K PS-b-PE, and (<) 1% 20—20K PS-»-PE. In part b:
blends with (O) no bep, (O) 0.1% 100K PS-b-PMMA, (2) 0.3% 100K
PS-b-PMMA, (<) 1% 100K PS-5-PMMA, and (V) 3% 100K PS-b-
PMMA. In part c: blends with (0) no bep, (O) 0.1% 100K PS-b-
PMMA, (2) 0.5% 100K PS-5-PMMA, (<) 1% 100K PS-h-PMMA,
and (V) 5% 100K PS-b-PMMA. Lines are to guide the eye and error
bars represent standard deviation. Note the difference in the time scales.

absence of such limitations, coarsening would tend to force
copolymer to desorb from the interface as the interfacial area
decreased.

The opposite point of view would be to assume instead
that there are no significant kinetic or transport limitations,
and that the interface thus remains in diffusional equilibrium
with a reservoir of dissolved copolymer and (generally)
micelles. In this case, coarsening would tend to force copoly-
mer to desorb in order to maintain a nearly constant inter-
facial concentration.

Before considering kinetic limitations in more detail, we
discuss the expected behavior of the interfacial tension in
true thermal equilibrium, along the lines of refs 9, 30, and 31.
In equilibrium, the interfacial tension of a macroscopic
interface decreases with increasing concentration of dis-
solved copolymer until the critical micelle concentration
(cmc) is reached in one of the two coexisting phases. For con-
creteness, consider a mixture of A and B homopolymer con-
taining A-B block copolymers in which the relevant cmc (i.e.,
the one that occurs at lower surfactant chemical potential) is
that of the A phase. Once the concentration in the A phase
exceeds this cmc, micelles form, and the equilibrium inter-
facial tension saturates to a value that is almost independent
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Table 2. Normalized Interfacial Coverage, X/X,,.., and Interfacial Tension, ¢,;I'

3/ max” normalized ¢,I"¢
Bep after mixing after annealing® 1/Q¢" (um) 1/0° (um) initial final

PS-b-PE (none) 4.6 43.8 1.00

0.1% 40K (20—20) 0.3 1.0 6.4 20.4 0.80 0.05 £ 0.01
0.3% 40K (20—20) 0.6 1.3 3.7 8.4 0.42 0.00 +0.01
1% 40K (20—20) 1.1 1.2 2.1 2.2 0.00 0.00 +0.01
1% 40K (28.5—10.5) ~1 1.3 2.1 3.0 0.01 0.01 +£0.03
1% 40K (33-5) ~1 6.2 2.2 11.8 0.16 0.13+0.11
1% 6K 12.0 92 6.6 32.8 0.37 0.37 £ 0.05
1% 100K 1.8 3.2 6.4 11.6 0.24 0.01 +0.02
1% 200K 1.0 3.0 6.1 19.0 0.29 0.11 +0.08
PS-h-PMMA (none) 2.5 13.2 1.00

0.1% 100K 0.2 1.0 32 10.3 0.75 0.08 +0.03
0.3% 100K 0.4 1.8 2.6 8.0 0.38 0.04 +0.01
1% 100K 1.1 1.8 22 3.6 0.13 0.01 +0.01
3% 100K 1.3 1.7 0.8 1.2 0.01 0.01 £+ 0.00
1% 42K 1.6° 1.8 1.87 1.9 0.02 0.02 £+ 0.00
1% 160K 0.7 1.8 2.1 4.0 0.23 0.06 +0.01
1% 260K 0.9% 1.7 3.2/ 4.7 0.18 0.08 +0.01
FLPS-6-SAN (none) 6.56" 17.32 1.00

0.1% 100K 0.3¢ 0.8 5.8/ 11.46 0.22 0.04 £ 0.02
0.5% 100K 0.9¢ 2.1 3.427 5.50 0.11 0.04 +0.02
1% 100K 1.2¢ 24 2317/ 3.28 0.05 0.04 +0.01
5% 100K 1.6° 4.3 0.62/ 0.94 0.02 0.01 £+ 0.00
1% 42K 4.0¢ 18.1 4.467 8.42 0.34 0.17 £ 0.04
1% 74K 1.6% 5.0 2.62/ 3.25 0.15 0.09 £+ 0.02
1% 260K 0.9% 1.1 3.4/ 3.74 0.02 0.01 & 0.00
1% 900K 0.6° 1.2 5.257 6.77 0.15 0.02 +0.02

“Initial characteristic length (phase size). ® Characteristic length after 20 min annealing. ¢ Interfacial tension, ¢,T', was normalized using ¢, T for the
blend with no bep. “Interfacial coverage. Assumes all bep is at the interface. “= was calculated based on the specific interfacial area after 60 min or
average area if coarsening arrested.” Characteristic length after 5 min annealing. ¢ Calculated after 5 min of annealing to allow relaxation of anisotropy

generated during the extrusion.

of concentration, which we will refer to as I',,c. As discussed
in ref 9, I, 1s closely related to the difference between the
free energy per interfacial area in the micellar state and that
in a flat macroscopic interface. This free energy difference,
and thus the equilibrium interfacial tension, depends
strongly upon the composition of the copolymer and the
structure of the micelles that it forms. Within a series of A-B
diblock copolymers of varying composition fa, for a given
pair of homopolymers, I'.,,. is expected to reach an almost
vanishing minimum value at a value of f5 that corresponds to
the “balance point” at which an interfacial monolayer of
copolymer has a vanishing spontaneous curvature. In the
idealized case of an interface between two homopolymers
with the same molar volumes and the same statistical seg-
ment lengths, this balance point is fo = 0.5.

We suspect that the most important kinetic limitation in
this experiment is a limitation on the rates at which micelles
can dissolve and reform. The rates at which micelles can
dissolve into unimers, or form from a solution of dissolved
unimers, can be described by an activated state theory
analogous to the theorgr of homogeneous nucleation, as
discussed by Semenov.*’ The relevant reaction coordinate
is the number of copolymers in a micelle, and the activated
state corresponds to a “critical nucleus” that is significantly
smaller than the equilibrium micelle size. Semenov used
strong stretching theory to estimate the barrier to the for-
mation or dissolution of spherical copolymer micelles at the
cme. Semenov focused primarily on the barrier to micelle
formation, but the barriers for formation and dissolution

are equal at the cmc chemical potential, where the unimer
and micelle states are in equilibrium. He found that the
magnitude of the barrier to micelle formation depends
primarily upon the product yNeore, and increases as Neore?
with increasing core chain length. The predicted barrier
becomes prohibitively large (>10kT) for ¥ N o greater than
a critical value of order 10. The implication is that only
modestly segregated micelles can dissolve and reform rapidly
enough to maintain equilibrium between an ensemble of
micelles and a macroscopic interface.

Semenov’s predictions are consistent with the results of
our own work on measurements of interfacial tension in the
presence of a block copolymer additive.>! We found that very
low equilibrium interfacial tensions were achievable reason-
ably rapidly with a series of low molecular weight diblock
copolymers, for which yN¢oe = 12 approximately, but that
transport of copolymer to the interface was several orders of
magnitude slower for a symmetric copolymer with y N o =
25, making it impossible for us to equilibrate systems con-
taining the higher molecular weight copolymer. We attri-
buted the slow transport of the longer copolymer to slow
micelle dissolution.

The experiments presented here are sensitive to limitations
on transport of copolymer to the interface only during the
initial mixing process. The subsequent coarsening process is
instead sensitive to the rate at which copolymer can be driven
off the interface and reform into micelles. During coarsening,
at concentrations above the cmc of the A homopolymer, a
nonzero, nearly constant equilibrium tension I, can be
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maintained if copolymer can continuously desorb from the
interface and reform into micelles. For the interface to stay in
equilibrium with its surroundings at concentrations above
the cmc, a constant concentration of dissolved free copoly-
mers equal to the cmc must be maintained in the A phase, as
well as a constant interfacial concentration. In equilibrium,
any material that is driven off the interface must thus form
micelles. Conversely, if micelles cannot form at the cmc
chemical potential over experimentally relevant time scales,
then upon coarsening the chemical potential within the
interface can be driven above that of an equilibrated micellar
solution, and so the interfacial tension I" can be driven below
Teme, potentially to zero.

The above discussion suggests three possible scenarios: (1)
For sufficiently short copolymers, micelles may not form in
equilibrium. (2) For somewhat longer copolymers, micelles
may form, but micelle dissolution and creation may remain
rapid. (3) For even longer copolymers, micelles will form, but
micelle dissolution and creation can become very slow at the
cmc. Which scenario will occur is controlled primarily by the
value of the product ¥ N o, Which controls both the thermo-
dynamic and kinetic stability of a micelle. Each of these
scenarios is discussed below in more detail:

Case 1: Sufficiently short copolymers do not form mi-
celles. Diblocks with a B minority block that remain dis-
ordered in the limit of a pure copolymer melt, rather than
forming an ordered phase, will generally also not form
micelles in a dilute solution of copolymer in a A homopoly-
mer matrix. In this case, we expect the equilibrium interfacial
tension to decrease somewhat with increasing concentration
of dissolved copolymer, but to remain nonzero at all con-
centrations. Also, because transport is not limited by slow
micelle creation and dissolution, we expect copolymers to be
able to desorb as the interfacial area decreases, and thereby
maintain the nonzero equilibrium interfacial tension of an
interface in equilibrium with a solution of molecularly dis-
solved copolymer. In this case, we thus expect continuous
coarsening at a nearly constant rate somewhat lower than that
observed in the absence of copolymer. We also expect that
the apparent interfacial coverage could greatly exceed unity,
e 2/Z,u > 1.

Case 2: For somewhat higher molecular weight copoly-
mers, there will exist a range of parameters in which micelles
form, but micelle dissolution and formation may remain
facile. Semenov’s theoretical estimates,* and our experience
with interfacial tension measurements,’' suggest this will
occur in (roughly) the range ¥Ncore = 10—20. In this case,
at concentrations above the cmc, the interface can remain in
equilibrium, and so will maintain a nearly constant equili-
brium interfacial tension I',,,.. Coarsening should proceed at
a nearly constant rate that is independent of concentration
above the cmc, but that depends upon the composition of the
copolymer. Because I'c,. becomes very small for nearly
balanced copolymers, this rate of coarsening may be very
slow (perhaps immeasurably so) for such copolymers. In this
case, we also expect that, if enough copolymer is added to
system to cover the interfacial area generated during mixing,
the interfacial tension should reach T, during the mixing
process, since transport to the surface is also not limited by
slow micelle dissolution. We do not expect diffusion limita-
tions to be important while the system is being subjected to
intense mixing. We thus expect to observe a nearly constant
rate of coarsening starting from immediately after mixing
ceases, but at a rate much lower than case 1 and even near
zero for nearly balanced copolymers.

Case 3: For sufficiently strongly segregated micelles
(¥ Neore > 20), rates of spontaneous micelle dissolution and
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reformation will become negligible at the equilibrium cmc.
During mixing, this could limit the amount of copolymer
delivered to the surface, and thus could result in a subsatu-
rated interface with I' > T, when mixing ceases. These
samples will then coarsen until the interface saturates (as
discussed above). During coarsening, copolymer will be
stuck in the interface allowing the interfacial tension to be
driven to zero by the coarsening process. This scenario could
thus lead to a measurable initial rate of coarsening, even for
nearly balanced copolymers, followed by a dramatic decrease
in the rate of coarsening as the interfacial tension appro-
aches zero.

Discussion of Results. There is some evidence for all three
of the above scenarios in the coarsening experiments with
PS/PE, PS/PMMA, and FLPS/SAN systems. We first con-
sider the data for PS/PE systems.

The behavior of the 6K symmetric copolymer (Figure 4a)
appears to be consistent with that expected in scenario 1:
This system coarsens continuously at a rate slightly less than
that of the system with no copolymer. At ¥Ncore = 4, this
symmetric copolymer is actually disordered and thus not
expected to form micelles.

In the PS/PE systems, all of the 40K copolymers (Figure 2)
exhibit behavior that appears to be consistent with scenario
2. All three systems exhibit a coarsening rate that is much
lower than that obtained in the absence of copolymer. The
rate of coarsening is easily measurable only for the 33K —5K
copolymer, which is the most asymmetric of these three
copolymers, for which we expect the highest value of ['¢p,.
We show below that the rates of coarsening for these systems
are consistent with the values of I, predicted from equi-
librium self-consistent field theory (SCFT). One potential
problem with this interpretation is the fact that our estimate
of a value of ¥ N¢ore =25 for the 40K symmetric copolymer,
using literature values for y, is similar to our estimate of the
same quantity for the PI/PDMS copolymer that was found
to exhibit very slow transport to the interface in ref 31. Our
proposed interpretation thus requires us to assume either
that limitations on micelle dissolution and formation have a
significant effect on this experiment only at somewhat higher
values of yN.o than those at which they dramatically
suppress transport in a macroscopic interfacial tension mea-
surement, or that there is a significant uncertainty in the
literature value of y in one of these systems.

The behavior of the 100K and 200K symmetric PS-h-PE
copolymer (Figure 4a) appear to be consistent with the
predictions of scenario 3: Both exhibit initial coarsening
followed by a saturation of the characteristic length 1/Q.

Next, we consider our results for symmetric PS/PMMA
polymers, shown in Figure 4b. All four symmetric PS/
PMMA copolymers (42K, 100K, 160K, and 260K) yielded
slow coarsening. The simplest explanation of this, by ana-
logy with the explanation given above for the PS/PE systems,
is that all of these systems are exhibiting scenario (2),
micellization with facile micelle creation and dissolution.
Our estimates of 6 < yNore < 25 for the 42K, 100, and 160K
polymers are all less than or equal to our estimate for the
symmetric 40K PS-h-PE polymer, which exhibited similar
behavior. Our estimate of yN.o. = 44 for the 260K PS/
PMMA copolymer is, however, significantly higher than
that of the 40K PS-5-PE copolymer, forcing us to (again)
revise upward our estimate of the range of values of ¥ Neore
over which scenario 2 can be obtained.

Finally, three of the block copolymers used in the PS/
PMMA blend (42K, 100K, and 266K PS-b-PMMA) and two
more (74K and 900K PS-5-PMMA) were used to compati-
bilize the FLPS/SAN blend. The observed behavior in the
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FLPS/SAN system can again be rationalized with the three
scenarios discussed above: Scenario 1 with 42K and 74K PS-
b-PMMA, scenario 2 with 100K and 260K PS-6-PMMA and
scenario 3 with 900K PS->-PMMA. The most effective
compatibilizer for this blend was the 260K PS->-PMMA
(Figure 4c), in contrast to 42K PS-b-PMMA for the PS/
PMMA system. At a qualitative level, the fact that higher
molecular weight PS-b-PMMA copolymers are required to
obtain scenarios 2 and 3 in this system than in the PS/PMMA
blends is consistent with the fact that the PS—SAN core—
matrix interaction parameter is much smaller than the
PS—PMMA interaction parameter. Quantitatively, how-
ever, this difference in molecular weights is not as large as
we would expect based on our estimates of the relevant y
parameters: Using y = 4.35 x 1077 yields yNeore = 2.1 and
5.4 for the 100K and 260K PS-5-PMMA in SAN which
appear to follow scenario 2, and }Ncore = 18.8 for the 900K
PS-b-PMMA that appears to follow scenario 3. These values
can be compared to the range yNeoe = 6—44 for the
42K—250K PS-b-PMMA copolymers in PMMA that all
appeared to exhibit scenario 2. These quantitative differences
may be the result of other differences between the PS/SAN
blends and the other two systems, as already noted.

The block copolymers used for the concentration study
(Figures 5 and 6) are all expected to follow scenario 2, i.e.,
coarsen at a constant rate that is controlled by the interfacial
tension above the cmc. If there is enough copolymer to cover
all of the interfaces at the end of mixing, they all should
coarsen at the same rate, independent of the concentra-
tion. The normalized interfacial tension results in Table 2
for those systems are in reasonable agreement, supporting
scenario 2.

Taken as a whole, the data remains broadly consistent
with our proposed interpretation if we assume that the
crossover between scenarios 2 and 3 occurs somewhere near
% Necore = 50 in the strongly segregated PS/PE and PS/PMMA
blends.

Comparison to Equilibrium SCFT. The above discussion
suggests that the interfaces in the PS/PE blends with 40K PS-
b-PE copolymer are probably in equilibrium with a reservoir
of micelles. To test this idea, we have attempted to compare
the values of normalized interfacial tension I'/T .« that we
inferred for the three different 40K copolymers to values
predicted by equilibrium self-consistent mean field theory
(SCFT).

Our analysis of these systems makes use of an approxima-
tion for I'., that was introduced in eq 21 of ref 9, in which
Teme 1s expressed as a function of the elastic parameters of a
saturated monolayer. All of our calculations use an inter-
action parameter of y = 0.07, and an average statistical
segment length of » = 6 A defined for a reference volume
of v = 135 A®. All SCFT calculations have used monodis-
perse PE polymer with N = 642 (corresponding to the
experimental value M, = 18 kg/mol and p = 0.78 g/cm’
for PE), and a monodisperse PS homopolymer with N = 586
(corresponding to M,, = 61 kg/mol and p = 0.97 g/em® for
PS). We used eq 21 of ref 9, to calculate I'.p,c as a function of
copolymer composition for several hypothetical series of
copolymers in which we keep the core block size fixed and
vary the corona block size. The three curves shown in Figure 7
are the results of a series of SCFT calculations of the
Helfrich elastic parameters as functions of copolymer com-
position, in which the size of the PE block in each series was
taken to be equal to the size of the minority block of one of
the three 40K PS-bH-PE copolymers that we studied experi-
mentally. The single solid dot on each of the three curves
marks the experimental value of fpg, and is thus the predicted
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Figure 7. Interfacial tension (I') reduction vs volume fraction of PE
block (fpg) in PS-/-PE in the PS/PE system calculated from ref 9. At
particular fpg values the calculations (closed circles) can be compared to
the experimental data (open squares) from Table 2 for the three 40K
block copolymers with different symmetry.

value for one of the three systems. Each of the three curves
has a balance point at which I, vanishes, which is the
composition at which the spontaneous curvature vanishes
for a copolymer with the specified core block size. The
composition of the balance point is approximately fpr =
0.45 for all three block sizes. Note that the 20—20K (fpg =
0.55) and 28.5—10.5K (fpg = 0.31) beps fall on either side of
the balance point, but remain close enough to the balance
point to yield very low predicted values of I'epo/Ty =
0.03—0.04. The experimental values of I'.,./T, shown as open
squares in Figure 7, are even lower. The predicted value of
Ieme/To = 0.23 for the 33—5K bep is also slightly higher than
the observed value of 0.16. We conclude that the data is
broadly consistent with these predictions. 20—20K (fpg =
0.55)and 28.5—10.5K (fpg = 0.31) bep fall on either side of the
balance point, but are still close enough to produce appreci-
able reductions in I" (see Table 2). The 33—5K bcp falls farther
away from the balance point, but also shows some reduction in
I'. This would suggest that the shape of the quadratic is fairly
broad for this system. Qualitatively, the theory appears to
agree favorably with PS/PE experimental results.

Conclusions

The coarsening during annealing of cocontinuous polymer
blends was measured via SEM and LSCM with image analysis.
For all three systems studied here, i.e., PS/PE and PS/PMMA
and FLPS/SAN, symmetric diblock copolymers of intermediate
molecular weight were found to be most effective at stopping
coarsening. The results were consistent with the theory proposed
here in which three scenarios are expected, namely (1) poor
compatibilization with short block copolymers due to its rapid
desorption from the decreasing interfacial area during coarsen-
ing, (2) good compatibilization with intermediate size copolymers
due to establishment of an equilibrium between desorption and
micelle formation, and (3) initial fast coarsening followed by an
abrupt stop of coarsening with sufficiently large copolymers, due
to an incapacity of these to be transported to the interface and to
desorb from it. Scenario 3 can also lead to good compatibilization
if mixing can drive enough block copolymer into the blend
interface.

The coarsening rate of cocontinuous blends can be used to
quantify reduction of interfacial tension due to the addition of
block copolymer. This is a difficult property to measure by the
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usual pendant or spinning drop methods since it can take many
hours for block copolymers to diffuse the typical distances
required to reach equilibrium in these samples.>” The interfacial
tension reduction determined from coarsening measurements are
consistent with values calculated by SCFT. In addition to being a
class of multiphase polymer materials of practical importance,
cocontinuous blends provide valuable insight into the thermo-
dynamics and dynamics of block copolymers.

Acknowledgment. This work was supported by the MRSEC
Program of the National Science Foundation under Award Num-
ber DMR-0212302, by the National Science Foundation under
Award Number DMS-0352143, by a University of Minnesota
Doctoral Dissertation Fellowship, and by a 3M Fellowship. Parts
of this work were carried out in the Minnesota Characterization
Facility which receives partial support from NSF through the
NNIN program.

Appendix: Estimation of yps/;san

We have tried to estimate ypg;san from the interfacial tension
of the FLPS/SAN blend. We measured I' = 0.86 mN/m at
200 °C using two methods: the breaking thread method and a
rheological method.?® Using the Helfand Tagami (HT) equation®?

T =kTh\/6y/v

where v = 185 A% is the volume of a styrene repeat unit at
200 °C**¥and b = 0.67 is the statistical segment length, yields
XPs/SAN = 2.2 % 107%. We consider this estimate implausible,
however, because it can be shown that these two polymers would
be miscible if y were this low. We estimate a critical value for
phase separation of y. = 3 x 1072 for this blend by treating it asa
symmetric blend of two components with equal values of N,, and
taking y. = 2/Ny, while using M,, = 70K, M, = 104, N,, = 673
and Ny/N, = 1.7 for both components. Here, we take poly-
dispersity into account by noting that the spinodal curve of a blend
of two polydisperse polymers is well approximated by using weight-
averaged molecular weights in the Flory—Huggins theory,® and
assuming an equimolar critical composition by symmetry.

The apparent failure of the Helfand—Tagami theory for our
system can be understood by noting that this theory is valid only
for strongly immiscible polymers, y > y., while the true interfacial
tension vanishes at the critical point. To explain our data, we
must thus either dismiss our measurement of the interfacial
tension, or assume that this system is quite near its critical point.
Using the empirical relation®®” T/T., = 1 — (x./x)*>, in which
I.(y) is the Helfand-Tagami prediction for infinite molecular
weight, we obtain an estimate y = 4.35 x 10, or y/y. = 1.45.
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