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Carbon nanotubes (CNTs) are undoubtedly exceptional
materials in nanotechnology and materials science.l"? Their
outstanding strength, robustness, and electrical and thermal
conductivity make them very attractive components for
numerous innovative composites.* A uniform distribution
of CNTs in the target medium, for example, solvent or
polymer matrix, is often required to fully harness the desired
properties and to enhance CNT processability. However, the
high cohesion energy (mstacking) combined with a low
solubility parameter promotes extreme bundling of CNTs to
minimize the interactions with the surrounding medium.®7 It
is therefore necessary to stabilize each CNT with a surface
coating either by covalent attachment (grafting to/from) or
physisorption of polymers.*'l Covalent attachment provides
very good stabilization, yet this “anchoring” also interrupts
the conjugated msystem thus interfering with the CNT’s
properties. Physisorbed moieties are better suited as they
show excellent stabilization, while maintaining the structural
integrity of the CNTs. Noncovalent dispersants range from
pure organic compounds to surfactants’'” and block
copolymers,'®?? and recently, even block copolymer
micelles.”?! Organic solvents have the disadvantage that
the CNTs cannot be transferred into other media without
coagulation and precipitation. Surfactants and amphiphilic
block copolymers can be tailored to match any solvent, but
often require a high dispersant-to-CNT weight ratio to form
stable dispersions."! In comparison, block copolymer
micelles have similar stabilizing properties, while requiring
lower dispersant/CNT ratios.®! These developments mirror
that the trend is clearly shifting towards more sophisticated
dispersants unifying strong adsorption to the CNTs and
enhanced stabilization, preferably in many different media.
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Janus particles of various topologies®™?’ have a strong
affinity towards interfaces,”*? outstanding performance as
“giant surfactants” in emulsion polymerization, and as
compatibilizers in polymer blends.”>*!! The strong interfacial
affinity originates from the Pickering effect® and the two
strictly phase-separated corona patches.

Herein, we demonstrate that polymer-based Janus
micelles (JMs) facilitate the dispersion of multi-walled
carbon nanotubes (MWNTSs) in a variety of solvents, includ-
ing water. JMs selectively adsorb to the MWNTSs with a -
stacking hemisphere, while stabilizing the formed supra-
colloidal hybrid in the chosen medium through steric
repulsion with a solvophilic hemisphere (Scheme 1). The
non-invasive physisorption preserves the conjugated structure
of the MWNTs, essential for maintaining its properties.
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Scheme 1. Janus micelles functioning as compatibilizers between
MWNTs and a polymer matrix.

We recently developed a large-scale approach allowing
the functional design of nanoscale JMsP*¥"! with respect to
size, corona chemistry, and Janus balance (JB), all properties
which are decisive for MWNT dispersion as summarized in
Table 1. The overall size of the JMs can be tailored from 20—
100 nm, thus matching the outer diameter of MWNTs,
typically in the range of 10-100 nm. Larger particles (over
100 nm) may attach to several tubes causing network
formation and precipitation. Matching sizes are essential to
enhance particle-particle interaction as recently demon-
strated for a biomimetic composite, in which a “Janus-like”
protein, hydrophobin, facilitates extremely strong supra-
molecular interaction between nanofibrillated cellulose and
graphene.® In our case, the tasks of the corona hemispheres
can be tailored to meet application needs, simply by choosing
the proper ABC triblock terpolymer. Beyond that, we
systematically vary the rarely addressed Janus balance, that
is, the size ratio of both corona patches, from dominant
adsorbant to dominant stabilizer and show its critical impact
on the effectiveness of the dispersant.

The experimental approach to JM/MWNT hybrids is
straightforward and will be shown for polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) (PS-PB-
PMMA ; SBM) JMs with a cross-linked PB core, a dominant
PS, and a minor PMMA patch (JBps =68 % ).

Pristine, untreated MWNTs were dispersed in acetone
together with SBM1 JMs at a weight ratio of 50:50 w/w to
yield a final MWNT concentration of 0.05 gL', Acetone is
a good solvent for M, a near-theta solvent (that is, the polymer
exists as a statistical coil and is at the edge of solubility) for S,
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Table 1: Characteristics of used Janus Micelles.

Code Polymer®! Ry [nm]® deore [nm]19 JBps [%6]1
SBM1 Se10BesoMaso Y 3543 3145 68
SBM2 S340B330M360™° 2544 2244 48
SBM3 Sy30B330Muse™ 2743 2143 39
SBT SssoBi2oTaro " 2942 1042 55
SBV S360B350Vse0 2 2947 1443 38

[a] Subscript denotes the number-average degree of polymerization, DP,,
and superscript the molecular weight in kg mol™". [b] Hydrodynamic
radius in THF at c=1 gL™". [c] Average diameter from TEM image
analysis of 250 cores.*! [d] Janus balance, JBps = DP, ps/(DP, ps+DP, )
with C=PMMA, PtBMA, or P2VP.

and a non-solvent for the MWNTs. Thus, the MWNTs
entangle into strongly interacting bundles (sedimentation),
whereas the solvophobic S-patches cause clustering of JM
(Figure 1 A). This mixture was sonicated to disassemble the
MWNTs and the JM clusters. After treatment, re-assembly
results in the adsorption of JMs onto the MWNTSs surface to
minimize energetically unfavorable solvent/solvophobic

A) B) JM/MWNT
hybrids

Cluster of JMs
+

Bundle of MWNTs

Ultrasound

Figure 1. General preparation procedure. A) Schematic representation
and TEM images of starting materials in acetone. B) Supracolloidal re-
assembly (scale bars are 200 nm).

interfaces. Thereby, the PMMA-patches provide steric repul-
sion, suppressing rebundling of the MWNTs and promote the
formation of a stable dispersion. A dense coating of JMs on to
the MWNTs is evident from the large number of spherical
particles on the surface as seen by transmission and scanning
electron microscopy (TEM, SEM) and atomic force micros-
copy (AFM, Figure 1B). Raman spectroscopy shows that the
CNT surface is not affected by this supracolloidal attachment
and in IR measurements both materials contribute to the
spectrum (Figure S1-3 in the Supporting Information).
Surprisingly, the JMs selectively attach to the MWNTs
instead of re-assembling with each other, irrespective of JM
concentration or Janus balance. At a JM/MWNT ratio of
33:66 w/w, the JMs fully attach to the MWNTs and no clusters
or residual JMs can be identified (Figure 2 A). Dense packing

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Adsorption pattern of SBM1 JMs to MWCNTSs in acetone at
A) 80:20 w/w and B) at 50:50 w/w, C) of SBM2, and D) of SBM3 both
50:50 w/w.

is not observed at this stage, because there is still enough
space for the JMs to distribute evenly along the MWNT
surface. At a ratio of 50:50 w/w, SBM1 forms a dense
multilayer packing, but still no residual JMs are found
(Figure 2B). However, an excess of JMs (90:10 w/w) results
in quantitative coverage, multilayer formation, and growth of
IM clusters from the surface (Figure S4). Only then, does
a fraction of the JMs re-assemble into the former raspberry-
like shape. We attribute the strong and selective affinity of the
JMs towards the solvent/MWNT-interface to 1) the Pickering
effect,”! 2)  stacking of the polystyrene hemisphere facing
towards the sp*-hybridized carbon surface, but mostly, to
3) minimization of unfavorable interfacial energies. In good
solvents, such as THF (or less polar), JMs do not attach to the
MWNTs but are evenly scattered on the TEM grid as the
driving force for surface-energy minimization is greatly
reduced. Repeatedly changing the solvent conditions, allows
reversible switching between the adsorbed (in acetone) and
desorbed state (in THF), underlining the supracolloidal
nature of the JM/MWNT interaction (Figure S5).

In recent work, we and others showed that the Janus
balance is a key element determining the aggregation
behavior of JMs in selective solvents.****! Herein, we
demonstrate its fundamental influence on the quantity of
adsorbed JMs on a set of SBM JMs ranging from dominant
adsorbing (SBM1, JBps =68 %) to equal-sized (SBM2, JBps =
48%), to dominant stabilizing patch (SBM3, JBps=39%).
The adsorption behavior in acetone is visualized qualitatively
in TEM (Figure 2B-D, S4-7) and monitored quantitatively
by thermogravimetric analysis (TGA) (Figure 3, S8, S9). As
long as the surface is not saturated (less than 50:50 w/w), we
observe quantitative adsorption corroborated by the linear
relationship in Figure 3 (and also by the absence of residual
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Figure 3. Adsorption efficiency of SBM1-3 JMs relative to their Janus
balance as determined by thermogravimetric analysis. m: SBM1,
JBps=69%, A: SBM2, |Bps=48%, @: SBM3, |Bys=39%, : linear
region.

JMs in Figure 2B-D). At a constant weight ratio of 66:33 w/w,
the amount of adsorbed JMs decreases from SBM1 to SBM3.
SBM1 has the largest adsorbing S patch and the smallest
repulsive  PMMA corona, both factors promoting dense
packing. After adsorption, the “sticky” S patch attracts
other JMs inducing a cascade effect as every newly attached
JM generates an additional hydrophobic surface. Even at very
high JM content (83:17 w/w), we determine almost quantita-
tive adsorption by TGA (ca. 70 wt %) realized by multilayer
coating and cluster growth from the MWNT surface (shown
by TEM, Figure S4, S8, S9). SBM2 on the other hand, displays
an adsorption limit at approximately 45 wt%, reached at
50:50 w/w, which is shown by a less-dense packing as
compared to SBM1 (Figure 2C). The larger stabilizing
PMMA corona occupies more volume and blocks surface
area for other JMs. These effects become more distinct for
SBM3 (Figure 2D). In this case, the surface uptake reaches
saturation at about 35 wt% as the PMMA corona requires
too much space for all the JMs to be accommodated. In the
TEM image the space between the particles appears to be
empty, but it is occupied by poly(methyl methacrylate)
(PMMA; not visible owing to e-beam degradation) and
therefore not accessible for other JMs. Repulsive interactions
of the solvated PMM A -corona prevent complete coverage. In
both TEM and SEM, JMs are shown to be evenly spaced on
the MWNT surface, reminiscent of helical packing (Fig-
ure 2D, S7). The IM-JM interparticle spacing is defined by
the excluded volume of the PMMA corona. The helical
wrapping of CNTs is not uncommon and has been reported
for several polymers.!'!

The striking advantage of JMs is the possibility to
combine and spatially divide different chemical environments
within one single particle. We designed several JMs with one
patch, matching the demands of increasingly polar solvents,
while continuing to use the PS patch that had already
demonstrated its extraordinary affinity towards MWNTs.
We first exchange the PMMA-patch (which aids blending
with poly(styrene-co-acrylonitrile) or PMMA) for poly(tert-
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butyl methacrylate) (PP BMA; T), which is stable in ethanol
(Figure 4 A). When cast from ethanol, PS-b-PB-b-PIBMA
(SBT) JMs are only visible as regularly spaced small black
dots on the MWNTSs surrounded by a dark gray coating (S,
selectively stained with RuO,). PS-b-PB-b-P2VP (SBV) JMs
with a pH-responsive poly(2-vinylpyridine) (P2VP; V) patch

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. J]M/MWNT hybrids (50:50 w/w) in protic solvents. A) SBT
JMs in ethanol, B) SBV JMs in water at pH 3 (cryo-TEM), and

C) SBMAA3 JMs in water at pH 10. D) MWNT dispersions in water at
pH 10: pristine, stabilized by SBMAA1, SBMAA2, and SBMAA3 (scale
bars are 200 nm).

allow stabilization of MWNTs in acidic water. Cryogenic
TEM imaging of samples in water at pH 3 gives a clear picture
of the JM distribution around the MWNTs and rules out
drying artifacts (Figure 4B). P2VP is an attractive functional
corona that allows the entire supracolloidal hybrid to undergo
reversible precipitation/redispersion cycles with a sharp tran-
sition at pH 4 and it can also coordinate metal anions (e.g.
AuCl,~, TiO,?"). IMs with a poly(methacrylic acid) (MAA)
patch (SBMAA, obtained by hydrolysis of SBM),*!! form
stable dispersions in neutral and basic water (Figure 4 C). This
hybrid shows a precipitation/redispersion transition at pH~ 5
and PMAA can coordinate metal cations (e.g. Ag®, Cd*").
Surprisingly, the stability of the SBMAA/MWNT hybrids
follows an inverse trend to the adsorbed mass of JMs and
increases from SBMAA1 to SBMAA3 (Figure 4D). Coating
with SBMAA1 (/Bps=68%) induces sedimentation as
a result of insufficient stabilization by the small MAA-
patch. Stabilization increases for SBMAA2 and peaks for
SBMAA3 (JBps=39%), clearly demonstrating that not the
amount of attached JMs is decisive for stability, but rather the
contribution of each JM to hybrid stabilization, that is,
greatest stability is obtained with a Janus balance in favor of
the stabilizing MA A-patch.

In conclusion, we demonstrated that Janus micelles are
well suited as supracolloidal dispersants for carbon nano-
tubes. They exhibit amphiphilic character and have tunable
surface patches, their supracolloidal attachment to CNTs
preserves the CNTs properties, and low dispersant-to-tube
weight ratios (10:90 w/w) are sufficient for stabilization. In
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the dried state, the JMs act as a glue for the CNTs and the
hybrid material approaches the bulk density of the glassy
polymers (Opyoria~ 1.15-1.50 gem ), making handling safer
and dosing easier. In contrast, pristine disentangled CNTs
have a very low density and when dry are easily blown into the
air. The quantitative coating allows precipitation, drying,
long-term storage, and redispersion in any medium, matching
the stabilizing corona. The Janus balance determines the
quantity of adsorbed JMs and thus controls adsorption
patterns ranging from multilayered to helical. The direct
visualization of these adsorption patterns should aid the
design of future CNT dispersants. We are currently inves-
tigating a number of other stabilizing patches, such as pH- and
temperature-responsive poly(2-(dimethylamino)ethyl metha-
crylate), degradable poly(g-caprolactone), or biocompatible
poly(ethylene oxide).
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