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ABSTRACT: Micellization of in situ formed graft copolymers
during reactive blending is commonly observed. Numerous
studies have been carried out to minimize the formation of
micelles and enhance emulsiﬁcation eﬃciency. Herein, we
investigated the formation of interfacial Janus nanomicelles
(JNMs) and their compatibilization eﬀects on immiscible
polymer blends when reactive graft copolymers (RGCs) are
used as compatibilizers. Poly(styrene-co-glycidyl methacrylate)graf t-poly(methyl methacrylate) RGCs were synthesized and
used as compatibilizers for immiscible poly(L-lactide) (PLLA)/
poly(vinylidene ﬂuoride) (PVDF) blends. Numerous nanomicelles were formed in situ during melt blending by grafting
of PLLA onto the RGCs. The formation and location of JNMs
depended not only on the molecular architecture of the RGCs but also on the melt processing sequence and molecular weight of
the components. Interfacial JNMs can eﬀectively improve the miscibility of polymer blends, thereby enhancing the performance
of immiscible polymer blends.
Inoue et al.25 found that a Y-shape graft copolymer formed
through an in situ reaction was indeed more eﬀective than
premade copolymers in lowering the interfacial tension
between phases. Leibler et al.26−28 demonstrated that random
graft copolymers formed in situ via reactive blending had a
positive impact on stabilizing the interface to form cocontinuous nanostructured blends. Unfortunately and inevitably, the copolymers mentioned above, either premade or
formed in situ, are easily stripped away from the interface by
high shearing forces during melt mixing, forming micelles in
one phase, thus signiﬁcantly reducing the compatibilizing
eﬃciency.11,29 Additionally, it was reported that micellization
within blends could passively aﬀect the macroscopic properties.30 Numerous studies have been carried out to minimize the
amount of micelles formed, to attain a higher emulsifying
eﬃciency.25,31,32 In practice, however, it is not easy to
completely eliminate the formation of micelles from the point
of view of the dynamic balance of the copolymer at the
interface. The following issue has become increasingly
important: could micelles be used for compatibilization if
they are located exclusively at the interface?

1. INTRODUCTION
Polymer blending represents an economic and versatile route to
develop new materials with desirable properties, which
combines selected characteristics of the constituent polymers.1−5 Nevertheless, the inherent immiscibility6,7 between
polymer pairs causes phase separation on the micrometer scale,
which usually results in poor physical properties. 8−10
Consequently, continuous innovations in compatibilization
are being made to decrease the interfacial tension between
phases and enhance the properties of the ﬁnal products. Typical
strategies for compatibilization involve the adoption of premade
block/graft copolymers,11−13 reactive blending (in situ formed
copolymers),14−16 and nanoparticles (premade Janus particles17,18 or nanoﬁllers19,20). Such “compatibilizers” locate at
the interface,21 lowering the interfacial tension and enhancing
the phase adhesion, ultimately achieving homogeneous
dispersion.
Among these compatibilizers, premade copolymers are the
most common type of compatibilizers used in immiscible
blends. Premade graft/block copolymers can act as “binders” at
the interface to bridge between individual components.22
However, previous studies23,24 have shown that copolymers
formed in situ, right at the interface, can facilitate much ﬁner
domain dispersion and thus render a higher compatibilizing
eﬃciency than that of premade copolymers. Experimentally,
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Table 1. Synthesis of P((S-co-GMA)-g-MMA) Copolymers (RGC) Using the Grafting-Through Method by Copolymerization of
styrene (St), GMA, and MMA-Macromer
macromer
code

sample

[macromer]a,b/[GMA]/[St] (weight ratio)

Mnc

PDIc

Mnc (×104)

Mwc (×104)

PDIc

fd

1
2
3
4
5
6

MMA-macromer
RLC-10
RGC-0
RGC-5
RGC-10
RGC-20

0:1:9
1:0:9
1:0.5:8.5
1:1:8
1:2:7

6300
6300
6300
6300
6300
6300

2.3
2.3
2.3
2.3
2.3
2.3

1.3
1.8
2.0
1.9
1.9

2.1
3.2
3.4
3.0
3.7

1.6
1.8
1.7
1.6
1.9

0
1
1
1
1

Reaction conditions (1): [MMA]/[ACVA] = 100:1, [MMA] = 10 M, 65 °C for 4 h in toluene. bReaction conditions (2): [PMMA]/[GMA]/
[KOH]/[HQ] = 1:1.5:0.015:0.03, [PMMA] = 0.1 M, 5 h. Mn = 6300, PDI = 2.3. cMn, Mw, and PDI determined by GPC. dTheoretical graft-number
per chain, determined by 1H NMR analysis.
a

Janus nanoparticles (JPs),33−35 comprising heterogeneous
spheres, represent a very promising candidate as a compatibilizer, which has attracted signiﬁcant attention recently. Müller et
al. studied the emulsifying eﬃciency of JPs with poly(styrene)/
poly(methyl methacrylate) (PS/PMMA) hemispheres on
immiscible PS/PMMA17 and poly(2,6-dimethyl-1,4-phenylene
ether)/poly(styrene-co-acrylonitrile)36,37 blends. They found
that JPs can strongly absorb at the polymer−polymer interface
through enthalpically driven forces arising from respective
interactions with the corresponding polymer component that
enhance interfacial adhesion for the reﬁnement of the
morphology. However, JPs are challenging to fabricate and
functionalize for further practical investigations. In addition, the
synthesis conditions are too extreme to realize in large-scale
industrial processes.
Very recently, we succeeded in fabricating Janus nanomicelles (JNMs) by reactive blending during melt compounding in a one-pot process. A reactive graft copolymer (RGC),
poly(styrene-co-glycidyl methacrylate)-graf t-poly(methyl methacrylate) (P((S-co-GMA)-g-MMA)), has been used to
compatibilize a model immiscible poly(L-lactide) (PLLA)/
poly(vinylidene ﬂuoride) (PVDF) blend.38 The in situ reaction
causes numerous interfacial JNMs to form spontaneously as a
result of the immiscibility among the PS main chain and two
side chains (the PMMA side chain and the grafted PLLA side
chain).39 Such JNMs, with distinct PLLA and PMMA
hemispheres, can act as eﬀective compatibilizers by selectively
interacting across the interface with the PLLA and PVDF
phases. Thus, an emulsiﬁed blend with improved mechanical
properties can be obtained. The results indicate that nanomicelles formed during reactive blending can also be used as
compatibilizers for immiscible polymer blends. However,
several questions are raised: What is the eﬀect of the RGC
molecular architecture on the formation of JNMs? How does
incremental copolymer loading aﬀect the morphology and
properties of the blends? What is the optimal mixing method
for promoting JNMs to anchor exclusively at the interface to
maximize the compatibilizing eﬃciency? In the present study,
we extended our previous research to focus on the
thermodynamic and kinetic factors that control the nanomicelles at the interface. Melt compounding of a PVDF/PLLA
(50/50, w/w) blend with RGCs with various molecular
architectures was performed. The formation of nanomicelles
and the compatibilization eﬀects of interfacial JNMs were
investigated by varying the molecular architectures of the
RGCs, the loading dosages of the RGCs, the processing
sequences, and the molecular weights of PLLA used.
Morphology development and compatibilization eﬃciency are

discussed. It is concluded that nanomicelles located at the
interface eﬃciently compatibilize immiscible blends, consistent
with the improvement in the morphological structure and
physical properties of the blends.

2. EXPERIMENTAL SECTION
2.1. Materials. We chose a blend system containing PVDF,
PLLA, and P((S-co-GMA)-g-MMA). PVDF (KF850; Kureha
Chemicals, Japan) and PLLA (3001D; Nature works) were
commercially available and used without any preparation.
Besides, all P((S-co-GMA)-g-MMA) copolymers were synthesized using a “grafting-through” method in our laboratory.38
The nomenclature of the copolymers was as follows: MMAmacromer represented a PMMA-type macromonomer with an
Mn of 6300; RLC-10 represented the linear copolymer, that is,
P(S-co-GMA), which contained 10 wt % of the GMAmonomer; RGC-0, RGC-5, RGC-10, and RGC-20 represented
the graft copolymers, that is, P((S-co-GMA)-g-MMA) containing 0, 5, 10, and 20 wt % of GMA fractions, respectively.
Detailed characteristics of the copolymers used are listed in
Table 1.
2.2. Melt Blending. In all of the blends here, the weight
fraction of PVDF/PLLA was maintained as 50/50, whereas the
weight fraction of the copolymer was varied from 0 to 5 wt %.
PVDF, PLLA, and P((S-co-GMA)-g-MMA) were dried overnight at 80 °C before processing. All blends were prepared by
melt mixing at 190 °C for 10 min using a batch mixer (Haake
Polylab QC), with a rotation speed of 50 rpm. Then, all
samples were compression-molded by continuous hot pressing
(200 °C, 10 MPa) for 5 min and then quenched in liquid
nitrogen (10 MPa) for 5 min.
2.3. Scanning Electron Microscopy (SEM). The
morphologies of the blends were observed on Hitachi S4800, which was a ﬁeld-emission SEM with an accelerating
voltage of 5.0 kV. All specimens were fractured after immersing
in liquid nitrogen for 5 min. Then, the fractured surfaces were
sputtered with gold.
2.4. Transmission Electron Microscopy (TEM). The
structure and dispersion of JNMs in all blends were recorded
using the Hitachi HT-7700 instrument, with an accelerating
voltage of 80 kV. All specimens were ultramicrotomed to a
thickness of 80 nm and stained with RuO4 (ruthenium
tetroxide) for 4 h to selectively stain the PS segments (black)
as well as the PVDF phases (gray).
2.5. Mechanical Properties. Tensile testing was performed on an Instron universal material testing system (model
5966) at room temperature, with a tension rate of 10 mm/min.
All samples were punched out into dumbbell shapes, with
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Scheme 1. Schematic View of the in Situ Formation of JNMs and the Proposed Compatibilizing Mechanism of Interfacial JNMs
in Immiscible Blends

Figure 1. Nanomicelles of RGC-10 (i.e., P((S-co-GMA)-g-MMA)) found in the PLLA phase (a) and PVDF phase (b) (scale bar = 500 nm). Both
blends contain 3 wt % RGC.

dimensions of 18 mm × 3 mm × 0.5 mm (length, width, and
thickness).
2.6. Dynamic Mechanical Analysis (DMA). DMA was
performed on DMA Q800 of TA Instruments in the tension
mode and under a nitrogen atmosphere. The samples were
modeled to dimensions of 8 mm × 6.30 mm × 0.50 mm
(length, width, and thickness), which were tested at an
amplitude of 4 μm, a frequency of 5 Hz , and a heating rate
of 3 °C/min from −50 to 150 °C.

the side chains at the PVDF−PLLA interface stretch
themselves, facilitating interaction of the PMMA chains (in
situ formed PLLA teeth) with the PVDF (PLLA) phase to
maximize energetically favorable interactions. These particles
take on Janus-corona conﬁgurations, called JNMs, and serve as
compatibilizers to stabilize the PVDF−PLLA interface from
further coalescence (step c). The detailed equations are
illustrated in the Supporting Information (eqs S1−S3).
For detailed insights into the compatibilization eﬀects of
JNMs, various processing parameters both on thermodynamic
and kinetic factors are investigated (see below).
3.1. Micellar Morphologies in Melt-Mixed PLLA/RGC
and PVDF/RGC Binary Blends. It is well known that speciﬁc
interactions between the CF2 group of PVDF and carboxyl
groups of PMMA facilitate the thermodynamic aﬃnity of the
PMMA side chains in the RGC with the PVDF phase.40,41
Meanwhile, the DGC developed a better aﬃnity toward the
PLLA phase through a ring-opening reaction. Figure 1 shows
TEM images of binary blends of 3 wt % RGC with PVDF and
PLLA. A heterogeneous structure was observed in both cases,
with numerous nanomicelles dispersed within the matrix,
indicating immiscibility between the PMMA side chains, grafted
PLLA side chain, and PS backbone. Additionally, the fact that

3. RESULTS AND DISCUSSION
As shown in Scheme 1, RGCs applied as compatibilizers were
synthesized by copolymerization of GMA, St, and MMAmacromer (step a). During blending, nanomicelles originate
from interfacially stacked droplets through an in situ grafting
reaction between the COOH groups of PLLA and epoxide
groups of RGC (step b), which has been conﬁrmed
previously.38 As the grafting reaction takes place, the large
droplets dissociate spontaneously and rapidly form core−shell
micelles of a smaller size. The resultant double-grafted
copolymer (DGC) should ﬁrst anchor to the interface with
the PS backbone huddling up as the core, which is conducive to
the enthalpically favorable contacts in this system. In addition,
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Figure 2. SEM and TEM images of PVDF/PLLA (50/50) blends with 3 wt % reactive copolymers of diﬀerent architectures: (a,b) RLC-10, (c,d)
RGC-10; scale bar = 1 μm (left column) and 500 nm (right column).

Figure 3. (a) Strain−stress curves and (b) elongation at break of neat PVDF, neat PLLA, pristine PVDF/PLLA (50/50, w/w) blend, and PVDF/
PLLA blends with 3 wt % reactive copolymers of various topological structures.

the micelles in the PLLA matrix (Figure 1a) were much smaller
than those in the PVDF matrix (Figure 1b) indicates a superior
compatibility between DGC and the PLLA phase. This can
perhaps be attributed to the long grafted PLLA chains (the
molecular weight (Mn) of PLLA used here was 8.93 × 104) and
high grafting content in PLLA arising from the large epoxide
group content along the backbone.
3.2. Formation of Nanomicelles in PVDF/PLLA Blends
with Diﬀerent RGC Architectures. 3.2.1. PMMA Side Chain
Eﬀects. PVDF/PLLA blends were melt-mixed with 3 wt %
reactive copolymer with or without PMMA side chains. Figure
2 shows SEM and TEM images of the resultant blends. In
blends compatibilized by the reactive copolymer without
PMMA chains (i.e., RLC-10 with a linear architecture), clear
gaps could be observed between the PVDF domains and PLLA
matrix, implying poor interfacial adhesion. In contrast, the RGC
with PMMA side chains (i.e., RGC-10 with graft architecture)
led to a markedly decreased phase size. In addition, the shape of
the PVDF domains appeared more elongated and the PVDF−

PLLA interface was indistinct, implying enhanced compatibility
imparted by the RGC. TEM was used for further investigations.
The gray, white, and black parts in the TEM images correspond
to the PVDF, PLLA, and RGC components, respectively. As
depicted in Figure 2b, the blend with RLC-10 led to discrete
dispersion of nanomicelles (∼30 nm) in the PLLA matrix. An
obvious diﬀerence in micellar distribution was observed with
the addition of RGC-10 to the blend. In addition to the
nanomicelles seen in the PLLA phase, numerous interfacial
nanomicelles were observed (Figure 2d). It is noteworthy that
these nanomicelles were more tightly bound to the PVDF−
PLLA interface than that in the matrix, facilitating the
formation of “nanomicelle-encapsulated PVDF domains”.
The mechanical performance of the compatibilized PVDF/
PLLA blends was tested. Neat PLLA exhibited a typical brittle
rupture without yielding, whereas neat PVDF showed ductile
fracture with a lower yielding strength (48.1 MPa), as shown in
Figure 3a. Owing to the strong immiscibility between the
PVDF and PLLA phases, pristine PVDF/PLLA showed an even
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Figure 4. SEM and TEM micrographs of PVDF/PLLA/RGC (50/50/3, w/w/w) blends with various contents of GMA in RGC: (a,b) RGC-0, (c,d)
RGC-5, (e,f) RGC-10, and (g,h) RGC-20; scale bar = 10 μm (left column) and 200 nm (right column).

elongation of compatibilizing blends will be focused on in the
consecutive sections below to compare the compatibilization
functionalities of JNMs.
We conclude that reactive copolymers containing PMMA
side chains showed more eﬀective compatibilization because of
their inherent thermodynamic drive to anchor at the PVDF−
PLLA interface. PLLA-grafted RLC-10 tended to be excluded
from the interface to aggregate as nanomicelles within the
PLLA matrix during blending. Meanwhile, the molecular
architecture of DGC was completely diﬀerent because it
contained two types of graft chains, namely, PMMA and PLLA
grafts. The pregrafted PMMA side chains could entangle with
PVDF molecular chains, enabling JNMs to serve as a “bridge”
to maximize PVDF−PLLA contact, stabilize the PVDF−PLLA
interface, and ultimately improve the mechanical properties of
the blend.

lower ductility than that of PLLA. The addition of RLC/RGC
led to signiﬁcant changes. In Figure 3b, the toughness of the
blend containing RGC-10 was shown to have greatly improved.
The elongation at breakage with RGC-10 was 256%,
approximately 67 and 71 times that for the pristine (3.8%)and RLC-10 (3.6%)-containing blends, respectively (Table S1).
Besides, the modulus (E) of the blends with added RLC-10/
RGC-10 was 1.6/1.7 GPa, which was basically the same as that
for neat PLLA (1.9 GPa). These results were consistent with
the morphological results. Because suﬃcient interfacial
adhesion is crucial for stress transfer to be able to suppress
crack formation at the interface,42 interfacial JNMs, unsurprisingly, played an important role in increasing interfacial adhesion
through their exclusive location at the PVDF−PLLA interface,
resulting in substantially enhanced mechanical toughness and
comparable high yielding strength/E values. Thus, the
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Figure 5. (a) Stress−strain curves and (b) elongation at break of JNM-compatibilized PVDF/PLLA/RGC (50/50/3, w/w/w) blends with various
epoxy contents: RGC-0, RGC-5, RGC-10, and RGC-20 represented GMA contents of 0, 5, 10, and 20 wt % in RGC, respectively.

3.2.2. Eﬀects of Epoxide Group Concentration on the
Backbone. A series of RGCs with various GMA-monomer
contents (0, 5, 10, and 20 wt % GMA), which contained the
reactive epoxide groups, were used for the compatibilization of
PLLA/PVDF blends. Figure 4 presents SEM and TEM images
of the series of blends, all of which contained 3 wt % RGC.
When an RGC with no reactive groups on the backbone was
used in the PLLA/PVDF blend, the blend was totally
immiscible, as evidenced by the large PVDF domain size and
distinct PVDF−PLLA interface in Figure 4a. However, the size
of the PVDF domains decreased markedly with the
incorporation of RGC, with 5 wt % GMA in the backbone,
as shown in Figure 4c. Furthermore, a distinct morphological
transition from a “sea−island” to “sea−sea” co-continuous
morphology was observed at higher epoxy contents. As shown
in Figure 4g, the blend with RGC containing 20 wt % GMA
exhibited a co-continuous morphology, with a reﬁned
characteristic size, which is unusual because PVDF has a
higher viscosity and density than those of PLLA.9,43 It was also
found that the PVDF−PLLA interface boundary became less
distinct with the incremental increase in GMA content.
Interfacial adhesion with increasing epoxy content was further
investigated using higher-magniﬁcation TEM images, as
displayed in the right-hand column of Figure 4. It can be
seen in Figure 4b that several droplets, with diameters ranging
from 100 to 500 nm, were highly packed across the PVDF−
PLLA interface. This result is consistent with the preferential
aﬃnity between the PVDF and PMMA portions mentioned
above. Notably, the size of nanomicelles formed became
smaller, from 130 to 21 nm, as the content of incorporated
epoxy groups increased (Figures 4d,f,h and S3).
The GMA-monomer concentration in the RGC strongly
aﬀected the mechanical properties of the PLLA/PVDF blends.
Blends with the highest GMA contents (≥10 wt %) exhibited
excellent ductility (Table S2), and there was a signiﬁcant
positive step change for 10 wt % GMA and above (Figure 5).
The values were approximately 0.9, 1.1, 52.2, and 64.9 times
those for pristine PVDF/PLLA (50/50, w/w) blends. The
mechanical results implied that the stretchability of the blends
strengthened with increasing GMA (i.e., epoxide groups)
content in the RGC, which is consistent with the morphological
studies described above.
It is evident that the content of reactive groups in an RGC
aﬀected the emulsifying capability, which is related to the size of

the nanomicelles. With an increase in the epoxy content,
smaller nanomicelles were observed, especially at the PVDF−
PLLA interface. It was conﬁrmed that smaller JNMs exhibited a
higher compatibilizing eﬃciency on PVDF/PLLA blends.
Consequently, a novel morphological change from a sea−
island to sea−sea co-continuous morphology occurred, which
enabled signiﬁcant enhancement in the mechanical properties.
It has been concluded that RGC-20 induced the largest number
of JNMs, to eﬃciently compatibilize PVDF/PLLA. Thus, more
insight into the inﬂuence of the RGC-20 concentration on
compatibilization is provided in the next section.
3.3. RGC Loading Dosage Eﬀects. The phase morphologies of PVDF/PLLA (50/50, w/w) blends containing various
RGC-20 concentrations are illustrated in Figure 6. The pristine
PVDF/PLLA blend demonstrated a typical sea−island
morphology, with PVDF domains dispersed throughout the
PLLA matrix.38,43 The large domain sizes, as well as the distinct
gap between phases in the SEM image, indicated that PVDF
and PLLA were thermodynamically immiscible (Figure 6a).
Nevertheless, with the addition of only 1 wt % RGC, the PVDF
domains became smaller and the PVDF−PLLA interface
became more diﬃcult to distinguish, indicating an improvement in their miscibilities (Figure 6c). With a further increase
in RGC loading, a signiﬁcant change in morphology was
observed. As shown in Figure 6e,g, the PVDF phase tended to
connect internally, which indicated that a co-continuous
structure was formed. TEM was used for more detailed
observations. Compared with the pristine PVDF/PLLA blend
(Figure 6b), the PVDF−PLLA interface with the addition of
RGC showed clear adhesion layers, occupied by numerous
JNMs (Figure 6d,f,h). Furthermore, the density of interfacial
JNMs became higher with an increase in the RGC content.
These results further conﬁrm the unique compatibilization
function of JNMs, which is in agreement with the prior results.
Moreover, the mechanical properties provide direct evidence
for the compatibilization functionality of JNMs. As illustrated in
Figure 7, the fracture strain increased monotonically with an
increase in the RGC concentration (Table S3). It is noteworthy
that the stress−strain curves became strain-hardening for the
blend containing 20 wt % RGC (Figure S3), conﬁrming
extensive interfacial adhesion by JNMs.
These ﬁndings further conﬁrm the good compatibilization
eﬀect of JNMs on the PVDF/PLLA blend, which was directly
proportional to the RGC loading. Through the improvement in
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Figure 6. SEM and TEM micrographs of PVDF/PLLA (50/50) blends with various RGC-20 loadings: (a,b) 0 wt %, (c,d) 1 wt %, (e,f) 3 wt %, and
(g,h) 5 wt %; scale bar = 2 μm (left column) and 200 nm (right column).

for a further 5 min (i.e., PLLA-premixed); method c: PVDF,
PLLA, and RGC-20 were melt-mixed for 10 min (i.e.,
simultaneous mixing).
The PLLA-premixed sample showed distinct gaps between
the phases (Figure 8a), indicating strong immiscibility of PVDF
and PLLA in the sample. In other words, RGC-20 plays no role
as a compatibilizer in the PLLA-premixed sample. Meanwhile,
an improved interface was obtained though simultaneous
mixing, as illustrated in Figure 8c. When RGC was premixed
with the less aﬃnitive PVDF and further with a PLLA
component (50 wt %[PVDF + 6 wt % RGC]−50 wt % PLLA),
a morphology with smaller PVDF domains was obtained
(Figure 8e). Compared with the distinct PVDF−PLLA
interface achieved through simultaneous mixing or premixing
with PLLA, the interface of the PVDF-premixed sample became
too diﬃcult to distinguish, implying that this sequence achieved

interfacial adhesion, a novel morphological change was
observed upon incremental addition of RGC-20, that is,
shifting from a sea−island to a co-continuous morphology,
reﬂected also in its mechanical properties. We infer from this
that a loading of 3 wt % RGC-20 should be suﬃcient for
compatibilization. Further insights based on results from a
PVDF/PLLA/RGC-20 (50/50/3, w/w/w) blend are presented
in the next section.
3.4. Melt-Mixing Sequence Eﬀects. To investigate the
formation and migration of nanomicelles during reactive
blending, the eﬀects of melt-mixing sequence on the
morphology and properties were determined. Three mixing
sequences were used, as follows: method a: RGC-20 was ﬁrst
melt-mixed with PVDF for 5 min before mixing with PLLA for
a further 5 min (i.e., PVDF-premixed); method b: RGC-20 was
ﬁrst melt-mixed with PLLA for 5 min before mixing with PVDF
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Figure 7. (a) Stress−strain curves and (b) elongation at break of JNM-compatibilized PVDF/PLLA (50/50, w/w) blends with various RGC-20
loadings (0, 1, 3, and 5 wt %).

Figure 8. SEM and TEM micrographs of the PVDF/PLLA/RGC-20 (50/50/3) blend obtained by various mixing methods: (a,b) two-step mixing
through premixing with PLLA, (c,d) simultaneous mixing, and (e,f) two-step mixing through premixing with PVDF; scale bar = 2 μm (left column)
and 200 nm (right column).

individual nanomicelles were located at the PVDF−PLLA
interface (Figure 8b). An increased quantity of interfacial
nanomicelles was observed as a result of simultaneous mixing,
as shown in Figure 8d. However, although several nanomicelles
were located at the interface, they were more widely embedded
in the PLLA matrix. For the PVDF-premixed blend, nano-

the best miscibility between PVDF and PLLA among the
approaches tested.
Signiﬁcantly diﬀerent TEM images were obtained for the
three samples prepared using the diﬀerent processing
sequences. For the PLLA-premixed blend, nanomicelles were
dispersed throughout in the PLLA phase, whereas very few
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Figure 9. (a) Strain−stress curves and (b) elongation at break of PVDF/PLLA/RGC-20 (50/50/3, w/w/w) blend obtained by various mixing
methods.

Figure 10. SEM and TEM micrographs of the PVDF/PLLA/RGC-20 (50/50/3) blend obtained by various mixing methods: (a,b) two-step mixing
through premixing with PLLA, (c,d) simultaneous mixing, (e,f) two-step mixing through premixing with PVDF; scale bar = 2 μm (left column) and
200 nm (right column).

micelles were densely packed at the interface, forming a JNMencapsulated PVDF phase (Figure 8f). These results are
consistent with the results of SEM, implying that method a
(PVDF-premixed) is the most eﬀective procedure for
compatibilization.
Mechanical tests were used for further comparison, as shown
in Figure 9. The PLLA-premixed blend showed the lowest
ductility, with an elongation at breakage of 67%, which was

much lower than that for the simultaneously mixed (318%) and
PVDF-premixed (380%) samples (Table S4). Compared with
the simultaneously mixed blend, the blend premixed with
PVDF showed a further enhancement of toughness (Figure 9a),
suggesting extensive interfacial adhesion. This is in agreement
with the morphological observations.
It is generally diﬃcult for nanomicelles to migrate to the
PVDF−PLLA interface or even into another phase during
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Figure 11. TEM micrographs of PVDF/PLLA/RGC-20 (50/50/3) blends that focused on the PVDF−PLLA interface (left column) and PLLA
phase (right column) of various PLLAs: (a,b) PLLA-H, (c,d) PLLA-M, and (e,f) PLLA-L (scale bar = 200 nm). The three components in these
systems were added simultaneously.

interface to enhance the compatibilization eﬃciency of the
copolymers. However, considering the graft density (ρ = 1/
chain) and length (Mn = 6300) of PMMA grafts, the in situ
formed PLLA grafts (ρ ≥ 1/chain, Mn = 8.93 × 104) seemed to
be excessive for structural symmetry. Such a DGC, resulting
from plentiful reactive groups along the RGC, may lead to the
“pull out” of JNMs into the PLLA matrix. Therefore, a balance
between the two hemispheres of the JNMs is strongly proposed
in this section, with a major focus on the inﬂuence of the
molecular weight of PLLA so that the unbalanced interactions
from both sides are eliminated.
Apart from the PLLA used above (termed PLLA-H), two
other kinds of PLLAs, termed PLLA-L and PLLA-M, were used
for blending, while keeping the RGC component constant. The
detailed molecular parameters are presented in Table S5. As
shown in Figure 11, we paid closer attention to the micellar
structure both at the PVDF−PLLA interface (left column) and
in the PLLA matrix (right column). It was found that
nanomicelles could be dispersed both at the interface (Figure
11a) and in the PLLA matrix (Figure 11b) when the Mn value
of PLLA was high (PLLA-H). The quantity of interfacial
nanomicelles increased (Figure 11c), whereas the number of
nanomicelles in the matrix decreased (Figure 11d), when the
Mn of PLLA was intermediate (PLLA-M). Furthermore,
regardless of increased sizes, nanomicelles exclusively “patched”

processing due to the high viscosity of molten polymers; thus,
the aﬃnity of the RGC to PVDF and PLLA is critical for the
location of JNMs during melt mixing. Figure 10 shows the
morphologies of the three samples at the initial melt-mixing
state. When the RGC was premixed with the lower aﬃnitive
PVDF and then with PLLA, numerous nanomicelles aggregated
in the PVDF domains during the initial stage of blending, as
shown in Figure 10e−f, which was quite diﬀerent from that in
the other two mixing procedures (Figure 10a−d). Thus,
migration of nanomicelles to the PLLA matrix was suppressed
by the interaction of PMMA side chains with PVDF before the
grafting of PLLA onto the RGC. As blending proceeded,
grafting of PLLA occurred at the interface, and DGCs were
obtained. These DGCs formed JNMs. Consequently, the
packing density of JNMs improved and the interfacial thickness
increased, favoring further enhancement of tensile ductility
compared with that from the other mixing procedures. In
contrast, in PLLA-premixed blends, the nanomicelles preferred
to stay within the PLLA matrix throughout the process because
of the selective aﬃnity of RGCs to the PLLA matrix. Thus, a
lower packing density of JNMs was obtained at the interface
after the process, leading to poor mechanical properties.
3.5. Eﬀects of PLLA Molecular Weight. JNMs were
conﬁrmed as an eﬀective emulsiﬁer for PVDF/PLLA blends. It
was then important to distribute the micelles exclusively at the
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Scheme 2. Schematic View of the Nanostructure and Dispersion of in Situ JNMs in PVDF/PLLA (50/50, w/w) Blends with
Increasing Epoxy Groups in the RGC

the PMMA side chains can partially balance the in situ formed
DGC toward the PVDF component. Thus, JNM was able to
adjust its PMMA-corona by selectively swelling toward its
miscible PVDF phase, to anchor the interface. However, the
resultant PLLA grafts are expected to be most important for
structural symmetry. It was quite unexpected to note numerous
nanomicelles within the PLLA matrix in most of the results
above because of the excessive PLLA grafts with pronounced
lengths. JNMs were easily drawn away from the interface during
processing and permeated into the favorable PLLA component
to form nanomicelles with a PLLA shell. To balance the
respective interactions toward PVDF or PLLA, PLLA with a
small molecular weight was used, as described in Section 3.5.
The balanced hemispheres with PMMA grafts/PLLA grafts
facilitated the formation of a symmetric core−corona structure,
with selective entanglement toward its corresponding miscible
component, and ﬁnally exclusive dispersion of JNMs at the
PVDF−PLLA interface.
The compatibilization eﬀects of JNMs can also be conﬁrmed
by variations in the glass-transition temperatures (Tg’s) the
components in PLLA/PVDF blends compatibilized by JNMs.
Figure 12 shows tan δ as a function of temperature measured by
DMA. Two Tan Delta peaks at around −38.0 and 79.6 °C were
observed, corresponding to the Tg values of PVDF and PLLA,
respectively. It was noted that Tg of the PLLA component
gradually shifted to a lower temperature range with increasing
epoxy loadings in the RGC (74.6 °C for a 5 wt % sample, 72.5
°C for a 10 wt % sample, and 69.1 °C for a 20 wt % sample).
Similarly, the Tg diﬀerence (ΔTg) between PVDF and PLLA
decreased with increasing epoxy content (ΔTg = 112.7 °C for a
0 wt % sample, 109.3 °C for a 5 wt % sample, 108.9 °C for a 10
wt % sample, and 106.6 °C for a 20 wt % sample), as shown in
Table S2. Because the Tg’s of both PMMA side chains and the
PS backbone in the RGC were higher than the Tg of PLLA,45,46
micellar plasticization of the PLLA matrix could be neglected.
Consequently, the changes above were attributed to the
improved compatibilizing eﬀect between the PVDF and
PLLA phases, arising from the presence of smaller JNMs at
the interface.

the interface (Figure 11e), without migration into the matrix
(Figure 11f), when PLLA had the lowest Mn values (PLLA-L).
This phenomenon clearly conﬁrms the view that a balanced
respective interaction toward PVDF or PLLA, arising from the
symmetric molecular structure of DGC, resulted in a stronger
adhesion and thus it was harder to pull away the JNMs from the
PVDF−PLLA interface toward the PLLA matrix. Therefore, the
dispersion morphology of nanomicelles can be regulated using
the closest matching reactant (i.e., PLLA).
3.6. Formation of JNMs and the Compatibilization
Mechanism. On the basis of the results described above, we
further discuss the formation of JNMs and the compatibilization mechanism for PVDF/PLLA blends. All of the nanomicelles at the PVDF−PLLA interface should adopt a Janus
structure, with PMMA and PLLA as hemispheres and the PS
backbone as the core (termed JNMs). These JNMs can serve as
compatibilizers to stabilize the PVDF−PLLA interface. To be
speciﬁc, the ﬁnal compatibilizing eﬃciency was mainly related
to the packing density, the nanomicellar radius, and even the
symmetric architecture of the JNMs (i.e., the rational molecular
structure DGC) across the PVDF−PLLA interface. First, a
suﬃcient quantity of interfacial active JNMs is a precondition to
lower the interfacial tension to enable a stabilized morphology.
It was found that higher amounts of RGCs resulted in superior
compatibilization eﬃciencies, as described in Section 3.3. This
was similar to the situation for the premade compatibilizers.11−15 Second, the size of the JNMs appears to be quite
important in compatibilization. Smaller JNMs generate higher
surface areas for the same amount of nanomicelles. This
provides a more stable region for emulsiﬁcation across the
PVDF−PLLA interface area. As shown in Scheme 2, smaller
nanomicelles were formed when more PLLA chains were
grafted onto the copolymers, largely dependent upon the epoxy
content of the RGC. As the micellar radius decreased, the role
of entropic surface tension became negligible;44 meanwhile,
smaller JNMs helped in broadening the stable region at the
PVDF−PLLA interface. Lower interfacial tensions between the
two major phases were acquired for smaller JNMs, resulting in a
higher emulsifying eﬃciency for the PVDF/PLLA blend, as
described in Section 3.2.2. Finally, the symmetric structure of
JNMs with balanced coronas was necessary to distribute the
micelles exclusively across the PVDF−PLLA interface to
achieve a higher compatibilizing eﬃciency. On the one hand,
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Figure 12. tan δ as a function of temperature for PVDF/PLLA/
RGC(50/50/3, w/w/w) blends with various epoxy contents: RGC-0,
RGC-5, RGC-10, and RGC-20 represent GMA contents of 0, 5, 10,
and 20 wt % in RGC, respectively.
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