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The structure of an oillwater emulsion is known to depend on its preparation method.
Here, we test whether the preparation protocol can be used to control the morphology
of “model” blends of immiscible polymers compatibilized by a diblock copolymer. Two
preparation protocols were tested. In the “double blending” protocol, a droplet-matrix
blend was blended with additional drop-phase fluid. As in oillwater emulsions, this
yielded a drop-within-drop “double emulsion” morphology. Coalescence suppression
due to compatibilizer was found crucial to double emulsion stability. The rheology of the
double emulsion was qualitatively similar to that of a simple droplet-matrix blend, but
with an effectively higher drop volume fraction. In the “multistep concentration” proto-
col, the drop phase was added gradually (rather than all-at-once) to the matrix phase.
While this protocol can realize a high-dispersed phase emulsion in oil/water systems, in
this case, phase inversion occurred when the drop volume fraction exceeded 0.5. © 2008
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Introduction

An emulsion of oil and water is generally formulated with a
small amount of surfactant, which is interfacially-active at the
oil/water interface. The surfactant is one of the chief factors
determining which phase becomes continuous: with some types
of surfactants, the emulsion prefers to have an oil-in-water
morphology (or “type”), whereas with other surfactants, a
water-in-oil morphology is preferred.!” Mechanistically, the
surfactant plays two major roles: (1) it lowers the interfacial
tension, thus promoting breakup of drops when the emulsion is
prepared, and (2) it helps prevent subsequent coalescence of
drops, thus stabilizing the emulsion. Surfactant-induced coales-
cence suppression is a means of kinetic trapping, i.e., a meta-
stable emulsion morphology may persist for long periods,
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because drops cannot coalesce and allow the emulsion to
evolve into a more preferred morphology. Therefore, surfac-
tants offer a powerful method of controlling the morphology
and phase continuity in oil/water systems. In particular, by
carefully controlling the emulsion-preparation protocol, it is
possible to realize kinetically-trapped emulsion morphologies
that are different from the preferred morphology.

For over a decade, it has been known that some polymeric
surfactants (henceforth, called “compatibilizers”) can sup-
press coalescence in blends of immiscible homopolymers.‘%f8
This raises the intriguing possibility of applying ideas of
structure control from oil/water emulsions to immiscible
polymer blends. In particular, can we employ a compatibil-
izer and some specific blending protocol to control the struc-
ture and phase continuity in a polymer blend, and realize a
morphology different from the preferred one?

That the morphology of polymer blends can be varied via
the blending protocol has been shown previously (see, for
example, Baker and Scott’ as well as several more articles
cited in the Results section). All of the previous research was
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Figure 1. Petridishes containing B40-0.1 and B60-0.1 before (a), and after (b) two weeks under quiescent condi-
tions. c-f.: Corresponding optical microscope images. Scale bars represent 20 microns.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

conducted in relatively complex systems: commercial poly-
mers were used, the compatibilizer was generated by an
interfacial chemical reaction, and there was a complex inter-
play between blending kinetics and interfacial reaction
kinetics. In this article, we examine morphology control in a
much simpler “model” experimental system.

The blends are composed of polydimethylsiloxane (PDMS)
and polyisobutylene (PIB), with a diblock copolymer of PIB
and PDMS added as compatibilizer; we recently showed that
this diblock copolymer can suppress the coalescence of PDMS
drops in PIB.'"” This experimental system is simpler than the
previous research in many ways: all components are liquid at
room-temperature (allowing hand-blending), are optically
transparent, and allow long-term morphological stability tests
without thermal degradation. The compatibilizer has a simple
structure (diblock), and its concentration can be controlled pre-
cisely since it is added and not reactively-generated. Finally,
only a small amount (0.1 wt%) of compatibilizer is added,
which ensures that all the effects of compatibilizer are interfa-
cial, and bulk effects are negligible. We explore possibilities
of applying preparation protocols devised for oil/water emul-
sions to control the morphology and phase continuity in this
“model” immiscible polymer blend system.

Materials and Methods

The blends under investigation consisted of polydimethyl-
siloxane (PDMS, Rhodorsil 47V60000 from Rhodia Chemi-
cals, MW roughly 150,000 g/mol) and polyisobutylene (PIB
32, Soltex Chemicals, MW roughly 1300 g/mol). Both com-
ponents are liquid at 25°C and nearly Newtonian (1jppms =
56.2 Pa.s and npg = 57.3 Pa.s at 25°C), with PDMS having
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a relaxation time on the order of 0.01 s and PIB even
smaller. The well-matched viscosity of PIB and PDMS
implies a drop viscosity ratio of almost exactly 1. All rheo-
logical experiments were conducted at 25°C, whereas all
blending and microscopy were conducted at room tempera-
ture without any temperature control.

A diblock copolymer of PIB and PDMS (M, pig = 6,150 g/
mol and My ppms = 8,000 g/mol,) was used as a compatibil-
izer. This same diblock has been used in previous studies.'®"?

As previously,'” since we are interested in questions of
phase continuity, we control the volume fractions (rather than
weight fractions) of the PIB and PDMS. However, since the
density of the compatibilizer is not known exactly, it is still
convenient to control the compatibilizer on a weight basis.
Accordingly, samples will be designated by B@ps-Weomps
where @pp is the volume fraction of PIB on a compatibilizer-
free basis, and Weomp is the overall weight % of compatibilizer.
Samples have up to 0.5 wt. % compatibilizer, and previously
we had verified that such small levels of compatibilizer do not
affect the bulk rheology of the two phases.'' For consistency,
mixtures of PDMS and compatibilizer (without any PIB) will
be designated BO-womp, and mixtures of PIB and compatibil-
izer (without any PDMS) will be designated B100-Womp.

All blends were prepared by hand-mixing the appropriate
amounts of compatibilizer and bulk materials with a spatula
in a petridish, followed by degassing in vacuum. Unlike our
previous articles, the exact sequence in which the two homo-
polymers and the compatibilizer are blended is crucial here,
and will be described in detail in the Results section.

Phase continuity was tested as described previously:'
briefly, a small amount of blend placed on the tip of a bent
wire was immersed in low molecular weight silicone oil,
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Figure 2. (a) Standard single-blending procedure, and (b) A B20-0.1 blend with a simple PIB-in-PDMS morphology

realized by single-blending.

Scale bar represents 20 pum for the main image and 10 um for the inset.

which is miscible with PDMS. If the droplets started dispers-
ing gradually and the sample rose off the wire as a “plume”,
it was regarded as PDMS-continuous. In contrast, if the sam-
ple stayed intact on the wire, the PIB was taken to be the
continuous phase.

Samples were examined with an Olympus CKX-41
inverted microscope in brightfield transmission mode without
temperature control and images were recorded with a Basler
A302 area scan camera.

Rheological experiments were performed in a TA Instru-
ments AR2000 stress-controlled rheometer using a 40 mm
dia/1° cone and plate geometry and a Peltier cell to maintain
the sample temperature at 25°C.

Results
Coalescence suppression and phase continuity

Before evaluating the effect of blending protocol on blend
morphology, we will first review two observations from previous
research'® relevant here. The first concerns phase continuity: we
found that regardless of the presence or absence of compatibil-
izer, the minority species would always become the dispersed
phase. This observation is in accordance with past research that
shows that for blends of equiviscous homopolymers, the phase
inversion composition corresponds to a 50/50 blend.'*

The second observation concerns coalescence suppression.
Figure 1 shows photographs of petridishes containing B40-
0.1 and a B60-0.1 blends before and after quiescent anneal-
ing for two weeks. Immediately after blending (Figure 1la),
both blends appeared opaque white due to scattering of light
from the drops. After two weeks of quiescent annealing, the
B60-0.1 retained its uniformly opaque white appearance. In
contrast, after two weeks, the B40-0.1 appeared much less
white, with areas of the petridish appearing translucent (less
light scattering, indicating larger drops), and “lenses” of the
lower density PIB were evident floating on the surface
(Figure 1b). Optical microscopy confirmed that the drops of
the B40-0.1 blend grew significantly (compare Figure Ic vs.
Figure le), whereas those of the B60-0.1 grew only slightly
(compare Figure 1d vs. Figure 1f). These qualitative observa-
tions are the clearest indication that the compatibilizer sup-
presses quiescent coalescence when PIB is the continuous
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phase, but not when PDMS is the continuous phase. The
same is true of flow-induced coalescence.'”

The reasons for the asymmetric effect of the compatibil-
izer on coalescence are not entirely clear, but a much more
detailed discussion was presented previously.10 In this article,
we are only concerned with the experimentally-observed fact
of coalescence suppression, and not the underlying causes.

Double emulsion morphologies

Figure 2a shows the standard “single-blending” procedure
for blending together two immiscible fluids A and B, along
with a small amount of any surface-active species. This same
procedure was used in all of our previous research. We
applied this procedure to the B20-0.1 blend: the two homopol-
ymers and the compatibilizer were weighed into a petridish
and blended with a spatula. As mentioned previously, the mi-
nority phase always becomes the dispersed phase in this blend
system; indeed optical microscopy revealed the PIB-in-PDMS
droplet-matrix morphology of Figure 2b. (Note that Figure 2b
by itself does not indicate whether the drops are PIB or
PDMS, however, the continuous phase has been verified to be
PDMS using the procedure described previously.lo)

Figure 3a illustrates an alternate “double-blending” proto-
col for blending together the same components. In the first
step, the phase A is blended with only a small portion of
phase B. Since B is a minority, a B-in-A morphology is
expected. This blend is then itself blended with the remain-
ing B to realize a B-in-A-in-B “double emulsion” morphol-
ogy. We applied this double-blending procedure to the PIB/
PDMS system. In the first step, a B60-0.1 blend with a
PDMS-in-PIB morphology (Figure 3b) was prepared by sin-
gle-step blending. It was then blended in a 1:2 ratio with BO-
0.1 (i.e., PDMS with 0.1% compatibilizer) so as to realize a
blend whose overall composition was identical to the B20-
0.1 of Figure 2b. The resulting morphology (Figure 3c) was,
however, dramatically different from Figure 2b: the PIB
drops had a significant number of PDMS subdrops. Realizing
such a PDMS-in-PIB-in-PDMS double emulsion morphology
requires that the inner PDMS drops do not “leak” out during
blending, and hence the second blending step involved only
gentle blending.

DOI 10.1002/aic 793



B-in-A-in-B

Figure 3. (a) Double-blending procedure; (b) A B60-0.1 blend with a PDMS-in-PIB morphology, and (c) A B20-0.1
blend prepared by gently blending b. with B0-0.1 (i.e., PDMS with 0.1% compatibilizer).

Scale bars represent 20 pum for the main images, and 10 um in the inset to c.

The double blending procedure to realize double emulsion
morphologies is well-known in the literature on oil/water
emulsions, and such double emulsions have been considered
for controlled release of pharmaceuticals or food com-
pounds.'>™"7 The double blending procedure has also been
used in the polymer melt-blending literature. To our knowl-
edge, all such cases employed reactive compatibilization, and
the relatively large amount of graft copolymer compatibilizer
formed may have had significant bulk effects.'®*" In con-
trast, here we have shown that a simple diblock copolymer,
even added in a sufficiently small quantity to be an interfa-
cial modifier but cause no bulk effects (akin to a surfactant
in an oil/water system), can achieve a stable double emulsion
morphology.

There are also some other methods of realizing a double
emulsion morphology. Subdrops can sometimes occur spon-
taneously when melt-blending immiscible polymers.zl_25
This is believed to occur when the majority component has
a higher melting temperature, causing a phase inversion
during the blending process,26 or due to rapid coalescence
of the dispersed phase which engulfs some of the matrix
phase as subdrops.'®*> Apart from melt blending, the dou-
ble-emulsion morphology is also very common in impact-
modified polystyrene, or other rubber-toughened glassy
plastics. In those cases, it is often called a “salami” mor-
phology.27_29 Such a PS-in-rubber-in-PS morphology is
achieved not by a melt blending procedure, but by phase
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inversion occurring during polymerization. In such cases, a
large fraction of graft copolymer is essential to observe a
salami structure. A double emulsion morphology was also
obtained due to thermodynamic interactions between the
block copolymer and the homopolymers.* In this case sam-
ples were solvent-cast, and contained a far larger quantity
(15%) of block copolymer.

Coalescence suppression is crucial to realizing a double
emulsion morphology. We applied the double blending pro-
cedure to two systems in which coalescence of the subdrops
is not suppressed. The first is a compatibilizer-free version of
Figure 3, i.e., a B60-0 sample was prepared and then blended
with additional PDMS, so as to realize a final composition
of B20-0 (Figure 4a). The second is an inverted version of
Figure 3: A B40-0.1 blend with a PIB-in-PDMS morphology
was first prepared and was then blended with a B100-0.1
(i.e., PIB with 0.1% compatibilizer) to prepare a B80-0.1
sample (Figure 4b). In both cases, the subdrops readily coa-
lesced with each other. Many of these large subdrops also
coalesced with the external matrix, but some survived the
blending process. Therefore, some of the external drops in
Figure 4a and b, especially in Figure 4b, show a single large
subdrop. In summary, subdrop coalescence must be sup-
pressed to realize a stable double emulsion morphology.

However, coalescence suppression by itself is not suffi-
cient to realize a double emulsion morphology. It is also
essential that the second blending step be done gently. If the
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Figure 4. Double emulsion morphologies are unstable if compatibilizer is absent, compatibilizer does not suppress
coalescence, or if the double emulsion is blended vigorously: (a) B20-0 prepared by gently blending B60-
0 with PDMS, (b) B80-0.1 prepared by gently blending B40-0.1 and B100-0.1, (c) Double emulsion drops
deforming when subjected to vigorous blending; some subdrops are likely to leak out during deformation
and breakup, and (d) The blend of Figure 3c, subjected to vigorous blending.

Scale bars represent 20 microns for the main images, and 10 microns for the inset to d.

second blending is vigorous, the large stresses induce
breakup of double emulsion drops (shown in Figure 4c), and
can lead to substantial leakage of subdrops. This can be illus-
trated by subjecting the B20-0.1 double emulsion of Figure
3c to vigorous blending; in this case, virtually all drops
leaked out into the continuous phase during blending, and a
simple droplet/matrix morphology resulted (Figure 4d). There
is also a significant decrease in drop-size upon vigorous
blending (Figure 3c vs. Figure 4d), which is attributable to
two causes: (1) the near-complete leakage of subdrops, which
can explain at most 16% decrease in diameter (corresponding
to 40% decrease in volume), and (2) breakup induced by the
vigorous blending. The fact that vigorous blending induces
substantial leakage is also well-known in the oil/water emul-
sion literature; indeed, standard procedures call for using a
high-shear homogenizer when preparing the first emulsion,
but only gentle stirring when dispersing this emulsion into
additional drop-phase fluid.'” In the polymer literature as
well, it has been recognized that extended blending, espe-
cially at the high stresses typical of polymer extrusion, can
destroy a double emulsion morphology.?® Therefore, it is im-
portant to limit the blending time to preserve the double
emulsion morphology. An alternate approach is to simultane-
ously crosslink either the drops or the subdrops so that leak-
age is not strongly suppressed.23 Finally, we note that it is
difficult to quantitatively judge the extent of leakage from
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optical microscopy. Images such as Figure 4a, b and d show
hardly any subdrops, and hence massive amounts of leakage
can be readily inferred. However, images, such as Figure 3c
are more difficult to evaluate: it is not clear whether the
drops of blend of Figure 3c have an internal subdrop volume
fraction of 0.4 (same as Figure 3b), or whether some leakage
occurred, and the internal subdrop volume fraction is less
than 0.4. One of the goals of the following section is to
investigate whether rheology can be used more quantitatively
to estimate the leakage.

Rheological properties of double emulsions

The rheological properties of B20-0.1 samples prepared by
the double-blending procedure depend on the intensity of
blending; the more gentle the blending, the larger is the frac-
tion of subdrops that survive the blending process. Therefore,
we will illustrate the range of rheological behavior possible
by showing results for two specific B20-0.1 samples, one
blended gently (same sample as Figure 3c, henceforth,
denoted B20-0.1g), and the other blended extremely vigo-
rously (same sample as Figure 4d, henceforth, denoted B20-
0.1v). These two samples will be compared against the refer-
ence case of the single-blended B20-0.1 sample.

Figure 5 compares the storage modulus G’ and the magni-
tude of the complex viscosity In*| of these three samples; we
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Figure 5. Dynamic oscillatory properties of various
blends ‘as-loaded’ in the rheometer. The
‘components’ curve is a volume-weighted av-
erage of the PIB and PDMS homopolymers.

emphasize that all three have the same overall composition,
but only differ in their preparation method. These measure-
ments were conducted on “as-loaded” samples with no
additional shearing. All blends show qualitatively similar
behavior: at high-frequencies, the properties approach the
volume-weighted average of the components, whereas at
low-frequencies, the blends show an additional relaxation
process which is manifested as a pronounced shoulder in G’,
and an increase in the terminal complex viscosity. In the
case of uncompatibilized blends, this “interfacial relaxation
process” is attributable to the deformation and relaxation of
drop shapes due to the applied oscillatory flow.*'* In com-
patibilized blends, the interfacial relaxation is attributable to
both drop shape relaxation, as well as relaxation of gradients
in interfacial tension on the drop interfaces.®!0-34

Figure 5 makes two noteworthy observations. First, the ter-
minal complex viscosity of the double-blended B20-0.1g is
substantially larger than that of the single-blended B20-0.1.
Second, the rheological properties of the B20-0.1v blend are
comparable to the single-mixed B20-0.1, as is indeed
expected from the almost complete leakage of the subdrops
noted by microscopy (Figure 4d). We also note that the G’ of
the B20-0.1g blend is substantially higher than of the other
two blends, especially at low frequencies. This is likely attrib-
utable to the very large drop size caused by gentle blending,
rather than to the double emulsion morphology per se.

In Martin and Velankar,w we used the shear protocol of
Figure 6a to examine the effect of stress on various rheologi-
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cal properties. Here, we will apply the same shear protocol
to the three B20-0.1 samples prepared by various methods,
and compare their rheological properties. The shear protocol
consists of steady shearing at a specific stress for 2,000 strain
units, followed by strain recovery after cessation of shear,
followed by an oscillatory frequency sweep at 25% strain
under quiescent conditions. These three steps are repeated at
successively lower stresses. Optical microscopy of blends
recovered from the rheometer at the end of this test sequence
shows that the double emulsion morphology persists under
shear, i.e., subdrop leakage is not obviously evident. A further
comment on this will be made when discussing Figure 7a.

The steady shear viscosities of the blends, 7, obtained at
each stress are shown in Figure 6b (read off the right axis).
The relative viscosity, 7, is obtained by normalizing the
viscosity with the volume-weighted average of the compo-
nents'’
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Figure 6. (a) Shear history used in rheological experi-
ments, (b) Viscosity (symbols) and terminal
complex viscosity (horizontal lines), and (c)
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is logarithmic.
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Figure 7. (a) Storage modulus and magnitude of the
complex viscosity for B20-0.1g after shearing
at each stress, and (b) Relaxation times
obtained from the oscillatory data.

Note that the PIB and PDMS have nearly equal viscosities,
and hence in the above equation, the denominator ~ #1p;g ~
nppms. The values of the relative viscosity are shown in Fig-
ure 6b on the left axis. All three blends are seen to be shear-
thinning. The reasons for the shear-thinning have been dis-
cussed previously: with increasing stress, the drops deform
and orient along the flow direction, and the contribution of
interfacial tension gradients to the shear stress also
decreases.'' The chief observation of Figure 6b is that the
viscosity of B20-0.1g double emulsion morphology is signifi-
cantly higher than of the other two blends at all stresses.

Upon cessation of steady shear, blends show strain recovery.
Recovery is attributable to the shape-recovery of initially-
deformed drops,35’36 as well as to the relaxation of interfacial
tension gradients along the drop surfaces.'**” The strain vs.
time curves during recovery for the present blends resembled
those shown previously.13 As previously, the kinetics of recov-
ery cannot be captured by a single time constant,’**® and
therefore it is convenient to characterize the recovery in terms
of only one quantity, the ultimate recovery y... The ultimate
recovery for the three blends is shown in Figure 6c. The ulti-
mate recovery decreases with decreasing stress as noted previ-
ously for blends with a higher volume fraction of drops.'® The
chief observation is that the B20-0.1g blend has slightly higher
recovery than the other two blends.

The dynamic oscillatory data for the double-blended B20-
0.1g taken after shearing at each stress are shown in Figure
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7a. The data for the other two blends are not shown but
resemble the data of Figure 7a. The chief effect of shearing
is an increase in the time scale (decrease in the characteristic
frequency) of the interfacial relaxation process. The time
scale of the interfacial relaxation scales with the drop-size,
and hence Figure 7a indicates an increase in the size of the
external PIB drops due to coalescence. (The PDMS subdrops
are not expected to coalesce as mentioned at the beginning
of the Results section, and indeed, optical microscopy of
samples withdrawn from the rheometer at the end of the test
sequence shows no obvious change in subdrop size). As pre-
Viously10 we will extract two quantities from the oscillatory
data: the terminal complex viscosity ligl, and the terminal
relaxation time.

The terminal complex viscosity can be obtained directly
from the low-frequency data. Figure 7a shows that the termi-
nal complex viscosity did not change significantly with
shearing, and in particular, it did not decrease systematically.
As discussed later in this article, the terminal complex vis-
cosity is the best indicator of whether or not the subdrops
leak out. Thus, the fact that Iyl does not reduce with
extended shearing (10* strain units in the shear protocol of
Figure 6a) is a strong indication that subdrops are stable
against leakage under shear flow, at least up to 200 Pa stress.
The average value of Iyl at all five stress levels is plotted as
horizontal lines in Figure 6b (read off the right axis). Iyl can
also be normalized in the same fashion as Eq. 1, and the cor-
responding value of the relative terminal complex viscosity,
denoted Iy, |, can be read off the left axis in Figure 6b. The
chief observation is that the B20-0.1g has a significantly
higher terminal complex viscosity than the other two blends.

The detailed procedure for extracting the terminal relaxa-
tion time has been described previously; briefly, the visco-
elastic contribution of the bulk is subtracted from the meas-
ured G’ data, and the results are fitted to a sum of a small
number of Maxwell modes. For the single-blended B20-0.1
blend and the B20-0.1v blend, only a single Maxwell mode
was adequate to capture the interfacial relaxation process
accurately. For the B20-0.1g sample, two modes were neces-
sary, presumably due to the broad (nearly bimodal) drop-size
distribution inherent in double emulsion morphologies. Sam-
ple fits to the oscillatory data are shown in the Supplemen-
tary Material (Figure 9). The terminal relaxation times thus
obtained are plotted in Figure 7b. The chief observation is
that the double emulsion blend B20-0.1g has a much higher
terminal relaxation time than the other two blends.

From an examination of Figures 6 and 7, the following
comments can be made. First, all the rheological properties
of the double-blended B20-0.1v blend are close to those of
the single-blended sample, thus quantitatively proving the
nearly complete absence of subdrops in the vigorously-
blended sample. Thus, in the limit of vigorous blending, the
rheological properties of the double-blended samples are
identical to those of the single-blended sample.

The gently-blended B20-0.1g sample may be regarded as
the other limit. The rheological properties of B20-0.1g are
qualitatively similar to the simple droplet-matrix blends,
however, quantitatively, B20-0.1g has a higher terminal com-
plex viscosity, higher steady shear viscosity, higher relaxa-
tion time, and slightly higher ultimate recovery. These quan-
titative differences may, at the simplest, be interpreted by
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regarding the B20-0.1g double emulsion morphology as a
simple droplet-matrix morphology, but with an effective drop
volume fraction . > @pp = 0.2, and an effective drop
viscosity ratio exceeding 1. This immediately suggests using
the rheology to estimate the effective volume fraction, and
therefore, the extent of leakage. Of the properties displayed
in Figures 6 and 7, the steady shear viscosity, strain recov-
ery, and relaxation time all depend on the applied stress and
on the drop size. In contrast, since the terminal complex vis-
cosity is expected to be independent of drop size and stress,
it may be best-suited for estimating the ¢.¢, and hence the
extent of leakage. Unfortunately, leakage of subdrops affects
the terminal complex viscosity of the blend in several differ-
ent ways: (1) most directly, leakage decreases the volume
fraction of the drops, thus, reducing the blend viscosity; (2)
leakage also reduces the effective drop viscosity ratio of the
drops (as the subdrop volume fraction decreases). This also
indirectly reduces the viscosity of the double emulsion,® and
(3) Leakage may also redistribute the compatibilizer, raising
the amount of compatibilizer adsorbed on the interface of the
outer drops. This may raise the terminal complex viscosity.
For all these reasons, it is not possible to use the magnitude
of the terminal complex viscosity to quantitatively estimate
extent of leakage. Qualitatively, however, lygl is still an
excellent indicator of the stability of the double emulsion
morphology against leakage of subdrops. For example, com-
paring B20-0.1g from Figure 5b (as-loaded sample) vs. Fig-
ure 7a (sheared sample), Iyl is seen to reduce after the first
shearing step of 480 Pa, but then remain nearly constant.
This is indicative of some leakage in the very first shearing
step (perhaps as the initially-large drops breakup when
sheared for the first time), but no further leakage on extended
shearing at lower stresses.

Finally, it is interesting to compare the measured I
against that expected in the limiting case in which none of
the subdrops leak out. The B20-0.1g blend was prepared by
blending B60-0.1 and B0-0.1 in a 1:2 ratio. In the absence of
any subdrop leakage, the volume fraction of the PMDS sub-
drops is 0.4 X 0.333 = 0.133. Accordingly, the effective
volume fraction of the drops ¢ = 0.2 + 0.133 = 0.333,
i.e., the viscosity of such a zero- leakage double emulsion
should be comparable to that of a B33-0.1 blend. (In fact,
the viscosity may be even higher since the double-emulsion
drops, which are comprised of the B60-0.1 blend, now have
an effective drop viscosity ratio of about 4).10 Figure 6D,
however, shows that the zero-shear viscosity of the B20-0.1g
double emulsion is substantially lower than of a B33-0.1
blend, indicating that even the gently-mixed B20-0.1g blend
had significant leakage. Thus, although the optical image of
Figure 3c shows the presence of numerous subdrops, the
rheological results suggest that gentle blending did not com-
pletely prevent leakage.

High-dispersed phase blends

The previous sections have shown that one specific emul-
sion preparation protocol, viz. double blending, can be
applied successfully to polymer blends. It is then natural to
consider other preparation protocols known from oil/water
systems which may realize different morphologies. One well-
known example from oil/water systems involves adding the
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dispersed phase in a gradual fashion into the continuous
phase in the presence of an emulsifier. This procedure, which
we call “multistep concentration” (Figure 8a), can yield a
high-dispersed phase morphology i.e., one in which the drop-
volume fraction significantly exceeds 0.5. Multistep concen-
tration is the basis of recipes40 for home-made mayonnaise
that require that oil be added drop-wise into an aqueous
phase containing egg yolk, so as to result in an oil-in-water
emulsion of high-oil fraction (typically over 65%), and hence
a “creamy” consistency. If oil is not added drop-wise but all
at once, a water-in-oil emulsion results. Also similar to the
previous double-blending case, it is crucial that the emulsifier
prevent coalescence of oil drops, a role played by an egg
yolk protein, lecithin.*' If coalescence occurs, the emulsion
will phase-invert into a water-in-oil mayonnaise with a
“runny” consistency.

We implemented the multistep concentration procedure in
PIB/PDMS blends to examine whether a high-dispersed
phase morphology could be realized. The experimental proto-
col was chosen such that a B20-0.1 sample would be pre-
pared by gradual addition of pure PDMS to a compatibilizer/
PIB mixture. Accordingly, the starting point was a B100-0.5
blend, i.e., 0.5Wt% mixture of the compatibilizer in the PIB.
In the first blending step, 0.228 g of PDMS was blended vig-
orously with 0.779 g of B100-0.5, resulting in 1.0l g of a
PDMS-in-PIB blend with ¢p;g = 0.78. As per the notation
of this article, this sample is designated B78-0.41. In the sec-
ond step, an additional 0.16 g of PDMS was added and
blended vigorously. This process was continued with roughly
0.2 +/—0.04 g of PDMS being added in each step. An accu-
rate determination of phase continuity is critical in this
experiment, and hence the following protocol was devised
for testing the phase continuity after each blending step: a
small drop of the blend was placed on a glass slide and a
drop of pure PIB was placed adjacent to it. As the two drops
spread on the slide, they contacted each other. Phase continu-
ity could be unambiguously determined from this experi-
ment: with a PDMS-in-PIB morphology, no interface was
evident once the two drops contacted each other. The
sequence of images collected after each blending step is
shown in Figure 8b—g. It is clear that a high-dispersed phase
morphology was not realized at all; after the fifth blending
step (i.e., transition from Figure 8e to 8f), when ¢@ppms
increased to 0.56, the blend phase- inverted into a PDMS-in-
PIB-in-PDMS double emulsion morphology. This phase
inversion was confirmed contacting the blend with a PIB
drop as described previously; a sharp interface between the
blend, and the PIB confirms that the blend has PDMS as its
continuous phase. Upon further addition of PDMS, when
¢eps = 0.4, virtually all subdrops leaked out due to the vig-
orous blending, and the rheological properties of this sample
(not shown) were virtually identical to those of the corre-
sponding single-mixed PIB-in-PDMS B40 blend."’

We have conducted the aforementioned experiment with
some variations: placing the compatibilizer in the PDMS
phase being added gradually (rather than in the phase PIB
present at the beginning), and adding the drop phase in finer
increments in each blending steps. The results were identical:
(1) when the PIB volume fraction decreased below 50%, the
PDMS-in-PIB morphology was lost, and (2) full phase inver-
sion with negligible subdrops was evident at @pg = 0.4.
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Figure 8. (a) “Multistep concentration’ protocol, and (b-g) Sequence of samples realized during multistep concentration.
Each blend results from blending pure PDMS with the previous blend. Scale bars represent 20 pm.

Bouchama et al.** have noted that in oil/water systems,
exceedingly small changes in the overall composition—drop
volume fraction changing by O(107%) in each blending
step—may be necessary to extend the phase inversion to
higher drop volume fractions. In our case, that would corre-
spond to additions of mg-quantities of PDMS in each blend-
ing step, not possible experimentally.

The type of phase inversion relevant here—viz. that
induced by changing the relative volume fraction of the two
phases—is generally called a “catastrophic” phase inversion
in the oil/water emulsion literature. Ostwald’s theory is gen-
erally recognized as the earliest model of phase inver-
sion.**** Ostwald suggested that phase inversion occurs
when the volume fraction of the dispersed phase approaches
close packing (0.74 for monodisperse drops; higher for poly-
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disperse drops). Certainly, the volume fraction at phase
inversion of 0.5 observed in Figure 8 is far from close pack-
ing. More sophisticated theories of phase inversion account
for the thermodynamics of the emulsion using catastrophe
theory,45 or the competitive kinetics of drop breakup and co-
alescence.*®*’ Yet, these explanations are phenomenological
and do not address the mechanism whereby inversion occurs.
Specifically, if the coalescence of PDMS drops in PIB is sup-
pressed, why did the additional PDMS added in step 5 not get
dispersed as drops, but instead become the continuous phase?
While we are unable to answer this question in detail, it is
important to note one general aspect of the multistep concen-
tration procedure, viz. with every successive step, the fresh
PDMS being added must be blended with a blend of an
increasing (and, therefore more mismatched) viscosity. For
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example, in step 5, the PDMS was blended with B50-0.26
whose zero-shear viscosity was at least four-fold larger.'® It
is well-known that in two-phase systems with a large viscos-
ity difference, the phase inversion composition is shifted
toward the low-viscosity component, i.e., the low-viscosity
component becomes the continuous phase when it is still in a
minority.'* Accordingly, the additional PDMS added in step
5 has a tendency to encapsulate the higher-viscosity blend,
thus forming a double emulsion. Upon continued blending,
the double emulsion subdrops can leak out as illustrated in
Figure 4c. Such leakage is then responsible for the complete
phase inversion into a simple PIB-in-PDMS morphology.
Indeed, in the oil/water emulsion literature, phase inversion
is sometimes accompanied by an intermediate double emul-
sion structure. *>#6:48:49

Summary and Closing Comments

A compatibilizer can sometimes suppress coalescence of
drops in a polymer blend. In such cases, it is possible to
exploit coalescence suppression to control the blend mor-
phology. In this article, we have compared three blending
procedures: one simple procedure used in all of our previous
research, and two more complex procedures drawn from the
literature on oil/water emulsions.

The simple procedure, dubbed single-step blending,
requires that all components be added together and blended
at once. This procedure always yields a simple droplet-matrix
morphology with the minority phase being the dispersed
phase.

In the double blending procedure, a droplet/matrix blend is
first prepared and then dispersed into additional drop phase
fluid. In oil/water emulsions, this can give rise to a drop-
within-drop morphology, called a double emulsion. We show
that a double emulsion morphology can be realized in poly-
mer blends as well, provided the second blending step is con-
ducted gently. Rheological properties of the double emulsion
morphology qualitatively resemble those of a simple droplet-
matrix morphology, but with a higher effective drop volume
fraction, and a higher effective drop viscosity ratio.

Finally, the multistep concentration procedure consists of
adding the drop phase in a gradual fashion, rather than all at
once, into the dispersed phase. In oil/water systems, such a
procedure can yield a high-dispersed phase emulsion. In the
polymer blend case, we were unsuccessful in realizing a
high-dispersed phase morphology; phase inversion occurred
when the drop-volume fraction exceeded 0.5. The multistep
concentration procedure inevitably involves blending two flu-
ids with highly mismatched effective viscosities and we spec-
ulate that this viscosity mismatch is responsible for the phase
inversion.

The central hypothesis of this research was that the precise
sequence in which various components are blended affects
the two-phase morphology. This is well-established in the
oil/water emulsion literature, and has also been demonstrated
in a few limited cases in blends of commercial polymers
using reactive compatibilization. Here we have shown that
the same ideas can be applied in much simpler model poly-
mer systems: it appears that even a simple diblock copolymer
compatibilizer, added at only 0.1wt% loading can achieve
the same effects provided it can stop coalescence. We have
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tested only two blending protocols here, but many others
may be devised to modify the morphology. Even variations
of the two protocols considered here can significantly modify
the morphology. For example, a simple variation of the dou-
ble-blending protocol is to add all the compatibilizer in the
first step and none in the second step (instead of distributing
the compatibilizer in both blending steps as done in Figure
3). We implemented this variation i.e. blended B60-0.3 with
pure PDMS to realize a B20-0.1 blend. We found that the
initial B60-0.3 blend was composed of much finer PDMS
drops, thus, the final double emulsion morphology had sub-
drops that were much smaller than in Figure 3c. It is easy to
conceive of other variations that would also affect the mor-
phology, e.g., blend the initial A-in-B emulsion into addi-
tional A in a gradual fashion (instead of all-at-once as done
here), blend the initial A-in-B emulsion itself in a gradual
fashion. Changing the overall concentration of compatibilizer
would offer even more possibilities for morphology control.
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