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of an alcohol solvation sphere around the hydrophobic part of
the (polymeric) surfactants, resulting in higher interfacial
curvatures and thus the formation of spherical micetté8:3

In contrast to the block copolymer, the gradient copolymer
is insoluble in pure water. The lower solubility of the gradient
copolymer compared to the block copolymer is due to the fact
that only a small part of the polymer chain (20 monomer units)
consists of pure MeOx while the rest of the chains consist of a
mixture of MeOx and PhOx (Figure 1). When using binary
water—ethanol solvent mixtures, micellar solutions were ob-
tained after heating the polymer. Transmission electron micros-
copy (TEM), cryogenic TEM (cryoTEM), and atomic force
microscopy (AFM) images of the micelles resulting from the
self-assembly of pMeQy-statPhOxp in solvent mixtures
containing 5, 10, 15, 20, 30, and 40 wt % of ethanol in water

The aqueous self-assembly of macromolecules has beenare depicted in Figure 3 (more images are shown in the

studied in detail, resulting in the formation of block copolymer
micelles with various morphologiés# In recent years, more
sophisticated self-assembled structures, including toroidal
micelle$~7 and discrete or wormlike multicompartment
micelles®~19were reported based on the self-assembly of rather
complex (charged) amphiphilic triblock and tetrablock co-
polymerst!~13 Besides changing the (complex) polymer com-

Supporting Information). The solubility of pMe@xstatPhO»

with 5 wt % ethanol is regarded as a border case since patrtial
precipitation of the sample was observed. The self-assembly of
pMeOxso-statPhOxo with 5 and 10 wt % ethanol resulted in
the formation of both spherical micelles and wormlike micelles
(Figure 3A,B) while self-assembly of the copolymer in solvent
mixtures with more ethanol only resulted in the formation of

position and/or architecture, the self-assembled structures carspherical micelles (Figure 3€F) due to an increase in inter-

also be influenced by changing the solVént® or by using
binary solvent mixture$’~22 Moreover, micellization can also
be influenced by changing the block order in triblock copoly-
mer$425 and by changing the monomer distributi®n?8
However, the effects of solvent mixtures and monomer distribu-
tion were not yet studied simultaneously.

facial curvature as it was also observed for the block copolymer.
A closer look at the self-assembled structures from the 5 and
10 wt % ethanol solutions revealed the presence of less com-
monly observed structures such as toroids and Y-junctions (see
Figure 2A,B). Although Y-junctions have been previously ob-
served for block copolymer cylindrical micellé%;3° they have

Here, we investigated the solvent responsiveness of block not been reported for the self-assembly of rather simple quasi-

and gradient copoly(2-oxazoline)s in binary watethanol
mixtures to address the effect of monomer distribution. In
addition, we demonstrate the formation of complex self-
assembled structures, including toroids and Y-junctions, from
a simple amphiphilic statistical copolymer in binary water
ethanol solvent mixtures. The structures of the studied am-
phiphilic poly(2-methyl-2-oxazolingy-block-poly(2-phenyl-2-
oxazoline}o (pPMeOxsg-blockPhOxq) block copolyme?® and
the gradient poly(2-methyl-2-oxazolingstatpoly(2-phenyl-
2-oxazolineyo (PMeOxse-statPhOx0)%C are depicted in Figure
1 together with the calculated monomer distribution in the
polymer chains (bottondt

The micellization of the copolymers was performed by
heating a mixture of the polymer in the watesthanol solvent
mixture to 75°C, followed by subsequent cooling to 2C.
After two such heating cycles to facilitate the formation of

hydrodynamically stable aggregates, the micellar solutions were

analyzed by transmission electron microscopy (TEM). The
micelles from pMeOyxy-block PhOxp in water revealed mainly
wormlike micelles and some spherical micelles (Figure 2A).
With 10 wt % ethanol content, the fraction of spherical micelles
is higher, and with 15 wt % or more ethanol only individual
micelles were observed. This shift from cylindrical to spherical
micelles was previously only observed when the ratio of the
blocks in block copolymers was varié#.3* The here observed
morphological transition can be rationalized by the formation
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diblock statistical copolymers. Furthermore, previous observa-
tions of the formation of toroids were based on the self-assembly
of charged diblock copolymets42 or (charged) triblock ter-
polymers®~7 The formation of toroids by the self-assembly of

a rather simple nonionic quasi-diblock statistical copolymer is
unprecedented and might be ascribed to the monomer distribu-
tion in pMeOxo-statPhOxo, which resembles a kind of triblock
copolymer architecture with outer blocks of pMeOx and pPhOx
and a middle gradient block. The cryoTEM analysis revealed
that the morphologies observed for the dried samples resemble
the structures present in solution, demonstrating that they are
not formed by drying effects. The observed wormlike micelles
appear to consist of individual spherical micelles that are merged
together, indicating that this is a border case in the transition
from cylindrical to spherical micelles, which is also evident from
the presence of both spherical and cylindrical micelles.

The sizes of the spherical micelles (obtained from the TEM
images}? that were observed in the different ethanolater
mixtures decreased linearly up to increasing the ethanol fraction
to 20 wt % for both the block and the gradient copolymers due
to better solvation of the insoluble part that results in increased
interfacial curvatures (Figure 4). However, upon further increas-
ing the amount of ethanol, the size of the block copolymer
micelles remains constant at-t89 nm, which correlates well
to the commonly observed nonideal mixing behavior of water
and ethanol that is most pronounced up to 20 wt % ethanol in
water#4 In contrast to these observations for the block copolymer
micelles, the diameter of the gradient copolymer micelles
linearly decreased from 10 to 40 wt % ethanol, which cannot
be solely due to changing the solvation of the soluble
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Figure 1. Structural representations (top) and calculated monomer distributions (bottom) of the investigatedphieBPhOx, block copolymer
(left) and pMeOxq-statPhO» statistical gradient copolymer (right).
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Figure 2. TEM images of the micellar aggregates that were obtained P ' : = :
from pMeOxg-blockPhO»y in different water-ethanol mixtures: (A) Figure 3. TEM, AFM (insets bottom left), and cryoTEM (insets
H20, (B) 5 wt % ethanol, (C) 10 wt % ethanol, (D) 20 wt % ethanol, marked with cryo) images of the micellar aggregates that were obtained
(E) 30 wt % ethanol, and (F) 40 wt % ethanol. from pMeOxo-statPhOx in different water-ethanol mixtures: (A)

and insoluble blocks. Therefore, the observed linear decrease> "t 70 €thanol, (B) 10 wt % ethanol, (C) 15 wt % ethanal, (D) 20 wt

. - . L . . - % ethanol, (E) 30 wt % ethanol, and (F) 40 wt % ethanol.

in gradient copolymer micelle size is ascribed to partial solvation

of the gradient part of the gradient copolymer by the decrease 5 wt % ethanol solution are smaller than the linear trend, which
in solvent polarity with increasing ethanol content. It is is thought to resemble the largest stable micellar structure with
noteworthy to mention that the spherical micelles in the the investigated degree of polymerization (100 monomer units)
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Figure 4. Dependence of the spherical micelle diameters of the
pMeOxo-blockpPhOx%, and pMeOxo-statPhO, on the amount of
ethanol in the waterethanol solvent mixture. (Superscript a indicates
that the pMeOxg-statPhO», gradient copolymer partially precipitated
in this solvent mixture.)

in combination with this monomer gradient due to a too small
hydrophilic solubilizing corona. Partial precipitation was ob-
served in this sample, which might indicate that initially some
larger unstable micelles were also present.
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