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The interfacial activity of self-assembled worm-like crystalline-core
micelles (WCCMs) with a patchy polystyrene/poly(methyl methacry-
late) (PS/PMMA) corona and a semi-crystalline polyethylene (PE) core
is studied at the toluene-water interface. Strikingly, the interfacial
activity is comparable to that of Janus cylinders with well-separated
PS/PMMA hemishells and comparable length. From this finding an
adaptation of the corona chains of the patchy wCCMs to the
toluene-water interface is proposed.

Surface compartmentalization in nanoparticles leads to a
variety of unique fields of application, e.g. the self-assembly into
hierarchical superstructures or the selective incorporation of
multiple nanoparticles or dyes into defined spatial confine-
ment.”” Another fascinating attribute of surface-compartmen-
talized nanostructures is their outstanding surface activity. The
combination of the “Pickering effect”® valid for particles at
interfaces with the amphiphilicity of classical surfactants
makes them ideal candidates for a new generation of superior
surfactants or to produce functional assemblies.*

Research on surface-compartmentalized nanostructures until
now has mainly focused on Janus particles that, named after the
two-faced Roman god Janus, exhibit exactly two opposing hemi-
shells of different chemistry and/or polarity.”® Dense, solid Janus
colloids with sizes ranging in the micrometer region and slightly
below have been synthesized using various techniques during the
last decade, mainly resulting in spherical geometries.>™** Step-
ping down further in size, block terpolymer based spherical,
cylindrical, ribbon-like and disc-like Janus micelles with cross-
linked cores were prepared via a template-assisted approach.***¢
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Triggered by theoretical studies predicting an up to 3-fold
increase in the surface activity of spherical Janus structures
with respect to homogeneous particles,” experimental efforts
to explore the potential of Janus particles as surfactants were
undertaken. Boker and Krausch et al. observed a reduction of
the oil-water interfacial tension for iron-oxide/gold Janus
particles that was significantly higher than that observed for
the respective uniform particles.’® Furthermore, Janus particles
of varying geometry (spherical, cylindrical, and disc-like)
prepared by the template-assisted approach were shown to
exhibit superior surface activity compared to the unim-
olecularly dissolved triblock terpolymer precursors used for
their synthesis.’®*?° For Janus cylinders a more pronounced
reduction of the interfacial tension was observed with
increasing cylinder length.?* Additional studies have suggested
that parameters such as size, aspect ratio, form and shape of
Janus particles play a significant role in their surface activity,
particle orientation and packing geometry.'>*~** With a view to
industrial application, amphiphilic spherical Janus micelles
were successfully used as stabilizers in emulsion polymeriza-
tion revealing advantageous properties, including the stabili-
zation of surface areas significantly higher compared to the
cross-section of the micelles.”**

Patchy particles - bearing multiple different corona
compartments - have only been explored to a much lower
extent,"”** and, in addition, mostly spherical particles were
investigated.”®**° Liu et al. prepared patchy cylinders, vesicles and
tubes from a triblock terpolymer via dialysis into different non-
solvents for the middle block.** Even the formation of double and
triple helices via wrapping and fusing of small patchy cylindrical
micelles was observed using a similar block terpolymer.** Lately,
crystallization-driven self-assembly - known to promote the
formation of one-dimensional micelles**** - was used to prepare
worm-like micelles with a patch-like microphase separation in
the corona.®*®® It is noted that crystallization-induced self-
assembly also allows for the production of crystalline-core
micelles with a block-type compartmentalized corona.®**™*!
Although patchy particles do not share the characteristic
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geometry of Janus particles, the different hemishells on opposing
sides, they should also benefit from their non-homogeneous
corona in terms of surface activity. Despite the envisaged appli-
cation of patchy particles for the stabilization of emulsions,* to
the best of our knowledge, the interfacial activity of particles with
a patchy corona consisting of multiple compartments has not yet
been investigated. Besides, there are reports on the interfacial
behaviour of mixed polymer brush-grafted particles, which are
able to adapt to an interface via chain reorganization.**»**

Hence, we hereby present a study on the interfacial activity of
worm-like crystalline-core micelles (WCCMs) with a patchy
corona consisting of multiple polystyrene and poly(methyl
methacrylate) compartments and a semi-crystalline poly-
ethylene (PE) core. These structures significantly decrease the
interfacial tension at the toluene-water interface as shown by
pendant-drop tensiometry and the effect is similar to that
observed for Janus cylinders of similar size. Furthermore, the
influence of the corona size and composition of the patchy
wCCMs on the interfacial activity is investigated.

The patchy wCCMs were self-assembled from polystyrene-
block-polyethylene-block-poly(methyl methacrylate) (PS-b-PE-b-
PMMA) triblock terpolymers directly in solution. The triblock
terpolymers were first dissolved in toluene (1 g L™') above the
melting temperature of the PE middle block. Subsequently, the
solution was kept at the desired temperature of isothermal
crystallization (T.) for one day to trigger crystallization-induced
self-assembly into worm-like micelles with a semicrystalline PE
core and a patch-like compartmentalized corona of PS and
PMMA. An additional annealing step was performed to achieve
a perfection of the core structure as well as a more pronounced
microphase separation in the corona.’”*® The used triblock co-
and terpolymers as well as the applied crystallization and
annealing temperatures are summarized in Table 1. For wCCMs
prepared in toluene the degree of crystallinity of the PE core is
typically about 40-50%.%” A detailed morphological character-
ization of the investigated wCCMs can be found in our previous
publications.*”** Selected TEM micrographs of SEM and SES
wCCMs (Fig. S1t) as well as experimental details are provided in
the ESL}

View Article Online

For this study, the toluene-water interface was chosen for
mainly two reasons. Firstly, the wCCMs can directly be self-
assembled in toluene and, secondly, toluene and water are
immiscible and exhibit a high interfacial tension, criteria that
are essential to achieve reproducible results. In these
measurements toluene was used as the solution phase and
water, due to its higher density, as the droplet phase. The
interfacial tension at the pristine toluene-water interface was
determined to be v, = 33.1 mN m " (Fig. $27).

To clarify whether the combination of the “Pickering effect”
of the worm-like micelles with slightly amphiphilic properties
due to the patchy PS/PMMA corona results in a synergistic
effect, wWCCMs formed by a symmetric PS-b-PE-b-PMMA triblock
terpolymer (SEM1, equal length of end blocks) were compared
to PS-b-PB-b-PMMA (SBM, PB = polybutadiene) unimers and
wCCMs with a homogeneous PS corona formed by a PS-b-PE-b-
PS (SES) triblock copolymer. A schematic depiction of the
investigated one-dimensional micellar structures can be found
in Scheme 1. The used SBM is the non-hydrogenated PB-con-
taining precursor triblock terpolymer of SEM1 and, thus, the
lengths of the PS and PMMA blocks are identical. However, as
the PB block is amorphous and well soluble in toluene at
ambient temperature, in contrast to the PE block in SEM1, the
SBM triblock terpolymer is molecularly dissolved. The worm-
like SES micelles with a homogeneous PS corona exhibit a
comparable length with respect to that of the SEM1 wCCMs and
bear corona blocks with a similar degree of polymerization
(Table 1). Thus, the interfacial activities of SBM unimers and
SES wCCMs represent suitable benchmarks for SEM1 wCCMs.

A B C

Scheme 1 Overview of the investigated micelles: wCCMs with (A) homoge-
neous and (B) patchy corona, and (C) Janus cylinders (PS = blue, PMMA = red,
core = semi-crystalline PE (A and B) or crosslinked PB (C)).

Table 1 Molecular and thermal characteristics of the used triblock copolymers, average length of self-assembled wCCMs and quasi-equilibrium interfacial tension
Sample Polymer” DPeoronalXps” T [°C] T.° [°C] “ [nm] v¢ [mMN m™]
SEM1 S310E700Ma60 700/0.49 20 45 520 (140) 17.6 (0.3)
SEM2 S140E600Mi60 300/0.47 30 40 560 (130) 19.4 (0.1)
SEM3 S250E1100M300 580/0.48 34 48 540 (160) 18.0 (0.1)
SEM4 S330E1360M760 1090/0.3 20 40 780 (240) 18.1 (0.1)
SEMS5 S100E1470Me10 1100/0.45 20 40 850 (250) 17.7 (0.2)
SEM6 Ses0E1350M350 1010/0.65 18 40 710 (200) 18.9 (0.1)
SES S3s0E880S300 770/1 20 45 690 (230) 19.4 (0.1)
Janus*° S430B200Ms00 930/0.46 — — 800 (250) 18.0 (0.1)
SBM S340B350Ma60 700/0.49 — — 19.4 (0.4)

“ Subscripts give the number-average degree of polymerization of the respective block. ” Overall degree of polymerization of the corona blocks PS

and PMMA (DPcoona) and molar fraction of PS units in the wCCM corona (xps).
annealing (T,), respectively. ¢ Average wCCM length derived from TEM image analysis (standard deviation in parentheses]

Applied temperatures of isothermal crystalhzatlon (T.) and
Quasi-equilibrium

interfacial tension determined by averaging the values of the interfacial tension measured durlng the last 30 min of the experiment (standard
deviation in parentheses).” Precursor of SEM1 prior to hydrogenation, unimolecularly dissolved in toluene.
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The corresponding pendant drop tensiometer measure-
ments are displayed in Fig. 1A. The interfacial tension at the
water-toluene interface shows a rapid decrease at early stages of
adsorption for all samples, which levels off and finally reaches a
plateau (quasi-equilibrium interfacial tension). In the presence
of SEM1 wCCMs the quasi-equilibrium interfacial tension
(v(SEM1) = 17.6 mN m™ ") is significantly lower than for SBM
unimers (y(SBM) = 19.4 mN m™ ') and SES wCCMs (y(SES) =
19.4 mN m '), highlighting the beneficial combination of
surface compartmentalization (amphiphilicity) with the “Pick-
ering effect” of the wCCMs. The considerable reduction of the
interfacial tension even in the presence of SBM unimers is
ascribed to the difference in the PS-water and PMMA-water
interfacial tensions of 32 and 16 mN m™', respectively.”
Accordingly, PMMA has a significantly higher affinity to the
water phase compared to PS, irrespective of the fact that PMMA
is not soluble in water. While for SBM unimers the interfacial
tension reaches a constant value at relatively short times, for
solutions containing SES and SEM1 wCCMs establishing a
quasi-equilibrium state takes about 2 h. On one hand, the
diffusion of unimers to the droplet surface might be faster than
for considerably larger micellar structures and, on the other
hand, the arrangement of the wCCMs at the interface is

22

vy /mN m

t/h

Fig. 1 (A) Interfacial tension isotherms of 1 g L™' solutions containing SBM
unimers, SES wCCMs with a homogeneous corona, SEM1 wCCMs with a patchy
corona and SBM Janus cylinders. (B) Interfacial tension isotherms of differently
concentrated solutions of wCCMs formed by SEM1.

This journal is © The Royal Society of Chemistry 2013
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supposed to take a much longer time. Moreover, the interfacial
tension for SES wCCMs decreases rather slowly, whereas SEM1
reaches values below 20 mN m™~" much faster, pointing to a
higher affinity of the patchy wCCMs toward the interface
attributable to the weak amphiphilic character of the patchy
corona. In the logarithmic presentation of the data for SEM1
wCCMs, different stages of adsorption appear more precisely
(Fig. S31). In the first stage the interfacial tension decreases
rapidly due to free diffusion of the wCCMs to the interface.
Subsequently, the decrease slows down (stage II) going along
with ordering and domain formation at the interface. Finally,
the interfacial tension approaches a plateau indicating the
maximum coverage of the interface (stage III). In addition, we
studied the concentration dependence of the interfacial tension
and found a significant decrease of the quasi-equilibrium
interfacial tension upon increasing concentration of SEM1
based wCCMs in the toluene phase (Fig. 1B). A comparable
behaviour was observed for SBM Janus cylinders, too, and is
attributed to an increasing surface pressure of adsorbing
wCCMs with increasing concentration.>

The interfacial activity of SEM1 wCCMs at the toluene-water
interface was directly compared to that of SBM Janus cylinders
used in a previous study.” Strikingly, the quasi-equilibrium
interfacial tension in the presence of the Janus cylinders
(y(Janus) = 18.0 mN m™ ') is within the accuracy of the tech-
nique in the same range as for SEM1 (Fig. 1A). Here, it has to be
noted that the length of the PS and PMMA corona blocks and
the total length of the Janus micelles are higher than those of
the wCCMs formed by SEM1, while the molar fraction of PS
units in the corona is comparable for both (Table 1). Conse-
quently, a higher reduction of the interfacial tension in the case
of the Janus cylinders might be expected as an increase in the
average length of Janus cylinders was shown to enhance the
adsorption at the interface and, thus, results in lower plateau
values.” In order to examine whether this unexpected finding
occurs only for the system toluene-water, we studied the
interfacial activity of SEM1 wCCMs with dioxane as the solution
phase and perfluorooctane (PFO) as the droplet phase, too.
Here, prior investigations resulted in a quasi-equilibrium
interfacial tension of y(Janus) = 7.7 mN m ™" in the presence of
Janus cylinders with a length of 800 nm,*® and again the plateau
value of the patchy wCCMs was found to be comparable
(Y(SEM1) = 7.3 mN m ™, Fig. S47).

In the first place, one would assume that Janus cylinders
exhibit a higher interfacial activity compared to cylindrical
structures with a patchy corona. The segregation of the
PS/PMMA corona into two hemishells should be ideally suited
to arrange at the liquid-liquid interface. However, wCCMs with
multiple compartments of PS and PMMA obviously achieve
similar results. This leads to the assumption that the corona
chains are able to adapt to the interface. Based on simulations
and experiments on PS/PMMA Janus cylinders, which showed a
preferential orientation of the PS chains to the toluene phase
and the PMMA chains to the water phase," the following model
for patchy wCCMs is proposed (Scheme 2). In the toluene phase
PS and PMMA are soluble, whereas PS exhibits a slightly better
solubility compared to PMMA.** Although water is a non-solvent

Soft Matter, 2013, 9, 11173-11177 | 11175


https://doi.org/10.1039/c3sm51914g

Published on 16 October 2013. Downloaded by UNIVERSITAT BAYREUTH on 5/22/2020 10:30:48 AM.

toluene 4 ; .
:\F <4— PMMA chains

Scheme 2 Proposed orientation of patchy wCCMs at the toluene-water inter-
face and adaptation of the corona chains.

for both corona blocks, the more polar PMMA chains are most
likely oriented toward the water phase and probably act as a
shielding layer for the even less polar PS blocks and the PE core.
Conversely, the PS chains at the same side of the wCCMs facing
the water droplet surface collapse close to the PE core or even
fold around the core in order to reach into the toluene phase
where possible.

Prior studies on Janus cylinders already revealed a strong
influence of the cylinder length on the interfacial properties.*
However, the impact of the corona composition and the corona
thickness has not yet been addressed. In order to investigate the
influences of the corona structure in more detail, the toluene—
water interfacial tension in the presence of two series of SEM
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Fig. 2 Interfacial tension isotherms of 1 g L™" solutions containing wCCMs
formed by SEM1-3 (A) and SEM4-6 (B).
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based wCCMs was studied. Notably, the average length of the
formed wCCMs in each series did not vary significantly (Table 1)
and, thus, is not expected to exert a significant influence on the
interfacial activity. In the first series, SEM1-3, the molar fraction
of PS units (xps) in the corona of the wCCMs was kept constant,
while the overall degree of polymerization (DPcorona) Of both
corona blocks was varied. The interfacial tension isotherms
displayed in Fig. 2A clearly show an increase in interfacial
activity, ie., decrease in interfacial tension, upon increasing
length of the corona blocks. The quasi-equilibrium interfacial
tension decreases continuously from y(SEM2) = 19.4 mN m ™"
for DPorona = 300 down to v(SEM1) = 17.6 mN m™ ' for DPorona
= 700. This shows that a more extended corona of the worm-like
micelles enhances their ability to stabilize interfaces, which is
in agreement with theoretical predictions.® In the second series,
SEM4-6, wCCMs with comparable overall degree of polymeri-
zation of the corona blocks but different molar fractions of PS
units in the corona were examined (Fig. 2B). Here, the interfa-
cial tension isotherms exhibit only a weak dependence on the
corona composition, with quasi-equilibrium interfacial
tensions for wCCMs with an asymmetric corona composition
(Y(SEM4) = 18.1 mN m ™" and y(SEM6) = 18.9 mN m ') being
slightly higher compared to wCCMs with a symmetric corona
composition (y(SEM5) = 17.7 mN m ™). This points to a minor
influence of the corona composition on the interfacial proper-
ties of patchy wCCMs within the investigated range.

Conclusions

A first study of the interfacial activity of self-assembled worm-
like crystalline-core micelles (WCCMs) with polyethylene (PE)
cores and a patchy corona of polystyrene (PS) and poly(methyl
methacrylate) (PMMA) at the toluene-water interface is pre-
sented. The ability of these patch-like surface-compartmental-
ized nanostructures to reduce the quasi-equilibrium interfacial
tension is significantly higher compared to that of single chains
of the precursor triblock terpolymer or wCCMs with a homo-
geneous PS corona. This highlights the beneficial synergy of the
particular nature of the investigated wCCMs (“Pickering effect”)
and the amphiphilicity of the patchy PS/PMMA corona. Strik-
ingly, the interfacial activity of the investigated patchy wCCMs
is comparable to that of SBM Janus cylinders with similar
dimensions and corona composition, even though the Janus
structure with two corona hemishells of PS and PMMA might be
regarded as more suitable for the stabilization of interfaces than
micelles with multiple corona patches on both sides. Screening
of a series of wCCMs formed by different PS-b-PE-b-PMMA tri-
block terpolymers with varying compositions and molecular
weights revealed that the overall degree of polymerization of the
corona chains, ie., the thickness of the corona, is a crucial
parameter that influences the interfacial activity of these
nanostructures. Besides, the composition of the corona in
terms of the molar fraction of PS units seems to play a minor
role. From the presented results a rearrangement of the wCCM
corona chains at the liquid-liquid interface is proposed,
rendering patchy wCCMs a new class of adaptive surfactants.
Due to the comparably simple preparation of these structures
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https://doi.org/10.1039/c3sm51914g

Published on 16 October 2013. Downloaded by UNIVERSITAT BAYREUTH on 5/22/2020 10:30:48 AM.

directly in solution by crystallization-induced self-assembly,
applications in the stabilization of emulsions and/or polymer
blends can be imagined. Future investigation will concentrate
on the production of wCCMs with a strong amphiphilic corona
by incorporating water-soluble polymer blocks.
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