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ue to their fascinating properties,
D block copolymers have been inves-

tigated intensively during the past
decades. In solid state as well as in solution,
their self-assembly allows the production of a
variety of unique structures with promising
applications in, for example, materials science,
biomedicine, and optoelectronics.' > How-
ever, the majority of research in the field,
especially regarding structure formation in
solution, is focused on coil—coil block co-
polymers.* Even though early theoretical
work predicted the formation of spherical
(or "hockey-puck”), cylindrical, and lamellar
(platelet-like) structures by solution self-as-
sembly of crystalline-coil block copolymers,’
only recently has significant effort in exploit-
ing their unique properties been under-
taken.®~® For these systems, solution self-
assembly is controlled by the crystallization
of one polymer block, which is triggered by
the addition of a nonsolvent or cooling
below its crystallization temperature. Here,
especially the ability to produce stable cy-
lindrical or worm-like micelles of high aspect
ratio is of rising interest in materials science
and biotechnology.®® Among the still rather
few systems used in this field, block copoly-
mers with a polyferrocenylsilane (PFS) block
have been studied most extensively, allow-
ing the production of cylindrical, tubular,
and sheet-like structures with a crystalline
PFS core surrounded by various types of
amorphous corona blocks."®™'? Manners
and Winnik et al. showed that the cylindrical
micelles are formed via crystallization-driven
living self-assembly, which enables the pre-
cise control of the cylinder length and
length distribution using seeded crystallization
with small seed micelles formed by soni-
cation or self-seeding.”'*'* This living self-
assembly was used to produce more com-
plex architectures, also, e.g., block-co-micelles,
scarf-like micelles, as well as brush layers
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ABSTRACT

Crystallization
Induced by Cooling

We present a general mechanism for the solution self-assembly of crystalline-core micelles (CCMs)
from triblock copolymers bearing a semicrystalline polyethylene (PE) middle block. This approach
enables the production of nanoparticles with tunable dimensions and surface structures. Depending
on the quality of the solvent used for PE, either spherical or worm-like CCMs can be generated in an
easy and highly selective fashion from the same triblock copolymers via crystallization-induced self-
assembly upon cooling. If the triblock copolymer stays molecularly dissolved at temperatures above
the crystallization temperature of the PE block, worm-like CCMs with high aspect ratios are formed
by a nucleation and growth process. Their length can be conveniently controlled by varying the
applied crystallization temperature. If exclusively spherical micelles with an amorphous PE core are
present before crystallization, confined crystallization within the cores of the preformed micelles
takes place and spherical CCMs are formed. For polystyrene-block-polyethylene-block-poly(methyl
methacrylate) triblock terpolymers a patch-like microphase separation of the corona is obtained for
both spherical and worm-like CCMs due to the incompatibility of the PS and PMMA blocks. The
structure of the patch-like corona depends on the selectivity of the employed solvent for the PS and
PMMA corona blocks, whereby nonselective solvents produce a more homogeneous patch size and
distribution. Annealing of the semicrystalline PE cores results in an increasingly uniform crystallite
size distribution and thus core thickness of the worm-like CCMs.

KEYWORDS: nanostructures - crystalline-coil block copolymers - cylindrical
micelles - patchy particles - surface compartmentalization

grown from PFS homopolymer surfaces.”
Other examples of one-dimensional struc-  *Address correspondence to

tures formed upon crystallization include holger.schmalz@uni-bayreuth.de.
polybutadiene-block-poly(ethylene oxide),'  geceived for review July 14, 2011
poly(e-caprolactone)-block-poly(ethylene  and accepted November 2, 2011.
oxide) with poly(e-caprolactone) as the
crystallizing block,'®"” poly(3-hexylthio-  10.1021/nn202638t
phene)-block-poly(dimethylsiloxane),'® poly-
acrylonitrile-based block copolymers,'92°
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and enantiopure polylactide-containing diblock
copolymers.2'22

With regard to the polyethylene (PE)-containing
systems studied up to now, mostly platelet- or disk-
like aggregates have been observed.?* % To the
best of our knowledge, only in our recent work
about a polystyrene-block-polyethylene-block-poly
(methyl methacrylate) triblock terpolymer could one-
dimensional structures be formed from a linear PE-
containing block copolymer.?® Interestingly, for PE-b-PEP
(PEP: poly(ethylene-alt-propylene)) diblock copolymer
stars with PE inner blocks cylindrical micelles were found,
whereas platelets were formed again when the outer
blocks of the stars consist of PE2’ In this case, uni-
molecular hockey-puck micelles with rare events of
intermolecular cocrystallization were assumed to form
a pearl-necklace structure, loosely connected by amor-
phous segments. Similar mechanisms comprising the
aggregation of initially formed spherical crystalline-
core micelles to one- or two-dimensional assemblies
have also been discussed for block copolymers with
poly(ethylene oxide) and poly(e-caprolactone) as crys-
tallizable blocks.?®7° In contrast, for PFS-containing
cylindrical micelles, a partial nucleation followed by the
deposition of remaining unimers to these seeds was
reported.®” However, understanding the processes of
block copolymer crystallization in solution is still at an
early stage, and hence, further knowledge of the
parameters that control this promising type of self-
assembly is needed to make predictions with respect
to the formed structures.

Another highly active research field, in which block
copolymer self-assembly plays a decisive role, is the
production of surface-compartmentalized nanostruc-
tures. Nanoparticles with defined surface anisotropies
show interesting properties and offer a wide range of
applications, e.g., outstanding surface activity, the forma-
tion of hierarchically ordered superstructures, and the
potential use as scaffolds for the directed incorporation of
metallic nanoparticles®' 33 The simplest form of surface
compartmentalization, two separated compartments (or
faces) of different chemistry and/or polarity, can be found
in Janus particles, where spherical, cylindrical, and disk-
like architectures have been produced.3'**~3% Recently,
the synthesis of patchy particles, consisting of more than
two different compartments, came into the focus of
several research groups.3*”~*' However, mostly spheri-
cal patchy micelles have been produced so far. One-
dimensional structures with distinct corona compartments
have hardly been observed, even though theore-
tical work predicts their existence.*> A PtBA-b-PCE-
MA-b-PGMA (poly(tert-butyl acrylate)-block-poly(2-cin-
namoyloxyethyl methacrylate)-block-poly(glyceryl
monomethacrylate)) triblock terpolymer has been used
to form a variety of structures such as cylinders, vesicles,
and tubes in selective solvents for the end blocks.*®
Here, the PtBA blocks form small circular patches in a
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corona mainly consisting of PGMA. From a similar PtBA-
b-PCEMA-b-PBMA (PBMA = poly(n-butyl methacrylate))
triblock terpolymer even double and triple helices
could be produced via hierarchical self-assembly of
patch-like cylindrical micelles triggered by the addition
of a nonsolvent for one of the corona blocks.** In
general, the production of surface-compartmentalized
nanostructures is challenging and usually requires
arduous, time-consuming sample preparation includ-
ing dialysis into solvent mixtures, cross-linking, and/or
template-assisted approaches 3':343>37,3843

Recently, we reported the formation of worm-like
micelles from a polystyrene-block-polyethylene-block-
poly(methyl methacrylate) triblock terpolymer (PS-b-
PE-b-PMMA) by crystallization-induced self-assembly
from solution.® These worm-like micelles exhibit a
patchy corona of PS and PMMA, thus integrating the
feature of surface compartmentalization into a system
with high aspect ratio. The advantage of this pro-
cess over existing ones is the comparatively unde-
manding and time-efficient production of surface-
compartmentalized one-dimensional nanostructures
by simply cooling a polymer solution in order to trigger
crystallization and hence self-assembly. However, the
mechanism of structure formation still remains an
unresolved issue. In this publication we provide a
thorough investigation of the fundamental parameters
influencing this self-assembly process. From the ob-
tained results we propose a general mechanism for the
self-assembly of triblock copolymers with semicrystal-
line middle blocks from solution. This allows control
not only of the morphology of the formed crystalline-
core micelles (CCMs), i.e., spherical vs worm-like, by a
careful selection of the solvent environment, but also
of the extent of surface compartmentalization, i.e.,
patchy vs homogeneous corona. Furthermore, we will
show that the self-assembly of PS-b-PE-b-PMMA tri-
block terpolymers with identical block lengths of the
PS and PMMA end blocks in THF gives access to worm-
like CCMs with a unique highly regular one-dimen-
sional array structure of equally sized alternating PS
and PMMA corona patches.

RESULTS AND DISCUSSION

In a previous work we studied the self-assembly of
a polystyrene-block-polyethylene-block-poly(methyl
methacrylate) triblock terpolymer in organic solvents
(toluene and THF) and found exclusively worm-like
crystalline-core micelles (wCCMs) with a patch-like
corona.?® However, the mechanism of one-dimen-
sional growth and the influence of variables such as
concentration, crystallization temperature, polymer
composition, overall molecular weight, and solvent
quality were not addressed.

In this publication we now identify the key para-
meters for the formation of CCMs in order to tune their
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morphology as well as the microphase separation in the
corona. First, the structure formation process of polystyrene-
block-polyethylene-block-poly(methyl methacrylate)
triblock terpolymers (S,E,M,: subscripts denote the
number-average degree of polymerization) in toluene
and THF (good solvents for molten polyethylene; see
Table S1) will be studied. This includes variations in
crystallization temperature and polymer concentra-
tion, polyethylene content, and overall molecular
weight of the S,E,M, triblock terpolymers. In addition,
a polystyrene-block-polyethylene-block-polystyrene tri-
block copolymer (SsgoEggoS390) is examined, in order to
identify whether the incompatibility of the polystyrene
(PS) and poly(methyl methacrylate) (PMMA) corona
blocks influences the formed morphology. Subsequently,
the solvent quality for PE is decreased using dioxane and
N,N-dimethylacetamide as solvents for the self-assembly.
From the obtained results we deduce a general mechan-
ism for the selective formation of wCCMs or sCCMs
(spherical crystalline-core micelles) from the same tri-
block copolymers.

The used S,EM, triblock terpolymers and the
S380Es80S390 Were prepared via catalytic hydrogenation
of the corresponding S,B)M, and S3goB40S300 (B =
poly(1,4-butadiene)) triblock copolymer precursors,
which were synthesized by sequential anionic polym-
erization. Details on the synthesis can be found in the
Methods section.

Structure Formation in Good Solvents for PE. To gain a
deeper insight into the mechanism of the crystallization
process in solution, first the crystallization temperature
was varied. Thus, isothermal crystallization was conducted
at different temperatures for 2 g/L toluene solutions of
S340E700M360 (detailed information about the used triblock
copolymers can be found in Table S2), which we followed
in real time by static light scattering (Figure 1).

For these crystallization experiments, all polymer
solutions were preheated to 80 °C to ensure complete
melting of the PE blocks. After cooling to the desired
crystallization temperature with a cooling rate of about
2 K/min, the scattering intensity /s was monitored as
a function of time. For all applied temperatures /s
increases with time until a plateau is reached. This
increase can be attributed to the crystallization-
induced structure formation process.

In addition, a clear tendency is observed for all
crystallization temperatures. Faster structure forma-
tion occurs for lower crystallization temperatures; that
is, a shorter time span is needed until the scattering
intensity reaches its final plateau value, indicating
complete structure formation (Table 1). Furthermore,
the final scattering intensity that is reached after
complete structure formation decreases with decreas-
ing crystallization temperature. This points to a de-
crease in the length of the formed wCCMs, since this
goes along with a decrease in the radius of gyration as
well as in aggregation number and thus molecular
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Figure 1. Intensity of scattered light vs time for 2 g/L
toluene solutions of S340E700Ms60 cooled to different crystal-
lization temperatures as indicated. The inset shows a
close-up of the data obtained at lower crystallization tem-
peratures.

TABLE 1. Characteristics of wCCMs Formed by Isothermal
Crystallization of 2 g/L Toluene Solutions of S340E700M3z60
at Different Temperatures

Tayst °C1° Lucaws [nm]® te; [min] k... [kHz]!
20 520 (260) 1600 78
15 330 (170) 240 48
10 280 (160) 140 36
5 240 (140) 50 29

“ Applied isothermal crystallization temperature. © Average micelle length derived
from TEM image analysis of at least 100 micelles (standard deviation in
parentheses). “Time of structure formation, defined as the time when the
scattering intensity no longer deviates more than 5% from the final scattering
intensity. “ The final scattering intensity I5 . corresponds to the mean scattering
intensity of the last two hours of the experiment.

weight. However, it has to be noted that the intensity of
the scattered light for worm-like objects depends on
additional parameters such as the particle form factor,
and, hence, only qualitative trends are extracted from
the light scattering data presented in Figure 1.

To verify the assumptions drawn from light scatter-
ing, the formed wCCMs were investigated by transmis-
sion electron microscopy (TEM). For all TEM images
shown in this article PS was selectively stained by RuO,
vapor prior to investigation, resulting in dark PS do-
mains. PMMA domains and the PE core appear bright,
as they are not affected by this staining procedure.?®
Figure 2 shows two representative TEM micrographs of
wCCMs prepared by isothermal crystallization at 20
and 5 °C, respectively. In both images wCCMs with a PE
core (bright) surrounded by a microphase-separated
corona of PS (dark) and PMMA (bright) can be ob-
served. For a crystallization temperature of 20 °C
wCCMs with lengths up to about 1 um are obtained,
whereas those crystallized at 5 °C are significantly
shorter on average, as revealed by image analysis.

The results summarized in Table 1 strongly support
the previous assumption that the observed drop in the
final scattering intensity /s .. corresponds to a decrease
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Figure 2. Worm-like CCMs obtained from 2 g/L toluene
solutions of S340E;00Msso by isothermal crystallization at
(A) 20 °C and (B) 5 °C. The solutions were diluted to 0.25 g/L
before drop-coating onto carbon-coated copper grids.

of the average micelle length /yccms. Moreover, the
observed decrease in wCCM length upon lowering the
crystallization temperature points to a nucleation and
growth process. For equally concentrated solutions
with respect to the crystallizable polymer the probabil-
ity of forming stable nuclei is expected to increase at
higher supercooling, similar to the behavior for crystal-
lization from the melt.** As a result, the limited amount
of dissolved polymer chains has to be distributed
among more nuclei, and consequently shorter wCCMs
are obtained at lower temperatures. Hence, variation of
the crystallization temperature provides a convenient
method to tune the average micelle length.

In a nucleation and growth process the concentration
of crystallizable polymer should also have an influence
on the crystallization. Accordingly, we investigated the
concentration dependency of the crystallization process
using microdifferential scanning calorimetry (uDSC) of
differently concentrated Ss40E;00M360 Solutions in to-
luene (Figure 3).

The range of concentrations (1—20 g/L; for uDSC
heating and cooling traces see Figure S1) was chosen
for practical reasons, as for concentrations > 30 g/L a
gel is formed upon cooling due to entanglement of the
long wCCMs, which might have an impact on the
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Figure 3. Peak melting (T,,,) and crystallization (T.) tempera-
tures vs polymer concentration as derived from uDSC
measurements on Sz40E;00M360 solutions in toluene. Lines
are drawn to guide the eyes.
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Figure 4. SANS profile of S340E;00M36o measured at 70 °C in
toluene-ds (10 g/L). The solid line is a fit with a model for
Gaussian polymer coils including a Gaussian polydispersity.

crystallization process. For concentrations below 1 g/L
on the other hand, the enthalpy changes of melting/
crystallization are very low and, thus, reach the detec-
tion limit of the uDSC apparatus. Lowering the concen-
tration, we observe a significant decrease in the peak
crystallization temperature (T.) from 21.7 °Cfor 20 g/L to
85 °C for 1 g/L, respectively. This again supports a
nucleation and growth process. The probability of
creating stable nuclei from a semicrystalline polymer
in solution decreases with concentration, as is predicted
by theory*®*” and was already shown for crystallization
of PE homopolymers from solution.*® As a result, higher
supercoolings are required for crystallization at low
concentrations. The melting endotherms, in contrast,
show only a very small shift to higher peak melting
temperatures (T,,,) upon increasing concentration (from
47.2t050.4 °C). It has to be noted that both melting and
crystallization occur at significantly lower temperatures
compared to the same triblock terpolymer in bulk (T, =
62 °C; T, = 88 °C).2° This can be attributed to toluene
acting as a plasticizer for the semicrystalline PE block,
taking into account that toluene is a good solvent for PE
in the molten state (Table 51).*°

In order to fully understand this nucleation and
growth mechanism, knowledge about the initial state,
i.e., the triblock terpolymer solution at temperatures
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well above the melting temperature of the PE block, is
essential, also. Therefore, we conducted small-angle
neutron scattering (SANS) on a S340E70oM3g0 solution at
70 °C in toluene-dg (Figure 4).

The resulting scattering intensity trace could be
fitted with a model for Gaussian polymer coils provid-
ing a radius of gyration of 8 & 2 nm, showing that the
majority of the triblock terpolymer is molecularly dis-
solved. The SANS profile does not show a significant
contribution of micellar aggregates, which would
give rise to an upturn of /(g) at low g-values. This is
in agreement with previous results from DLS and
scanning force microscopy that suggested a solution
consisting of molecularly dissolved unimers and a
negligible fraction of micellar aggregates.?® It is noted
that DLS strongly overestimates the contribution of
aggregates present in solution as the scattering inten-
sity scales with R® in the case of spherical micelles. The
polymer—solvent interaction parameter ype_toluene =
0.39 (Table S1) also supports a good solubility of PE
above its melting temperature. Combining the ob-
tained information, the formation of wCCMs from
S340E700M360 in toluene can be described as a nuclea-
tion and growth process originating from a unimer
solution.

For semicrystalline bulk polymers, annealing of
existing crystallites can be used to perfect the crystal-
lite structure, resulting in less folds and hence an
increased crystallite thickness accompanied by a more
uniform crystallite thickness distribution.”® In order to
see whether also in the present case an improvement
of the preformed wCCMs can be achieved by subse-
quent solution-annealing of the PE cores, we per-
formed uDSC annealing experiments on a 10 g/L
toluene solution of S340E;0oM360. A detailed description
of the applied annealing procedure and the corre-
sponding uDSC traces can be found in the Supporting
Information (Scheme S1, Figure S2). These measure-
ments revealed that most effective annealing takes
place at 45 °C. The nonannealed wCCMs exhibit a
rather broad melting peak ranging from 35 to 55 °C.
In contrast, the heating trace after annealing the
solution of the wCCMs at 45 °C for 3 h shows two
distinct melting peaks (Figure 5): an intense, sharp one
at a higher peak temperature compared to the initial
melting endotherm (50.4 °C compared to 48.9 °C), and
a very small one at lower temperatures corresponding
to the fraction of unimers that were not able to
participate in the annealing process and thus crystal-
lized upon subsequent cooling. The increased melting
temperature of the main peak corresponds to an
increase in crystallite thickness, as can be described
by the Gibbs—Thomson equation.’’ In addition, the
melting peak becomes significantly narrower after
annealing, which indicates a more uniform crystallite
thickness distribution. Annealing of samples with
lower concentrations (1 g/L) shows similar effects
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Figure 5. uDSC heating traces of a 10 g/L toluene solution
of S340E700M360 WCCMs before (black line) and after (red
line) annealing for 3 h at 45 °C. The dashed line indicates the
peak melting temperature before annealing.

Figure 6. TEM micrograph of wCCMs formed in a 1 g/L
solution of S340E;00Mseo in toluene, crystallized at 20 °C, and
subsequently annealed for 3 h at 45 °C.

(Figure S3) and is hereinafter applied as standard
treatment prior to morphological studies by TEM.

The TEM image of S340E700M360 WCCMs (Figure 6),
which have been crystallized at 20 °C and subsequently
annealed at 45 °C for 3 h, confirms a more uniform
overall morphology and thickness of the PE cores
compared to the nonannealed sample (Figure 2A).
Moreover, the microphase separation between PS
and PMMA in the micellar corona is somewhat more
pronounced, which can be explained by the melting of
some of the PE crystallites in the core, allowing a partial
rearrangement of the corona blocks during the anneal-
ing process. A similar observation of increasing micro-
phase separation upon annealing was reported for
amphiphilic block terpolymers in water.>?

A solvent of comparable quality to toluene is THF.
The polymer—solvent interaction parameter, ypg_tHr =
0.41, is very similar to that for toluene (¥pe_toluene = 0-39),
and therefore, also THF should be able to dissolve PE in
the molten state, i.e., at elevated temperatures. uDSC
measurements show that the transition temperatures
and the annealing behavior of S340E;00Mseo in THF are
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very similar to those in toluene (Figure S4, Table S3). Due
to the low boiling point of THF, Ss340E;00M3s0 Was
dissolved at 65 °C for 30 min, which is still significantly
higher than the melting temperature of the PE block (T,,, =
52.0 °Q), followed by isothermal crystallization at 20 °C
for one day and annealing at 45 °C for 3 h. As expected,
TEM images again show wCCMs with a patch-like
microphase separation of the corona (Figure 7).

In contrast to the structures obtained from toluene,
in which the diameter of the PMMA patches was rather
small (D = 7 £ 4 nm), nonuniform, and mostly ran-
domly distributed throughout the corona, significantly
larger PMMA patches (D = 13 £ 4 nm) are observed for
the wCCMs formed in THF. These PMMA patches
exhibit a more defined shape spanning out from the
PE core to the outer rim of the corona. In many sections,
a regular one-dimensional array of alternating PS and
PMMA corona patches is obtained (Figure 7). The
observed differences should emanate from the selec-
tivity of the used solvent for PS and PMMA. Toluene is
known to be a better solvent for PS than for PMMA,
whereas THF is supposed to be an equally good solvent
for both corona blocks.>® Thus, in toluene the PMMA
chains are less swollen compared to PS and therefore
form smaller compartments in an almost continuous
PS corona despite the similar block lengths. In THF both
of the corona blocks exhibit good solubility, favoring
the formation of compartments of almost equal size.

Impact of the Triblock Copolymer Composition. In order to
gain further understanding of the parameters favoring
one-dimensional micellar growth, we synthesized two
additional triblock terpolymers, S;goE1190M300 and
S140Es00M 160, boOth of them possessing a higher weight
content of PE. Therefore, structures with a lower cur-
vature, i.e., lamellae (platelet-like), might be energeti-
cally favored for these copolymers, as was predicted in
early theoretical works® and already observed several
times experimentally.>*** Moreover, the overall mo-
lecular weight of S;40Es90M; 60 is by a factor of about 2
lower compared to that of SygoEq190M300 and the
previously used polymer. A decrease in overall mole-
cular weight is also expected to promote platelet for-
mation, as was shown by Ryan et al.>° However, in our
case, wCCMs with a microphase-separated corona are
obtained for both S,g0E1100M300 and Sq40Ee90Mis0
(Figure 8A,B), showing that the formation of linear
structures is applicable to a wide range of block
terpolymer compositions. As revealed by uDSC experi-
ments (Figure S5, Table S3), the crystallization is shifted
to higher temperatures, because of the increased PE
content. Thus, crystallization was conducted at 29 °C
for Sq40E690M160 and 34 °C for S,g0E;190M300 followed
by annealing at 38 and 48 °C for 3 h, respectively.

Another possible influence on the structure forma-
tion process might emanate from the incompatibility
of the PS and PMMA corona blocks, which results in a
less effective shielding of the PE core of the formed
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Figure 7. TEM micrographs of wCCMs formed in a 1 g/L
S340E700M360 solution in THF after annealing at 45 °C for 3 h.

Figure 8. TEM images of wCCMs formed in 1 g/L THF
solutions of S;g0E1100M300 (A), Si140Ese0Miso (B), and
S380Es805390 (C), annealed in solution.

nuclei by the corona. This in turn would favor one-
dimensional growth over the formation of spherical
micelles, as already assumed earlier.

Consequently, a different situation might be ex-
pected for a triblock copolymer with identical end
blocks. In order to address this point, a S3goEgg0S300
triblock copolymer, comparable in block ratios and
overall degree of polymerization to Sz40E;goMseo, Was
synthesized. uDSC experiments revealed similar ther-
mal properties compared to that of Sz40E70oM36o (Table
S3), and thus S3goEggpS3g0 Was crystallized at 20 °C
followed by annealing at 45 °C for 3 h, i.e., the same
protocol as applied for S340E700M360. However, despite
the identical PS end blocks, S3g0EggoS390 forms wCCMs
in THF, also (Figure 8C). In this case the corona
appears homogeneously dark after staining, as ex-
pected for a corona that solely consists of PS. The
self-assembly of S3goEgg0S390 Clearly shows that the
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formation of one-dimensional, elongated micelles
does not depend on repulsive forces generated by
PS/PMMA segregation in the corona, but seems to be
independent of the chemical nature of the outer
blocks.

The fact that wCCMs have been obtained from
various SyE M, triblock terpolymers as well as the
S380Es805390 triblock copolymer leads to the assump-
tion that the middle position of the PE block is the key
factor triggering one-dimensional growth over a broad
composition range. This theory is corroborated by
literature, as only one of the various studied systems
with distinct PE blocks was found capable of cylinder
formation upon crystallization, i.e.,, PE-b-PEP diblock
copolymer stars with PE in the center of the stars.”’
Here, PE is in the middle position surrounded by
amorphous end blocks, in analogy to the triblock
copolymers investigated in this study.

Structure Formation in Bad Solvents for PE. Up to this
point, structure formation was conducted in good
solvents for PE (ype_sovent < 0.5). We now focus on
the self-assembly in dioxane, which is a good solvent
for the corona blocks, but a poor solvent for PE
(XPE_dioxane = 0.75). uDSC measurements (Figure 9A)
reveal transition temperatures of 79 °C (peak melting)
and 44 °C (peak crystallization) for a 1 g/L solution of
S340E700M360. These temperatures are significantly
higher compared to those observed in toluene
(Figure 3, Table S3), which can be attributed to the
lower solvent quality of dioxane for PE. Consequently,
dioxane is not a good plasticizer and thus is not able to
decrease melting and crystallization temperatures to a
similar extent. In contrast to toluene solutions, no
concentration dependency of the crystallization tem-
perature (Figure S6) is observed for dioxane solutions.

The structure formation upon cooling was followed
by dynamic light scattering (DLS) on a 1 g/L solution of
S340E700M360 in dioxane. First, the solution was heated
to 85 °C for 2 h, i.e,, above the melting temperature of
the PE block, and subsequently cooled to 70 °C and
then to room temperature. Figure 9B shows the corre-
sponding hydrodynamic radii distributions obtained
at different temperatures applying the CONTIN
algorithm.>> At 85 °C the absolute scattering intensity
is very low and a broad distribution with an average
apparent hydrodynamic radius of Ry, app =9 nm can be
found, which corresponds to molecularly dissolved
triblock terpolymer chains. Already at 70 °C, a narrow
distribution at Ry, .pp = 24 Nm is observed, pointing to
the formation of well-defined micelles. As mentioned
above, dioxane is a rather poor solvent for PE. Thus, PE
becomes insoluble upon cooling to 70 °C, and sphe-
rical micelles with an amorphous PE core are formed,
as the temperature is still significantly above the
crystallization temperature (T, = 44 °C). The weak
peak at about 76 °C in the uDSC cooling trace
(Figure 9A) also corresponds to this micellization
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Figure 9. (A) uDSC heating (red) and cooling traces (blue) of
a 1 g/L dioxane solution of S340E700M3e0. The arrow high-
lights the weak micellization peak. (B) Apparent hydrody-
namic radii distributions obtained from DLS data measured
for a 1 g/L dioxane solution of S340E700Mseo at temperatures
as indicated.

process. It is exothermic in nature, as should be
expected for micellization in organic solvents. The
weak exotherm, attributable to the micellization pro-
cess upon cooling, is present for all studied
S340E700M360 and SsgoEgspS30p Solutions in dioxane
(Figure S6) and has also been observed for similar
block copolymers in dioxane.®® Upon cooling the
solution to room temperature, Ry, .pp does not change.
Hence, the overall shape and size of the micelles are
preserved, and PE undergoes confined crystallization
within the micellar core, resulting in spherical crystal-
line-core micelles (sCCMs). Similar examples of con-
fined crystallization were reported for block
copolymers in the bulk state, where the crystallizable
block is confined within spherical microdomains.®” In a
PE-b-PS diblock copolymer, homogeneous nucleation
was assumed for the crystallization of PE in spherical
microdomains. Here, a supercooling AT = T, — T, of
about 39 °C was necessary to induce crystallization.>® In
our case, the supercooling observed for Sz40E;0oMzeo in
dioxane (AT = 35 °C) and the confinement in which
crystallization occurs, i.e., the core of spherical micelles,
are comparable. Moreover, the degree of crystallinity of
the PE cores in the sCCMs formed in dioxane is signifi-
cantly lower compared to that of the wCCMs formed in
toluene or THF (Table S3), which is a typical feature of
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Figure 10. TEM micrographs of sCCMs formed in 1 g/L
dioxane solutions of S340E79oMsso (A) and SzgoEggeS3g0 (B).
The solutions were kept for three weeks at room tempera-
ture prior to sample preparation for TEM. (A) was diluted to
0.3 g/L before drop-coating on the TEM grid. The insets are
magnified 3-fold.

confined crystallization. Consequently, a homogeneous
nucleation should be the predominant nucleation me-
chanism for PE in the sCCMs. Structure formation of
S380E8805390 iN dioxane proceeds in a similar way. uDSC
and DLS results for SzgoEggoS390 in dioxane can be found
in Figures S6 and S7.

TEM investigations confirm the formation of sSCCMs
for both types of triblock copolymers (Figure 10). The
sCCMs formed from Ss40E;00Ms60 €xhibit a micro-
phase-separated corona of stained PS patches (dark)
and nonstained PMMA patches (bright). Those com-
posed of S3goEggoSz00 cONsequently show a uniformly
dark corona of PS.

Whereas the sCCMs made of S3goEggeS390 could be
nicely dispersed on the TEM grid from a 1 g/L solution,
for those consisting of S340E700M360 further dilution to
0.3 g/L was necessary to reduce the aggregation to
superstructures during drying (Figure S8). The forma-
tion of such superstructures is a known feature of
surface-compartmentalized polymer micelles and thus
supports the patch-like structure of the corona for
sCCMs based on S,E,M, triblock terpolymers.®® It is
noted that the TEM samples were prepared after
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Scheme 1. Proposed mechanism of the structure formation
of triblock copolymers with a crystallizable PE middle block
(black) and amorphous corona blocks (blue) in solvents of
different quality.

wCCMs

keeping the solution at room temperature for three
weeks, showing that these sCCMs are stable over time
and do not form worm-like structures via aggregation/
recrystallization processes.

In order to prove the general applicability of this
concept, structure formation of S340E700M3g0 in N,N-
dimethylacetamide (DMAc) was conducted, which is
an even worse solvent for PE than dioxane (ype_pmac =
1.18). The solution was heated to 100 °C overnight to
erase any thermal history of PE and subsequently
allowed to cool to room temperature. In analogy to
the structure formation in dioxane, sCCMs with a
microphase-separated corona are obtained (Figure
S9). Hence, the self-assembly in poor solvents for PE
can be utilized as a general method for the production
of sCCMs and is attributed to the collapse of PE upon
cooling, producing amorphous spherical micelles al-
ready above T..

Mechanism of Structure Formation. From the observed
differences in the structure formation of the studied
triblock copolymers with PE middle blocks a general
scheme can be deduced that determines whether
spherical or worm-like CCMs are formed (Scheme 1).
The comparison of S,E,M, and SsgoEgg0S300 revealed
that the nature of the outer blocks is not important for
the overall morphology, as long as they are sufficiently
soluble in the chosen solvent throughout the applied
temperature range. Thus, for the sake of clarity, we did
not distinguish between the possibilities of different or
equal outer blocks in this case.

The essential parameter determining the morpho-
logy, wCCMs vs sCCMes, is the solubility of the molten PE
in the applied solvent. The use of good solvents such as
toluene and THF, where PE is completely soluble at
T > T, enables the production of wCCMs with high
aspect ratios. Upon lowering the temperature, at some
point first nucleation events occur, producing a small
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number of micelles with a crystalline PE core. Over
time, more and more unimers are deposited onto these
crystalline micelles, resulting in the observed wCCMs.
In poor solvents on the other hand, e.g., dioxane and
DMACc, sCCMs are formed. Here, PE is insolubleat T> T,
and thus, spherical micelles with a molten PE core
already exist prior to crystallization. The PE cores of
the spherical micelles then crystallize independently
upon cooling, as the sterically demanding corona
chains prevent micellar fusion, an effect known as
“overspilling”.%® Thus, the availability of free unimers
at the stage where crystallization occurs is identified as
the key factor for the formation of anisotropic worm-like
micelles from triblock terpolymers with a PE middle
block. These findings allow the highly selective produc-
tion of sCCMs and wCCMs from the same block copoly-
mers by carefully choosing the solvent environment for
the crystallization-induced structure formation.

CONCLUSIONS

We introduce a general scheme predicting the
crystallization-induced self-assembly of triblock co-
polymers with a semicrystalline PE middle block upon
cooling in solution. Depending on the solubility of PE in
the used solvent, the selective production of either
spherical or worm-like crystalline-core micelles from
the same block copolymers is possible. These CCMs
consist of a semicrystalline PE core and a uniform (PS-b-
PE-b-PS triblock copolymer) or a patchy (PS-b-PE-b-
PMMA triblock terpolymer) corona. Spherical CCMs are
formed in poor solvents for molten PE; that is, the PE
blocks collapse upon cooling and spherical micelles
with amorphous cores are formed prior to crystalliza-
tion. As aresult, confined crystallization of PE within the
cores of the preformed spherical micelles takes place.

METHODS

Synthesis of Triblock Copolymers. Detailed information about
used materials, purification methods, and the polymerization
procedure applied for the synthesis of polystyrene-block-poly-
(1,4-butadiene)-block-poly(methyl methacrylate) triblock ter-
polymers can be found in a previous publication.®’

The synthesis of polystyrene-block-poly(1,4-butadiene)-
block-polystyrene (PS-b-PB-b-PS) was carried out in a thermo-
stated laboratory autoclave (Blichi Glas Uster AG) under a dry
nitrogen atmosphere via sequential anionic polymerization of
the corresponding monomers in cyclohexane. The use of a
nonpolar solvent results in a PB block with a high content of 1,4-
addition, which is indispensable to obtain the corresponding
semicrystalline “pseudo-polyethylene” structure after hydroge-
nation. First, styrene was polymerized at 40 °C for 4 h using sec-
BulLi as the initiator. The reaction mixture was then cooled to
20 °C, and butadiene was added. Subsequently, butadiene poly-
merization was conducted at 50 °C for 4 h. Finally, the second
portion of styrene was allowed to polymerize for 4 h at 40 °C
followed by termination with methanol. The composition of the
produced triblock copolymer Ss3goB440S390 (the subscripts de-
note the number-average degree of polymerization) was de-
termined by "H NMR measurements in CDCl5 (Bruker AC 250
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In contrast, the triblock copolymer chains stay mole-
cularly dissolved above the crystallization temperature
for self-assembly in good solvents, and worm-like
CCMs are formed via a nucleation and growth
mechanism.

The length of the worm-like CCMs can be conveniently
tuned by the applied temperature of isothermal crystal-
lization. Further improvement of their structure is
achieved by subsequent annealing in solution. This results
in a more uniform thickness of the crystalline PE cores, and
the corona microphase separation in wCCMs based on
PS-b-PE-b-PMMA triblock terpolymers becomes more
pronounced. Furthermore, the morphology of the patch-
like corona depends on the selectivity of the used solvent
for the PS and PMMA end blocks. In toluene, a slightly
better solvent for PS, small PMMA patches in an almost
continuous corona of PS are obtained. In contrast, struc-
ture formation in THF, a similarly good solvent for PS and
PMMA, results in a unique one-dimensional array struc-
ture with nearly alternating PS and PMMA patches with
dimensions of about 15 nm throughout the whole corona.

The presented approach enables the selective produc-
tion of stable worm-like micelles with high aspect ratios
and controlled surface anisotropies in an easy and repro-
ducible manner, which is of increasing interest in materials
science. Linear array structures represent promising scaf-
folds for waveguides in nanoscale photonic devices.
Moreover, well-defined patchy nanoparticles have
great potential for the tailor-made bottom-up pro-
duction of hierarchical superstructures. In contrast to
most of the previous approaches toward surface-
compartmentalized nanostructures, the presented
process of crystallization-driven solution self-assem-
bly triggered by cooling is comparably undemand-
ing and easy to scale up.

spectrometer) using the absolute molecular weight of the PS
precursor, obtained from matrix-assisted laser desorption ioni-
zation time-of-flight mass spectrometry (MALDI-TOF; Bruker
Reflex Ill), for calibration of the NMR signal intensities.

Hydrogenation. Hydrogenation of the triblock copolymers in
order to convert the PB block into PE was carried out via
homogeneous catalysis in toluene at 60 °C and 60 bar H,
pressure using Wilkinson's catalyst (RhCI(PPhs)s). A more de-
tailed description can be found elsewhere.®

Sample Preparation. The triblock copolymers were dissolved
at temperatures well above the melting temperature of the PE
block in the used solvents to erase any thermal history. The
samples prepared in toluene and THF were heated in a water
bath to 70 and 65 °C, respectively, for at least 30 min after
complete dissolution, followed by direct quenching to the
desired crystallization temperature. Except for the studies on
the influence of the applied crystallization temperature, all
solutions of worm-like CCMs prepared for TEM measurements
were subjected to subsequent annealing for 3 h at a tempera-
ture slightly below the melting temperature, as indicated in the
Results and Discussion section. The samples prepared in diox-
ane were heated to 90 °C, and those prepared in N,N-dimethyl-
acetamide to 100 °C overnight and subsequently allowed to
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cool to room temperature. In all cases moderate stirring was
applied.

Micro-Differential Scanning Calorimetry. The calorimetric mea-
surements were performed with a Setaram uDSC Il using closed
“batch” cells at a scanning rate of 0.5 K/min. The pure solvent
was used as a reference. The uDSC allows measurements with
an extremely high sensitivity using sample masses up to 1 g and
hence the detection of phase transitions of polymers in dilute
solutions.

Dynamic Light Scattering and Static Light Scattering. DLS and SLS
measurements were performed on an ALV DLS/SLS-SP 5022F
compact goniometer system equipped with an ALV 5000/E
operated in cross-correlation mode at a scattering angle of
90°. A He—Ne laser (1o = 632.8 nm) was employed as light
source.

Because of the large size of the aggregates formed at room
temperature, the solutions were not filtered prior to the mea-
surement to avoid any loss of material. The decalin bath of the
instrument was thermostated using a LAUDA Proline RP 845
thermostat. For the temperature steps, heating rates of about
3 K/min and cooling rates of about 2 K/min were applied. Prior to
measurement, the solutions were allowed to equilibrate for at
least 10 min after reaching the targeted temperature, except for
the time-dependent SLS measurements, where data collection
was started directly after reaching the desired crystallization
temperature. The structure formation studies by SLS were
conducted at a scattering angle of 90°, which represents a
value of momentum transfer g = 0.014 nm™". This value of q is
more than 1 order of magnitude lower than the expected first
form factor minimum of the wCCMs (Gmin). On the basis of the
diameter of S340E700M3g0 WCCMs determined from TEM
(D =51 nm) a form factor minimum at gmin = 0.25 nm™ ' can
be calculated. Hence, the performed SLS measurements are
in a g-range much lower than the Guinier region, and form
factor contributions to the scattering intensity can be ne-
glected. However, a quantitative interpretation of the scat-
tering intensity is difficult and not in the scope of the present
contribution. The results from SLS are used only to show a
qualitative trend.

Data evaluation of the DLS experiments was performed
using the CONTIN algorithm,> which yields an intensity-
weighted distribution of relaxation times (z) after an inverse
Laplace transformation of the intensity autocorrelation func-
tion. These relaxation times were transformed into translational
diffusion coefficients and further into hydrodynamic radii using
the Stokes—Einstein equation.

Transmission Electron Microscopy. Samples were prepared by
placing a drop of the dilute solution (0.25—1 g/L) on a carbon-
coated copper grid. After 20 s, excess solution was removed by
blotting with a filter paper. Subsequently, elastic bright-field
TEM was performed on a Zeiss 922 OMEGA EFTEM (Zeiss NTS
GmbH, Oberkochen, Germany) operated at 200 kV. Zero-loss
filtered images (AE = 0) were registered digitally by a bottom-
mounted CCD camera system (Ultrascan 1000, Gatan) and
processed with a digital imaging processing system (Gatan
Digital Micrograph 3.9 for GMS 1.4). Staining was performed
with RuO, vapor for at least 20 min. RuO, is known to selectively
stain PS; that is, PS domains appear darker compared to PMMA
domains, which enables distinguishing between PS and PMMA
domains in the corona of the micelles. Average values of the
micelle length and PMMA patch size were determined from at
least 100 measurements. Due to better visibility, the average
micelle length of the wCCMs was obtained by measuring the
core length.

Small-Angle Neutron Scattering. The SANS measurement was
performed on the PAXY instrument of the Laboratoire Léon
Brillouin (CEA de Saclay, Gif-sur-Yvette, France). The scattered
neutrons were collected using a two-dimensional multidetec-
tor. Three sample-to-detector distances of 1.05 m, 3.05 m, and
6.75 m were chosen in order to cover a sufficiently broad
g-range. The sample was placed in a thermostated holder,
and the temperature was controlled using a PT 100 thermoele-
ment with stability in temperature of approximately £1 °C. The
sample was prepared in deuterated toluene (C;Dg) and filled in
1 mm standard quartz cells (Hellma, Germany).

SCHMELZ ET AL.

All recorded scattering patterns were isotropic and hence
circularly averaged. Furthermore, the resulting spectra were
corrected for electronic noise, detector efficiency, and the scat-
tering of the empty cell and the solvent. The absolute intensity
calibration was done using the software provided by the LLB
using the approach described by Cotton.®? Further information
on the data treatment procedure of the LLB can be found
elsewhere.®® After this treatment all data from different sam-
ple-to-detector distances overlapped within the experimental
precision. Finally, the normalized and merged scattering profile
was analyzed applying the SASfit program by J. Kohlbrecher.®*
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