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ABSTRACT:

We investigated the influence of the chain asymmetry of the styrene (S)�methyl methacrylate (MMA) copolymer (surfactant) on
the morphology of the polystyrene (PS)/poly(methyl methacrylate) (PMMA) blends. It was, for the first time, demonstrated that
the chain asymmetry of the block copolymer surfactant would have significant influence on the structure of the polymer blend in the
melt mixing process. In the PS/PMMA = 30/70 blends, the addition of asymmetric AB diblock copolymers tuned the morphology
from the droplet-in-matrix structure to the cocontinuous structure. At 20 wt % asymmetric AB block copolymer (PMMA110-block-
PS430) dosage, the onset of the cocontinuous interval of the PS/PMMA blends was lowered to PS/PMMA = 20/80 and the
cocontinuous interval was broadened to PS/PMMA = 20/80�30/70, compared with the onset at PS/PMMA = 45/55 and the
interval at PS/PMMA = 45/55�50/50 of the PS/PMMA blends without the copolymers. The reason was that the packing of the
asymmetric block copolymer on the interface provided the bending energy being against the interfacial energy when the longer block
of the copolymer was in the minor phase side, suppressing the breakup of the minor phase fibers during melt mixing. With the
addition of 20 wt % AC block copolymer (P(S-ran-MMA)220-block-PS320), which was more asymmetric than the AB block
copolymer (PMMA110-block-PS430) of the same molecular weight and monomer composition, the PS/PMMA blends showed an
even wider cocontinuous interval at PS/PMMA = 10/90�30/70.

1. INTRODUCTION

The morphology of a polymer blend is critical for the perfor-
mance. Droplet-in-matrix morphology is the most common type
compared with fiber, lamellar, and other morphologies. Recently,
the polymeric composites with the cocontinuous structure on
submicrometer scale are attracting wider and wider interest for
the great enhancement of mechanical,1 optical,2 conductive,3 and
transporting properties.4 Also, cocontinuous structured compo-
sites can be used as templates to prepare the materials for con-
trolled drug release5 and to prepare nanosheath materials.6

The cocontinuous structured polymeric composites can be
prepared by both thermodynamic and kinetic methods. The
thermodynamically stable cocontinuous structure had been theo-
retically predicted and experimentally verified by Bates et al.7,8

They reported that in a polyethylene (PE)/polyethylenepropy-
lene (PEP) = 1:1 system at 119 �C the cocontinuous structure

could be achieved in a narrow window when 0.09%�0.12%
PE�PEP diblock was added into the system. Unfortunately, tens
of hours were needed to achieve the equilibrium state.9 The coco-
ntinuous morphology can also be obtained by simply mechanically
mixing the melts of two immiscible polymers. In this case, Favis
et al.10,11 summarized that the cocontinuousmorphology should be
the result of the coalescence of the minor phase domains in the
forms of droplets or threads. The composition of the two polymers
to form the cocontinuous morphology is mainly determined by the
viscosity ratio and interfacial tension.12,13 The formed cocontin-
uous structure is not thermodynamically stable but can be frozen
quickly after melt processing.
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The thermodynamics of the microphase separation of the
diblock copolymer has been widely investigated.14�17 The
asymmetry of the diblock copolymer, i.e., the ratio of the
molecular weight of the two blocks, actually the volume ratio of
the two blocks on different sides of the interface, plays a very
important role to determine the morphology of the micro-
phase separation. Matsen et al.15 reported that phase transi-
tions from lamellae to cylinders to spheres occurred due to the
increasing spontaneous curvature as the asymmetry of the
diblock copolymer increased. Such spontaneous curvature,
also understood as bending energy,18�20 can be used to tune
the morphology of the thermodynamically stable microemul-
sion systems. Balsara et al.21,22 managed to tune the morphol-
ogy of 50/50 PE/polyisobutylene (PIB) mixture from lamellar
phases to single droplet microemulsions to bicontinuous
microemulsions by altering the PE�PP block copolymer
geometry on the interface through the temperature. The so-
called “balanced surfactant” is actually the balance of the
bending energy of the surfactant layer and the interfacial
energy of the PE/PIB mixture. Such findings are in consistence
with the case in the small molecular oil�water�surfactant
emulsion systems. It is well accepted that the symmetry of the
surfactants is decisive for the emulsion forms, especially in the
surfactant concentrated emulsion systems.23

The kineticmeltmixing of the binary immiscible polymer blends
usually needs polymeric surfactants, the copolymers, for compati-
bilization. The copolymers acting as surfactants can locate at the
interface between the two phases, lower the interfacial tension,
promote the interfacial adhesion, and prevent the minor phase
domains from coalescence to get a reduced characteristic size of the
minor phase.24�29 Themolecular structure of the polymeric surfac-
tant was found to have significant influence on the efficiency to
reduce the characteristic size. It was reported that the symmetric
diblock copolymer was the most effective structure to reduce the
interfacial tension if the molecular weight was fixed.30�32 Although
the higher molecular weight of the copolymer gives the higher
interfacial activity, an optimal molecular weight is always existed to
reach the best emulsification effect for the balance of the interfacial
activity and the migration ability.28,33 Leal et al. proved that,
compared with the effect of reducing the interfacial tension to
enhance the breakup of the minor phase domains, the major effect
of the copolymers on the interface is to inhibit the coalescence
of the minor phase domains.34�36 Because of the suppressed
coalescence between the minor phase domains, the addition
of the polymeric surfactants usually narrows the cocontinuous
interval of the blends. Willis et al. observed a narrowed composi-
tion interval of the cocontinuous structures when adding poly-
ethylene-based ionomer into the polypropylene/polyamide
blends.37 Zhang et al. reported that the addition of PS-graft-PA6
narrowed the cocontinuous interval of the PS/PA6 blends, from

40/60�65/35 (without PS-graft-PA6) to 45/55�65/35 (with PS-
graft-PA6).38

To our best knowledge, the influence of the asymmetry of the
polymeric surfactant on the structure of the binary immiscible
polymer blends during melt mixing was not investigated yet. In
this article, we used polystyrene (PS)/poly(methyl methacrylate)
(PMMA) as a model blending system to investigate this topic.
We would demonstrate the chain asymmetry of the polymeric
surfactant could exert a significant influence on the structure of
the blend. Most interestingly, the asymmetric block copolymer
could broaden and shift the cocontinuous interval of the PS/
PMMA blends.

2. EXPERIMENTAL DETAILS

Materials. PS and PMMA were purchased from BASF-YPC. The
copolymers used as the polymeric surfactants were synthesized via
RAFT polymerization, as described in our previous works.39�41 The
molecular weight and its distribution were determined by GPC, while
the monomer composition of the copolymer was determined by 1H
NMR.39�41 The structure information on these (co)polymers is sum-
marized in Table 1.
Blend Preparation. All the blends were prepared by mixing the

components in a Brabender twin rotor mixer (W50EHT, Brabender
Measurement & Control System). All components were added in the
form of pellets or powders simultaneously and mixed under the rotor
speed of 100 rpm (shear rate ≈ 100 s�1) at 200 �C for 15 min. Judging
from the GPC curves of the samples before and after mixing, no chain
degradation was observed during the compounding. The melt blends
were then removed quickly from the mixer and cooled in air to freeze
the morphology. Part of the products was then annealed in the quie-
scent condition under vacuum at 200 �C to investigate the annealed
morphology.
Morphology Analysis. Samples were cut to ultrathin films with

thickness of 50�100 nm at room temperature with Power Tome PC
ultramicrotome (RMC Co.). The morphology was observed under a
JEM-1230 transmission electron microscope (TEM) operated at 80 kV.
In all images, the white area was the PMMA phase and the dark area was
the PS phase.

An in-house software was applied to analyze the TEM images to derive
the characteristic size of themorphology. If themorphology was droplet-
in-matrix, the areas (Ai) of more than 200 domains were derived by the
software and then the number-averaged diameter (Dn = (∑i=1

N Di)/N,
where Di = (4Ai/π)

1/2 and N is the number of the calculated
particles) and volume-averaged diameter (Dv = ∑Di

3/∑Di
2) were calcu-

lated. Otherwise, the characteristic size (D) of the morphology was first
manually labeled at more than 200 locates and then counted by the
software.
Solvent Extraction. The solvent extraction method was used to

quantify the continuity of each phase in the blends. Samples were cut to

Table 1. Structure Information of Homo- and Copolymers

polymer Mn (g/mol) Mw (g/mol) monomer composition (fSt) viscosity at 100 s�1 at 200 �C (Pa s)

PS 121 000 238 400 1484

PMMA 49 800 83 700 2469

AB1 (PMMA110-b-PS110) 22 000 25 700 0.54

AB2 (PMMA110-b-PS211) 32 100 44 900 0.71

AB3 (PMMA110-b-PS433) 54 300 65 200 0.81

ACa (PS320-b-P(St-r-MMA)220) 54 000 76 700 0.82
a fSt = fMMA = 0.5 in the random block of AC. The footnote means the degree of polymerization.
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the same thickness and weight to make sure that the results were
comparable.42 PS and the copolymers were extracted by cyclohexane at
40 �C for over 10 days until a constant weight of the remainder achieved.
PMMA was extracted by formic acid at 60 �C in the same way. The
gravimetric method was used to calculate the extent of the continuity
according to eqs 1 and 2.

%PS continuity

¼ ðwt of PS and PS-co-PMMAÞinitial � ðwt of PS and PS-co-PMMAÞfinal
ðwt of PS and PS-co-PMMAÞinitial

�100% ð1Þ

%PMMA continuity ¼ ðwt of PMMAÞinitial � ðwt of PMMAÞfinal
ðwt of PMMAÞinitial

� 100%

ð2Þ
BETMeasurement. The AUTOSORB-1-C (Quantachrome Co.)

was used to measure the specific interfacial area of the cocontinuous
specimens. The cyclohexane-extracted porous samples with PS
phase removed were cut into small pieces for the BET test. The
multiple point BET method was used to treat the result and to derive
the specific interfacial area, as introduced in Favis et al.’s work.43

Because the glass transition temperatures of the samples were
105�110 �C, the degassing process was operated at 90 �C under
vacuum over one night.

3. RESULTS AND DISCUSSION

Influence of the Asymmetry of the Polymeric Surfactant
on the Morphology of the PS/PMMA = 30/70 Blends.We set
the ratio of the homopolymers as PS/PMMA = 30/70. Under
such a composition, the PS-droplet-in-PMMA-matrix morphol-
ogy was observed when no polymeric surfactant was added.

Figure 1. TEM images of the blends of PS/PMMA/PMMA-b-PS =
0.3(100 � k)/0.7(100 � k)/k (wt %), where k is the dosage of the AB
block copolymers and k = 0, 5, 10, 20 as listed in the first column. All the
images are 11.5 μm � 11.5 μm.

Figure 2. Continuities of the PS phase in the blends of PS/PMMA/
PMMA-b-PS = 0.3(100 � k)/0.7(100 � k)/k (wt %), where k is the
dosage of the block copolymers and k = 0, 5, 10, 20. (square) AB1 =
PMMA110-b-PS110, (circle) AB2 = PMMA110-b-PS211, (triangle) AB3 =
PMMA110-b-PS433.

Figure 3. Characteristic size of the PS phase in the blends of PS/
PMMA/PMMA-b-PS = 0.3(100 � k)/0.7(100 � k)/k (wt %), where k
is the dosage of the copolymers and k = 0, 5, 10, 20. (square) AB1 =
PMMA110-b-PS110, (circle) AB2 = PMMA110-b-PS211, (triangle) AB3 =
PMMA110-b-PS433.

Table 2. Specific Interfacial Area and the Interfacial Coverage
of the Copolymers in PS/PMMA/AB2 = 24/56/20 and PS/
PMMA/AB3 = 24/56/20

blend composition

specific interfacial area

(S) (m2/g)

interfacial coverage

(Σ) (chain/nm2)

PS/PMMA/AB2 = 24/56/20 9.267 0.405

PS/PMMA/AB3 = 24/56/20 5.636 0.393
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To investigate the effect of the asymmetry of the polymeric
surfactant on the blend structure, a series of the AB block
copolymers, PMMA-b-PS, with different asymmetries were
synthesized. The degrees of polymerization (DP) of the PMMA
blocks were the same for all AB block copolymers, but the DPs of
the PS blocks were altered. Such design made sure that the
asymmetry was tuned by the varied length of PS block, and the
steric protection effect of the minor phase domains from
coalescence remained similar, which was highly dependent on
the PMMA block length in the continuous PMMA phase based
on the Lyu et al.’s reports.25,44,45

The series of PMMA-b-PS with different asymmetries was
respectively added to the blend system. The resulted morphologies
of the blends are shown in Figure 1. As the symmetric AB block
copolymer, PMMA110-b-PS110 (AB1), added into the blend, the
structure of the blends remained droplet-in-matrix for all copolymer
dosages even up to 20%. Such observations were in agreement
with the literature.25,28,44,46 As the asymmetric block copolymers,
PMMA110-block-PS211 (AB2) and PMMA110-block-PS433 (AB3),
added into the blends, the dispersedPSphasewas gradually stretched
to form long twisted fibers with the increase of the copolymer
dosages and the PS fibers connected each other to form cocontin-
uous structure at 20% copolymer dosage. It is interesting that when
the AB block copolymer became asymmetric, the structure of the
blend changed from droplet-in-matrix into cocontinuous.
Figure 2 shows the PS phase continuity curves of the blends

corresponding to Figure 1. The continuity was estimated by the sol-
vent extraction method. As seen in the continuity diagram, the addi-
tion of the symmetric AB1 block copolymer into the PS/PMMA =
30/70 blends did not increase the continuity of the dispersed PS
phase at all. The continuities of the PS phase in the blends with AB3
were much higher than those in the blends with AB2 when the
dosages of the AB block copolymers were 5% and 10%. Both the
asymmetric block copolymers (AB2 and AB3) increased the con-
tinuity of thePSphase up to the unit at 20%dosage. It is clear that the
higher asymmetry of the polymeric surfactant leads to the higher
tendency to form the cocontinuous structure.
The statistical results of the characteristic size of the PS phase

in the PS/PMMA/PMMA-b-PS blends are shown in Figure 3. In
this emulsification diagram, the characteristic size of the PS phase

decreased with the increase of the copolymer dosages and leveled
off after 10%, 10%, and 5% copolymer dosages for AB1, AB2, and
AB3, respectively. For AB1, the leveling off of the characteristic
size meant that no more interfacial area was created. However,
for AB2 and AB3, the total area of the interface was still increasing
with the increase of the copolymer dosages in the leveling off
region, since the continuity of the PS phase was still increasing, as
seen in Figure 2. Also as evidenced in Figure 3, the AB2 block
copolymer had the best emulsification ability for the PS/PMMA
blends among the three kinds of AB block copolymers when the
copolymer dosages exceeded 10%, which was probably due to a
good balance between the interfacial activity and transportation
rate of the copolymers.28,47�50

Table 2 gives the specific interfacial areas (S) for two cocon-
tinuous structured blends, PS/PMMA/AB2 = 24/56/20 and PS/
PMMA/AB3 = 24/56/20. Given the specific interfacial areas of
the samples, the interfacial coverage of the block copolymer (Σ)
was calculated by eq 3 by assuming that all the copolymers should
stay on the interface.

Σ ¼ number of the copolymer chain per weight of the blend
specific interfacial area of the blend

ð3Þ

Scheme 1. Aggregation of the PS Blocks on the PS Fiber Inner Side of the PS/PMMA Interface Suppresses the Breakup of the PS
Fibers during Melt Mixing

Figure 4. Cocontinuous interval of the PS/PMMA blends without
copolymers and the corresponding TEM images. All the images are 11.5
μm � 11.5 μm, and the ratios of PS/PMMA are listed at lower left
corner. The continuity of the PS phase (filled triangle) was detected by
cyclohexane extraction and the continuity of the PMMA phase (hollow
triangle) was detected by formic acid extraction.
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As listed in Table 2, the estimated interfacial coverage was very
high. It is worthy pointing out that the estimated interfacial
coverage might be overestimated considering that some of the
added block copolymer might not stay at the interface and some
pores of the samples might collapse during solvent extraction.
Unfortunately, it is extremely difficult to obtain the amount of the
block copolymer on the interface. Usually, one can indirectly
judge the formation of the copolymer micelles from the emulsi-
fication curves. In the cocontinuous cases, the formation of the
micelles can be derived from the level-off in the plots of the

characteristic size and the continuity versus copolymer dosage.
Considering the changing trends shown in Figures 2 and 3, we
believe that most of the block copolymer might be located on the
interface.
According to Favis et al.’s theory,10 the formation of the coco-

ntinuous structure in a binary immiscible blend is due to the
coalescence of the minor phase domains, which has been suppor-
ted by many reports.37,38,51�54 The addition of the polymeric
surfactants commonly narrows the cocontinuous interval of the

Figure 5. TEM images of PS/PMMA blends of various homopolymer ratios with 20% asymmetric AB3 block copolymer, PMMA110-b-PS433. The
compositions of the blends are listed under each image. All the images are 11.5 μm � 11.5 μm.

Figure 6. Cocontinuous interval of PS/PMMA blends (blue line þ
square) with 20% asymmetric copolymer, PMMA110-b-PS430 (AB3)
compared with that (black line þ triangle) without the copolymer.
Continuity of PS (filled scatters) was detected by cyclohexane extraction
and continuity of PMMA (hollow scatters) was detected by formic acid
extraction. The width of the composition intervals of cocontinuous
structures are marked on the figure. The compositions of the blends
should be expressed as (a) PS/PMMA/AB3 = 0.8x/0.8(100 � x)/20,
where x is the PS homopolymer fraction in homopolymers. (b) PS/
PMMA/AB3 = (x� 16)/(96� x)/20, where x is the total PS fraction in
the blends contributed by both PS homopolymer and PS block of AB3.

Figure 7. Continuity of the PS phase in the blends of PS/PMMA/
copolymer = 0.3(100 � k)/0.7(100 � k)/k (wt %), where k is the
dosage of the copolymer and k = 0, 5, 10, 20. (circle) AC = P(MMA-ran-
S)220-b-PS320, (triangle) AB3 = PMMA110-b-PS433.
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binary immiscible polymer blends, since the coalescence is
suppressed. Compared with the reduction of the interfacial tension
and other factors, the steric repulsion effect of the polymeric
surfactant is dominant in controlling the coalescence of the
minor phase domains.25,34�36,44,45 In the current cases, the
PMMA blocks of the AB block copolymers, which protected
the minor PS phase from the coalescence, had the same DPs. So,
the steric repulsion effect should be similar for all the block
copolymers used in the current cases. It is suggested that the
formation of the cocontinuous structure in our current cases was
facilitated by the asymmetry of the block copolymer rather than
the coalescence.
In the shear field during the melt mixing, the dispersed domains

usually undergo the three-stage deformation. The dispersed do-
mains are first stretched to form fibers. The stretched fibers
become instable because of the capillary force. The breakup of
the fibers is controlled by the capillary number, Ca, defined as
ηmR _γ/σ, where ηm, R, _γ, and σ are the viscosity of matrix, the
diameter of the fiber, the shear rate, and the interfacial tension,
respectively. The breakup takes place when Ca is larger than the
critical capillary number Cac.

34,35,46,55 Finally, the nonregular-
shaped fragments retract to form droplets to minimize the total
interfacial area. According to the literature,56,57 the capillary
breakup process can be described in detail as shown in Scheme 1.
When a polymeric fiber is embedded in another immiscible
polymeric matrix, the distortions first appear at the surface of the
fiber. These distortions grow in the direction of the shearing field,
leading to the breakup of the fibers.56,57

In our cases, the AB2 and AB3 block copolymers were asym-
metric with the longer block extended into the minor phase. The
packing of these asymmetric block copolymer molecules on the
interface provided extra energy of conformational repulsion, also
called as bending stress.18�20 For the convenience in discussion,
we set the curvature caused by interfacial tension as positive, i.e.,
favoring the PS-droplet-in-PMMA-matrix structure. Thus, the
bending stress should have the opposite effect to the interfacial
tension, favoring the negative curvature of the interface. When
the packing density of the block copolymers on the interface
was large enough, i.e., the bending energy could balance the

interfacial energy, the breakup process of the minor phase fibers
should be suppressed. As a result of the packing or folding of the
minor phase fibers, the fully cocontinuous morphology was
achieved. Accordingly, the AB block copolymer with the larger
asymmetry led to more negative curvature at the same packing
density so that the continuity of the minor phase in the corres-
ponding blend increased faster, as seen in Figure 2. Fortelny et al.
observed that the PS/PE = 80/20 blend had the cocontinuous
structure when compatibilized by PS100-block-PB1111 (PB pre-
sents polybutadiene) once the samples were quenched in cold
water after blending.58 However, no explanation had been given.
We noticed that the used compatibilizer PS100-block-PB1111 was
highly asymmetric and the longer PB block was extended into the
minor PE phase. So, Fortelny’s observations were actually
consistent with the above discussion.
Co-continuous Intervals of the PS/PMMA Systemwith the

Fixed Dosage of the Asymmetric Polymeric Surfactants. For
comparison, the PS/PMMA blends of the different PS/PMMA
ratios without polymeric surfactants were prepared. A narrow
cocontinuous interval from PS/PMMA = 45/55 to 50/50 was
identified, as evident in Figure 4. Out of this composition window
was the droplet-in-matrix structure.
Figure 5 shows the typical TEM images of the blends of

different PS/PMMA ratios with 20% dosage of AB3 block copo-
lymer. These TEM images revealed the cocontinuous interval of
the PS/PMMA blend in the addition of the asymmetric poly-
meric surfactant. The cocontinuous interval of the PS/PMMA
blends with 20% AB3, derived by the solvent extractions, is
shown in Figure 6 and compared with the one of the PS/PMMA
blend without AB3. In the PS/PMMA blends with 20% AB3, the
cocontinuous interval in terms of PS homopolymer fraction in
the homopolymers was moved and broadened to PS/PMMA =
20/80�30/70, compared with the cocontinuous interval of the
PS/PMMA blends without AB3 at PS/PMMA = 45/55�50/50,
as seen in Figure 6a. The width of the cocontinuous interval was
doubled, from about 5% to 10% as the asymmetric block
copolymer AB3 was introduced to the blend system. Also, the
cocontinuous intervals in terms of the total PS fraction (PS
homopolymer þ PS block in the copolymer) in the blends
(homopolymers þ copolymer) are presented in Figure 6b. The
cocontinuous interval of the PS/PMMA blends with AB3 was
shifted to 32/68�40/60, which was still wider than that of PS/
PMMA blends without the copolymer.
This phenomenon is different from the normal observations

and understandings. Commonly, the addition of block copoly-
mers and graft copolymers narrows the cocontinuous interval.37,38

As discussed previously, the addition of the asymmetric copoly-
mer might introduce the bending stress caused by the packing of
the copolymer chains on the interface. This force should be
against the breakup of the fibers of the dispersed phase when the
longer block of the asymmetric block copolymer was located at
the minor phase side of the interface as in the current case,
favoring to form the cocontinuous morphology.
Comparison of PMMA-b-PS and P(S-ran-MMA)-b-PS Act-

ing as the Polymeric Surfactants. Previously, we reported that
the effect of the AC block copolymer of P(S-ran-MMA)220-b-
PS320 on the morphology of the PS/PMMA blends.59 The
monomer composition in the random block of AC was set to
be 0.5 to get the largest interfacial activity.30 It was expected such
rearrangement of the monomer units could reduce the effective
χN between the two blocks and improve the solubility of the
copolymers in the homopolymers (especially the PS phase). This

Figure 8. Characteristic size of the PS phase in the blends of PS/
PMMA/copolymer = 0.3(100 � k)/0.7(100 � k)/k (wt %), where k is
the dosage of the copolymers and k = 0, 5, 10, 20. (circle) AC= P(MMA-
ran-S)220-b-PS320, (triangle) AB3 = PMMA110-b-PS433.
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ACblock copolymer had the samemolecular weight andmonomer
composition to the AB3 block copolymer in this current work.
The continuity curves of the PS phase versus the copolymer

dosages were compared between the PS/PMMA = 30/70 blends
with AC and with AB3, respectively. The PS phase continuity
curves of the blends with AB3 and AC were almost identical as
seen in Figure 7. The continuity of the PS phase increased as the
dosage of the polymeric surfactant increased. At 20% of the
copolymer dosage, the fully cocontinuous structure was achieved.
In Figure 8, it was clear that the AC block copolymer hadmuch

better emulsification effect than the AB3 block copolymer did for
the PS/PMMA = 30/70 blends. At 20% dosage, AC reduced the
characteristic size of the blend down to 100 nm, less than one-
third of the AB3 did. One should notice that although there was a
level-off after 5% dosage of AB3 and 10% dosage of AC, the new
interface was still being generated because the continuity of the
dispersed PS phase was still increasing. Since the inter-
facial activity of AB3 should be higher than AC,30�32 such results
revealed that the AC block copolymer should transport much
faster than AB3 block copolymer from the PS phase to the
interface.

Figure 9 shows the TEM images of the PS/PMMAblends with
different PS/PMMA ratios but the fixed AC block copolymer
dosage of 20%. The cocontinuous interval of the PS/PMMA
blends added AC as polymeric surfactant is shown in Figure 10
and compared with the one of added 20% AB3. First, the
positions of the cocontinuous intervals were almost the same
for the blends with these two copolymers because the two
copolymers had the samemonomer compositions and molecular
weights. Second, the cocontinuous interval of the PS/PMMA
blends with 20% AC block copolymer was broadened to at least
20% in terms of PS homopolymer fraction in homopolymers,
PS/PMMA = 10/90�30/70, which was even wider than the one
in the case with 20% AB3 block copolymer, PS/PMMA = 20/
80�30/70. The AC block copolymer could make the PS/
PMMA = 10/90 blend form the fully cocontinuous structure.
The wider cocontinuous window in the presence of the AC

block copolymer than the AB3 block copolymer may be due to
that the AC block copolymer had higher asymmetry than the
AB3 block copolymer although the compositions were the same.
The both blocks of AB3 copolymer and PS block of AC were
stretched in their corresponding homopolymer sides of the

Figure 9. TEM images of the PS/PMMA blends of various composition with 20% asymmetric AC block copolymer, P(MMA-ran-S)220-b-PS320. The
compositions of the blends are shown below each image. All the images are 11.5 μm � 11.5 μm.

Figure 10. Cocontinuous interval of the PS/PMMA blends with 20% (red line þ circle) P(MMA-ran-S)220-b-PS320, AC as surfactant, and with 20%
(blue line þ square) PMMA110-b-PS433, AB3 as surfactant. Continuity of PS (filled scatters) was detected by cyclohexane extraction and continuity of
PMMA (hollowed scatters) was detected by formic acid extraction. The compositions of the blends should be expressed as PS/PMMA/copolymer =
0.8x/0.8(100 � x)/20, where x is the PS homopolymer fraction in homopolymers.
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interface,60 while the random block of AC copolymer formed
loops crossing the interface rather than stretched conformation
in one side of the interface.61,62 The asymmetry is actually the
volume ratio of the two parts of a block copolymer chain
respectively located in the minor phase side and in the major
phase side of the interface. In the case of AC block copolymer, the
looped random block would equally distribute on both sides of
the interface since the molar composition was 0.5. Considering
the fractional exponent relationship between degree of polym-
erization and the radius of gyration,63 the asymmetry of AC
should be much larger than that of AB3.
Such disparity of asymmetry between AC and AB3 did not

appear in Figure 5 because in the PS/PMMA = 30/70 blend the
asymmetry of AB3 was already large enough to tune the morpho-
logy of the blend to the cocontinuous structure. But when the

homopolymer ratio approaching the lower limit of the cocontin-
uous interval (PS/PMMA = 10/90), the disparity of the asym-
metries in AC and AB3 turned out.
Additionally, on the right side of the cocontinuous interval in

Figure 10, the continuity of PMMA phase reduced slower in the
case using AC block copolymer as surfactants compared with the
one in the case using AB3 block copolymer. There, the phase
inversion was taking place; i.e., the PS blocks of the copolymers
became to be extended to the continuous phase and to control
the coalescence process. In such cases, the asymmetry of
copolymers should favor the droplet-in-matrix structure rather
than the cocontinuous one since the bending energy and the
interfacial energy would have the same curvature preference.
However, the PS blocks in AC block copolymer was shorter than
that in AB3 block copolymer so that the coalescence was more

Figure 11. Thermal stabilities of the blends using AC and AB3 as polymeric surfactants respectively during annealing. Themagnification ratios are listed
below the annealing time in each image. (a) TEM images of annealed samples of the PMMA/PS/AB3 = 56/24/20 blends. (b) TEM images of the
annealed samples of the PMMA/PS/AC = 56/24/20 blends.
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likely to occur in the case with AC than in the case with AB3.
According to the coalescence theory by Favis et al.,10 after the
cocontinuous interval, the structures reduced to droplet-in-
matrix faster in the case with the AB3 block copolymer than in
the case with the AC block copolymer.
The thermal stabilities of the cocontinuous morphology of the

PS/PMMA = 30/70 blends with 20% AC and 20% AB3 block
copolymers as polymeric surfactants are compared in Figures 11
and 12. The samples were annealed under vacuum at 200 �C for a
certain time. First of all, the structure of the blends was not
changed as evidenced in the TEM images during the annealing,
although coarsening was obvious. Also, the results showed that
the blend with AB3 block copolymer had better interfacial stability
during annealing than the blend with AC block copolymer did.
Torkelson et al.64 reported that in the PS/PMMA/PS-co-PMMA
blends the blend compatibilized by the gradient copolymer showed
the best thermal stability during annealing among the blends com-
patibilized by the random copolymer and the block copolymer.
Moreover, in the same work, they reported that the blend compa-
tibilized by the randomcopolymer showedweaker stability than the
blend compatibilized by the block copolymer.
The morphology evolution of the cocontinuous blends during

annealing was clearly explained by Willemse,65 Veenstra,66 and
Favis.67 The driving force of coarsening during annealing is the
capillary pressure from the size distribution of the minor phase
domains. This pressure is proportional to the interfacial tension
and inversely proportional to the rod thickness,68 so that the
thinner part of the cocontinuous structures undergoes larger
capillary pressure and immerges into the thicker part sponta-
neously during the annealing. Because the blend with AB3 block
copolymer as the surfactant should have lower interfacial tension
than the blend with AC block copolymer as the surfactant, the
blend using AC copolymer as surfactant showed weaker thermal
stability than that using AB3 copolymer did.
In industry practice, reactive extrusion is often used to prepare

the polymer blends. According to the above findings, well-
designed lengths and branching structure of the reactive species
to form the asymmetric copolymers in situ on the interface could
promote the formation of the cocontinuous structure during
reactive extrusion. Also, the reaction should be reactive enough
to make sure the formation of a quite dense copolymer layer
before the breakup of the stretched fibers.

4. CONCLUSION

We systematically investigated the influence of the asymmetry
of the diblock copolymers being the polymeric surfactants on the
morphology of the immiscible binary polymer blends of PS and
PMMA. The following unexpected results were observed:
(1) With increase of the asymmetry of the AB diblock copoly-

mer, the polymeric surfactant for the PS/PMMA blends,
the cocontinuous morphology became more favored, as
indicated by the broadened cocontinuous interval of the
PS/PMMA system.

(2) AC block copolymer could provide higher asymmetry
than the AB block copolymer at the samemolecular weight
and monomer composition. At 20 wt % AC dosage, the
cocontinuous intervals of the PS/PMMA system spanned
from PS/PMMA = 10/90 to 30/70.

It was believed that when the longer block of the asymmetric
block copolymer packed on the minor phase side of the interface
between the two homopolymers, the bending stress of the
surfactant molecule layer could be against the interfacial tension
to suppress the breakup of the minor phase fibers during melt
mixing, which promoted the formation of the cocontinuous
morphology.

For the first time, we demonstrated that the asymmetry of the
diblock copolymer had significant influence on the morphology
of the polymer blends in themelt mixing process. The asymmetry
of the diblock copolymer could be a new parameter to tune the
morphology.
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