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Structurally complex hierarchical block copolymer assemblies can
be formed in solution via the interplay of multiple assembly path-
ways. Crystallizable block copolymers can undergo self-assembly,
crystallization or phase separation in solution. By selecting appro-
priate solvency conditions (solvent and temperature) it is possible
to induce an interplay between these processes resulting in a
complex association behavior. This leads to the formation of
assemblies with up to four levels of hierarchical organization.
Furthermore, varying the copolymer composition enables to tune
the formation mechanism and the morphology of the aggregates.

Living organisms often synthesize hierarchical materials with
attractive features.”” Nacre® and bone* are explicative examples
of how hierarchy can be exploited to introduce functional pro-
perties, making the whole greater than the sum of the parts.
In natural materials, controlled synthesis of building blocks
and level-by-level assembly of the structure take place simul-
taneously and are directed by the biological matrix.>
Conversely, artificial hierarchical materials are often prepared
using procedures in which synthesis and assembly are separ-
ated, as the sophisticated strategy adopted by nature is still
challenging to replicate.

Block copolymers (BCPs) are versatile synthetic self-assem-
bling building blocks for the preparation of different kinds of
colloidal and bulk materials.>” Bulk and solution self-assem-
bly of BCPs result in the formation of structures with typically
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up to two hierarchical levels, as shown by several theoretical
and experimental studies.® ' Therefore, new strategies are
desired to control block copolymer self-assembly across mul-
tiple hierarchical levels in order to make materials with novel
properties.

Despite the fact that BCP self-assembly in solution has
been extensively studied, a large part of these studies does not
take into account that different association pathways are poss-
ible. In weakly selective solvents, where there is a small solubi-
lity difference between the blocks, BCP dispersions might
undergo phase separation. Such a process is intrinsically
different from self-assembly, as it involves a disordered aggre-
gation of copolymer molecules. It has recently been shown'?
that if the blocks are only weakly incompatible, phase separ-
ation is preferred over self-assembly in these solvents. This has
important consequences on the formation mechanisms of
self-assembled structures in solution,'* where gradual changes
in the solvent selectivity are often used to promote self-assem-
bly. After phase separation, internal long-range periodicity
might evolve within the copolymer aggregates due to block seg-
regation, similarly to what happens in the bulk.®

Block copolymer phase separation has another interesting
feature: it can often be (reversibly) controlled with
temperature.'®'® This is possible because weak amphiphilicity
implies that the copolymer is overall poorly soluble but not far
from the solution temperature, and thus the phase boundaries
between soluble and insoluble states can be crossed with rela-
tively narrow temperature variations.

The presence of crystalline blocks might also give rise to
crystallization phenomena.'® Only recently, scientists started
to pay attention to the effect of crystalline blocks on self-
assembly, both in bulk'”"'® and in solution.'®'**°

Thus, dispersed crystalline block copolymers can poten-
tially follow different organization pathways such as self-
assembly, crystallization from solution, phase-separation fol-
lowed by internal block segregation, and phase separation fol-
lowed by crystallization (of one or more blocks). In this work,
we show that by controlling the solvency conditions (solvent
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selectivity and temperature) it is possible to induce and stir an
interplay between these multiple association pathways.
Particularly interesting is tuning the solvent selectivity such
that liquid-liquid phase separation can be induced over a
narrow temperature window, in proximity of the crystallization
temperature. This additional association pathway results in
the emergence of a complex associative behaviour, that leads
to the formation of exotic BCP architectures with up to four
levels of hierarchical organization.

To demonstrate this proof of principle we used crystalline-
crystalline block copolymers made of poly(ethylene oxide)
(PEO) and poly-e-caprolactone (PCL). Both PEO and PCL
homopolymers are crystallizable. The crystallization of PEO-
PCL block copolymers is mostly regulated by the relative block
chain length:** in symmetric PEO-PCL the blocks crystallize
simultaneously, while for asymmetric compositions the longer
block crystallizes first.>

In certain solvents, such as hexanol,'® amyl-acetate'® and
water-acetone mixtures,”® PEO-PCL block copolymers form
lamellar crystals upon crystallization of either PEO or PCL,
depending on the solvent.

In this work ethanol is selected as a solvent for its weak
selectivity for the PEO blocks. In ethanol PEO-PCL block copo-
lymers show a thermo-responsive phase behavior, with a
demixing temperature that depends on the copolymer compo-
sition.?” The behavior of PEO-PCL in ethanol is studied using
Small- and Wide-Angle Synchrotron X-ray Scattering (SAXS/
WAXS), Differential Scanning Calorimetry (DSC), and Scanning
Electron Microscopy (SEM). Synchrotron X-ray scattering
measurements are especially suited for this study because they
provide in situ, time-dependent and temperature-dependent
structural information over a broad range of length scales.
Furthermore, they provide an ensemble-averaged information.
The DSC analysis provides energetic information and is useful
to study crystallization phenomena, while SEM imaging
enables direct visualization of the copolymer structures at the
length scale of few tens micrometers, not easily accessible with
SAXS/WAXS.

All characterizations were performed on 50 mg ml™" disper-
sions upon cooling from 7= 70 °C to T'= —20 °C. Unless speci-
fied otherwise, data were obtained with a cooling rate v, =
10 °C min~". Details of the sample preparation, characteriz-
ation and data analysis procedures are described in the ESI{
It is noted that each SAXS/WAXS experiment reported in this
work is composed of many scattering curves. For clarity, these
are combined into temperature-dependent 3D plots and
contour maps. In the contour maps, the scattered intensities
are represented using variations of a color scale. Such a repre-
sentation enables an accessible visual comparison between
data from different experiments.

Ethanol dispersions of three different PEO-PCL block co-
polymers, having the same PEO block but containing different
PCL mass ratios (fpcr, = MECY/MPEC) have been studied. The
copolymers were labeled BCP1 (Me-EO45-CL3o, frcr = 1.71),
BCP2 (Me-EO45-CLy3, fpcr = 0.74) and BCP3 (Me-EO,5-CLg,
fecr = 0.34). The SAXS/WAXS measurements (Fig. 1A, C and E)
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reveal that above the phase separation temperatures (7, ~ 34,
6.6 and —2.3 °C for BCP1, BCP2, and BCP3, respectively), the
copolymers are molecularly dissolved. The radius of gyration
R, (Fig. 2A) of the dissolved copolymers, estimated from fitting
the scattering data at various temperatures with a theoretical
model (form factor) for polymer coils with excluded volume®?
(not shown), slightly increase with decreasing temperature
until phase separation takes place. Such a behavior is inter-
preted as an increase in the segregation state of the two blocks
mediated by temperature, rather than a solvent-induced expan-
sion of the copolymer chains.

Phase separation of BCP1, the block copolymer with the
longest PCL blocks (fpcr, = 1.71), is a two step-process similar
to that of pure PCL (see ESIt). The onset of phase separation
(T, = 34 °C) is associated with a collapse of the copolymer
chains (Fig. 1A) and with an increase of the scattered intensity
at small values of the scattering vector g. Crystallization takes
place at lower temperature (Tyxy ~ 18.6 °C) and leads to the for-
mation of two-dimensional structures, which can be recog-
nized from the I ~ g~ scaling of the small-q scattered intensity
(Fig. 1B) and from comparison with a theoretical model
(Fig. 2B). When the temperature reaches T = —20 °C, the 2-D
structures form big aggregates with an irregular shape and
rough surface, as testified by a scaling of the scattered inten-
sity I ~ ¢—>* (Fig. 1B). This is confirmed by the SEM image in
Fig. 3A, showing a freeze-dried BCP1 sample previously equili-
brated at T = —20 °C in ethanol. The SEM image (Fig. 3A)
shows the formation of flower-like aggregates in coexistence
with sponge-like particles.

The appearance of shallow diffraction peaks in the small-
angle scattering at T = —20 °C (Fig. 1B) suggests that the co-
polymer chains rearrange forming poorly ordered periodic
structures. The position of the small-angle diffraction peaks
(Fig. 2C) with respect to the position of the most intense
peak g* is related to the symmetry of the formed phase. In
the case of BCP1, the relative peak positions (approxi-
mately related as 1 : v/2 : v/4 : /6 : 1/10) suggest a cubic bicon-
tinous arrangement®* (Fig. 2C). The rearrangement observed at
low T is induced by a secondary crystallization event, with
onset at T ~ —8 °C, which is visible in the DSC curves (Fig. S5C
in ESIY).

The WAXS patterns (Fig. 2D and Fig. S6C in ESIf) reveals
that the second thermal transition originates from the
(partial) crystallization of the PEO blocks. In fact, at T > —8 °C
only the diffraction signal from crystalline PCL domains is
detected in the SAXS data, while at T < —8 °C reflections from
PEO also become visible (Fig. 2D). The phase separation temp-
erature of BCP2, determined by SAXS (T, ~ 7 °C), is lower than
the crystallization temperature determined by DSC (Tyy =
9 °C). This is an apparent effect because crystallization is per
se a phase separation process. Likely, this is caused by kinetic
effects due to differences in the way heat is transferred to the
sample in the two measurements setup, and to the stochastic
nature of the process. These data suggest that BCP2 in ethanol
undergoes a crystallization-induced phase separation, like
pure PEO (see ESIT).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SAXS data from the block copolymers in ethanol. (A, C and E) 3-D representation of the SAXS data and (B, D and F) 2D representations of
selected scattering curves. (A and B) are the scattering data from BCP1; (C and D) are the scattering data from BCP2; (E and F) are the scattering data

from BCP3.

The evolution of the demixing process (Fig. 1C and D)
resembles that of BCP1 (Fig. 1A and B), but the formation of
cylindrical or ribbon-like structures at T ~ 6 °C precedes the
formation of two-dimensional structures, which aggregate at
lower temperature forming irregular clusters with a rough
surface (Fig. 1D). This is corroborated by the change of the
scaling exponent of the small-g scattered intensities from

This journal is © The Royal Society of Chemistry 2020

I~qg ' (Tr6°C)tol~q > (T~ 0°C)and finally to I~ g > (T
= —20 °C), shown in Fig. 1D, and compared with theoretical
models for the form factor of different morphologies in
Fig. 2B.

The SEM analysis again confirms such observations,
showing that BCP2 forms palmate particles made of ribbon- or
leaf-shaped building blocks. Such particles coexist with much

Polym. Chem., 2020, 1, 2305-2311 | 2307
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Fig. 2 Analysis of selected SAXS data from the block copolymers in ethanol. (A) Radius of gyration Ry as a function of temperature T for the three
BCPs studied. Vertical dashed-lines indicate the phase separation temperature T,. (B) Calculated theoretical scattering curves used for the interpret-
ation of the scattering data from BCP1 and BCP2. The models describe the scattered intensities of mixtures of molecularly dissolved BCPs?* (POL)
with lamellae?® (LAM) or cylinders?® (CYL). At small q the typical scaling of the scattered intensity can be recognized. (C) Kratky plots obtained from
SAXS data at T = —20 °C, used to enhance the visibility of the diffraction peaks. (D) Selected WAXS data. Vertical black and red dashed lines indicate
the position of PEO and PCL reflections respectively, determined in Fig. S4B.+

bigger planar structures, in agreement with the SAXS/WAXS
data. A clear diffraction peak is observed for T' < 4 °C in the
SAXS. This peak suggests that the BCP2 ribbon or leaf-shaped
aggregates are composed of a stack of multiple lamellar layers
(Fig. 1D). The position of this diffraction peak shifts from g ~
0.45 nm~" to ¢ ~ 0.5 nm ' with decreasing temperature
(Fig. 1D), indicating that the size of the repeating copolymer
domains decreases from ~14 to ~12.5 nm. Such a decrease is
consistent with a crystallization-induced ordering of the copo-
lymer chains. At T = —20 °C, the appearance of other shallow
diffraction peaks (Fig. 1D and 2C) at g*, v/2q*, v4g* and
V/10g* suggests that the copolymers arrange into a cubic
bicontinous phase. The DSC data show that BCP2 crystallizes
in a single event (Fig. S5D in ESI}). The wide-angle scattering
analysis (Fig. 2D and Fig. S6D¥) at T = —20 °C reveals that both
blocks crystallize.

2308 | Polym. Chem., 2020, 1, 2305-2311

Also BCP3, with the shorter PCL block (fpcr, = 0.34), under-
goes crystallization-induced phase separation, with a demixing
temperature T}, &~ —20 °C again apparently lower than the crys-
tallization temperature (Tyy ~ 3 °C). The phase separation of
BCP3 is sharp and produces lamellar crystals (Fig. 1F). The
repeating spacing of such crystals decreases from ~11 nm (T =
—4.8 °C) to ~#9 nm (T = —20 °C), similarly to BCP2 (Fig. 1F). At
T = =20 °C, the appearance of other diffraction peaks at g*,
2q*, 3¢* (Fig. 1F and 2C) confirm the lamellar arrangement of
the copolymer molecules. This is further confirmed by the
SEM analysis (Fig. 3D). The crystallization of BCP3 also takes
place in a single event (Fig. S5ET); only the PEO blocks crystal-
lize according to the WAXS analysis (Fig. 2D and Fig. S6ET).

Due to the different phase behaviors of the individual
blocks (see ESIT) and to the different PCL block lengths, the
three copolymers studied exhibit fundamentally different

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM micrographs of freeze-dried (A) BCP1, (B and C) BCP2 and (D) BCP3 samples, previously equilibrated at T = —20 °C in ethanol.

structure formation mechanisms in ethanol (Fig. 4). It can be
concluded that the copolymer phase behavior is directed by
the longer block. A longer PCL block gives rise to a two-step
process with liquid-liquid phase separation preceding a crys-
tallization dominated structural rearrangement. The process
leads to the formation of flower-like particles. A longer PEO
block results in crystallization-induced phase separation which
leads to the formation of lamellar structures. A quasi-sym-
metric composition seems to infer intermediate characteristics
to the demixing process. Therefore, the relative block length
governs the interplay between block segregation and crystalli-
zation during macroscopic phase separation. Varying this para-
meter enables to tune the formation mechanism and the mor-
phology of the assembled structures.

This journal is © The Royal Society of Chemistry 2020

The structures of BCP1 and BCP2 aggregates are hierar-
chical and consist of four levels of organization. Microscale
aggregates with complex shapes are composed of smaller
micrometer-sized two-dimensional sub-units. These sub-units
are composed of nanophase separated domains originating by
the tendency of the blocks to segregate. In turn, these domains
are composed of sub-domains with different chain packings
(amorphous or crystalline). Finally, the sub-domains with
different chain packings are composed of the individual block
copolymer molecules. The formation of these hierarchical
structures is achieved through the interplay of macroscopic
phase separation, block segregation and crystallization of both
blocks (see ESIf for further discussion). To the best of our
knowledge, this work represents the first case where the inter-

Polym. Chem., 2020, 11, 2305-23T1 | 2309
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Fig. 4 Schematic representation of the arrangement of the PEO (blue) and PCL (red) chains at the different steps of the structure formation process

for the different copolymers studied.

play between block confinement and crystallization is studied
during liquid-liquid phase separation.

Conclusions

This study shows that tuning the solvency conditions in
order to favor the interplay between block copolymer phase
separation, crystallization and segregation results in the
emergence of a complex (out-of-equilibrium) associative be-
havior. This provides a way to control the association of
block copolymers across multiple length-scales in solution
by simply varying temperature. By means of a model experi-
mental system consisting of PEO-PCL block copolymers in
ethanol, we show that varying the block copolymer compo-
sition allows to change the specific characteristics of the
assembly pathway, resulting in the formation of different
kinds of materials with up to four levels of hierarchical
organization. Although the physical properties of these hier-
archical materials are yet to be determined, we expect our
approach to be useful for the synthesis of novel functional
materials, including photonic crystals, high performance
structural materials as well as to prepare templates for in-
organic nanostructures.

This strategy can be potentially applied to any block copoly-
mer with crystallizable and weakly incompatible blocks dis-
persed into a weakly selective solvent.
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