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Strategies for the selective loading of patchy
worm-like micelles with functional nanoparticles†

Judith Schöbel,a Christian Hils,a Anne Weckwerth,b Mathias Schlenk, b

Carina Bojer,c Marc C. A. Stuart, d Josef Breu, c,e Stephan Förster,‡b

Andreas Greiner,a,e Matthias Karg §b and Holger Schmalz *a,e

Block copolymer self-assembly in solution paves the way for the construction of well-defined compart-

mentalized nanostructures. These are excellent templates for the incorporation and stabilisation of nano-

particles (NPs), giving rise to highly relevant applications in the field of catalysis or sensing. However, the

regio-selective incorporation of NPs in specific compartments is still an issue, especially concerning the

loading with different NP types. Using crystallisation-driven self-assembly (CDSA), functional worm-like

crystalline-core micelles (wCCMs) with a tailor-made, nanometre-sized patchy corona were prepared as

versatile templates for the incorporation and stabilisation of metal and metal oxide NPs. Different strat-

egies, like ligand exchange or co-precipitation of polymer stabilised NPs with one surface patch, were

developed that allow the incorporation of NPs in specific regions of the patchy wCCM corona.

Independent of the NP type and the incorporation method, the NPs showed no tendency for agglomera-

tion and were fixed within the corona patches of the wCCMs. The binary loading of patchy micelles with

metal and metal oxide NPs was realised by combining different loading strategies, yielding hybrids with

homogeneously dispersed NPs guided by the patchy structure of the template.

Introduction

A major challenge of today’s materials science is the develop-
ing miniaturisation, demanding precisely tuneable micro- and
nanostructures. The self-assembly of amorphous block co-
polymers (BCPs) in solution proved to be an excellent tool to
meet these demands, as a myriad of tailor-made micellar mor-
phologies is accessible.1 Spherical, cylindrical and helical
micelles as well as vesicles are easily obtained by the use of

selective solvents.2–6 More complex preparation steps involving
crosslinking or guided hierarchical self-assembly protocols
enable the formation of Janus, patchy and multicompartment
micelles (MCMs).7–14 Among the MCMs, common examples
include clover-, hamburger-, raspberry- and football-like
micelles, as well as one-dimensional supracolloidal polymer
chains.15–18 Moreover, MCMs serve as building blocks for the
formation of hierarchical superstructures, opening the way for
applications in optoelectronic devices, in drug delivery or as
templates for selective nanoparticle (NP) incorporation.9,19–22

Although these state-of-the-art methods give access to mani-
fold micelle morphologies, the preparation of well-defined
cylindrical or worm-like micelles remains a challenge, as in
general the length of the micelles cannot be precisely con-
trolled, leading to broad length distributions.

To overcome these limitations in length control, crystallisa-
tion-driven self-assembly (CDSA) gained increasing attention
since it is a powerful and very flexible method.15,23 Similar to
living polymerisation, CDSA can be conducted in a living
manner, i.e., the ends of the cylindrical micelles remain active
for the addition of unimers (molecularly dissolved BCPs
bearing a crystallisable block). This was first reported by
Manners and Winnik et al. who self-assembled poly(ferrocenyl
dimethylsilane) (PFS) containing BCPs.24,25 Using a seeded-
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growth protocol, living CDSA enables a precise length control
and opens the way for different micellar architectures like
block comicelles (in analogy to BCPs), branched micelles, gra-
dient block comicelles and hierarchical self-assemblies.26–36 In
addition to PFS containing BCPs, a variety of other semi-crys-
talline polymers were reported to undergo CDSA, e.g. polyethyl-
ene (PE),37,38 poly(L-lactide),39,40 poly(3-hexylthiophene)41,42

and poly(ε-caprolactone).43,44 Recently, we have shown that
worm-like crystalline-core micelles (wCCMs) with a patch-like
microphase-separated corona can be prepared by CDSA of
polystyrene-block-polyethylene-block-poly(methyl methacrylate)
(SEM) triblock terpolymers.45,46 Here, the micellar corona is
made of alternating nanometre-sized polystyrene (PS) and poly-
(methyl methacrylate) (PMMA) patches and the semi-crystalline
PE block forms the core. The concept of living CDSA was suc-
cessfully transferred to the self-assembly of SEM triblock terpo-
lymers employing spherical crystalline-core micelles (sCCMs) as
seeds, giving access to patchy micelles with controlled length
and length distribution as well as more complex architectures
like patchy block comicelles.47

Compartmentalised micelles are ideal templates for hybrid
materials with inorganic NPs, as the structural complexity
allows for a regio-selective incorporation of the NPs.20,48 This
opens the way for applications in the biomedical sector (drug
delivery, imaging), in the optoelectronic sector (nanodevices,
photovoltaics) or in sensing and catalysis.49–58 Different hybrid
materials derived from amorphous MCMs as well as crystal-
line-core micelles have been reported.52,53,55,57,59–65 However,
these publications are mainly focused on the incorporation of
only one type of NP, as the binary loading of compartmenta-
lised micelles still remains a challenge and is hardly
reported.66,67 The unique patchy structure of the SEM wCCM
corona provides an excellent platform for the construction of
tailor-made binary loaded hybrid materials, but this demands
the efficient functionalisation of at least one of the corona
forming blocks. Recently, we have reported the post-
polymerisation amidation of the PMMA block of SEM triblock
terpolymers using a 30-fold excess of different N,N-dialkyl-
ethylenediamines (alkyl = methyl, ethyl, iso-propyl).68 This
method showed some disadvantages regarding the harsh
reaction conditions (≥60 h at 130 °C), the formed side pro-
ducts and the required large excess of amine. In particular,
the formation of a large fraction of imide units (ca. 50 mol%
with respect to the consumed PMMA units) resulted in low
functionalisation degrees and limited solubility in organic sol-
vents, especially for more polar N,N-dialkylethylenediamines
(alkyl = methyl, ethyl). The limited solubility affected the
CDSA and led to ill-defined, short wCCMs for degrees of func-
tionalisation above 20% for the dimethyl derivative. Thus,
only for nonpolar, sterically hindered alkyl substituents
(iso-propyl groups) well-defined patchy wCCMs with a reason-
able degree of functionalisation ( f = 55%) could be
obtained. As a result, the first loading experiments with NPs
revealed only a partial and inhomogeneous loading, most
probably due to the insufficient functionalisation of the ami-
dated patches.

Here, we report the use of functionalised patchy wCCMs as
versatile templates for the regio-selective incorporation of NPs.
This is realised by amidation of the PMMA block of SEM tri-
block terpolymers with activated N,N-dimethylethylenediamine
(DMEDA), resulting in a nearly quantitative amidation. CDSA
of the amidated SEM triblock terpolymers produces the
desired patchy wCCMs, featuring highly functionalised corona
patches for NP stabilisation. Different strategies for the regio-
selective loading of the amidated as well as non-functional PS
patches with metal and metal oxide NPs are employed to yield
the defined hybrid micelles. Finally, we present the successful
binary loading of the patchy wCCMs with two different types
of NPs (gold/zinc oxide and gold/silver).

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich unless
otherwise noted. Tetrahydrofuran (THF) was dried over
calcium hydride and potassium prior to use and DMEDA
(Acros Organics) over calcium hydride. Ethanol (99.5%),
n-heptane, acetic acid (99.9%), L-Selectride (1 M in THF),
n-butyllithium (n-BuLi, 2.5 M in hexane), PMMA (Mw = 35
kg mol−1, Acros Organics), tetrachloroauric acid trihydrate
(HAuCl4·3H2O, Alfa Aesar), silver trifluoroacetate (AgTFA), zinc
acetate dihydrate, copper acetate, sodium hydroxide and
lithium hydroxide monohydrate were used as received.

SEM triblock terpolymers

The SEM triblock terpolymers were synthesised by a combi-
nation of living anionic polymerisation and catalytic hydrogen-
ation, as published elsewhere.68 The composition of the
employed SEM triblock terpolymers is S40E21M39

108 and
S48E27M25

141. In this notation, the subscripts describe the
mass fraction of the corresponding block in wt% and the
superscript denotes the overall molecular weight in kg mol−1.

Amidation of SEM

The PMMA block of the SEM triblock terpolymers was
amidated under an inert argon atmosphere. First, DMEDA
(2 equivalents with respect to MMA units of SEM) was dissolved
in 20 mL dry THF and cooled to −78 °C by using an acetone/
dry ice bath. To this solution, n-BuLi (equimolar amount with
respect to DMEDA) was added dropwise under stirring fol-
lowed by heating to room temperature. In another flask, 1 g
SEM (3.9 mmol MMA units for S40E21M39

108 and 2.5 mmol for
S48E27M25

141, 1 equivalent) was dissolved in 80 mL anhydrous
THF at 65 °C for 30 min. Subsequently, the solution was
cooled to 40 °C and the activated amine solution was added.
The reaction was allowed to proceed for 24 h at 40 °C under
stirring. Then, 1 mL of deionised water was added to de-
activate excess amine and the obtained amidated SEM triblock
terpolymers (SEDMA) were isolated by precipitation from
pentane. For purification, the product was dissolved in THF at
65 °C (c = 10 g L−1) and centrifuged at 40 °C and 5000 rpm for
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15 min in order to remove residual lithium hydroxide. The
supernatant was precipitated from pentane and dried in a
vacuum oven (yield: 1 g (83%)).

Formation of patchy wCCMs

The functional, patchy wCCMs were prepared by CDSA of the
amidated SEDMA triblock terpolymers in THF. To this end,
the triblock terpolymers were dissolved in THF (c = 10 g L−1) at
65 °C for 30 min and subsequently cooled to Tc = 20 °C
(s-SEDMA) or Tc = 25 °C (as-SEDMA) in a thermostated shaker
unit (HLC-MKR 13, Ditabis). The self-assembly process was
allowed to proceed for 24 h at a shaking rate of 200 rpm.

Synthesis of zinc oxide (ZnO) and copper oxide (CuO) NPs

The synthesis of ZnO and CuO NPs was conducted according
to previously published protocols.69,70 For the preparation of
ZnO NPs, 0.04 mol zinc acetate (1 equivalent) was added to
400 mL boiling ethanol in order to dissolve the salt. After
cooling the solution to room temperature, a lithium hydroxide
monohydrate solution in ethanol (400 mL, c = 140 mM,
1.4 equivalents) was added and the reaction mixture was
immediately cooled to 0 °C. The ZnO NPs were precipitated
from n-heptane and redispersed in ethanol to yield a final con-
centration of c = 3.8 g L−1. The average diameter obtained from
transmission electron microscopy (TEM) was D = 2.7 ± 0.4 nm.

The CuO NPs were synthesised by dissolving 5 mmol
copper acetate (1 equivalent), 20 mmol sodium hydroxide
(4 equivalents) and 10 mmol acetic acid (2 equivalents) in
500 mL ethanol. The reaction mixture was heated to 78 °C for
1 h to yield the CuO NPs. The CuO NP dispersion was precipi-
tated from n-heptane and redispersed in ethanol to yield a
final concentration of c = 1 g L−1. The average diameter of the
CuO NPs was determined to be D = 3.8 ± 0.6 nm by TEM. The
full characterisation of the NPs can be found in the ESI
(Fig. S1†).

Loading of patchy wCCMs via ligand exchange

To 2 mL of a wCCM dispersion (c = 1 g L−1, THF) 75 µL of the
ZnO NP dispersion (c = 3.8 g L−1, ethanol) were added and the
solution was stirred for 24 h. The same procedure was used for
the incorporation of CuO NPs, employing 150 µL of the CuO
NP dispersion (c = 1 g L−1, ethanol).

In situ synthesis of gold (Au) and silver (Ag) NPs in patchy
wCCMs

To 2 mL of a wCCM dispersion (c = 1 g L−1, THF) 40 µL of the
corresponding acid (HAuCl4·3H2O) or metal salt (AgTFA) dis-
solved in THF (c = 0.1 M) were added. Immediately, 20 µL of
L-Selectride (c = 1 M, THF) were added and the successful for-
mation of the respective metal NPs was indicated by a charac-
teristic colour change. For as-SEDMA the employed amounts
of AgTFA and L-Selectride were reduced by half.

Continuous in situ loading of SEDMA wCCMs with Au NPs

The continuous, in situ loading of s-SEDMA wCCMs was
accomplished by a PTFE based microfluidic chip with one

main channel and four separate side channels for controlled
fluid double focusing. The microfluidic channels of the inner
mixing part had a diameter of D = 500 µm. The outer chip
holes were bigger with a diameter of D = 1000 µm in order to
connect the five inlets via polyethylene (PE) tubes to the
syringe pumps. The outlet was fixed to a glass capillary, which
was used to run and investigate the laminar flow controlled
synthesis at a distance of 5 cm via optical microscopy. In a
typical experiment, the main channel was fed with an
s-SEDMA wCCM dispersion (c = 1 g L−1, THF) at a flow rate of
2000 µL h−1. The first two side channels were run with a
HAuCl4·3H2O solution (c = 2 mM, THF) at a flow rate of
2000 µL h−1 and the second two side channels with an
L-Selectride solution (c = 20 mM, THF) at a flow rate of
1000 µL h−1.

Synthesis of PS-stabilised Au NPs (PS@Au)

PS@Au NPs were prepared via ligand exchange starting from
citrate-stabilised Au NPs (D = 7.9 ± 0.7 nm), synthesised via a
seeded growth method reported by Piella et al.71 A detailed
characterisation of the citrate-stabilised Au NPs can be found
in the ESI (Fig. S2†). A trithiocarbonate terminated PS
(PS-TTC, Mn = 10 400 g mol−1, Đ = 1.05, determined by gel per-
meation chromatography (GPC), ESI Fig. S3A†) was synthesised
via reversible addition–fragmentation chain transfer (RAFT)
polymerisation according to a previously published protocol.72

UV-Vis spectroscopy confirmed the presence of the character-
istic TTC absorption at λ = 315 nm (ESI Fig. S3B†). 120 mL of
the aqueous dispersion of citrate-stabilised Au NPs were over-
laid with 40 mL of the PS-TTC solution in toluene (c = 10 mM).
After 2 h of vigorous stirring, the phase-transfer of the Au NPs
was completed, i.e., the aqueous phase was clear and colour-
less, whereas the toluene phase showed a deep red colour,
indicating a successful ligand exchange. The toluene phase
was separated and centrifuged at 12 000–14 000 rpm for 12 h
to isolate the PS@Au NPs. The PS@Au NPs were purified from
the remaining free PS-TTC ligand by eight washing and cen-
trifugation cycles with 2 mL toluene, respectively. The absence
of the free PS-TTC ligand was confirmed by GPC (ESI
Fig. S4A†). The hydrodynamic radius of the PS@Au NPs was
determined with dynamic light scattering to Rh = 14.9 ±
0.7 nm (ESI Fig. S4B†). The concentration after final dis-
persion in toluene was determined by UV-Vis spectroscopy to
c = 5.3 × 1017 NP L−1 (see the ESI† for further details).

Loading of SEDMA wCCMs with PS@Au NPs by
co-precipitation

10 µL of s-SEDMA wCCMs (c = 10 g L−1, THF), 37 µL PS@Au
NPs (c = 5.3 × 1017 NP L−1, toluene) and 53 µL THF were mixed
in a vial. To this solution, 40 µL of acetone were added in
4 steps under stirring with an equilibration time of 30 min,
respectively. Subsequently, 860 µL of acetone were added to
achieve an overall acetone fraction of 90 vol%. The solution
was stirred for at least 2 h before analysis. In a second experi-
ment, 50 µL of PS@Au NPs and 40 µL THF were employed. All
other reaction conditions were kept constant.
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Binary loading of SEDMA wCCMs

In a vial, 70 µL THF, 10 µL s-SEDMA wCCMs (c = 10 g L−1,
THF) and 7.5 µL ZnO NPs (c = 3.8 g L−1, ethanol) were mixed
and stirred for 1 h, followed by the addition of 27 µL PS@Au
NPs (c = 5.3 × 1017 NP L−1, toluene). To this solution, 40 µL of
acetone were added in 4 steps with an equilibration time of
30 min, respectively. Subsequently, 845 µL of acetone were
added to obtain an overall acetone fraction of 90 vol% and the
solution was stirred for 2 h before analysis.

For the binary loading with Ag and PS@Au NPs, 100 µL of
preformed s-SEDMA/Ag hybrid micelles in THF (c = 1 g L−1),
prepared by in situ reduction of AgTFA, were used. The loading
with PS@Au NPs was done according to the procedure
described for ZnO/PS@Au NP hybrid micelles.

Instruments

For the microfluidic experiments, syringe pumps (Nemysis
Systems, Cetoni GmbH) were used and connected via PE
tubes (Scientific Commodities, Inc.) to a home-made PTFE
chip. A glass capillary (Hilgenberg GmbH) with an inner dia-
meter of D = 980 µm was connected to the end of the PTFE
chip to elongate the reaction pathway. The Au NP formation
was followed with an optical microscope IX71 (Olympus Co.)
equipped with a D7000 digital camera (Nikon GmbH).

1H-NMR spectroscopy was conducted on a Bruker
Ultrashield 300 system using deuterated chloroform as the
solvent at 300 MHz.

FT-IR spectroscopy was performed on a Digilab Excalibur
Series FTS system with a Miracle ATR unit of Pike
Technologies. The spectra were recorded with a resolution of
4 cm−1 and 16 scans were averaged per sample.

For GPC in THF, SDV gel columns (300 × 8 mm, 5 µm par-
ticle size, PSS Mainz) with pore sizes of 105, 104, 103 and 102 Å
were used, together with a refractive index detector (RI 101,
Techlab Shodex) and a UV detector operating at λ = 254 nm
(Knauer). The applied flow rate was 1 mL min−1 at 40 °C.
Narrowly distributed PS standards and toluene as the internal
reference were used for calibration.

GPC in hexafluoroisopropanol with potassium trifluoro-
acetate (8 g L−1) was conducted on PFG gel columns (300 × 8 mm,
7 µm particle size, PSS Mainz) with 100 and 300 Å pore sizes
using a flow rate of 0.5 mL min−1 at 23 °C. The signals were
detected by using a Gynkotec SE-61 refractive index detector.
For calibration, narrowly distributed PMMA standards and
toluene as the internal reference were used.

For GPC in N,N-dimethylformamide with lithium bromide
(5 g L−1), GRAM columns (300 × 8 mm, 10 µm particle size,
PSS Mainz) with 100 and 3000 Å pore sizes were used. The
sample was analysed at a flow rate of 0.5 mL min−1 at 23 °C
using a DAD VL + G1315C diode array UV detector (Agilent
Technologies) operated at λ = 270 nm and 525 nm. Narrowly
distributed PS standards and toluene as the internal reference
were employed for calibration.

The thermal properties of the SEDMA wCCM dispersions
were analysed by using a SETARAM micro-DSC III system. The

samples (c = 10 g L−1 in THF) were measured in closed batch
cells at a scanning rate of 0.5 K min−1 and THF was used as
the reference.

For UV-Vis measurements a JASCO V630 spectrophotometer
and fused quartz cuvettes (Hellma, d = 0.2 cm) were used. The
samples were analysed in THF (c = 0.1 g L−1) and acetone at
room temperature, using the corresponding pure solvent for
background subtraction, respectively. For the binary loaded
sample pure acetone was used as the reference.

Elastic bright-field TEM was conducted on a Zeiss 922
Omega EFTEM (Zeiss NTS GmbH, Oberkochen, Germany) elec-
tron microscope operating at an acceleration voltage of 200 kV.
A bottom mounted CCD camera system (Ultrascan 1000,
Gatan) recorded the zero-loss filtered images, which were pro-
cessed by the imaging software Gatan Digital Micrograph 3.9
for GMS 1.4. For high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), a Tecnai T20
system (FEI, Eindhoven, The Netherlands) was used operating
at 200 keV. Energy dispersive X-ray (EDX) spectra were recorded
with an Xmax 80 (Oxford Instruments) detector. The samples
were diluted to 0.1 g L−1 and drop-coated onto carbon-coated
copper grids. The solvent was blotted with filter paper and the
samples were dried in a vacuum oven at 0.2 mbar and room
temperature before staining with ruthenium tetroxide (RuO4).
The software ImageJ was used to determine particle sizes,
wCCM lengths and patch sizes. At least 100 measurements
were done to obtain representative average values.

Results and discussion
Functional wCCMs with amino group containing patches

The formation of hybrid materials of patchy wCCMs and NPs
demands an efficient functionalisation of one of the corona
blocks of the employed SEM triblock terpolymers. To this end,
we chose an amidation of the PMMA block with N,N-dimethyl-
ethylenediamine (DMEDA), utilizing a prior activation of the
amine with n-butyllithium (Scheme 1A).73 Due to the acti-
vation, the amount of DMEDA could be decreased to a 2-fold
excess with respect to the amount of methyl ester units in the
PMMA block (in comparison with the 30-fold excess used in
our previous report68) and nearly quantitative conversion was
obtained after 24 h under mild conditions (40 °C). The functio-
nalisation proceeds without degradation of the polymer back-
bone, as shown by gel permeation chromatography (GPC) of
an amidated PMMA homopolymer, which was functionalised
under identical conditions as the SEM triblock terpolymers
(ESI Fig. S5†).

The amidated SEM triblock terpolymers were characterised
by 1H-NMR and FT-IR spectroscopy, as discussed exemplarily
for the amidation of S40E21M39

108 (the subscripts describe the
mass fraction of the corresponding block in wt% and the
superscript denotes the overall molecular weight in kg mol−1).
The signals in the 1H-NMR spectrum can be clearly assigned
to the typical proton signals of the amide (Fig. 1A). There is
only a weak signal of not consumed PMMA ester units at
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3.6 ppm. From the integral of this signal, calibrated by the aro-
matic polystyrene protons (5, 5 H), a degree of amidation of
95% results. Consequently, the composition and overall mole-
cular weight of the functionalised triblock terpolymer changes
to S33E17DMA50

131. A signal for imide formation, which would
be expected at 3.7–4 ppm,68 is hardly observable. This indi-
cates that the amidation proceeds without significant side
reactions.

The successful amidation is further confirmed by FT-IR
spectroscopy (ESI Fig. S6†), showing the characteristic amide I

and amide II vibrations at 1660 cm−1 and 1526 cm−1, respec-
tively, and only a very weak CvO vibration of the remaining
PMMA units. The negligible fraction of imide units in
S33E17DMA50

131 is supported by its solubility in tetrahydro-
furan (THF) and chloroform (CHCl3), as in the case of a large
fraction of imide units the triblock terpolymer would be in-
soluble in both solvents.68

The solubility of the SEDMA triblock terpolymers in THF,
which is used for CDSA, is crucial for the formation of well-
defined patchy wCCMs. Recently, we have shown that the crys-
tallisation temperature (Tc) of the PE middle block in solution
is a very sensitive parameter to probe the solubility of the ami-
dated triblock terpolymers.68 With decreasing solubility an
increase in the Tc of the PE block is observed with respect to
that of the corresponding S40E21M39

108 precursor (Tc = 21 °C).
For Tc values above 30 °C only ill-defined and strongly aggre-
gated wCCMs are formed. This is attributed to aggregation
caused by the limited solubility of the amidated PMMA block,
which results in a higher PE segment density and, thus, a
better nucleation of PE crystallisation. Micro-differential scan-
ning calorimetry (µDSC) shows a Tc at 20 °C for the syn-
thesised S33E17DMA50

131 triblock terpolymer (c = 10 g L−1 in
THF, Fig. 1B), i.e., almost identical to the SEM precursor
underlining its good solubility in THF. Consequently, CDSA of
S33E17DMA50

131 in THF at 20 °C resulted in the formation of
well-defined wCCMs with an average length of L = 540 ±
310 nm (Fig. 1C), as revealed by transmission electron
microscopy (TEM). The sample was stained with RuO4, which
is known for selective staining of the PS domains. Therefore,
the PS patches in the corona appear dark and the amidated
PMMA (PDMA) patches appear bright, both being arranged in
an almost alternating manner. The corona patches exhibit a
similar width of 18 ± 5 nm for PS and 17 ± 5 nm for PDMA,
respectively. Because of the symmetric structure (equally sized
patches) of the corona, the amidated triblock terpolymer will
be referred to as s-SEDMA in the following.

The patch sizes in the corona can be controlled by the com-
position of the triblock terpolymer. Hence, we probed the
effect of patch size on NP incorporation by employing
S48E27M25

141, which shows an asymmetric block ratio of PS
and PMMA with PMMA being the minority component.
S48E27M25

141 was amidated in analogy to S40E21M39
108 and

quantitative functionalisation is confirmed by 1H-NMR (ESI
Fig. S7A†). The composition of the triblock terpolymer
changes to S43E23DMA34

161 (as-SEDMA). Crystallisation at Tc =
25 °C resulted in well-defined patchy wCCMs with an average
length of 660 ± 370 nm (Fig. 1D, ESI Fig. S7B†). Due to the
lower PDMA content in the corona the patch widths change to
20 ± 6 nm for the PS patches and 14 ± 4 nm for the PDMA
patches, respectively.

Selective loading of patchy wCCMs with NPs

The unique alternating structure of the functional patchy
corona of SEDMA wCCMs offers the possibility to incorporate
two different types of NPs. The patchy morphology guarantees
an efficient separation and at the same time a dense packing

Scheme 1 Amidation of the SEM triblock terpolymers with prior acti-
vation of the amine by n-BuLi (A). Strategies for the regio-selective and
binary loading of patchy wCCMs with metal and metal oxide NPs (B).

Fig. 1 1H-NMR spectrum recorded in CDCl3 (A) and µDSC heating and
cooling traces (c = 10 g L−1 in THF, (B)) of s-SEDMA as well as TEM
micrographs of s-SEDMA (C) and as-SEDMA (D) wCCMs, selectively
stained with RuO4.
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of single NPs. We developed three different strategies for the
selective loading of the patches with metal and metal oxide
NPs (Scheme 1B). Path A is based on selective interactions
between the PDMA corona patch and the metal oxide NP,
which are known to undergo ligand exchange if amino groups
are offered.74 Path B deals with the in situ synthesis of metal
NPs within the PDMA patch of the SEDMA wCCMs, which pro-
vides tertiary amino groups as anchor groups for the efficient
stabilisation of different metal NPs like gold (Au) or silver
(Ag).75 Path C is based on polymer–polymer and polymer–
solvent interactions. The addition of a selective solvent for one
of the corona patches leads to the collapse of the other corona
patch. Thus, NPs that are stabilised with the same polymer as
the collapsing corona patch are incorporated into the collap-
sing patch upon selective solvent addition. Combination of
path A and C finally leads to binary loaded wCCMs.

Following path A, we investigated the ligand exchange for
zinc oxide (ZnO) and copper oxide (CuO) NPs. Both types of
NPs were synthesised in ethanol with acetate ligands for stabi-
lisation and have average diameters of D = 2.7 ± 0.4 nm for
ZnO and D = 3.8 ± 0.6 nm for CuO (determined by TEM, ESI
Fig. S1†). The obtained NPs are phase pure according to the
powder X-ray diffraction patterns (ESI Fig. S1A†) and exhibit a
narrow particle size distribution (ESI Fig. S1B†). The concen-
tration of the NP dispersions was adjusted to 1–4 g L−1, which
ensures that the total amount of added NP dispersion is less
than 10 vol% with respect to the employed THF dispersion of
SEDMA wCCMs. For higher volume fractions of ethanol the
wCCMs are insoluble and agglomerate before the ligand
exchange is completed. The NP incorporation was finished
after 1 d and the s-SEDMA wCCMs were highly loaded with
both types of NPs as revealed by TEM (ZnO: Fig. 2A and C;
CuO: Fig. 2E), pointing to a successful ligand exchange, i.e.,
acetate ligands vs. amino groups in the PDMA patch. The
absence of free NPs in the TEMmicrographs points to a complete
incorporation of the ZnO and CuO NPs in the micellar corona.

The theoretical ZnO and CuO contents in the hybrid
micelles, assuming a complete incorporation of the NPs in the
micellar corona, are 12 wt% and 7 wt%, respectively. Both the
ZnO and CuO NPs are homogeneously distributed within the
PDMA patches of the s-SEDMA wCCMs without agglomeration
and the “empty” PS patches are still clearly discernible. Here,
it has to be noted that in contrast to the neat s-SEDMA wCCMs
the hybrid micelles were analysed without prior staining with
RuO4, as the incorporated NPs provide an intrinsic staining of
the patches. The UV-Vis spectra of the neat wCCMs show a
continuous increase in absorbance with decreasing wave-
length, which is attributed to scattering from the wCCMs
(Fig. 2B and F). This is supported by the blue colour of the
neat wCCM dispersion (Tyndall effect). The low wavelength
part of the spectrum is dominated by a relatively weak absorp-
tion maximum at λmax = 250 nm, deriving from the absorption
of the PS units of the wCCMs. The UV-Vis spectra of the pure
ZnO (Fig. 2B) and CuO (Fig. 2F) NPs show absorption maxima
at approximately 300 nm, which overlap with the scattering
contribution of the wCCMs. Consequently, the UV-Vis spec-

trum of the CuO NP hybrid micelles is similar to the spectrum
of the neat s-SEDMA wCCMs (Fig. 2F). In contrast, the ZnO
NPs show a pronounced shoulder at λ = 333 nm, which is also
observable in the UV-Vis spectra of the ZnO NP loaded wCCMs
(Fig. 2B), confirming the successful incorporation of the NPs
in the patchy corona.

To study the effect of patch size on the NP incorporation,
we transferred the ligand exchange with ZnO NPs to the as-
SEDMA wCCMs, keeping the amount of ZnO NPs constant.
TEM clearly shows a decreased loading capacity for the smaller
PDMA patches, supported by the observation of free ZnO NPs
around the wCCMs (Fig. 2D, corresponding UV-Vis spectra in
ESI Fig. S8A†). To further strengthen the effect of patch size,
we added acetone as a selective solvent for the PDMA patch.
This leads to a collapse of the PS patches and a swelling of the
PDMA patches (ESI Fig. S9†). Due to the swelling, more ZnO
NPs were incorporated into the corona and the PS patches are
hardly observable.

In path B we utilised the functionalised corona patches as
nanoreactors for the simultaneous stabilisation and in situ
syntheses of different metal NPs via reduction of the corres-
ponding acids and metal salts, i.e., tetrachloroauric acid trihy-
drate (HAuCl4·3H2O) and silver trifluoroacetate (AgTFA), with
L-Selectride (lithium tri-sec-butylborohydride). We chose

Fig. 2 TEM micrographs and the corresponding UV-Vis spectra for the
hybrid micelles of s-SEDMA (A, B, C) and as-SEDMA (D) with ZnO, and
s-SEDMA with CuO NPs (E, F). The UV-Vis spectra were shifted vertically
for clarity.
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L-Selectride since it is a mild reduction agent that does not
reduce ester or amide groups.76 After the addition of
L-Selectride, the typical colour change of all solutions indi-
cated a successful NP formation, which is further proven by
the TEM micrographs shown in Fig. 3. The Au and Ag NPs
show a spherical shape and are selectively incorporated into
the patchy corona of the s-SEDMA (Fig. 3A and B) and as-
SEDMA wCCMs (Fig. 3E and F). The diameters of the formed
NPs are DAu = 4.7 ± 1.2 nm and DAg = 2.9 ± 0.8 nm for the
s-SEDMA and DAu = 4.0 ± 1.3 nm and DAg = 2.2 ± 0.6 nm for
the as-SEDMA hybrid micelles, respectively, as determined by
TEM image analysis. The rather high size dispersity of the NPs
might be attributed to the in situ reduction process, which
does not allow a precise size control as nucleation and growth
of the NPs happen almost simultaneously.

The PDMA patches in the SEDMA/Au hybrid micelles are
highly loaded with Au NPs without showing any significant
agglomeration. This can be ascribed to the nearly quantitative
amidation of the PMMA block, resulting in a high density of
amino anchor groups in the PDMA patches. We exemplarily
analysed the loading capacity of the s-SEDMA wCCMs with Au
NPs by inductively-coupled plasma optical emission spec-
troscopy (ICP-OES) and thermogravimetric analysis (TGA),
which resulted in 652 µg and 787 µg Au, respectively. This
equals to 25–28 wt% Au in the final hybrid micelles. Taking

into account that the accuracy of ICP-OES fluctuates between
10–20%, the incorporation of Au by in situ synthesis can be
regarded as nearly quantitative.77 The high loading again pro-
vides an intrinsic staining of the PDMA patches, as already
observed for the hybrid micelles prepared by ligand exchange.
However, due to the similar width of both patch types the PS
patches appear comparably small for the s-SEDMA based
hybrid micelles, which makes it more difficult to discern the
patchy structure of the corona. Nevertheless, for the as-SEDMA
hybrid micelles the patches are clearly distinguishable, which
can be attributed to the significantly smaller size of the PDMA
patches (14 ± 4 nm) with respect to that of the PS patches (20 ±
6 nm) in the as-SEDMA wCCM corona. This underlines the
excellent selectivity of the NP incorporation.

Fig. 3C and S8B (ESI†) compare the UV-Vis spectra of the
SEDMA wCCMs prior to and after the in situ synthesis of Au
NPs. All absorbance spectra show the same spectral character-
istics except for a peak at approximately λmax = 523 nm that
appears only for the Au NP loaded wCCMs. This peak can be
assigned to absorption due to the localised surface plasmon
resonance (LSPR) of the Au NPs, which is characteristic for
small, spherical Au NPs.78 The low absorbance at wavelengths
of λ ≥ 700 nm manifests the good stabilisation and distri-
bution of the Au NPs by the wCCMs and the absence of Au NP
aggregates.

Similar to the Au NPs, the Ag NPs are well distributed
within the s-SEDMA and the as-SEDMA wCCMs without
agglomeration (Fig. 3B and F). ICP-OES reveals a loading
capacity of 103 µg Ag in the s-SEDMA wCCMs, which equals to
5 wt% in the final hybrid micelles (applied amount of Ag:
431 µg). The corona of both Ag hybrid micelles, i.e., based on
s- and as-SEDMA, again shows a patchy structure due to intrin-
sic staining of the PDMA patches by the incorporated Ag NPs.
To highlight the selectivity of NP incorporation in the SEDMA
wCCMs, we employed the in situ reduction method on the
pure S48E27M25

141 wCCMs (ESI Fig. S10†). The lack of func-
tional groups in these wCCMs causes a statistical distribution
of the Ag NPs over the whole TEM grid and almost no Ag NPs
are located within the patchy corona. Furthermore, agglomera-
tion of the Ag NPs is observed, which proves that functional
groups for NP stabilisation are inevitable.

The UV-Vis spectra of the Ag NP loaded s-SEDMA (Fig. 3D)
and as-SEDMA (ESI Fig. S8C†) wCCMs show a strong peak in
absorbance at λmax = 415–426 nm, superimposed to the wCCM
absorbance. This peak is related to the LSPR of small, spheri-
cal Ag NPs.79 Compared to the spectra of the Au NP loaded
wCCMs, the Ag NP containing systems show a much stronger
LSPR contribution, which is attributed to the higher absorp-
tion cross-section of Ag as compared to Au NPs of similar size.
The narrow width of the LSPR resonance and the absence of
significant absorbance at higher wavelengths again underline
the good stabilisation and distribution of the Ag NPs by the
wCCMs.

In order to study whether mixing effects have an influence
on the in situ synthesis of NPs, we transferred the batch
reduction to a continuous loading process, employing a micro-

Fig. 3 Hybrid micelles obtained by in situ reduction. TEM micrographs
and UV-Vis spectra of s-SEDMA/Au (A, C), s-SEDMA/Ag (B, D), and TEM
micrographs of as-SEDMA/Au (E) and as-SEDMA/Ag (F).
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fluidic chip with a double-focusing cross and four side chan-
nels that allows for a controlled and fast mixing of the reac-
tants (ESI Fig. S11A, B†). The advantage of microchannels is
the presence of a laminar flow without turbulences and there-
fore a diffusion controlled reaction process for the reac-
tants.80,81 In a continuous flow, the s-SEDMA wCCM dis-
persion was pumped through the main channel and at the
same time, HAuCl4·3H2O and L-Selectride were fed via the side
channels (ESI Fig. S11C†). The flow rates were adjusted in a
way that allows a direct comparison with the batch in situ
process as the employed molar ratio of reactants is identical.
The flow rate also determines the residence time t = sπR2/Q,
where s is the length of the capillary (s = 50 mm), R the cross-
sectional radius of the capillary (R = 490 μm), and Q the total
volumetric flow rate. Here, the total volumetric flow rate
is Q = 8000 mL h−1, which corresponds to a residence time of
t = 17.0 s. The TEM micrograph reveals that the PDMA patches
of the wCCMs are homogeneously and densely loaded with Au
NPs, showing an average diameter of D = 4.3 ± 1.4 nm (ESI
Fig. S11D†). This is comparable to the size of the Au NPs syn-
thesised by the batch in situ reduction (D = 4.7 ± 1.2 nm,
Fig. 3A). This indicates that the residence time is sufficiently
large to allow for complete reduction of the gold precursor and
that the slower mixing in the batch process does not seem to
have a major influence on the NP size and homogeneity of the
loading. Besides, employing the continuous loading approach
the flow rates can be easily varied, which allows a facile tuning
of the loading density of the micelles with Au NPs without the
need to prepare new reactant solutions (ESI Fig. S11E†).

Binary loading of patchy SEDMA wCCMs

For binary loading of the patchy SEDMA wCCMs with two
different types of NPs also the non-functional PS patches need
to be loaded. Therefore, we developed a co-precipitation
method that offers the possibility to incorporate preformed,
PS-stabilised NPs with precisely tailored dimensions within
the PS patches of the SEDMA wCCMs without the need for a
preceding functionalisation of the patch (Scheme 1B, path C).
This method is based on polymer–polymer and polymer–
solvent interactions. We chose PS-stabilised Au NPs (PS@Au
NPs), which were synthesised by a facile ligand exchange
method starting from an aqueous dispersion of citrate-stabil-
ised Au NPs with an average diameter of D = 7.9 ± 0.7 nm
(determined by TEM, ESI Fig. S2†) and trithiocarbonate-termi-
nated PS (PS-TTC) in toluene, prepared by RAFT polymeris-
ation (ESI Fig. S3†). After the biphasic ligand exchange, the
PS@Au NPs were found to be well dispersed in the organic
phase. The TEM micrograph shown in Fig. 4A reveals that the
PS@Au NPs are homogeneously distributed on the TEM grid
without agglomeration and show a spherical shape. The PS
shell is only visible as a pale-grey shell in the TEM micrograph
due to the high electron density of the Au NPs.

The PS@Au NPs show a characteristic LSPR at λmax =
527 nm in toluene (Fig. 4B), which is red-shifted by 12 nm
with respect to the LSPR of the citrate-stabilised Au NPs in

water (λmax = 515 nm). This red-shift is caused by the change
in refractive index from the aqueous phase (n = 1.33) to the
toluene phase (n = 1.50). DMF-GPC using a UV-Vis diode array
detector with two different wavelengths, characteristic for PS
(λ = 270 nm) and the Au NPs (λ = 525 nm), shows that the
PS-TTC is efficiently bound on the Au NP surface and there is
only a small amount of residual free PS ligand (ESI Fig. S4A†).
The hydrodynamic radius of the PS@Au NPs was determined
by dynamic light scattering to Rh = 14.7 ± 0.1 nm, confirming
the PS shell around the Au NPs. First, we investigated the
aggregation behaviour of neat PS@Au NPs in THF upon
addition of acetone in order to identify suitable conditions for
the incorporation of PS@Au NPs in the SEDMA wCCMs via co-
precipitation. Acetone will be used as the selective solvent for
the PDMA patch in the co-precipitation process and, thus, is
expected to induce the collapse of the PS ligands. Due to the
high sensitivity of the LSPR to particle stability, UV-Vis spec-
troscopy could be used to follow the solvent induced aggrega-
tion (ESI Fig. S12†). Analysis of the spectra reveals that a
volume fraction of 33 vol% acetone is sufficient to induce the
collapse of the PS shell around the Au NPs, indicated by a
broadening of the LSPR, and upon further addition of acetone
no significant changes in the UV-Vis absorption maximum
were observed.

For co-precipitation, the PS@Au NP dispersion in toluene
was mixed with the s-SEDMA wCCMs in THF, a good solvent
for both the PS and PDMA patches. The details on the used
amounts can be found in the Experimental section. The
addition of acetone was done in two steps. First, 40 µL acetone
(28 vol% with respect to the overall volume) were added in
10 µL portions, employing an equilibration time of 30 min
after each addition. Until this point, the PS@Au NPs do not
aggregate. However, the solvent quality for PS is slowly decreas-
ing and the PS@Au NPs start to interact with the PS patches of
the s-SEDMA wCCMs. In the second addition step, the volume
fraction of acetone was increased to 90 vol% to ensure a com-
plete co-precipitation of the PS@Au NPs within the PS corona
patches. The TEM micrograph of the loaded wCCMs reveals
the successful incorporation of the Au NPs within the corona
of the s-SEDMA wCCMs and shows a clearly visible patch-like
arrangement of the Au NPs (Fig. 5A). The PS shell around the

Fig. 4 TEM micrograph (A) and UV-Vis spectrum of PS@Au NPs in
toluene (c = 8.8 × 1015 NP L−1, black trace in (B)). The red spectrum in
(B) corresponds to the citrate-stabilised Au NPs in water (c = 1.2 × 1016

NP L−1) recorded prior to the ligand exchange with PS-TTC.
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Au NPs prevents agglomeration of the NPs even if they are in
close proximity to each other. The UV-Vis spectrum clearly
shows the LSPR of the Au NPs with a maximum absorbance at
λmax = 530 nm (Fig. 5C), which is close to the position of the
LSPR of the neat PS@Au NPs (λmax = 527 nm, Fig. 4B).
Furthermore, the resonance width did not change significantly
and the absorbance quickly drops to values close to zero,
which supports the absence of aggregates.

Combining path A and C, binary loading of the patchy
wCCMs with ZnO and PS@Au NPs is possible (Scheme 1B).
First, the ligand exchange route was employed to incorporate
acetate-stabilised ZnO NPs in the PDMA patches of the
s-SEDMA wCCMs. Subsequently, the PS@Au NPs were loaded
into the PS patches by co-precipitation. The overall amount of
acetone was adjusted to 90 vol%, as this leads to complete
incorporation of the PS@Au NPs. The employed loading
sequence is crucial for a successful binary loading of the
wCCMs, since the acetate-stabilised ZnO NPs show aggregation

in acetone. By exchanging the acetate ligands to PDMA before
acetone addition, we prevent the aggregation as shown exem-
plarily for ZnO loaded s-SEDMA wCCMs (ESI Fig. S13†).
Consequently, the binary loaded hybrid micelles show no
agglomeration of both NP types, but a homogeneous distri-
bution over the whole SEDMA wCCMs, contouring the bright-
appearing semi-crystalline polyethylene core (Fig. 5B). We
intentionally decreased the amount of incorporated PS@Au
NPs in comparison with the sample shown in Fig. 5A to obtain
a higher contrast for the ZnO NPs in the TEM micrograph
(small dark grey spots within the corona). ICP-OES analysis
results in a loading capacity of 56 µg Au and 20 µg ZnO, which
corresponds to 43 wt% of inorganic material in the binary
loaded wCCMs. These values are similar to the applied
amounts of NPs, i.e., 74 µg Au and 28 µg ZnO, respectively.

The UV-Vis spectrum (Fig. 5C) shows the typical LSPR of
Au NPs at λmax = 538 nm as well as a signal for the ZnO NPs at
λmax = 333 nm, as already observed for the single loaded
hybrid micelles (Fig. 2B). The binary loading is further con-
firmed by high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM, Fig. 5D) and
energy dispersive X-ray (EDX) analysis (Fig. 5E). The ZnO NPs
in the corona of the binary loaded wCCMs are hardly observa-
ble by conventional bright-field TEM (Fig. 5B and D). In
HAADF-STEM the contrast is obtained by elastic scattering,
only. Thus, the atomic number Z of the elements directly
affects the contrast of the image. Therefore, the Au NPs appear
brighter than the ZnO NPs. Both types of NPs are clearly
visible in the HAADF-STEM micrograph (Fig. 5D, marked with
arrows) and confirmed by EDX analysis (Fig. 5E) of the same
region. As already observed in the bright-field TEM micro-
graph, the HAADF-STEM image confirms the homogeneous
distribution of the Au NPs along the corona of the micelle.
The slightly darker appearing ZnO NPs are found in between
the Au NPs supporting the patch-like morphology of the
corona. The PE core of the SEDMA wCCMs appears as a dark
core in between the NP loaded corona, indicating the presence
of the polymer template.

The binary loading is not limited to a combination of path
A and C. To show the versatility of this method, we combined
path B and C to obtain binary loaded wCCMs. To this end, Ag
NP loaded hybrid micelles, synthesised by the in situ method
(same sample like Fig. 3B), were used for subsequent co-pre-
cipitation of PS@Au NPs. Due to the significantly different
sizes of the NPs (DAg = 2.9 ± 0.8 nm, DAu = 7.9 ± 0.7 nm), a
differentiation of the two NP types in the TEM image is poss-
ible (ESI Fig. S14†). Both NP types are well distributed within
the wCCM corona and show no agglomeration, underlining
the versatility of patchy wCCMs as templates for the prepa-
ration of binary loaded hybrid materials.

Conclusions

In this work, we demonstrated that worm-like micelles with a
patch-like microphase-separated corona are highly versatile

Fig. 5 Hybrid micelles of s-SEDMA with PS@Au NPs prepared by co-
precipitation (A) and binary loaded s-SEDMA wCCMs with PS@Au and
ZnO NPs (B). The corresponding UV-Vis spectra are displayed in (C) and
the traces were shifted vertically for clarity. Bright-field and
HAADF-STEM image (D) and EDX analysis (E) of the binary loaded
s-SEDMA wCCMs.
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templates for the regio-selective incorporation of inorganic
NPs. Introducing specific anchor groups in one of the corona
patches allows to direct the incorporation of metal and
metal oxide NPs exclusively in the functionalised patches,
either by in situ synthesis of the NPs within the patches or by
ligand exchange with preformed NPs. In addition, NPs that are
stabilised by the same polymer as one of the corona patches
can be selectively incorporated by co-precipitation employing
selective solvents. The combination of different loading strat-
egies even allows the formation of binary loaded hybrid
micelles with two types of NPs placed in different compart-
ments of the patchy wCCM corona. The patchy corona of the
worm-like micelles provides an excellent stabilisation of the
incorporated NPs. This in turn results in a high and easily
accessible catalytically active NP surface area, which is highly
favourable for heterogeneous catalysis.58 The binary loaded
hybrid micelles are considered as promising materials for cata-
lytic applications, since the homogeneous distribution of
different NPs in the micellar corona ensures a high interface
between the NPs. This could enhance synergistic effects on cat-
alysis, as for example reported for the combination of ZnO and
Au NPs in the photocatalytic degradation of dyes and
antibiotics.82,83
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