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ABSTRACT
Micelles with a patch-like microphase-separated (patchy) corona are of increasing interest as their unique corona structure 
opens various applications, for example, as emulsion stabilizers, blend compatibilizers, nanoparticle templates for catalysis, or 
hierarchical self-assembly. Crystallization-driven self-assembly (CDSA) is an efficient method for the preparation of patchy core-
crystalline micelles (CCMs). However, so far studies mainly focus on CCMs with amorphous corona blocks. In this work, a com-
bination of CDSA with stereocomplex-driven self-assembly (SCDSA) is employed to selectively load stereoregular poly(L-lactide) 
patches in the corona of worm-like CCMs (wCCMs) formed by a double-crystalline polystyrene-block-polyethylene-block-poly(L-
lactide) (PS-b-PE-b-PLLA) triblock terpolymer. Well-defined wCCMs with an amorphous patchy PS/PLLA corona are formed by 
CDSA in a good solvent for the PS and PLLA blocks, that is, PLLA crystallization is hindered within the patches. However, de-
creasing the solvent quality for the PLLA block can induce crystallization within the partially collapsed PLLA patches, although 
the degree of crystallinity is comparably low (< 5%). SCDSA of the patchy wCCMs with an enantiomeric poly(D-lactide) homopol-
ymer is utilized to selectively form polylactide stereocomplexes within the patchy corona and, furthermore, to introduce a fluo-
rescence dye, allowing the use of fluorescence correlation spectroscopy to study stereocomplex formation directly in dispersion.

1   |   Introduction

Surface-compartmentalized polymer micelles have attracted 
considerable interest due to their unique corona structure, 
which can be harnessed for a wide range of relevant applica-
tions [1–11]. Generally, they can be divided into Janus micelles 
featuring two opposing faces with different chemistry and/or 
polarity [12–18], and patchy micelles that are characterized by 
a patch-like microphase-separated corona consisting of sev-
eral compartments with distinct properties  [1, 7, 8, 19, 20]. 
Janus micelles have been utilized in numerous applications, 

for example, as biosensors and optical nanoprobes [21, 22], 
as efficient stabilizers for emulsions [23–25], for the compat-
ibilization of polymer blends [26–29], in interfacial catalysis 
[30, 31], and many more. For patchy micelles, however, the 
main research focus so far was laid on their preparation and 
hierarchical self-assembly [32–38], and reports on the applica-
tion of patchy micelles/particles are scarce. The patchy corona 
can serve as a template for the regioselective incorporation of 
nanoparticles, enabling applications in heterogeneous catal-
ysis [39–42], or for constructing hierarchical superstructures 
when combined with supramolecular self-assembly [43, 44]. 
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Crystallization-driven self-assembly (CDSA) has proven a 
powerful tool to produce well-defined one-dimensional (cy-
lindrical/worm-like) surface-compartmentalized micelles 
and can also be performed in a living manner, which allows 
control over length, length distribution, and corona chemistry 
[45–49]. While, up to now, mostly triblock terpolymers with a 
crystallizable middle block based on polyethylene or polyfer-
rocenyldimethylsilane linked to two amorphous and incom-
patible corona-forming blocks were used [50–52], there are 
considerably fewer studies on CDSA of triblock copolymers 
featuring two crystallizable blocks [53, 54]. In recent years, 
CDSA of conjugated polymers became more and more pop-
ular; however, reports on double-crystalline diblock co- and 
triblock terpolymers remain scarce [55–58]. If next to the core-
forming block, also one of the corona-forming blocks is able 
to crystallize, two important questions arise: Does crystalli-
zation of the corona block influence CDSA, resulting in dif-
ferent micellar morphologies? And is crystallization within a 
microphase-separated corona (Janus-type or patchy) still pos-
sible, or impeded by the exerted confinement? Recent work on 
the self-assembly of double-crystalline poly(ε-caprolactone)-
block-poly(p-dioxanone)-block-poly(N,N-dimethyl acrylamide) 
(PCL-b-PPDO-b-PDMA) triblock terpolymers might give pos-
sible answers to these questions. In this study, seeded growth 
experiments with PPDO-b-PDMA seeds led only to the crys-
tallization of the PPDO block, while PCL stayed amorphous 
due to the confinement exerted when PPDO crystals were 
formed first (overcrowding of PCL chains tethered on the 
PPDO platelet surface) [59].

Besides, stereocomplex-driven self-assembly (SCDSA) be-
tween enantiomeric block copolymers based on poly(L-
lactide) (PLLA) and poly(D-lactide) (PDLA) has emerged as 
another efficient route for the preparation of core-crystalline 
micelles with insoluble PLLA/PDLA stereocomplex (SC) cores 
[60, 61]. Most studies are based on water-soluble SC micelles 
employing linear block copolymers (AB-, ABA-, and ABC-
type), star-shaped block copolymers, and graft copolymers 
with poly(ethylene oxide) (PEO) or poly(oligo(ethylene gly-
col) methacrylate) [62–67]. Alternatively, block copolymers 
with poly(acrylic acid) [68, 69], poly(N,N-dimethylaminoethyl 
methacrylate) [70, 71], poly(N-isopropyl acrylamide) [72], 
or poly(isoglycerol methacrylate) [73] blocks were used. 
Interestingly, mixing of cylindrical micelle dispersions with 
enantiomeric PLLA or PDLA cores induced a stereocomplex-
driven morphological transition to spherical micelles, whereby 
the solubility of the employed diblock or triblock copolymers 
played an important role [69, 74]. On the contrary, there are 
only a limited number of reports on SCDSA in organic sol-
vents [75–77]. Nonetheless, SCDSA in organic solvents can be 
a highly versatile strategy, as recently shown by the prepara-
tion of patchy SC micelles showing superior interfacial activ-
ity and performance as blend compatibilizers [78, 79].

Herein, we report the preparation of patchy worm-like 
core-crystalline micelles (wCCMs) with SC compartments 
by combining CDSA and SCDSA of a double-crystalline 
polystyrene-block-polyethylene-block-poly(L-lactide) (SEL) 
triblock terpolymer (Scheme 1). Next to the synthesis and char-
acterization of the triblock terpolymers, the influence of sol-
vent on CDSA to patchy wCCMs as well as on crystallization 

within the PLLA patches is addressed. Moreover, SCDSA 
of the patchy SEL wCCMs with an enantiomeric PDLA ho-
mopolymer is employed to selectively load the PLLA patches 
of the micelles. This is utilized to functionalize the SC patches 
in the wCCM corona with a fluorescence dye, enabling the 
verification of SC formation directly in dispersion by fluores-
cence correlation spectroscopy.

2   |   Results and Discussion

2.1   |   Synthesis of SEL Triblock Terpolymers

The SEL triblock terpolymers were synthesized by a combina-
tion of living anionic polymerization, organo-catalyzed ring-
opening polymerization (ROP), and catalytic hydrogenation, 
as shown in Scheme  2. First, a hydroxy end-functionalized 
polystyrene-block-poly(1,4-butadiene) (SB-OH) diblock copoly-
mer was prepared by sequential living anionic polymerization 
of styrene and 1,3-butadiene in toluene, using sec-butyllithium 
as the initiator, followed by end-capping with ethylene oxide 
(Scheme  2A) [80]. The combination of an organolithium initi-
ator with toluene as a nonpolar solvent yields a polybutadiene 
(PB) block with a high fraction of 1,4-PB units (ca. 90 mol-%, 
Table  1), which is essential to get a pseudo polyethylene (PE) 
block after hydrogenation. The SB-OH diblock copolymer was 
then used as a macroinitiator for the organo-catalyzed ROP of 
L-lactide, employing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 
as a catalyst, which yielded the respective polystyrene-block-
poly(1,4-butadiene)-block-poly(L-lactide) (SBL) triblock terpoly-
mers. A detailed description of the syntheses and the employed 
materials is provided in the Section 4.

The molecular characteristics of the synthesized SBL triblock 
terpolymers and the respective SB-OH precursor are sum-
marized in Table  1. In the used nomenclature, for example, 
S296B312L368 (SBL-1), the indices correspond to the number-
average degrees of polymerization of the respective blocks. 
Figure 1 shows as an example the apparent molecular weight 
distributions of SBL-2 together with the corresponding PS and 
SB-OH precursors as determined by size exclusion chroma-
tography (SEC, results for SBL-1 are given in Figure S1B). The 
SEC results indicate that the synthesis has proceeded without 
significant side reactions, yielding a narrowly distributed SBL 
triblock terpolymer with a dispersity of Đ = 1.10. Only upon 
addition of 1,3-butadiene to the living PS a very minor frac-
tion of the PS chains has coupled, resulting in a weak shoulder 

SCHEME 1    |    Schematic illustration of the preparation of patchy wC-
CMs by CDSA of SEL triblock terpolymers (top). SCDSA with PDLA ho-
mopolymer results in the formation of PLLA/PDLA SC patches within 
the corona (bottom).
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in the distributions of SB-OH and SBL-2 at lower molecular 
weights.

In the next step, the PB middle block of the SBL triblock ter-
polymers was hydrogenated employing Wilkinson's catalyst to 
yield SEL triblock terpolymers with a crystallizable PE middle 
block (Scheme 2B) [81]. Complete hydrogenation of the PB mid-
dle blocks to PE was proven by proton nuclear magnetic reso-
nance (1H NMR) spectroscopy by the absence of PB specific 
signals after hydrogenation (Figure 1B, Figure S1C). In addition, 

differential scanning calorimetry (DSC) on bulk samples re-
vealed melting transitions specific for PE and PLLA, showing 
that both blocks are able to crystallize (Figure S2).

2.2   |   CDSA in a Good Solvent for the PS and PLLA 
Corona Blocks

CDSA was first studied in THF, a good solvent for both corona 
blocks (PS and PLLA). The optimum crystallization conditions 

SCHEME 2    |    (A) Synthesis of SBL triblock terpolymers by combination of living anionic polymerization and organo-catalyzed ROP of L-lactide, 
followed by (B) catalytic hydrogenation to yield the respective SEL triblock terpolymers.

TABLE 1    |    Molecular characteristics of the employed triblock terpolymers and the SB-OH diblock copolymer precursor.

Samplea,b Code
Mn(PB)c / Mn

(PE) [g mol−1] Mn(PLLA)c [g mol−1] Mn,total [g mol−1] Đd 1,4-PB/Ethyle [mol-%]

S296B312-OH SB-OH 16,900 — 47,700 1.06 89/−

S296B312L368 SBL-1 16,900 26,500 74,200 1.24 89/−

S296B312L781 SBL-2 16,900 56,300 104,000 1.10 89/−

S296E590L368 SEL-1 17,500 26,500 74,800 — −/5.8

S296E590L781 SEL-2 17,500 56,300 104,600 — −/5.8
aIndices give the number-average degree of polymerization of the respective block; for PLLA the number corresponds to lactic acid repeating units.
bMn(PS) = 30,800 g mol−1, as determined by matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry (Figure S1A).
cDetermined by 1H NMR using Mn(PS) (from MALDI-ToF) for internal signal calibration.
dDetermined by CHCl3-SEC employing a PS calibration.
e1,4-PB: Average mole fraction of 1,4-PB units determined by 1H NMR; Ethyl: Average mole fraction of ethyl branches in the PE block calculated from the mole fraction 
of 1,4-PB units in the respective SBL triblock terpolymer precursor.
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for the PE middle block were probed by micro-DSC (μ-DSC) 
measurements for SEL-1 and SEL-2 at a concentration of 
c = 10 g L−1 in THF (Figure  2A,B). The employed temperature 
profile is depicted in Figure S3.

For both SEL triblock terpolymers rather broad crystalliza-
tion and melting transitions can be observed for the PE middle 
block (Tc (PE) ≈ 30°C–32°C, Tm (PE) ≈ 50°C–52°C, Table  S1). 
For SEL-1 it seems that the crystallization exotherm is com-
posed of two unresolved underlying exotherms. However, this 
effect was not observed for the other solvents employed in this 
study (Figure  3B). Rather broad thermal transitions are typi-
cal for pseudo PE blocks due to the presence of ethyl branches 
(5.8 mol-% on average), arising from the 11 mol-% 1,2-units in 
the respective PB precursor block (Table  1) [40, 52]. Due to a 

certain nonuniformity in the distribution of the branches within 
the PE chains a distribution of melting and crystallization tem-
peratures results. Melting or crystallization transitions for the 
PLLA blocks are not discernable. This is in accordance with 
THF being a good solvent for PLLA, whereas the pseudo PE 
block is only soluble in THF above its melting point at elevated 
temperatures [52].

Accordingly, the SEL triblock terpolymers were first dissolved 
in THF at 65°C for 10 min, followed by cooling to the peak 
crystallization temperature (Tc) of the PE middle block (Tc 
(PE) = 30 and 32°C for SEL-1 and SEL-2, respectively) to initi-
ate CDSA. After isothermal crystallization for 24 h, the solu-
tions were slowly cooled to −10°C to enable crystallization of 
the PE chains with a higher fraction of ethyl branches, that 
is, lower crystallization temperature. A detailed description of 
the CDSA procedure can be found in Section 4. The morphol-
ogy of the formed micelles was then examined by transmis-
sion electron microscopy (TEM), employing selective staining 
of PS with ruthenium tetroxide (RuO4). Figure 2C,D reveals 
that wCCMs with bright appearing, semi-crystalline PE cores 
were formed for both SEL triblock terpolymers. The forma-
tion of wCCMs is consistent with our prior work on CDSA of 
polystyrene-block-polyethylene-block-poly(methyl methacry-
late) triblock terpolymers [52]. This study showed that wCCMs 
are formed in good solvents for PE, being able to molecularly 
dissolve the PE block at elevated temperatures, like THF or 
toluene. The occurrence of branches and kinks in the semi-
crystalline PE core is induced by the ethyl branches in the PE 
block, which are formed after hydrogenation of the 1,2-PB 
repeating units (Table 1) [52, 81]. The corona of the wCCMs 
appears dark due to the selective staining of the PS chains and 
shows a patch-like structure with embedded, bright appearing 
PLLA patches (not stained). The microphase-separated struc-
ture of the corona arises from the moderate incompatibility of 
the PS and PLLA corona chains with a Flory-Huggins interac-
tion parameter of χ = 0.15 at 110°C [82], that is, similar to the 
behavior observed for wCCMs with a patch-like PS/PMMA 
corona [52, 81, 83]. As PLLA is prone to partial electron beam 
degradation, the size of the PLLA patches might be somewhat 
underestimated from the TEM micrographs. The patchy SEL 
wCCMs have a strong tendency to agglomerate, which is an 
artifact from TEM sample preparation. Agglomeration of the 
wCCMs occurs upon drying on the carbon-coated TEM grid, 
an effect that has also been observed for other patchy wCCMs 
[40, 49, 52, 83].

2.3   |   CDSA in Selective Solvents for the PS 
Corona Block

To probe whether the PLLA blocks in the patchy wCCM co-
rona are able to crystallize and how PLLA crystallization 
influences the corona structure, CDSA was conducted in sol-
vents or solvent mixtures with decreasing solvent quality for 
PLLA, that is, xylene (Xyl, isomeric mixture) and mixtures 
with cyclohexane (CH, up to 30 vol-%). In contrast to PS, the 
PLLA homopolymer is insoluble in Xyl or Xyl/CH mixtures 
at room temperature. Only upon heating to temperatures 
T > 65°C does PLLA become soluble, as probed by solubility 
tests with a PLLA152 homopolymer.

FIGURE 1    |    (A) Apparent molecular weight distributions of SBL-2 
and the respective PS and SB-OH precursors (CHCl3-SEC, PS calibra-
tion). (B) 1H NMR spectra (in CDCl3) of SBL-2 and SEL-2 (measured 
at 60°C) proving complete hydrogenation by lack of PB specific signals 
(δ = 5.4–5.2, 4.9–4.8, and 2.1–1.9 ppm) in SEL-2.
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Figure 3A,B shows the μ-DSC heating and cooling traces for 
SEL-1 in Xyl, and Xyl/CH mixtures with 20 and 30 vol-% CH, 
respectively (c = 10 g L−1). The μ-DSC traces for SEL-1 in Xyl 
are comparable to the results obtained for THF as solvent. In 
both cases, crystallization and melting can only be observed 
for the PE middle block, whereby the peak melting tempera-
ture is slightly reduced to Tm (PE) ≈ 48°C in Xyl (Table  S1). 
This might be attributed to Xyl being a slightly better solvent 
for PE at elevated temperatures, resulting in a more pro-
nounced plasticizing effect. Here, it has to be noted that stain-
less steel batch cells sealed with fluororubber (FKM) O-rings 
were employed for μ-DSC measurements. The limited “inert-
ness” of the fluororubber against Xyl and CH gives rise to ar-
tifact peaks in the cooling (endothermic peaks) and heating 
(exothermic peaks) traces for temperatures below ca. 10°C 
(Figure  S4). Hence, in this temperature range visible transi-
tions were not considered. Similar observations were reported 
when chloroform was used as solvent [84].

In the Xyl/CH = 80/20 (v/v) mixture an additional weak en-
dotherm appears in the heating trace at Tm = 33°C, which 
gets more pronounced and shifts to higher temperatures 
(Tm = 36°C) upon increasing the CH content to 30 vol-% 
(Figure  3A, Table  S1). Hence, these endotherms can be as-
signed to the melting of PLLA within the patch-like SEL-1 
wCCM corona. In the respective cooling traces (Figure  3B) 
crystallization can only be detected for the Xyl/CH = 70/30 

(v/v) mixture (Tc (PLLA) = 15°C), suggesting that for 20 vol-% 
CH crystallization of PLLA can either be not resolved or occurs 
during the isotherm at −15°C. The PLLA melting and crystal-
lization temperatures are significantly reduced compared to 
that in the respective bulk sample (Figure S2), which can be 
attributed to a plasticizing effect of the used solvents. The es-
timated degrees of crystallinity for PLLA are in both mixtures 
well below α = 5% (Table  S1). Hence, crystallization appears 
to be significantly hampered by the confinement imposed by 
the patchy corona structure. For the PE middle block, the cor-
responding crystallization and melting transitions are again 
rather broad and slightly shifted to lower temperatures in 
the Xyl/CH mixtures (Tc (PE) = 27°C, Tm (PE) ≈ 44°C–45°C), 
which is attributed to the more pronounced plasticizing effect 
of CH.

For SEL-2 (Figure 3C,D) melting of PLLA could already be de-
tected in pure Xyl, with the respective heating trace showing 
multiple weak endothermic peaks attributable to PLLA (first 
most intense endotherm at Tm (PLLA) = 44°C, Table S1). This 
might be ascribed to the increased length of the PLLA block 
in SEL-2, resulting in a reduced solubility in pure Xyl. The 
observed multiple PLLA endotherms might be attributed ei-
ther to the patchy structure of the corona, resulting in crystals 
of different thickness and/or perfection, or to rearrangement 
processes upon heating. The PE block shows a rather broad 
melting transition (Tm (PE) ≈ 48°C) being superimposed with 

FIGURE 2    |    μ-DSC heating and cooling traces for (A) SEL-1 and (B) SEL-2 in THF at c = 10 g L−1 (scanning rate: 0.5 K min−1). TEM micrographs of 
wCCMs formed by CDSA of (C) SEL-1 and (D) SEL-2 in THF. PS was selectively stained with RuO4 and appears dark.
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the PLLA endotherms. In the respective cooling trace, only 
one exotherm attributable to PE crystallization can be de-
tected (Tc (PE) = 29°C), implying that PLLA crystallization 
took place during the isothermal at −15°C. In contrast to 
SEL-1, clear PLLA crystallization exotherms are discernible 
in the cooling traces of SEL-2 in Xyl/CH mixtures. The respec-
tive crystallization temperatures increase with the CH con-
tent from Tc (PLLA) = 15°C (20 vol-% CH) to Tc (PLLA) = 18°C 
(30 vol-% CH), whereby the degree of crystallinity is still below 
5% despite the significantly higher PLLA content in SEL-2 
(Table S1). In the heating traces, only one broad melting tran-
sition can be observed for both Xyl/CH mixtures, which might 
result from comparable melting points and, accordingly, 
strongly overlapping PE and PLLA endotherms. It is noted that 
the “apparent” degree of crystallinity for the PE block calcu-
lated from the heating traces (αapp (PE) = 40%–43%) is signifi-
cantly higher compared to the degree of crystallinity obtained 
from the respective cooling traces (α (PE) = 33%), where PE 
and PLLA crystallization exotherms can be separated. An 

effect that was not observed for SEL-1 in Xyl, where only the 
PE block was able to crystallize with α (PE) = 64% and 65%, as 
determined from the cooling and heating traces, respectively. 
This underlines the assumption that PLLA melting is “hid-
den” due to a strong overlap of PE and PLLA endotherms and, 
hence, the “apparent” degree of crystallinity derived from the 
heating traces is higher.

We have selected the Xyl/CH = 80/20 (v/v) mixture for fur-
ther CDSA experiments and morphological studies. In pure 
Xyl crystallization of the PLLA block was only observed for 
SEL-2. Besides, for the mixture with 30 vol-% CH the PLLA 
crystallization exotherm strongly overlaps with the PE exo-
therm for SEL-2, that is, both blocks partially crystallize at 
the same time upon cooling. Hence, for the Xyl/CH = 80/20 
(v/v) mixture the PLLA blocks are able to crystallize for both 
SEL triblock terpolymers and the PE and PLLA crystalliza-
tion exotherms are sufficiently separated by 10°C for SEL-2. 
Nevertheless, for both SEL triblock terpolymers the fraction 

FIGURE 3    |    μ-DSC heating and cooling traces for (A, B) SEL-1 and (C, D) SEL-2 in Xyl, Xyl/CH = 80/20 (v/v) and Xyl/CH = 70/30 (v/v) (c = 10 g L−1, 
scanning rate: 0.5 K min−1). Arrows indicate melting and crystallization transitions of the PLLA block.
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of crystalline PLLA is very low (α (PLLA) ≤ 3%, Table  S1). 
CDSA was conducted analogously to the procedure described 
for wCCMs prepared in THF, except that the dispersions were 
initially heated to 80°C. The employed peak crystallization 
temperatures for the PE block are listed in Table S1. Figure 4 
shows the respective TEM micrographs of the structures 
formed by CDSA of SEL-1 and SEL-2 in Xyl/CH = 80/20 (v/v), 
using again selective staining with RuO4.

The formation of worm-like micelles with a bright appearing 
PE core can be clearly deduced for both SEL triblock terpoly-
mers. However, in contrast to the wCCMs formed in THF 
(Figure 2C,D), the PLLA patches are difficult to identify. The 
corona of the wCCMs appears dark due to the selective stain-
ing of the PS blocks and there are only a few small, bright ap-
pearing PLLA patches discernable. This might be attributed 
to the limited solubility of the PLLA corona blocks in the Xyl/
CH mixture, resulting in a pronounced shrinkage/collapse of 
the PLLA patches. Accordingly, the collapsed PLLA patches 
decrease in size and will be located closer to the likewise 
bright appearing PE cores, which makes their detection dif-
ficult. A similar effect of decreasing patch sizes was observed 
for wCCMs with a patch-like PS/PMMA corona prepared in 
toluene, being a slightly better solvent for the PS corona blocks 
[52]. Moreover, the PE cores of the wCCMs shown in Figure 4 
exhibit a pronounced undulated structure, which was not vis-
ible for the wCCMs prepared in THF. This supports the as-
sumption of collapsed PLLA patches being located close to the 
PE cores.

The studies in Xyl and Xyl/CH mixtures reveal that crystalli-
zation of the PLLA block within the patch-like microphase-
separated PS/PLLA corona is possible when the solvent quality 
for the PLLA block is reduced. However, in contrast to our prior 
results on CDSA of a PS-b-PE-b-PEO (SEEO) triblock terpoly-
mer [54], which forms wCCMs with a Janus-type PS/PEO co-
rona, crystallization is hindered due to the confinement exerted 
by the patchy corona structure. The latter results in strongly 
decreased degrees of crystallinity for the PLLA blocks in the 
patchy SEL wCCMs (α (PLLA) < 5%). In contrast, a significantly 
higher degree of crystallinity was found for the PEO block in 
Janus-type SEEO wCCMs (α (PEO) = 63%).

2.4   |   SCDSA of Patchy SEL wCCMs With PDLA 
Homopolymer

In our previous work, we have shown that SCDSA of di-
block copolymer mixtures bearing enantiomeric PLLA and 
PDLA blocks can be utilized to form well-defined micelles 
with a semi-crystalline PLLA/PDLA SC core in non-solvents 
for the polylactide SC [78, 79]. Accordingly, using a sim-
ilar approach, it should be possible to selectively load the 
PLLA patches in the corona of patchy SEL wCCMs driven by 
stereocomplexation with an enantiomeric PDLA homopoly-
mer. This might be harnessed to add further functional-
ity to the wCCMs, like fluorescence. To test this concept, a 
SEL-1 wCCM dispersion in Xyl/CH = 80/20 (v/v) was used 
(c = 10 g L−1). The solubility of the PLLA blocks in the co-
rona patches is sufficiently limited in this solvent mixture, 
indicated by the ability of the PLLA blocks to crystallize 
(Figure 3A, Table S1). This limited solubility should also pro-
mote SC formation. Importantly, the degree of crystallinity 
for PLLA in the patches is sufficiently low (α (PLLA) ≈ 2%) 
and, hence, should not impair SC formation. SCDSA was in-
duced by adding a solution of PDLA62 homopolymer in THF 
(c = 10 g L−1) to the wCCM dispersion at a ratio of PLLA/PDLA 
units of 2/1 (w/w). A PDLA62 homopolymer with a lower 
degree of polymerization with respect to the PLLA block in 
SEL-1 (S296E590L368) and an excess of PLLA units were delib-
erately chosen to avoid a possible cross-linking of the wCCMs 
during SC formation. The mixture was then aged for 7 days 
without stirring, and the added THF was allowed to evaporate 
to facilitate SC formation. First, SC formation was probed by 
TEM (Figure 5). From the micrograph, it becomes evident that 
the overall worm-like structure of the micelles was preserved, 
with the PE cores again appearing bright (not stained by 
RuO4). Also, cross-linking of micelles seems not to be a major 
issue, as the observed partial agglomeration is very similar to 
that observed for neat SEL-1 wCCMs (Figures 2C and 4A). In 
contrast, more globular assemblies might be expected in case 
of pronounced cross-linking.

Notably, the corona structure differs distinctly from that 
of SEL-1 wCCMs prepared in THF (Figure  2C) and Xyl/
CH = 80/20 (v/v) (Figure  4A). The bright patches are 

FIGURE 4    |    TEM micrographs of wCCMs formed by CDSA of (A) SEL-1 and (B) SEL-2 in Xyl/CH = 80/20 (v/v) mixture. PS was selectively stained 
with RuO4 and appears dark.
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significantly larger and exhibit a square-like shape. They are 
embedded in the dark appearing PS corona (selectively stained 
with RuO4), shielding the insoluble SC patches. In addition, 
RuO4 is also known to preferentially stain interfaces, which 
results in the appearance of a darker ring around the SC 
patches. The area of the PLLA/PDLA SC patches, as obtained 
from TEM image analysis (Figure  S5), is with 135 ± 40 nm2 
about twice the area of the PLLA patches of neat SEL-1 wCCMs 
in THF (73 ± 26 nm2). In comparison, the PLLA patches were 
very small and hard to identify for the corresponding neat 
SEL-1 wCCMs in Xyl/CH = 80/20 (v/v). Hence, the significant 
increase in size is a strong indication of successful SC forma-
tion within the patchy wCCM corona.

SC formation can be proven by infrared or Raman spectroscopy 
by a characteristic shift of the carbonyl stretching vibration of 
PLLA or PDLA to lower wavenumbers upon stereocomplexation 
[85, 86]. Figure 6 compares the Raman spectra of the employed 
PDLA62 homopolymer and dried SEL-1 wCCM dispersions be-
fore and after stereocomplexation. The carbonyl stretching band 
shifts from ṽ ≈ 1768 cm−1 for PDLA62 and neat SEL-1 wCCMs to 
ṽ ≈ 1750 cm−1 for the SEL-1 + PDLA62 SC wCCMs, proving the 
formation of SC patches in the wCCM corona. As the employed 
ratio of PLLA/PDLA units was 2/1 (w/w), the carbonyl band 
does not completely shift to lower wavenumbers, as there is still 
an excess of PLLA units in the patches that did not take part in 
stereocomplexation.

Interestingly, when using the identical approach for SCDSA of 
PDLA62 with SEL-2 wCCMs, SC formation was not successful. 
In the respective TEM micrographs (Figure S6) large platelet-
like structures are visible that most likely consist of PDLA ho-
mopolymer that crystallized upon drying the mixture on the 
TEM grid. In addition, the corona of the wCMMs shows hardly 

any patches, which is comparable to the structure found for 
neat SEL-2 wCCMs in Xyl/CH = 80/20 (v/v) (Figure  4B). The 
different behavior of SEL-2 (S296E590L781) might be attributed 
to the significantly longer PLLA corona block, with a degree of 
polymerization about twice as high as for SEL-1 (S296E590L368). 
Accordingly, the solubility of the longer PLLA blocks in Xyl/
CH = 80/20 (v/v) is even more reduced and hinders efficient SC 
formation under the employed conditions.

2.5   |   Stereocomplex-Driven Fluorescence Labeling 
of Patchy SEL wCCMs

We utilized SCDSA to selectively introduce a fluorescent dye 
into the PLLA patches of SEL-1 wCCMs. This not only allows 
selective functionalization of the PLLA patches but also pro-
vides an elegant method to detect SC formation directly in 
the dispersion using fluorescence correlation spectroscopy 
(FCS). To this end, a rhodamine B end-functionalized PDLA 
homopolymer (PDLA62-RB, details on synthesis are provided 

FIGURE 5    |    TEM micrograph of wCCMs with SC patches prepared 
by SCDSA of SEL-1 wCCMs with PDLA62 homopolymer in a Xyl/
CH = 80/20 (v/v) mixture. PS was selectively stained with RuO4 and ap-
pears dark.

FIGURE 6    |    Raman spectra of PDLA62 homopolymer and dried SEL-
1 wCCM dispersions before and after SCDSA with PDLA62. (A) Full 
spectra and (B) zoom-ins of the carbonyl stretching vibration regime 
(dashed line indicates location of SC specific band).
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in the Section 4) was synthesized, and SCDSA was performed 
in an identical manner as described above. TEM reveals a 
basically identical morphology for the fluorescently labeled 
SEL-1 + PDLA62-RB SC wCCMs (Figure  S7) as compared to 
that of the non-labeled SC wCCMs (Figure 5). This shows that 
SCDSA is not altered by the presence of the fluorescent dye at 
the PDLA chain end.

FCS was then used to study the diffusion of the single dye-
labeled polymer chains in highly diluted solutions [87], thus 
providing a tool to distinguish between molecularly dis-
solved PDLA62-RB or PDLA62-RB immobilized in the patches 
of wCCMs by stereocomplexation. According to the Stokes-
Einstein relation, the diffusion coefficient is inversely propor-
tional to the hydrodynamic radius. The significantly larger size 
of SC wCCMs compared to single PDLA62-RB chains trans-
lates to a much larger hydrodynamic radius. Consequently, 
substantially reduced diffusion coefficients are expected for 
the SC wCCMs, leading to longer diffusion times observable 
in FCS measurements. Figure 7 compares the normalized au-
tocorrelation of intensity data for PDLA62-RB in THF (molec-
ularly dissolved) and SEL-1 + PDLA62-RB SC wCCMs in Xyl/
CH = 80/20 (v/v). The results reveal that the correlation time of 
the PDLA62-RB chains is about 3 orders of magnitude shorter 
than that of the micelles. This observation aligns with the ex-
pectation that micelles diffuse much more slowly. Notably, the 
autocorrelation data for the SEL-1 + PDLA62-RB SC wCCMs 
exhibit no multi-step descent in the curve, indicating the ab-
sence of freely diffusing individual PDLA62-RB chains or sig-
nificantly larger structures that might have been formed by 
homo-crystallization of non-complexed PDLA62-RB. Hence, 
in agreement with the TEM and Raman spectroscopy results 
discussed above, FCS confirms successful SC formation within 
the patches of the SEL-1 wCCMs. The important difference be-
tween the methods is that FCS can directly detect SC formation 
in the dispersion, whereas TEM or Raman spectroscopy can 
only examine the samples in the dried state.

3   |   Conclusion

This work shows that well-defined patchy wCCMs can be 
prepared by CDSA of double-crystalline polystyrene-block-
polyethylene-block-poly(L-lactide) (PS-b-PE-b-PLLA) triblock 
terpolymers. CDSA to patchy wCCMs is driven by the crystalli-
zation of the PE middle block due to its insolubility in common 
organic solvents at room temperature. In THF, being a good 
solvent for the PS and PLLA corona blocks, only crystallization 
of the PE block is observed, resulting in wCCMs with an amor-
phous patchy PS/PLLA corona. However, when the solvent qual-
ity for the PLLA block is sufficiently reduced, for example, in 
xylene or xylene/cyclohexane mixtures, crystallization within 
the PLLA patches is induced without compromising the over-
all shape of the patchy wCCMs. Furthermore, the stereoregular 
PLLA patches can be selectively loaded by stereocomplexation 
with enantiomeric PDLA homopolymers, yielding wCCMs with 
PLLA/PDLA SC patches in the corona. In this way, also further 
functionalities can be introduced in the patchy corona as exem-
plified with a fluorescently labeled PDLA homopolymer. This 
in turn presents an elegant way to follow stereocomplexation 
directly in dispersion employing fluorescence correlation spec-
troscopy. Here, a clear shift of the autocorrelation of intensity 
data to longer correlation times proves the successful incorpora-
tion of the PDLA chains into the larger, slower diffusing wCCMs.

In future research, the concept of stereocomplex-driven load-
ing can be harnessed to incorporate different (functional) guest 
molecules or nanoparticles into the corona of wCCMs with ste-
reoregular PLLA patches. In addition, employing block copoly-
mers or micelles with enantiomeric PDLA blocks/coronas might 
enable the construction of hierarchically structured micellar 
assemblies. As the efficiency of stereocomplexation is highly de-
pendent on the employed solvent and/or temperature, access to 
dynamic assemblies might also be envisaged.

4   |   Experimental Section

4.1   |   Materials

All chemicals were used as received unless otherwise noted. 
Ethylene oxide (Linde, 3.0) was stirred over calcium hydride 
(CaH2) at 0°C for 3 h before being transferred into a storage 
ampoule. Prior to use, ethylene oxide was additionally puri-
fied over n-butyllithium (n-BuLi) at 0°C. 1,3-Butadiene (2.5, 
Tyczka Industrie-Gase GmbH) was passed over columns with 
molecular sieves and activated alumina, followed by storage 
over di-n-butylmagnesium (Bu2Mg) before use. Styrene (> 99%, 
Sigma-Aldrich) was stirred over Bu2Mg under nitrogen and 
condensed into a storage ampoule. Dichloromethane (DCM, 
≥ 99.8% stabilized with amylene, analytical reagent grade, 
Thermo Scientific) used for lactide polymerization was dried 
by distillation over CaH2. Toluene (technical grade) for anionic 
polymerization was purified over 1,1-diphenyl-3-methylpent
yllithium, prepared in  situ by the reaction of sec-butyllithium 
(sec-BuLi) with 1,1-diphenylethylene (DPE), refluxed for 
2–3 days under dry nitrogen, and distilled directly before use. 
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, > 98%, TCI) was 
dried by distillation over CaH2. D- and L-lactide (≥ 99.8%, 
PURASORB D and L, Corbion, Amsterdam, The Netherlands) 

FIGURE 7    |    FCS autocorrelation of intensity data of PDLA62-RB ho-
mopolymer in THF (c = 1∙10−8 g L−1) and SEL-1 + PDLA62-RB SC wC-
CMs in Xyl/CH = 80/20 (v/v) (c = 1 g L−1). Errors are displayed as trans-
parent areas.
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were recrystallized from toluene and stored under argon until 
use. DPE (> 98%, TCI) was stirred with sec-BuLi under argon at-
mosphere, distilled under vacuum, and stored under argon until 
use. Pyridine (> 99%, Carl Roth) was dried successively over 
KOH and CaH2 and distilled prior to use. Sulforhodamine B acid 
chloride (pure, Thermo Scientific), Bu2Mg (1.0 M in heptane, 
Sigma-Aldrich), sec-BuLi (1.3 M in cyclohexane/hexane, Thermo 
Scientific), n-BuLi (1.6 M in hexanes, Thermo Scientific), ben-
zoic acid (p.a., AlppiChem), 2-hydroxyethyl 2-bromoisobutyrate 
(HEBiB, 95%, Sigma-Aldrich), trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB, HPLC grade, 
Sigma-Aldrich), silver trifluoroacetate (AgTFA, > 99.9%, Sigma-
Aldrich), deuterated chloroform (CDCl3, 99.8%, Deutero), tris(t-
riphenylphosphine)rhodium(I) chloride (Wilkinson's catalyst, 
≥ 99.9%, Sigma-Aldrich), ruthenium(III) chloride hydrate 
(ReagentPlus, Sigma-Aldrich), sodium hypochlorite solution 
(NaOCl, 10–15 wt% in water, Thermo Scientific), acetic acid 
(≥ 99.7%, analytical reagent grade, Thermo Scientific), hydro-
chloric acid (37%, Thermo Scientific), xylene (Xyl, 99.5%, iso-
meric mixture, Grüssing GmbH), cyclohexane (CH, ≥ 99.8%, 
analytical reagent grade, Thermo Scientific), acetone (≥ 99.5%, 
puriss. p.a., ACS reagent, Sigma-Aldrich), 2-propanol (≥ 99.8%, 
puriss. p.a., ACS reagent, Sigma-Aldrich), toluene (≥ 99.5%, 
AnalaR NORMAPUR ACS, Reag. Ph. Eur., VWR chemi-
cals) and methanol (MeOH, ≥ 99.9%, analytical reagent grade, 
Thermo Scientific).

4.2   |   Methods

1H NMR spectroscopy was carried out with a Bruker 
Ultrashield-300 spectrometer (300 MHz) at 20 or 60°C in the 
case of SEL triblock terpolymers. The chemical shift (δ) was 
determined relative to the residual solvent signal of CDCl3 (δ 
(1H) = 7.26 ppm).

SEC was conducted with an Agilent 1200 Infinity system 
(Agilent Technologies, Santa Clara, CA, USA) equipped with an 
SDV gel precolumn (particle size = 5 μm, PSS, Mainz, Germany) 
and an SDV linear XL gel column (particle size = 5 μm) with a 
porosity range from 102 to 105 Å (PSS, Mainz, Germany) using 
CHCl3 (HPLC grade) as the eluent. The samples were measured 
at a flow rate of 0.5 mL min−1 at 23°C, and a refractive index (RI) 
detector (1260 Infinity, Agilent Technologies, Santa Clara, CA, 
USA) was used. Prior to analyses, all samples were dissolved and 
filtered through a 0.2 μm PTFE filter. The SEC system was cali-
brated with narrowly distributed PS standards (PSS calibration 
kit) and toluene (HPLC grade) was used as the internal standard.

Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry was performed with a Bruker Daltonics autoflex 
maX (Bruker, Germany) equipped with a smartbeam-II solid state 
laser and operating in linear mode. The samples were prepared 
by the dried droplet method using DCTB as matrix and AgTFA as 
ionization agent. All components were dissolved in THF (HPLC 
grade) at a concentration of c = 10 g L−1 and mixed together in a 
volumetric ratio of matrix/sample/ionization agent = 20/5/1.

DSC of the bulk samples was performed on a Phoenix 204 F1 
(Netzsch, Selb, Germany) using aluminum crucibles with 
pierced lids. Measurements were done under a nitrogen 

atmosphere within a temperature range of −50 to 200°C (scan-
ning rate of 10 K min−1).

μ-DSC was conducted with a Setaram μDSC III at a scanning 
rate of 0.5 K min−1. The samples (c = 10 g L−1) were dissolved at 
60°C (for THF) or 70°C (for Xyl and Xyl/CH mixtures) for 1 h 
and transferred into closed “batch” cells sealed with fluororub-
ber (FKM) O-rings. The pure solvent or solvent mixture was 
used as a reference.

Raman spectroscopy was carried out on a confocal WITec 
Alpha 300 RA+ Raman imaging system equipped with a 
UHTS 300 spectrometer and a back-illuminated Andor Newton 
970 EMCCD camera (WITec Suite SIX 6.1 software package). 
Raman spectra of the dried micelle dispersions and the PDLA 
homopolymer were acquired with an excitation wavelength of 
λ = 532 nm and a 100x objective (Zeiss EC Epiplan-Neofluar 
DIC, NA = 0.9), employing a laser intensity of 20 mW and an in-
tegration time of 0.5 s (50–100 accumulations). All spectra were 
corrected for cosmic ray spikes and subjected to a background 
removal routine. Samples of the micelle dispersions were pre-
pared by dropping small amounts (3 × 10 μL) of the dispersion 
onto a glass slide followed by drying in vacuo (24 h, 20 mbar).

FCS was performed on a commercial confocal microscope 
MicroTime 200 (PicoQuant). For excitation of the Rhodamine 
B dyes attached to the PDLA chains, a laser diode with a wave-
length of λ = 560 nm (LDH-D-TA-560B, PicoQuant) operated in 
pulsed mode with a repetition rate of 20 MHz was used. The exci-
tation intensities were adjusted to approximately 1010 W cm−2 for 
PDLA62-RB in THF and 8.8 W cm−2 for the SEL-1 + PDLA62-RB 
SC wCCMs in Xyl/CH = 80/20 (v/v). Radiation from the laser 
was directed through a single-mode optical fiber into the main 
optical unit, reflected by a dichroic mirror (ZT488/561rpc, 
AHF/Chroma) into an inverted confocal optical microscope 
(Olympus IX73), and focused into a quartz cuvette using a semi-
apochromatic objective (LUCPLFLN60X, NA = 0.7, Olympus) 
with a long working distance (1.5—2.2 mm). The signal from the 
sample was transmitted to the dichroic mirror and passed through 
a long pass filter (561 LP Edge Basic, Semrock). The signal was 
detected by a single-photon counting avalanche diode (SPCM-
AQRH-14-TR, Excelitas), and a time-correlated single-photon 
counting unit (TCSPC TimeHarp 260 PICO Dual, PicoQuant, 
temporal resolution of 250 ps) was used to collect fluorescence 
data. The microscope was calibrated with a Rhodamine 110 solu-
tion excited at λ = 560 nm, yielding a radius of ωr = 504 ± 40 nm 
for the detection volume in the lateral dimension. The after-
pulsing effects of the avalanche photodiode were removed by 
applying fluorescence lifetime correlation spectroscopy (FLCS) 
[88, 89]. The fluorescence data was corrected and autocorrelated 
using the commercial software SymPhoTime 64 (Picoquant).

TEM was carried out with a JEOL JEM-2200FS field emission 
TEM. The energy filtering transmission electron microscope 
(EFTEM) was operated at an acceleration voltage of 200 kV. 
Zero-loss filtered micrographs (ΔE ≈ 0 eV) were taken with a bot-
tom mounted CMOS camera system (OneView, Gatan) and the 
images were processed with a digital image processing software 
(Digital Micrograph 3.11, Gatan). The diluted micelle dispersions 
(c = 0.1 g L−1, V = 10 μL) were dropped on a carbon-coated copper 
grid, and the residual solvent was removed directly by blotting 
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with a filter paper, followed by drying of the coated copper grid 
in vacuo (24 h, 1·10−5 mbar). The samples were stained for 5 min 
with RuO4 vapor, which was formed in situ from RuCl3 hydrate 
and an aqueous NaOCl solution. Afterwards, the samples were 
kept in a fume hood for at least 1 h to ensure the complete re-
moval of any unreacted RuO4. The sizes of the PLLA patches 
were determined with the software Fiji using the freehand selec-
tion tool and measuring 150 patches from multiple positions [90].

4.3   |   Polymer Syntheses

4.3.1   |   Hydroxy Terminated 
Polystyrene-block-Polybutadiene Macroinitiator (SB-OH)

The SB-OH macroinitiator was prepared by sequential living 
anionic polymerization of styrene and 1,3-butadiene in tolu-
ene followed by end-capping with ethylene oxide as published 
elsewhere [80]. Briefly, styrene was polymerized at 25°C for 4 h 
using sec-BuLi as the initiator. Subsequently, butadiene was 
added and allowed to polymerize at 40°C for 5 h. After complete 
conversion, the reaction mixture was cooled to 5°C and a 5-fold 
molar excess of ethylene oxide was added followed by stirring 
for 30 min at 25°C. The polymer was terminated with a mixture 
of acetic acid/methanol (1/5 (v/v)) and isolated by precipitation 
from methanol. The product was filtered and dried in vacuo 
(2 × 10−2 mbar) at 40°C.

4.3.2   |   PS-b-PB-b-PLLA (SBL)

PS-b-PB-b-PLLA triblock terpolymers were prepared according 
to the literature [91]. To SB-OH in DCM (c ≈ 150 g L−1) the re-
spective amount of L-lactide was added and stirred at 25°C for 
10 min under argon. DBU (10 eq with respect to OH end groups) 
was added, and the reaction mixture was stirred for 10 min at 
25°C. Subsequently, benzoic acid (equimolar amount to DBU) 
was added to stop the reaction, and the mixture was stirred for 
30 min. The product was precipitated from MeOH, filtered, and 
dried in vacuo (1 × 10−5 mbar).

4.3.3   |   Hydrogenation

The PS-b-PE-b-PLLA triblock terpolymers were obtained by 
hydrogenation of the corresponding SBL precursors via homo-
geneous catalysis in toluene at 60°C and 60 bar H2 pressure for 
3 days using Wilkinson's catalyst (RhCl(PPH3)3, 1 mol% with 
respect to the number of double bonds in the PB block). For 
purification, the polymer was refluxed with small amounts of 
concentrated hydrochloric acid and precipitated from methanol. 
Additionally, SEL-1 was dissolved in toluene at 70°C and pre-
cipitated from acetone/isopropanol (1/1 (v/v)), centrifuged, and 
dried in vacuo (1 × 10−5 mbar).

4.3.4   |   Hydroxy Terminated and Fluorescently Labeled 
PDLA Homopolymer (PDLA62 and PDLA62-RB)

PDLA62 and PDLA62-RB were prepared as published in previous 
work [79]. Briefly, PDLA62 was synthesized by organo-catalyzed 

ring-opening polymerization of L-lactide employing HEBiB as 
the initiator and DBU as the catalyst. PDLA62-RB was obtained 
by esterification of the hydroxy end group with sulforhodamine 
B acid chloride.

4.4   |   Preparation of wCCMs and SC Loading

Preparation of wCCMs via CDSA was carried out with a Crystal 
16 instrument (Technobis Crystallization Systems). The SEL 
triblock terpolymers were dispersed at a concentration of 
c = 10 g L−1 in the respective solvent (THF) or solvent mixture 
(Xyl/CH = 80/20 (v/v)) using 1.5 mL vials equipped with a small 
stirring bar, and the following heating and cooling protocol was 
conducted. First, the samples were dissolved at 60°C for 1 h, fol-
lowed by erasing any thermal history at 65°C (THF) or 80°C (Xyl/
CH = 80/20 (v/v)) for 10 min. While slowly stirring (50 rpm) the 
solutions were cooled to the crystallization temperature of the 
PE block (Tc(PE), Table S1) at a cooling rate of 0.5 K min−1 and 
held at this temperature for 24 h. Subsequently, the dispersions 
were cooled to −10°C at 0.1 K min−1, held for 1 h, and finally 
heated to 20°C at 0.5 K min−1.

For SCDSA experiments, PDLA62 dissolved in THF (c = 10 g L−1, 
V = 36 μL [for SEL-1] or 54 μL [for SEL-2]) was added to the 
SEL wCCM dispersion (c = 10 g L−1 in Xyl/CH = 80/20 [v/v], 
V = 200 μL), employing a 2:1 weight ratio with respect to the en-
antiomeric PLLA and PDLA blocks (amount of THF after the ad-
dition ≈ 15 vol-% for SEL-1 and ≈ 21 vol-% for SEL-2). Afterwards, 
the dispersion was aged at 25°C for 1 week, and the remaining 
THF was allowed to evaporate. Fluorescently labeled wCCMs 
were prepared analogously using PDLA62-RB.
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