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ABSTRACT: In highly selective solvents, block copolymers
(BCPs) form association colloids, while in solvents with poor
selectivity, they exhibit a temperature-controlled (de)mixing Crystallization-induced Amphiphilic Soluble
behavior. Herein, it is shown that a temperature-responsive self- self-assembly self-assembly

assembly behavior emerges in solvent mixtures of intermediate
selectivity. A biocompatible poly-ethylene(oxide)-block-poly-¢-
caprolactone (PEO-PCL) BCP is used as a model system. The
polymer is dissolved in solvent mixtures containing water (a
strongly selective solvent for PEO) and ethanol (a poorly selective
solvent for PEO) to tune the solvency conditions. Using
synchrotron X-ray scattering, cryogenic transmission electron
microscopy, and scanning probe microscopy, it is shown that a rich temperature-responsive behavior can be achieved in certain
solvent mixtures. Crystallization of the PCL block enriches the phase behavior of the BCP by promoting sphere-to-cylinder
morphology transitions at low temperatures. Increasing the water fraction in the solvent causes a suppression of the sphere-to-
cylinder morphology transition. These results open up the possibility to induce temperature-responsive properties on demand in a
wide range of BCP systems.

B INTRODUCTION weakly selective solvent and a strongly selective solvent induces
the emergence of a thermoresponsive self-assembly behavior.
Solvent selectivity is known to affect the mass, the preferred
morphology, and the dynamics of BCP supramolecular
assemblies.'“'®7** Most of these investigations were carried
out in organic solvents and with non-crystalline polymers,
where the absence of H-bonding interactions and crystal-
lization (quasi-ideal conditions) allowed the observed
phenomena to be rationalized in terms of mean-field
theories."*

In contrast, this study focuses on less ideal systems
consisting in crystallizable>** poly-ethylene(oxide)-block-
poly-e-caprolactone (PEO-PCL) BCPs dispersed in H-
bonding water—ethanol mixtures. These biocompatible and
widespread copolymers show a temperature-controlled phase
behavior in the weakly selective solvent ethanol,”® where the
interplay between crystallization, phase separation, and block
segregation leads to the formation of hierarchical structures.”
In contrast, in water, a strongly selective solvent for the PEO

Amphiphilic block copolymers (BCPs) have been given ample
attention due to their interfacial properties and their ability to
form well-defined supramolecular architectures. In selective
solvents, BCPs associate to minimize the unfavorable contact
between the solvent and the lyophobic blocks."* Depending
on chemical composition, chain lengths of the blocks, solvent
quality, and concentration, BCPs form supramolecular
architectures with different sizes and m01*phologies.3_5 These
structures are of scientific, biological, and industrial inter-
est. ™% The preparation of stimuli-responsive BCPs becomes
increasingly important as it enables to design smart materials
which modify their properties under an external stimulus, such
as temperature' "' and light.">'* At present, this strategy
requires a careful design of the molecular architecture of the
blocks, which may be challenging to realize from a synthetic
point of view. An interesting alternative would be to induce
new stimuli-responsive properties in commonly used and
widespread BCPs, for instance, by controlling the solvency
conditions. If the lyophilic and lyophobic blocks have a low

tendency to segregate, BCPs lose the ability to self-assemble in Received: December 14, 2020
poorly selective solvents, where there is a small solubility Revised:  February 3, 2021
difference between the blocks."”'® In such solvents, the Published: March 4, 2021

(de)mixing behavior can be typically controlled by varying the
solvent quality by means of temperature.'” In this work, it is
investigated whether tuning the solvent selectivity by mixing a

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acs.macromol.0c02759
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Figure 1. Contour maps of (a) small-angle (SAXS) and (b) wide-angle (WAXS) data from 50 mg-mL~" Me-EQ,5-CL;, in water—ethanol mixtures.
The mixture composition is indicated inside each plot as the water volume fraction ¢by. In the WAXS plots, PCL diffraction peaks can be

recognized as horizontal lines.

block and thus a poor solvent for PCL, the copolymers form
colloidal self-assembled structures™® via amphiphilic self-
assembly.

The effect of solvent selectivity in such types of systems is
poorly understood, especially when the degree of selectivity is
varied between poor and intermediate. We hypothesize that in
this selectivity range lies a rich thermoresponsive phase
behavior. To show this, the associative properties of a PEO-
PCL BCP with the composition Me-EQ4-CLj;, are studied in
water—ethanol mixtures at different temperatures with small-
and wide-angle synchrotron X-ray scattering (SAXS/WAXS),
cryogenic transmission electron microscopy (cryo-TEM), and
scanning probe microscopy (SPM). The results reported in
this work can, in principle, be applied to design processing
strategies enabling to control the self-assembly of many BCP
systems with temperature.

B RESULTS AND DISCUSSION

The formation of dispersed Me-EO,-CLy, (50 mg:mL™")
structures in water—ethanol mixtures containing water volume
fractions in the range 0.1 < ¢y < 0.5 was studied by means of
SAXS/WAXS. In addition, cryo-TEM and SPM were
performed on selected samples to confirm the models used
to fit the scattering data. Scattering measurements provide an
ensemble-averaged representation of the system, while cryo-
TEM and SPM provide detailed structural and morphological
information at the single-particle level. The SAXS and WAXS
measurements were combined into contour maps, where
variations of the scattered intensities as a function of the
scattering vector g (see the Materials and Methods section for
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details) and temperature T are displayed as color variations
(Figure 1). Such a representation facilitates the comparison
between data from different samples. The data are also
represented as 3D plots, which help visualizing the features of
the scattering curves (Figure 2). Selected scattering curves are
individually analyzed to assess the morphology and size of the
scattering particles. The analysis comprises both comparison of
the measured data with theoretical models and analysis of the
low g scaling behavior of the scattered intensity I ~ q~". For
non-interacting particles, the scaling exponent m is related to
the fractal dimension of the scattering objects, thereby
providing information on their shape.

The SAXS data (Figures la and 2a,b) reveal that Me-EO ;-
CL;, is molecularly dissolved for T > 20 °C in mixtures with
the composition in the range 0.1 < ¢y < 0.2. In this regime,
the copolymer mean radius of gyration, obtained by fitting of
the scattering data with a form factor for polymers with the
excluded volume®” (Figure S1 in the Supporting Information),
is R; 7 2.7 nm and is rather constant with temperature. This
value is in good agreement with theoretical estimations (see
the Supporting Information). Typically, the size of a polymer
coil in solution increases with increasing temperature because
the polymer and the solvent get more compatible. The
solvation mechanism of the PEO-PCL BCP in water—ethanol
mixtures, however, is complex and involves H-bonding
interactions. With increasing temperature, the number of
solvent molecules hydrogen-bonded to the polymer chains
decreases, which counteracts the increase in polymer—solvent
compatibility. Probably, R, does not significantly vary in the
investigated temperature range due to this mechanism.

https://dx.doi.org/10.1021/acs.macromol.0c02759
Macromolecules 2021, 54, 2912—2920
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Figure 2. 3D representations of the SAXS data from 50 mg-mL™" Me-EQ,s-CLy;, in ethanol—water mixtures with water volume fractions (a) ¢y, =
0.1, (b) pw =02, (c) ¢pw = 0.3, (d) Pw = 0.4, and (e) ¢y = 0.5. The variable § = ¢-1 nm is an adimensional scattering vector. (f) State diagram
reporting the different morphologies obtained as a function of temperature and solvent composition according to the SAXS data.

An increase in the scattered intensity at low gq (structure
factor contribution) can be recognized in the small-angle data
for 0.1 < ¢hyy < 0.2 at T > 20 °C (Figure S1 in the Supporting
Information), indicating that attractive interactions between
dissolved BCP molecules are operational. This leads to phase

instabilities upon further decreasing the temperature: a sudden
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change in the scattering profiles occurs at T = 20 °C (Figures
la and 2a,b,f). The low-q scaling of the scattered intensity I ~
q~' (Figure 3a) suggests the formation of cylindrical self-
assembled structures. Comparison with a theoretical scattering
model for core—shell cylinders’® (Figure 3a) provides an
estimation of the cross-sectional diameter of the PCL core

https://dx.doi.org/10.1021/acs.macromol.0c02759
Macromolecules 2021, 54, 2912—2920
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Figure 3. (a) Small-angle scattering profiles for 50 mg-mL™' Me-EQ,;-CLy, in water—ethanol mixtures containing water volume fractions in the
range 0.1 < ¢y < 0.4 at T = —20 °C. The continuous curve is the theoretical form factor of a core—shell cylinder”® with a core cross-sectional

diameter of the core of D

core

=7 nm (polydispersity 0.2, see the Materials and Methodssection) and a shell thickness of H,

corona = 4 nm. The arrow

indicates the wide peak at ¢ ~ 0.2 nm™". (b) Small-angle scattering profiles for Me-EQ,5-CL5, at ¢hyy = 0.3 at T = 30 and 60 °C. Continuous curves

are the theoretical form flactors for polymer coils with the excluded volume®” (POL) with a radius of gyration of R

¢ = 2.7 nm, while the dashed

curve is the theoretical form factor of uniform spheres® (SPH) with radius R = 5.5 nm, used as a fitting model for the micelles.

~

(D¢ore ® 7 nm) and the thickness of the PEO corona (H,,o,, &
4 nm). Although the cylinder form factor can account for the
finite length of the rods, it was not possible to establish the
average length of the PEO-PCL cylindrical micelles as this is
larger than the largest length scale accessible in our SAXS
experiments (approximately 160 nm). If the cylinders were
shorter than 160 nm, a plateau would be observed in the low-g
scattered intensity. At ¢ ~ 0.2 nm™’, a rather wide and shallow
diffraction peak is observed (Figure 3a), which may be caused
by the presence of a ~30 nm structural periodicity inside the
cylinders with rather polydisperse spacing, the presence of
aggregates ~30 nm in diameter, or correlations in the spatial
distribution of different cylinders. This aspect is further
discussed later in the text. The formation of cylinders is
associated with the simultaneous appearance of PCL
diffraction peaks at wide scattering angles (Figure 1b).
Hence, it can be concluded that the cylinders form via a
crystallization-induced self-assembly process.

For ¢y = 0.3, three different states can be observed in the
scattering profiles (Figures la and 2c). For T 2 40 °C, the
copolymers, characterized by a radius of gyration of R, = 2.7
nm (Figure 3b), are molecularly dissolved. Spherical micelles
with radius R & 5.5 nm form instead below T =~ 40 °C. The
scattering pattern, in fact, contains a clear contribution from
spherical scatterers at intermediate and low g, which reflects
the insoluble core of the micelles (compared in Figure 3b with
the form factor of a solid sphere). At high g, the scattering
pattern is similar to the one of molecularly dissolved BCPs
(Figure 3b) and is probably given by the sum of free polymer
scattering and scattering from the well-solvated micelle corona.

The micellar state is stable over the temperature range 20 <
T < 40 °C. Below T = 20 °C, crystallization again induces the
formation of cylindrical micelles. The cylindrical morphology is
confirmed by SPM measurements (Figure 4a—c), which
further suggest that the cylinders have a segmented or helical
structure, with a pitch between 30 and 40 nm (Figure 4c).
These structural features are probably induced by crystal-
lization and are likely responsible for the wide scattering peak
observed at g &~ 0.2 nm ™" in the SAXS profiles. Further analysis
is required to clarify the structure of the cylindrical micelles. A
cross-sectional diameter of Dgpy; = 10 £+ 2 nm, consistent with
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the SAXS data (Figure 3a), was obtained from analyzing the
SPM images (see A). Planar, leaf-shaped particles, originating
from the aggregation of the cylindrical micelles, were also
found in the SPM and cryo-TEM images (Figures S2 and SS in
the Supporting Information). These structures were not visible
in the SAXS data as their presence would be associated with an
I ~ g2 low-q scaling of the scattered intensity”’ and probably
formed as a consequence of the different cooling rate adopted
for the SPM and cryo-TEM sample preparations (see the
Materials and Methodssection). Strikingly, the hierarchical
arrangement of the cylindrical micelles into these planar
particles (Figure S2 in the Supporting Information) resembles
the structure of certain natural biomaterials like chitin.”’

For ¢ = 0.4 (Figures la and 2d), spherical micelles with a
mean radius of R & 6 nm are already present at T = 70 °C as
the higher water content leads to an increase of the solvent
selectivity and a concomitant decrease of the overall copolymer
solubility. At T = 20 °C, crystallization induces the formation
of cylindrical micelles (Figure 3a), as also found for lower ¢y.
Cryo-TEM analysis (Figures 4d and S4 in the Supporting
Information) confirms the presence of cylinders at T = 20 °C.
The cross-sectional diameter obtained by cryo-TEM (see the
Materials and Methods section and Figure S4 in the
Supporting Information for details) is Dypy = 10 = 2 nm.
Some of the individual cylinders display contrast that is
consistent with helicity and hollow cores. Further imaging
would be required for a definitive assessment of the 3D
structure by cryoTEM. The planar leaf-shaped particles were
also found in the cryoTEM samples, consistent with the SPM
imaging.

Finally, for mixtures with ¢, = 0.5, only spherical micelles
with mean radius R & 8 nm are present according to SAXS
(Figures 1 and 2e). This is further confirmed by cryo-TEM
analysis (Figures Sb and S4 in the Supporting Information),
which reveals an average micelle radius of Rygy = 7 + 2 nm, in
line with the SAXS estimate. The size of the micelles increases
with increasing ¢y, consistent with an increase of the
aggregation number promoted by the reduction of the
copolymer solubility.””

At high volume fractions, the scattering profile of a
collection of scatterers becomes concentration-dependent.”

https://dx.doi.org/10.1021/acs.macromol.0c02759
Macromolecules 2021, 54, 2912—2920
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Figure 4. (a—c) SPM images of Me-EQ,5-CLj, self-assembled structures formed in a water—ethanol mixture with ¢by, = 0.3 at T & 20 °C (see the
Materials and Methods for details on the sample preparation procedure). (a,b) Topographies showing individual cylinders at different
magnifications; (c) Fourier-filtered version of (b), where the segmented structure of the cylinders is enhanced. The inset in (a) shows an illustrative
cross-section measurement used to determine the average cross-sectional diameter. In the inset, x is the direction perpendicular to the cylinder axis,
and z is the direction perpendicular to the image plane. (d,e) Cryo-TEM images of the cylindrical micelles formed in a water—ethanol mixture with
¢w = 0.4 at T = 20 °C. Some of the individual cylinders display contrast that is consistent with a helical structure and a hollow core, but further

analysis is needed to confirm these features.

This concentration dependence is quantified by the so-called
structure factor S(g,¢).”” The predicted scattering curves of
interacting hard spheres (HSs)**?* at a volume fraction of ¢hys
= 0.2 are plotted in Figure Sa (details of the model are
reported in the figure’s caption). Comparison of the modeled
curves with the experimental SAXS data suggests that the
PEO-PCL micelle concentration is high (close to 20% in

volume), and correlation in their spatial distribution causes the
decrease of the scattered intensities at low g (Figure Sa).
Differential scanning calorimetry (DSC) analysis (see the
Supporting Information) performed on a PCL homopolymer
shows that the addition of water has a negligible effect on PCL
crystallization. Hence, the suppression of the sphere-to-
cylinder transition at ¢y = 0.5 must be related to the

https://dx.doi.org/10.1021/acs.macromol.0c02759
Macromolecules 2021, 54, 2912—2920
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Figure 5. (a) Small-angle scattering data at different temperatures for 50 mg:mL™' Me-EO,;-CLy, dispersed in a ¢by, = 0.5 water—ethanol mixture.
Data at T = 20 °C (purple markers) are compared with calculated scattering profiles for collections of uniform HSs (continuous curve) with radius
R = 8 nm at a volume fraction of ¢y = 0.2. The sphere interaction radius is assumed to be equal to the sphere radius. The HS curve is given by the
product of a sphere form factor™ and HS structure factor.”” Data at T = —20 °C (orange markers) present an increase in the low-q scattering
intensity due to the formation of micelle clusters. (b) Cryo-TEM images of the spherical micelles formed in a water—ethanol mixture with ¢y, = 0.5

at T = 20 °C.

amphiphilic nature of the BCP. The increase in solvent
selectivity drives and increases in the block segregation. As a
result, for ¢y > 0.4, the micelle phase becomes more stable
than the cylindrical crystalline phase. Due to confinement in
the spherical core of the micelles, crystallization of PCL chains
becomes more difficult, as testified by the lower crystallization
temperature (T = 0 °C, see WAXS data in Figures 1b and S3
in the Supporting Information).

Interestingly, crystallization in the spherical core causes the
appearance of attractive interactions between the micelles.
Attractive interactions lead to the formation of micelle clusters
which cause an uprising of the scattered intensity at low g, as
illustrated in Figure Sa.

The water-induced suppression of PCL crystallization is
probably responsible for the progressive reduction of the wide
peak observed at g ~ 0.2 nm™' in the low-angle scattering for
0.1 < ¢hy < 0.4 (T < 20 °C, see Figure 3a). Such a reduction
indicates that the helicity (Figure 4b,c) is progressively lost
upon addition of water.

It is noted that the average cross-sectional diameter of the
cylindrical micelles is consistently smaller than the diameter of
the spherical micelles according to both SAXS and cryo-TEM.
A sphere-to-cylinder transition allows a relaxation of the
stretching degree of lyophobic chains and a concomitant
increase in the stretching of the lyophilic chains.” This implies
that the size of the insoluble domain of the self-assembled
structure decreases, while the thickness of the lyophilic
domains increases on passing from spheres to cylinders. The
electron density difference between the solvent and the
lyophilic domains of the assemblies is small because these
are highly solvated. Therefore, SAXS and cryo-TEM mostly
provide a characterization of the dense, desolvated lyophobic
domains, which explains why the cross-sectional diameter of
the cylinders results smaller than the diameter of the micelles.

From a thermodynamic perspective, in the absence of
crystallization, the sphere-to-cylinder morphology transition is
driven by a favorable increase in the overall configurational
entropy of the BCP chains.*® However, in the present case,
spherical micelle are the preferred morphology under
conditions where crystallization is suppressed (high T, high
¢w)- Hence, different from classic BCP self-assembly, there is a
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marked enthalpic driving force for the sphere-to-cylinder
crystallization-induced morphology transition.

Finally, it is noted that the transition from the molecularly
dissolved state to the micelle state is observed only for ¢y, =
0.3. Intuitively, one can imagine that this transition takes place
when the energy difference per BCP molecule between the
micelle and the solvated state (Agg,) is comparable to the
thermal energy (Agss & kgT, where ky is Boltzmann’s constant
and T is the temperature). Given the complex and non-ideal
nature of the system, it is difficult to quantify how Agg,
depends on ¢y and T. However, considering that PCL is
highly hydrophobic and that PEO in water becomes less
soluble at high temperatures,”* one can safely assume that Agg,
increases quite steeply with increasing ¢hy. As a result, the
soluble state becomes quickly unfavorable (Agg, > kT) in the
investigated T range for ¢y > 0.3. Conversely, for ¢y < 0.3,
Agsy < kgT at high temperature, while at low (T < 20 °C)
temperatures, crystallization-induced self-assembly is energeti-
cally favored over micellization.

Bl CONCLUSIONS

PEO-PCL BCPs exhibit a temperature-responsive self-
assembly behavior, which emerges when the BCPs are
dispersed in solvent mixtures of intermediate selectivity
(mixtures of a weakly selective solvent and a strongly selective
solvent). The solvent mixture composition enables to tailor the
morphology transitions. For the PEO-PCL copolymer studied
here, crystallization of the lyophobic PCL blocks triggers an
additional morphology transition from spherical micelles to
semicrystalline cylindrical micelles. Upon drying, dispersions of
these semicrystalline cylindrical micelles might aggregate
forming planar hierarchical structures resembling those of
certain biomaterials like, for instance, chitin. Gaining control
over this process appears a promising perspective to design and
prepare biomimetic hierarchical materials and deserves further
investigations.

The strategy proposed in this study can be applied to BCPs
with different molar masses in order to access a wide range of
morphologies and can in principle be applied to many kinds of
BCPs. Predictive models need to be developed to design a
priori systems with predefined responsivity. Elucidating the
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effect of sequential variations in temperature and solvent
composition could further expand the potential of this strategy
toward the creation of nanomaterials with complex architec-
tures.

B MATERIALS AND METHODS

Materials. The Me-EO,;-CL;, BCPs used in this study were
prepared via bulk ring opening polymerization catalyzed by fumaric
acid, as described in a previous work.”®> The PEQ (MeEQ,;, M, ~ 2
kDa) initiator used for the preparation of the copolymers was from
Sigma-Aldrich. Absolute (dehydrated) ethanol was from BioSolve.
Deionized water was prepared by means of a Milli-Q apparatus.

The copolymer was characterized via 'H nuclear magnetic
resonance ('H NMR) and size exclusion chromatography (SEC) to
determine the composition and the molar mass dispersity D,
respectively. The 'H NMR measurements (Figure S6a in the
Supporting Information) were carried out on a Varian 400 (400
MHz) spectrometer at 25 °C in deuterated chloroform.

Size-exclusion chromatography—multiple-angle laser light scatter-
ing (SEC-MALS) was performed with a water-Wyatt advanced
polymer chromatography (APC)-MALS-RI system with a an
ACQUITY APC system containing a dual-column system with
ACQUITY APC XT 900 A 2.5 ym and 200 A 2.5 pum and two
detectors (Wyatt uDAWN MALS and Wyatt OptiLab T-rEX)
measuring the light scattering and refractive index, respectively. The
solvent was acetonitrile with a flow rate of 0.5 mL/min. The results
are plotted in Figure S6 in the Supporting Information.

In all experiments, the samples were prepared by dissolving the
BCP directly in the various solvent mixtures. The initial sample
preparation is not expected to affect the observed morphology
transitions as the thermal history of the samples is erased by heating
to T = 70 °C prior to each thermal cycle. Without thermal reset,
pathway dependence should be expected.

Small- and Wide-Angle Synchrotron X-ray Scattering.
SAXS/WAXS measurements were performed at the ID02 beamline®
of ESRF in Grenoble. The high brilliance of the synchrotron source
enabled extremely short measurement times (10 ms), allowing to
perform kinetic measurements. Measurements were performed in 1
mm quartz capillaries which were cooled down from T=70°Cto T =
—20 °C by means of a Linkam heating stage. Before filling the
capillaries, the BCP solutions were preheated at 70 °C on a heating
plate. A cooling rate of v, = 10 °C-min~" was applied. The scattered
X-rays were simultaneously detected using two CCD detectors,
Rayonix LX-170HS collecting the atomic diffraction from the system
at wide angles and Rayonix MX-170HS collecting the small-angle
scattering. The small-angle detector was placed at a 1 m distance from
the sample to access a scattering vector (q) range of 0.06 < g < 6
nm™'. Automatic data reduction and calibration were performed at
the beamline.

Multiple analysis cycles were performed for some selected samples
(data not shown). The data obtained in the different cycles did not
show significant differences, demonstrating the reproducibility of the
observed processes.

Analysis of the Scattering Data. The scattered signal of an
empty capillary, used as a background, was recorded at different
temperatures, =20 °C < T < 70 °C. Background subtraction was
automatized by means of a custom-made script. Ethanol was not
included in the background for two reasons: first, different capillaries
have different diameters, and therefore, subtraction of the ethanol
signal could have resulted in negative scattering data at high g;
second, the scattering of ethanol is expected to be g-independent at
small angles, and hence, its contribution is a constant. The script for
the background subtraction operates as follows: the scattering
patterns of the empty capillaries and the samples are indexed based
on the acquisition temperature. For each sample, the script subtracts
the background recorded at the closest temperature. The temperature
differences between the sample and background were always smaller
than 1 °C.
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Comparison or fitting of the scattering data with theoretical form
factors and structure factors was performed with SasView™® 4.2. To
provide details about the scattering models used here, the original
papers are cited during the discussion. For details about the
implementation of these models, the reader is referred to SasView
documentation. Some parameters of the scattering models are
accompanied by polydispersity indices. These represent the ratio
between the average parameter value and the width (i.., standard
deviation) of the simulated Gaussian distribution. If polydispersity is
not indicated, the parameter is assumed to be uniform.

Scanning Probe Microscopy. Height and phase character-
izations were performed with an NT-MDT Solver Next SPM in the
semicontact (tapping) mode using the Bruker silicon tips, RTESPA-
150 as well as PEAKFORCE-HIRS-F-A. The RTESPA-150 were in
general used for revealing the larger scale and have a typical spring
constant of 6 N/m, a resonance frequency of 150 kHz, and a tip
radius size of 8 nm. The PEAKFORCE-HIRS-F-A were applied for
higher resolution and have a typical spring constant of 0.35 N/m, a
resonance frequency of 165 kHz, and a tip radius size of 1 nm.

The sample was prepared as follows: 50 mg-mL™' copolymer
dispersions in a water—ethanol mixture containing a water volume
fraction of ¢y = 0.3 were first heated to T = 70 °C and then cooled to
room temperature overnight. The solution was then diluted 100 times
with a ¢y = 0.3 water—ethanol mixture, deposited on a silicon wafer,
and dried with a nitrogen flow.

The cross-sectional diameter of the cylinders was determined by
averaging the cross-sectional height (see Figure 4a for an example) of
three different cylinders. For each cylinder, the cross-section was
measured at four different locations.

Cryogenic Transmission Electron Microscopy. Cryo-TEM
samples were prepared on QUANTIFOIL R2/2 (Electron Micros-
copy Sciences) grids. Grids were glow-discharged for 70 s to increase
hydrophilicity prior to sample loading. Vitrification was carried out
using an Automatic Plunge Freezer ME GP2 (Leica Microsystems)
with 3 yL of the sample. Grid preparation was performed at 95%
humidity, and the grids were blotted for 3 s prior to plunging into
liquid propane. Cryo-TEM samples were then placed on a Gatan
cryo-TEM holder and imaged on a JEOL 2100F TEM using a
Schottky-type field emission gun operating at 200 keV. Images were
recorded using SerialEM software in the low-dose mode with a Gatan
OneView CMOS camera at a 4k X 4k resolution. Prior to vitrification,
samples of PCL;y-b-PEG,s (50 mg/mL) were heated up to 70 °C and
cooled with an average cooling rate of 20 °C/min. Following cooling,
samples were immediately diluted to 10 mg/mL and vitrified. Dilution
was necessary in order to image the sample using cryo-TEM. Selected
images have been analyzed to determine the size of the spherical
micelles and the cross-sectional diameter of the cylindrical micelles.
The analysis (see Figure S4d,e) was performed on 100 particles per
sample; the data in the main text are presented as the average +
standard deviation.
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