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1. INTRODUCTION

Controlled synthesis and fabrication of complex microstruc-
tured materials is a common objective of several fields of
materials science. In recent years, there has been a significant
research effort in the controlled synthesis of anisotropic and/or
patchy colloidal particles. "' Their directional interactions can
give rise to unique assemblies, while their heterogeneous sur-
face chemistries can potentially enhance their interfacial activity
and be exploited as useful emulsifying and catalysis agents.* "
As an example, a spectacular variety of such complex objects
was reported by Fialkowski et al.,>® who synthesized polymeric
microspheres displaying a wide array of surface patterns by
carefully balancing interfacial, buoyancy and gravitational
forces between various phases, and by controlled curing of
the materials. Still, some of the main challenges remain the mass
production of these anisotropic objects with precise control of
their shape and surface properties and chemistries. Conse-
quently, the possibility of generating these particles within
the desired material in a one-batch process could be an
interesting thread of investigation.

Janus particles, a class of colloidal particles comprised of two
surface regions with different chemical compositions,”"** are a
typical type of such asymmetric colloids. While a variety of these
particles have been described and experimentally synthesized in the
past and recent years (among these cylinders, disks, micelles, etc.),
the prototypical example is a sphere with one polar (hydrophilic)
hemisphere and a second apolar one (hydrophobic) combined
together to form a potentially amphiphilic particle.”*** These
objects can be strongly anchored and interfacially active at an oil/
water interface,”>"> and their conformation at an interface has
been studied theoretically by Casagrande et al.** and Ondarcuhu
et al.”® The main factors influencing the equilibrium position of a
Janus particle at an interface are the interfacial tensions between the
phases and particle, and its surface compositions and patterns.
Pushing these ideas further, Binks and Lumsdon have introduced
the notion of a Janus balance,” a concept subsequently refined by
Jiang and Granick.”® Figure 1 illustrates the three typical conforma-
tions a Janus particle can adopt at an interface following the
precedent theoretical analysis.

If the particle behaves like an amphiphilic object, the hydro-
philic hemisphere should be in contact with the water phase, the
hydrophobic hemisphere with the oil phase and a four-phase line
of contact should be observed, as the left particle in Figure 1
illustrates. However, a Janus particle could be interfacially active
without displaying an amphiphilic behavior (Figure 1, center
and right particles).”® In these cases, the Janus object behaves
like a particle of homogeneous surface composition and two
three-phase lines of contact will be observed. Finally, it could
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display no interfacial activity at all and selectively locate in one
specific phase (not illustrated). As a result, the concepts of
surface heterogeneity, interfacial activity and amphiphilicity
should be clearly distinguished when describing the behavior of
colloidal particles at an interface.

In the emulsions and latex fields of research, it has been
recognized for quite some time now that control of the
interfacial properties yields a significant organization of the
synthesized particles. In the early 70s, Torza and Mason,””*®
based on the pioneering works of Harkins et al.*”*° developed
and applied a thermodynamic framework to predict the equi-
librium phase behavior of ternary emulsions comprised of two
immiscible minor phases in a third major one. By adequately
choosing the starting materials, they were able to synthesize
Janus particles and elegantly explain their formation (note that
at the time, the definition of a Janus particle had not been
coined, and the possible unique properties of their ensembles
did not seem to have been fully recognized and considered).
Since then, a significant comprehensive body of literature on
latex science and technology has emerged and expanded, and
quite exotic particles have been fabricated.’' *° While the
thermodynamics of ternary systems is fairly well understood,
kinetic factors can also strongly contribute to the microstruc-
ture development and are at the moment an active field of
research.

The spreading coeflicients, the key concepts introduced by
Harkins and later refined by Torza and Mason, are used to
predict the equilibrium morphology in blends and emulsions of
three immiscible liquids. Typically, four types of microstructures
can develop, each characterized by a set of three spreading
coefficients: three morphologies are complete wetting types of
systems, for which one spreading coefficient out of three is
positive, while the fourth microstructure corresponds to partial
wetting, with all three spreading coefficients being negative. In a
ternary blend comprised of two minor phases A and C and one
major phase B, two of the four possible morphologies are
illustrated in Figure 2.

One important distinction between the two situations de-
picted in Figure 2 concerns the symmetry level of the particles.
Ternary systems comprised of one major and two minor phases
in which complete wetting is observed will form centrosym-
metric (spherical symmetry) particles, as Figure 2a illustrates,
or separate dispersions. Henceforth, Janus objects cannot be
obtained from these types of systems when the microstruc-
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Figure 1. Schematic of interfacially active Janus particles.”> >® Left:
interfacially active and amphiphilic Janus particles. The white, hydro-
philic hemisphere is in contact with water, while the black, hydrophobic
hemisphere is in contact with the oil phase; Center and right: inter-
facially active BUT nonamphiphilic Janus particles preferring respec-
tively the water and the oil phases. Note also the formation of a four-
phase line of contact for the amphiphilic particle on the left, while two
three-phase lines of contact are observed for the nonamphiphilic
particles (center and right).
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Figure 2. Two possible morphologies in a ternary immiscible system
comprised of two minor phases A and C (in black and gray) and one
major phase B (white), as predicted by the signs of the spreading
coefficients.”” (a) Morphology displaying complete wetting, in which
the BC interface is completely wetted by phase A (note the correspond-
ing positive spreading coefficient). The result is a particle with spherical
symmetry that does not possess the attributes of a Janus object. (b)
Morphology exhibiting partial wetting, in which none of the phases
locates between the other two, resulting in a three-phase line of contact.
The resulting droplet is axisymmetric (the axis is illustrated as the dashed
line), but not centrosymmetric. As a result, this droplet possesses the
attributes of a Janus object.

ture has reached equilibrium. However, at equilibrium, partial
wetting yields particles that only possess cylindrical symmetry
(axisymmetry, Figure 2b). This occurs when all three spreading
coefficients are negative.”” These objects are comprised of two
distinct surface chemistries (A and C) that satisfy the definition
of a Janus object.

In the melt-processed polymer blends field, detailed experi-
mental works on systems displaying partial wetting were fairly
scarce until recently.’” * While Janus particles have been
observed, there appears to be no systematic study addressing
their formation, potential interfacial activity and/or amphiphi-
lic behavior in these systems, and hierarchical assembly into
more complex microstructures. In a recent article, Walther
et al.** have synthesized PS/PMMA Janus micelle particles
by cross-linking a polystyrene-block-polybutadiene-block-poly-
(methyl methacrylate) (PS-b-PB-b-PMMA) triblock copoly-
mer. They have shown that these micelles do segregate at

Table 1. Material Characteristics
polymers M, x 7* % 1073 (Pa~s) 70 x 1073

at 200 °C and 25 (Pa-s)

melt index”
1073 a )
(g/10 min)

(g/mol)  (asTM) 5! at 200 °C
HDPE - 8.1 042 11
PP 89 350 027 0.71
PS 95 (M,) 14.0 0.49 404
PMMAY 7.8
PE-b- 21.0-b-24.0

PMMA

“ Obtained from suppliers. " References 45 and 46. M,, determined
by GPC.

interfaces and stabilize the microstructure when they are added
to melt-processed binary blends of PS and PMMA homopoly-
mers. However, virtually no work has investigated so far on the
possibility of generating viscoelastic Janus particles directly
within a melt-processed system in a one-batch process.

This article is an exploratory study that concerns morphology
development in model quaternary homopolymer blend systems
comprised of two major phases of high-density polyethylene
(HDPE) and polypropylene (PP), and two minor phases of
polystyrene (PS) and poly(methyl methacrylate) (PMMA). It
specifically addresses the in situ formation, self-assembly, inter-
facial activity and amphiphilic behavior of PS/PMMA viscoelas-
tic Janus droplets at the HDPE/PP interface. The effect of an
interfacial modifier using a PE-b-PMMA diblock copolymer is
investigated, and the results are interpreted via classical capillary
and spreading coefficient theories.

2. EXPERIMENTAL METHODS

2.1. Materials. Four homopolymers and one diblock copoly-
mer were used. A barefoot resin of high-density polyethylene,
HDPE 3000, was supplied by Petromont. Polypropylene PP
PD702 was obtained from Basell and polystyrene PS 615SAPR
from Americas Styrenics. Poly(methyl methacrylate) 200336
(PMMA) was supplied by Aldrich. Finally, a diblock copolymer
of 1,4-hydrogenated (ethylene-butylene)-block-methyl metha-
crylate (PE-b-PMMA) was synthesized by Polymer Source,
Inc. The materials characteristics are listed in Table 1, and the
interfacial tensions measured by a combination of the breaking
thread method, Neumann triangle method and the FIB-AFM
technique (NT-FIB-AFM method)*” are given in Table 2. In all
cases, the values are comparable to other results reported in the
literature.* %’

2.2. Blend Preparation and Annealing. The HDPE/PP/
PS/PMMA quaternary blends were prepared in a Plasti-
Corder Digi-System internal mixer from C.W. Brabender
Instruments Inc. at 200 °C and 50 rpm for 8 min under a
constant nitrogen flow, with constant homopolymer volume
fractions of HDPE/PP/PS/PMMA 45/45/5/5 vol. %. For the
copolymer, 2 g of PE-b-PMMA/100 mL of PMMA (2% PE-b-
PMMA) were added to one of the quaternary blends to modify
the HDPE/PMMA interface. Quiescent annealing of the
blends was then performed under a hot press at 200 °C for
30 min, after which the blends were plunged into cold water to
freeze-in the morphology.

2.3.Scanning Electron Microscope Observations. Sam-
ples were initially cryogenically microtomed using a Leica

5851 dx.doi.org/10.1021/ma200647t |Macromolecules 2011, 44, 5850-5856



Macromolecules

COMMUNICATION TO THE EDITOR

Table 2. Interfacial Tensions Obtained by the Combined
Neumann Triangle and FIB—AFM Methods and Spreading
Coeflicients

polymer pairs  no. of measurements, N interfacial tensions ¥ (mN/m)
PS/HDPE 34 42+£0.6

PS/PP 34 3.5+02
PP/HDPE 34 1.1£0.6
PMMA/HDPE 8.6+£0.9"
PMMA/PP 28 5.0+038
PMMA/PS 28 1.7£1.0

Spreading Coefficients (mN/m): Aijksj = Vi — (v + y]-k)
HDPE/PS/PMMA: complete wetting ~ PP/PS/PMMA: partial wetting

A'PP/PMMA/PS =-32+20
APP/PS/PMMA =—-02+20

AnppE/pMmMa/ps = —6.1 £ 2.5
AnppE/ps/prma = 2.7 £ 2.5
Aps/uppe/pMma = —11.1 £ 2.5 Aps/pp/paima = —6.8 & 2.0

HDPE/PP/PS: partial wetting HDPE/PP/PMMA: complete wetting

Appe/ps/pp = —6.6 £ 1.4
Auppe/pp/ps = —0.4 £ 1.4

Auppe/pymmaspp = —12.5 £2.3
AnppE/pp/PMMA = 2.5 £ 2.3

App/ppE/ps = —1.8 £ 1.4 Apmma/mppe/pp = —47 £2.3

“Value taken from refs. %

RM2165 microtome equipped with a LN21 cooling system.
For SEM observations, the PMMA phase was subsequently
extracted at room temperature for 3 days using acetic acid
and then dried at 60 °C under vacuum in an oven. The
samples were then coated with a gold—palladium layer by
plasma sputtering. SEM observations were conducted using
a JEOL JSM 840 scanning electron microscope operated at
10kVand 6 x 107" A,

2.4. FIB—AFM Morphology Analysis. The combination of
focused ion beam (FIB) and AFM has been shown in previous
articles**® to result in an excellent contrast between the phases
for morphology analysis. Samples for the focused ion beam (FIB)
preparation were first cryogenically microtomed. A gold—palla-
dium layer was then deposited on the samples by plasma
sputtering and, finally, the surface of the specimens was prepared
with the focused ion beam. The FIB surface etching was
performed using a Hitachi 2000A Ga® focused ion beam
operated at 30 keV and 3 nA, with an etching window of 120
X 10 um” and a dwelling time of 3 us. The etched surface was
then analyzed with an AFM in tapping mode using a Dimension
3100 scanning probe microscope from Veeco Instruments
equipped with a Nanoscope IVa control module. Tips model
PPP-NCH-W from Nanosensors, with a resonance frequency of
204—497 kHz, a force constant of 10—130 N/m, length and
width of 125 & 10 sm and 30 &= 7.5 pm, tip height of 10—15 um
and radius <10 nm were used. Topographic (height) images were
subsequently treated with the AFM software to remove the
effects caused by inclination of the samples and the curtain effect
produced by FIB surface preparation. More details about this
procedure are available in ref 48.

3. RESULTS AND DISCUSSION

3.1. Microstructure of the Quaternary System without
Copolymer. After melt-processing and quiescent annealing,
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Figure 3. SEM micrograph (a) and a FIB-AFM image (b) of the
unmodified HDPE/PP/PS/PMMA 45/45/5/5 blend after 30 min of
quiescent annealing. Asymmetric, composite Janus PS/PMMA droplets
are observed at the HDPE/PP interface, but they do not display an
amphiphilic behavior. Furthermore, two three-phase lines of contact are
observed. (c—e) The quaternary blend is examined, but modified this
time with 2% PE-b-PMMA (based on the PMMA content) and annealed
for 30 min. In this latter case, the PS/PMMA composite droplets have a
Janus structure and also display an amphiphilic behavior, with the PS
adjacent to the PP phase and the PMMA to the HDPE phase. Note
finally the formation of the four-phase line of contact.

the analysis of Figure 3a,b reveals the formation of axisymmetric
PS/PMMA droplets located at the HDPE/PP interfaces. This
axisymmetry satisfies the definition of a Janus object and, at 50/
50 PS/PMMA compositions within the droplets, the PS covers a
higher fraction of a droplet’s surface. However, even if they are
located at the HDPE/PP interfaces, these particles do not display
an amphiphilic behavior. The PS is in contact with both the
HDPE and PP phases (which it prefers), while the PMMA is only
in contact with the PP phase but not the HDPE. As a result, two
three-phase lines of contact are observed and the Janus particles
behave like homogeneous particles (see the center and right
particles in Figure 1).

In trying to understand why an amphiphilic behavior is not
observed, it is useful to investigate on the expected equilibrium
microstructure of this unmodified quaternary HDPE/PP/PS/
PMMA 45/45/5/5 blend (which has been discussed previously
in a recent article42). For a quaternary system, as opposed to a
ternary one, one set of three spreading coeflicients is not enough
to predict the resulting microstructure. However, the spreading
coeflicients of the four different ternary combinations can
be analyzed (Table 2). In a ternary HDPE/PS/PMMA blend,
complete wetting is theoretically predicted and experimentally
observed, with the PS spreadiné and forming a continuous layer
at the HDPE/PMMA interface.** Note that A11ppg,/ps/pavva =
2.7 £ 2.5 is positive. The PMMA is then completely separated
from the HDPE. The spreading coeflicients for the PP/PS/
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PMMA blend (all negative) predict a partial wetting type of
morphology.** As a result, the minor phases of PS and PMMA
dispersed in PP give composite droplets of PS and PMMA, but
with the two minor phases in contact with each other and with
the PP phase along a common line of contact, as the schematic of
Figure 2b also illustrates. The result is similar for the HDPE/PP/PS
combination, and the PS is in contact with both the HDPE
and the PP phases.*" Finally, for the HDPE/PP/PMMA ternary
system, Apppg/pp/pama is positive. The PMMA is then com-
pletely separated from the HDPE by the PP phase (unpublished
results). The FIB-AFM image of Figure 3b shows that all of these
tendencies are respected for the studied unmodified quaternary
blend, and the four sets of spreading coefficients are in agreement
with the observed morphology.

The spreading coefficients analysis simply demonstrates quan-
titatively that the PS/PMMA Janus composite droplets do not
display an amphiphilic behavior because both the PS and PMMA
phases have a preferential affinity with the PP phase. To obtain
both a Janus droplet type of structure and an amphiphilic
character, it appears natural that one of the droplet’s phase
should in fact have a stronger affinity with the HDPE. This is
explored in the next section.

3.2. Modified Quaternary System and Formation of Am-
phiphilic PS/PMMA Janus Droplets at the HDPE/PP Inter-
face. A significant morphological transition is observed when a
small amount of a PE-b-PMMA diblock copolymer (2% wt.
based on the PMMA content) is added to the quaternary HDPE/
PP/PS/PMMA 45/45/5/5 vol. % blend (Figure 3c—e, PS/
PMMA volume ratio of 1:1). The PMMA migrates from the
PP phase toward the HDPE phase and confirms the activity of
the copolymer at the HDPE/PMMA interface. The PMMA also
tends to remain in contact with the PS phase since the corre-
sponding interfacial tension is relatively low (Table 2). As a
result, PS/PMMA composite droplets displaying a side-by-side
morphology are formed, with the PS hemisphere in contact with
the PP and the PMMA hemisphere in contact with the HDPE. As
in the previous section, these PS/PMMA composite droplets are
axisymmetric with a Janus character. However, they also possess
a clear amphiphilic behavior: the PS hemisphere is exclusively in
contact with the PP, and the PMMA is only in contact with the
HDPE. This feature is absent in the unmodified system. Further-
more, these PS/PMMA Janus droplets form a very dense array at
the HDPE/PP interface, as shown in Figure 3, parts ¢ and e.

Another significant feature is the formation of what appears to
be a four-phase line of contact, which is predicted to exist
theore:tically,49751 but, to our knowledge, have not been reported
until now in multiphase polymer blends. In Figure 3e, this line
appears as a point and can be observed for each droplet. Figure 3d
is a SEM close-up on a PS/PMMA droplet after the selective
extraction of the PMMA phase, revealing where the homopoly-
mers meet at the four-phase line. Parts a and b of Figure 4 show
complementary SEM views after the selective extraction of the
PS phase, with the quite visible interfaces and the four-phase lines
(marked respectively with dotted red lines and black and white
dots in Figure 4b). Furthermore, a similar amphiphilic behavior is
observed for 75/25 PS/PMMA %vol. asymmetric droplets (PS/
PMMA volume ratio of 3:1) modified with 2% PE-b-PMMA
copolymer, as parts ¢ and d of Figure 4 illustrate.

The transition from nonamphiphilic to amphilic droplet
behavior after the addition of the PE-b-PMMA block copolymer
is related to the minimization of the system’s free interfacial
energy. Ondarcuhu et al** have conceptually illustrated the
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[extracted) 1‘-#_<~ Line of 4-phase]
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Figure 4. (a and b) SEM micrographs of the HDPE/PP/PS/PMMA
45/45/5/5 vol. % blend compatibilized with 2% PE-b-PMMA where the
PS phase as been selectively extracted with cyclohexane (as opposed to
the PMMA extraction shown in Figure 3, parts ¢ and d). The four
homopolymers meet along a common four-phase line identified with
black and white dots in part b (the red dotted lines mark the different
interfaces). (c and d) amphiphilic PS/PMMA Janus droplets at the
HDPE/PP interface in a HDPE/PP/PS/PMMA 45/45/7.5/2.5 vol. %
blend modified with 2% PE-b-PMMA (the PS/PMMA ratio is 3:1
instead of 1:1 as in Figure 3 and parts a and b here). An amphiphilic
behavior is again observed.

activity and possible conformations of asymmetric Janus solid
spherical particles at an oil/water interface. Their free energy
landscape depends not only on the magnitude of the interfacial
tensions, but also on the surface pattern of the particles, i.e., their
surface geometry. Of the three possible conformations illustrated
in Figure 1, the particles will preferentially adopt the one
minimizing the free energy. The appearance of a four-phase line
of contact is associated with an amphiphilic behavior and pinning
of the particles at the line which separates the two different
surface chemistries, as illustrated in Figure 1la.

As opposed to solid particles, viscoelastic PS/PMMA
droplets can clearly deform at the interface due to the
interfacial tensions. However, the physics related to their
conformation should be similar, i.e.,, minimization of the
interfacial free energy. The formation of the four-phase line
between the HDPE, PP, PS, and PMMA phases can then be
understood as follow: the compatibilization of the HDPE/
PMMA interface with the PE-b-PMMA diblock copolymer
strongly drives the PMMA hemisphere toward the HDPE
phase, while the PS hemisphere still prefers the PP phase. As a
result, the droplets are pinned at the HDPE/PP interface
exactly where the PS and PMMA hemispheres meet and a
four-phase line is formed. This is the conformation that
minimizes the free energy of the system.

As a consequence, an important question concerns the
equilibrium values of the contact angles at a four-phase line of
contact in systems comprised of four immiscible liquid phases. In
immiscible ternary systems displaying a three-phase line, it is
well-known that contact angles are uniquely defined by balancing
the three interfacial tension values in the plane perpendicular to
the three-phase line”’—this is the classical Neumann triangle
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relation. There are two independent angles (the third is 360°
minus the other two) and two independent spatial directions in
the plane (X and Y), yielding a unique set of three contact angles
for a given set of three interfacial tensions. For a four-phase line
system with an equivalent number of interfacial tensions, balan-
cing the tensions in the plane perpendicular to the line does yield
multiple solutions since there are three independent angles (the
fourth is 360° minus the other three) but only two independent
directions (X and Y)—there are two equations with three
independent parameters. To solve this problem, preliminary
theoretical calculations performed in our group suggest that a
unique set of contact angles is found when the relative composi-
tions of the phases are also taken into account—supporting the
theoretical existence of multiphase lines of contact. However, to
our knowledge, no such theoretical treatment is available at the
moment in the literature.

It is relevant to keep in mind that brief depinning of the
particles could occur due to the dynamic (although relatively
slow) nature of the coalescence and coarsening processes during
quiescent annealing, and due to potential interactions between
neighboring droplets. Furthermore, artifacts could appear due to
small volumetric variations of the phases during cooling of the
samples and due the microtoming procedure. These might
account for the ambiguous position observed for some particles
at the interface.

3.3. Neumann Triangle Method to Measure the Modified
HDPE/PMMA Interfacial Tension. The Neumann equation
analysis combined with the FIB—AFM technique (NT—FIB—
AFM method) was used in order to measure the HDPE/PMMA
modified interfacial tension.** Since a four-phase line of contact
is formed, the classical Neumann equation needs to be modified
in order to account for this new morphological feature.* >
Following the geometric construction depicted in Figure 5 and
setting the XY reference axis at the four-phase line of contact, with
the X-axis tangent to the particle’s surface, the mechanical
equilibrium condition along the line in the X direction is given by:

Yep/ps T VHppE/ppCOS 02 — Vps/pama©s 01 = Vuppr/pvma
(1)

Using the interfacial tensions in Table 2, the analysis of five
droplets yields an average value of 3.9 £ 1.4 mN/m (five particles
analyzed) for the modified ¥ 1ppE,/pava interfacial tension. This
represents a significant drop from 8.6 £ 0.9 to 4.7 = 2.3 mN/m,
and an apparent areal density of 0.30 £ 0.07 copolymer
molecule/nm” is estimated for the PE-b-PMMA block copoly-
mer at the HDPE/PMMA interface.*>*>

It is pertinent to remark that although the interfacial tension
decreases significantly, it does not appear to completely
drop to zero, even though the HDPE/PMMA interface
seems saturated in copolymer.”** As pointed out in some
articles,*”>? this could be due to the elasticity of the modified
HDPE/PMMA interface, a phenomena that should possibly have
to be taken into account when using the Neumann method for
such situations.

Another intriguing feature is the near-perfect spherical shape
of the PS/PMMA amphiphilic droplets (Figures 3c—e, 4, and S).
In classical systems displaying three-phase lines of contact (such
as the HDPE/PP/PS or PP/PS/PMMA lines in Figure 3, parts a
and b),>”* a droplet’s spherical shape is perturbed at the three-
phase line due to the forces exerted on it by the interfacial
tensions. However, this perturbation is almost imperceptible for

50 nm 50 nm

PMMA

Figure 5. Application of the NT—FIB—AFM method to measure the
modified Yyppr/pavna interfacial tension. (a to d) Demonstration of the
geometric construction used to measure the modified tension.

the PS/PMMA amphiphilic droplets reported in this article. This
can be explained by analyzing the interfacial tensions and
geometry at the four-phase line. The PS/PMMA interfacial
tension (Yps/pavma = 1.7 = 1.0 mN/m, see Table 2) pulls inward
the droplet and will tend to contract it at the four-phase line.
However, Yyppg,/pp (=1.1 & 0.6 mN/m, similar in magnitude to
¥ps/pmma) pulls outward and almost in the opposite direction
to ¥ps/pmmas canceling the effect of the latter. As a result, the
PS/PMMA droplets remain quasi-spherical.

A number of quaternary structures and morphological features
cannot be predicted to occur by classical spreading theory,
including the formation of a four-phase line of contact. Since
the number of possible microstructures increases rapidly with the
number of components in a blend, the usual approaches used for
predicting the morphologies in multiphase systems become
limited. More investigations are currently in progress to study
the formation conditions and the stability of such structures in
quaternary systems.

The solid state properties at ambient temperature of melt-
processed polymer blends offer unique possibilities for ob-
serving and quantifying by high-resolution microscopic anal-
ysis methods the amphiphilic character and behavior of
interfacially active particles. Such an analysis would prove
much more difficult to conduct with classical water/oil
interfaces due to their highly dynamic nature at ambient
temperature. The microstructure reported in this article
could prove useful for fabricating and for investigating on
Janus droplets behavior.

4. CONCLUSION

Axisymmetric Janus composite droplets comprised of PS and
PMMA hemispheres have been generated by melt processing
unmodified and interfacially modified quaternary HDPE/PP/
PS/PMMA 45/45/5/5 blends. The formation of the micro-
structures results from the combination of partial and complete
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wetting regimes occurring between the different phases. To our
knowledge, this is the first study dedicated to Janus droplets
formation, interfacial activity and assembly in melt-processed
polymer blends.

In the unmodified blend, Janus droplets comprised of PS and
PMMA hemispheres are interfacially active and locate at the
HDPE/PP interface. While the PS hemisphere is in contact with
all other three phases, the PMMA is only in contact with the PP
and PS. As a result, these particles possess a Janus-like architec-
ture but behave like homogeneous particles due to the stronger
affinity of the PS and PMMA phases for the PP. The addition of a
PE-b-PMMA diblock copolymer significantly alters the micro-
structure. The PS/PMMA particles retain their Janus architec-
ture, are interfacially active at the HDPE/PP interface and are still
comprised of two adjacent PS and PMMA hemispheres. How-
ever, as opposed to the unmodified scenario, the PMMA hemi-
sphere is exclusively located in the HDPE phase due to the
interfacial activity of the block copolymer, while the PS is only in
contact with the PP phase. As a result, these PS/PMMA particles
also possess an amphiphilic behavior characterized by the
formation of a four-phase line of contact. To our knowledge,
this detailed experimental observation of a four-phase line of
contact is the first time ever reported for a multiphase polymer
blend system. Using the Neumann triangle method combined
with the FIB-AFM microscopy technique, the HDPE/PMMA
interfacial tension decreases from 8.6 to 3.9 mN/m as the
copolymer is added, for an %pparent areal density of 0.30 +
0.07 copolymer molecule/nm?, a value close to reported satura-
tion values. More investigations are currently in progress to
understand and predict how such complex morphologies can
develop in multiphase systems.
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