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ABSTRACT: Solvent annealing is a versatile tool to adjust the shape and O
morphology of block copolymer (BCP) particles. During this process, polar r ’/
solvents are often used for block-selective swelling. However, such water-miscible f// : / : V4
solvents can induce (partial) solubilization of one block in the surrounding aqueous /4 annealing // annealing //
medium, thus, causing complex structural variations and even particle disassembly. /J %
To reduce the complexity in morphology control, we focused on toluene as a
nonpolar polystyrene-selective solvent for the annealing of striped polystyrene-b-
poly(2-vinylpyridine) (PS-b-P2VP) ellipsoids. The selective stretching of PS chains
produces unique asymmetric lamellae structures, which translate to an increase in the particle aspect ratio after toluene evaporation.
Complete reversibility is achieved by changing to chloroform as a nonselective solvent. Moreover, surfactants can be used to tune
block-selective wetting of the particle surface during the annealing; for example, a PS shell can protect the internal lamellae structure
from disassembly. Overall, this versatile postassembly process enables the tailoring of the structural features of striped colloidal
ellipsoids by only using commercial BCPs and solvents.
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chloroform

hape anisotropic particles with defined internal nanostruc- reorientations, a nonselective solvent is required to enable high

tures are promising building blocks for advanced mobility of both blocks without changing the BCP packing
applications in biology, photonics, catalysis, and so on."™* To parameter during the annealing process.
prepare such multifunctional colloids, evaporation-induced self- In contrast, the utilization of block-selective solvents can
assembly of block copolymers (BCPs) has been established as a actually change the underlying morphology by tuning the
versatile method.” While the BCP volume ratio (packing solubility and associated stretching of the individual BCP
parameter) determines the general morphology, the soft segments. The resulting variation of the BCP packing parameter
confinement of the emulsion droplets allows further structural induces a morphological transformation. This process strongly
variations. For this, various parameters can be adjusted during depends on the polarity and miscibility of the annealing solvent
phase separation: the interfacial energies between BCP and the with the surrounding phase. In water, polar block-selective
surrounding medium, the degree of confinement, the evapo- solvents can lead to a high swelling or even (partial)
ration temperature, the pH of the continuous phase, and the solubilization of one block, thus, causing structural variations

; eticg 611 i ; ; and even disassembly.’' ~** For example, spherical polystyrene-
evaporation kinetics. In addition, the incorporation or embly. pl€, sp polystyren
removal of additives,'” for example, different solvents,"> small blOCk'POI.Y(Z'mel pryridine) {PS'b'P_ZVP) particles with
molecules,*"> homopolymers,”'®'” and even other (block) concentric lamellae can transfer into vesicular structures upon

) ) oy . .
copolymers,'®'” enable complex structures during particle the adcgtlon of F:thanol as a highly p O_Iaf P2VP-selective
preparation that can deviate from the pure BCP systems solvent.” Contrarily, nonpolar block selective solvents are less

Alternatively, postassembly treatments allow adjusting shape xp ¥ored. Su.ch water 1mmls.c1b1e soIYents selectlyely‘ 1ndu‘ce
and morphology of BCP particles after their preparation.”>> chain stretching in the respective domains. In combination with
. L e the less flexible nonswollen domains that can act as physical
Among such strategies, (vapor) solvent annealing is a versatile ) ) .
residue-free method that is well-established for BCP thin boundaries, complex morphological transformations can be
flms>27 but is still in its infancy for BCP particles. Here induced. However, more investigations are needed to determine
. )
current investigations often focus on controlling the domain =
orientation for a given underlying morphology. In colloidal Received:  October 26, 2021 SMINED
systems, this can be achieved through varying the surfactants at Accepted:  February 8, 2022
the BCP /water interface.”””"* For example, in particles with a Published: February 17, 2022
lamellar morphology, a light-induced reversible shift between
concentric-lamellar spheres and striped lamellar ellipsoids can
be achieved by UV-responsive surfactants.””*° For such domain
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Figure 1. (a) Schematic representation of the particle solvent annealing process: Toluene as a selective solvent for the PS segments is added to a
suspension of pristine PS-b-P2VP particles. The resulting stretching of the PS selectively increases the PS lamellae thickness and translates to particle
elongation after solvent evaporation. (b) Comparing TEM images of pristine and annealed particles shows a particle elongation, that is, an increase in
the aspect ratio for the same number of 10 lamellae per particle. The detailed pictures of the particles’ the middle sections show an exclusive increment
of approximately 30 nm in the PS thickness, thus, resulting in an asymmetric lamellae morphology. (c) While PS lamellae thickness increases with the
amount of toluene in the annealing process, the P2VP lamellae thickness remains unchanged. (d) The aspect ratio of annealed particles increases with
toluene (e.g., 33, 50, and 200 wt %) and depends on the particles’ long axis, that is, the number of lamellae per particle. (e) Small angle X-ray scattering
patterns of pristine and annealed particles (200 wt % of toluene) show an increase in domain spacing after annealing.

the potential of such strategies for tailoring BCP particle shape
and morphology.

In addressing this need, we aim to investigate such
phenomena in striped ellipsoidal particles. In such stacked
lamellar structures, chain stretching can occur almost freely in
the z-direction (perpendicular to the lamellae), that is, the
influence of the nonswollen domains is minimized. Thus,
selective swelling of one domain can translate to a particle
elongation, that is, a change in aspect ratio while maintaining the
lamellar morphology. While this is reported for cross-linked
domains (via the addition of organic solvents®* or pH changes®),
the cross-linking points prevent the retention of chain stretching
after solvent evaporation. Thus, the initial structure (as before
“annealing”) is restored in these cases. In un-cross-linked
domains, it is assumed that this process is different. Here, the
chains can remain stretched after solvent evaporation. However,
since chain stretching is entropically unfavored, this either
requires kinetic trapping or enthalpic compensation. In such
cases, we hypothesize that the final annealed structure consists of
asymmetric lamellae, that is, different BCP domains with
different thicknesses (see Figure 1a). Targeting such asymmetric
structures through established assembly methods would require
complex miktoarm star copolymer architectures that are difficult
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to synthesize.” In contrast our suggested postassembly method
is based on easily accessible commercial linear diblock
copolymers and common solvents. Thus, this strategy would
represent a facile and robust alternative to tailoring the aspect
ratio and lamellar thickness of such colloidal ellipsoids.

To examine the effect of a selective nonpolar solvent on the
morphology of lamellar BCP particles, we used striped PS-b-
P2VP ellipsoids and toluene as a PS-selective solvent. The
particles were prepared according to our previously published
method that uses a mixed surfactant system to provide neutral
wetting conditions for both blocks at the interphase.’ After
particle preparation, different amounts of toluene were directly
added (via micropipette) to the dispersion of striped ellipsoids.
By avoiding the uncontrolled transfer of the solvent from a vapor
phase to the dispersion (as reported for vapor annealing
processes), the toluene amount could be controlled precisely.
After solvent addition, the mixtures were briefly sonicated to
generate small droplets of toluene, thus, enhancing the solvent’s
surface to volume ratio and enable fast diffusion into the
particles. Toluene amounts were gradually varied between 10
and 250 wt % with respect to the total mass of pristine particles.
After a predetermined time for swelling, toluene was evaporated
to obtain solid non-swollen particles.
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Figure 2. Influence of surfactants on the particle morphology after annealing with different amounts of toluene. By varying the composition of a
surfactant mixture consisting of PS-selective CTAB and P2VP-selective CTEAB-OH, the wetting of the particle surface by the different BCP segments
can be controlled. This depends on the amount of toluene, as the solvent is assumed to act as a plasticizer for the P2VP domains. Thus, high toluene
contents above 150 wt % can induce a full P2VP (for pure CTEAB-OH) or PS (for pure CTAB) shell around the particles. A surfactant mixture with a
CTEAB-OH content of 0.3 can ensure neutral wetting of the BC/water interface.

For increasing toluene content, transmission electron
microscopy (TEM) revealed an exclusive increase of the PS
domain thickness. This translates to an increase in aspect ratio
(AR = L/W), that is, particle elongation (Figures 1, S1, and S2).
The underlying process involves the selective expansion of the
PS chains (due to their toluene affinity) and retention of the
stretched conformation after evaporation (see Figure 1a). For
annealing with 200 wt % of toluene, this phenomenon is most
prominent and the PS lamellae thickness increased from 36 + 5
nm (before annealing) to 67 + S nm (after annealing; Figure
1b). Depending on the number of PS lamellae per particle, this
can almost double the aspect ratio (Figure 1d). For example, a
1.7-fold increase from AR = 2.2 to 3.7 is observed for particles
with 10 PS domains (Figure 1b). Since the P2VP domain
thickness remains constant during this process (see Figures lc
and S1), the aspect ratio increment corresponds to a new
asymmetric lamellar morphology with PS domains being thicker
than P2VP domains.

The asymmetry of morphology and shape can be tuned
precisely by varying the amount of toluene. Figure 1c shows a
steep increase in PS domain thickness for toluene contents up to
100 wt %. For additional toluene amounts, a plateau is reached at
a PS thickness of around 62—67 nm. In contrast, the thickness of
the P2VP domains remains similar to the pristine particles.
While these values were obtained from TEM analysis, we also
aimed to evaluate the increase of lamellar domain spacing more
quantitatively. For this, SAXS measurements were performed on
pristine and highly swollen particles with 200 wt % of toluene
(Figures le and S3). For pristine particles, the peak maxima are
observed at q; = 0.08 nm™' and g, = 0.252 nm™" (indexed as
(001) and (003) since g, = 3q,). This translates to a domain
spacing of d = 27/q, = dpg + dpyyp of 75 nm. In contrast, for the
swollen particles, the peak maxima are observed at q, = 0.06
nm ™" and g, =0.12 nm ™" (indexed as (001) and (002) since q, =
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24q,). Thus, the domain spacing for the swollen particles was 100
nm. Assuming that the P2VP thickness remains constant (as
seen in TEM), the 25 nm increment can be attributed to an
exclusive increase of PS thickness. This enlarged domain spacing
from SAXS (+25 nm) correlates well with the value obtained
from TEM (+30 nm), and slight differences are attributed to the
error of manual measurements in TEM (dpigipe = 66 + 5 nm and
dswollen =95 =+ 7 nm)'

The increase of PS domain thickness increases the particle
length (L). Since the width (W) remains constant, particle AR
increases with toluene content (Figures 1d and S4). However,
AR also varies with particle size, described by length (L). This
correlation is already observed in the preparation of pristine
particles and results from the thermodynamics of the BCP phase
separation. Since surface energy influences ellipsoid formation,
larger particles are easier to deform due to their lower surface to
volume ratio.’ As shown in Figure 1d, this trend is transferred to
the annealed particles. For 33, 50, and 200 wt % toluene, the AR
increases with L for each sample. Moreover, the AR difference
between annealed and pristine particles is more pronounced for
larger particles (for all samples see Figure S5).

Opverall, this postassembly strategy is simple, robust, and
mainly depends on the amount of toluene. To confirm this, we
carefully screened the influence of other parameters, such as
swelling temperature (Figure S6), swelling time (Figure S7), and
toluene evaporation rate (Figure S8). These tests did not reveal
any additional effect (see Table S2). Thus, aspect ratios up to AR
= 4 and asymmetric morphologies with PS domains being
double as thick as P2VP domains can be achieved by simply
varying the toluene content between 0 and 200 wt %. However,
exceeding 200 wt % can lead to a loss of the lamellar
morphology. As shown in Figure S9, a complete rearrangement
of the particles to a spherical shape with multiple P2VP centers is
observed for toluene amounts of 250 wt %. This is assumed to be

https://doi.org/10.1021/acsmacrolett.1c00665
ACS Macro Lett. 2022, 11, 329-335


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00665/suppl_file/mz1c00665_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00665?fig=fig2&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

a - > non-selective
/o selective swelling
i~ swelling of PS < toluene ,/ of PS and P2VP chloroform
with toluene evaporation /» with chloroform evaporation
0
“ gg gg
b pristine annealed restored
150 wt% 600 wt%
toluene CHCl,
200 nm
C [ pristine o pristine @ 150 wt% toluene
[ 150 wt% tol. 451 A 150 wit% tol. + 600 wt% CHCl, ~
= 70] [ 1150 wt% tol. + 200 wt% CHCl, ' ~
E [ 150 wt% tol. + 300 Wi% CHCly, 40 o .
& 607 [ 150 wt% tol. + 400 wt% CHCl, 00208 ©
4 I 150 wt% tol. + 600 wt% CHCl, 35 g- P °© e
g% : o8 Q ¢ . 1
°
S 0] &%° Tol. | { CHCI
c 3.0 ° tl 3
S 301 g?
3 20 25 ° 2z
3 2
£ 101 2.0
-
0 : - 1.5
PS domain P2VP domain 400 800 1200
L Inml

Figure 3. (a) Schematic representation showing the reversibility of the annealing process. An initial solvent annealing step with toluene as block-
selective solvent will mainly expand the PS domains after evaporation. Subsequent swelling with chloroform, as a nonselective solvent for both
domains, will equally mobilize both blocks and restore the initial particle shape and morphology after evaporation. (b) TEM pictures of particles at
different stages of the process demonstrate the reversibility. Starting from pristine particles, PS-selective annealing with 150 wt % of toluene (at
fereason = 0.7) leads to elongated particles with an increased thickness of PS domains. The initial structure can be restored by subsequent annealing
with 600 wt % of chloroform. (c) PS and P2VP lamellae thicknesses for different amounts of chloroform show that restoration of the initial domain
sizes requires at least 600 wt % of chloroform. (d) For elongated particles that were annealed with 150 wt % of toluene, the aspect ratio distribution of
pristine particles can be completely restored by the subsequent annealing with 600 wt % of chloroform.

the result of P2VP plasticization by such large amounts of
toluene.*

While this method allows accurate control over asymmetric
lamellae morphologies, interpretation of the underlying
annealing process is challenging. Overall, the entropically
unfavored stretching of PS chains requires kinetic stabilization
or energetic compensation. While fast vitrification of swollen
domains could trap such energetically unfavored structures, the
influence of evaporation rate on the morphology is negligible
(Figure S8). Hence, we suggest enthalpic compensation due to
structural changes at the BCP/water interface. Examining
annealed particles in more detail, a thin layer of P2VP was
observed to cover the particle surface (Figure S10). This
suggests P2VP plasticization to allow partial migration of P2VP
segments to the BCP/water interface. The preferential affinity of
P2VP for the aqueous phase shows a disturbed balance of the
neutral wetting conditions that are initially defined during
preparation of the pristine particles.”” Originally, a mixture of
PS- and P2VP-selective surfactants (CTAB and CTEAB-OH,
respectively) was carefully adjusted to the BCP volume ratio.
However, during annealing, the PS domains expand and the
corresponding surface area increases, that is, about +30% for
annealing with 150 wt % toluene (see Figure S11). As a result,
domain sizes do not match the initial surfactant ratio anymore,
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and the increased PS/water interface is energetically unfavored.
We assume this effect is mediated by BCP rearrangements at the
particle surface to cover the PS domains with P2VP. Since this
reduces the PS/water interface, the corresponding enthalpic
gain compensates for the entropically unfavored PS stretching.

These results suggest stabilization of the asymmetric lamellae
through the BCP/water interface. Since this interface is
governed by the surfactants, varying the surfactant ratio should
enable further tuning of the final morphology. To investigate this
influence, the pristine particles were first purified by cycles of
centrifugation and redispersion in different surfactant mixtures
before annealing with toluene. Figure 2 shows the variety of
structures obtained for different contents of CTEAB-OH,
denoted as the weight fraction fcrpap.on. An overview of the
conditions is shown in Table S3, and additional TEM images are
shown in Figures S12 and S13. In these experiments, a surfactant
mixture with fcrpap.og = 0.3 provided neutral wetting of both
blocks at the particle surface. Here, we assume that the excess of
PS-selective CTAB (70 wt %) can stabilize the additional PS/
water interface. Since no redistribution of P2VP occurs, the
P2VP chains can also stretch and the lamellar asymmetry (dpg/
dpyyp) is reduced (Figures S14 and S15). Simultaneous
reduction of PS expansion suggests that stabilization of the PS
surface with CTAB is less effective than by P2VP migration.
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These assumptions are further supported by control experi-
ments using CTEAB-OH contents of f crgap.on = 0.65 and 0.75
(close to the initial composition fcrpas.on = 0.70; Figures S10
and S13). Here, P2VP domains preferably interact with the
excess CTEAB-OH, leading to partial engulfing of the PS
domains. This P2VP redistribution then increases the lamellae
asymmetry again (see Figures S14 and S15). Overall, these
findings suggest that the additional PS surface can be stabilized
either directly by using more PS-selective CTAB or indirectly by
a partial migration of P2VP segments to engulf the PS domains
and minimize the PS/water interface. In both cases, it is assumed
that these favorable interactions can compensate the entropi-
cally unfavored stretching of the PS chains.

In addition to these mechanistic considerations, varying the
surfactants also allows further tuning of the particle structure via
annealing. It is assumed that a complete wetting of one block can
be induced by resuspending the particles in a single surfactant
solution. Indeed, by using a mass fraction of f crpap.oy of 1 (only
CTEAB-OH) migration of P2VP to the particle surface is
observed for all toluene amounts. As discussed above, this
contributes to a large lamellar asymmetry (Figure S14). In
contrast, a mass fraction of f crpap.on of 0 (only CTAB, selective
for PS) induced migration of PS to the particle surface. This
process depends on the amount of toluene and the
corresponding level of PS chain mobility. A total of 20 to 50
wt % of toluene is not enough to induce complete PS migration
to the interface. Instead, both domains are wetting the interface
equally. Increasing the toluene amount to 150 wt %,
morphological changes become obvious. In an intermediate
state, part of the PS is able to migrate to the interface, while still
some P2VP lamellae are exposed to the surface. For 200 wt % of
toluene, this transition is complete and particles are obtained
that are fully covered with a PS layer. Interestingly, this PS
migration can stabilize a certain extent of P2VP chain stretching
to cause an inverted lamellar asymmetry dpyyp > dpg. These
results deviate from established annealing processes with a non-
selective “good” solvent for both blocks. In such cases, a
preferential interaction of one block with the surrounding
surfactants will result in onion-like particles. In contrast, the
utilization of toluene as block-selective nonpolar solvent restricts
the chain motion of both blocks. This only allows the migration
of a single domain to the particle interface and keeps the striped
ellipsoidal shape.

Such new morphologies exhibit a homogeneous particle
surface chemistry, which governs their behavior in dispersion.
For example, a surrounding PS layer provides structural
stabilization of the lamellar morphology against disassembly.
As shown for striped PS-b-P2VP particles, low pH values can
protonate the P2VP blocks, thus, inducing their water solubility.
As a result, the particles disassemble into PS discs with dangling
P2VP chains. Now this effect can be controlled by changing the
structure of the particles through a quick annealing step. To
evaluate this approach, annealed particles with different
morphologies were acidified to pH 2—3 and their structure
was determined by TEM (Figure S16). For particles with a
surrounding P2VP shell (annealed in the presence of CTEAB-
OH), a low pH induced complete disassembly into discrete PS
disks. In contrast, a PS surface (annealed in the presence of
CTAB) prevents the disassembly. For intermediate morpholo-
gies (annealed in the presence of CTAB and CTEAB-OH
mixtures), disassembly occurs on the P2VP lamellae facing the
aqueous phase. Thus, varying the surfactants during the
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annealing process enhances the portfolio of simple methods
that can be used to control the particle properties in dispersion.

Since toluene annealing is a physical process to induce spatial
and conformational changes in the BCP chains, it should be
reversible. Thus, an equal mobilization of both blocks under
neutral wetting conditions should restore the initial shape and
morphology upon solvent evaporation. For this, a good solvent
for both blocks is required. To test this assumption, pristine
particles were first annealed with 150 wt % of toluene to induce
particle elongation upon stretching of the PS domains. Then,
chloroform was added as a “good” solvent in different amounts
and slowly evaporated (see Figure 3a). By examining the particle
structures after the second annealing step, it was found that
chloroform is able to induce morphological changes that are
concentration-dependent. As shown by TEM images in Figure
3b, the particles’ initial structure (AR and domain thickness) was
completely restored for 600 wt % of chloroform (also see Figures
S17 and S18). Between 200 and 600 wt % of added chloroform,
the PS lamella thickness (Figure 3c) and the particle aspect ratio
(Figures 3d and S13b) are progressively returning to their
original values. These observations support our hypothesis of
the underlying process and provide additional versatility to tune
the particles’ structure.

In summary, we have demonstrated a new postassembly
strategy to control the shape and morphology of striped PS-b-
P2VP ellipsoids. The block-selective solvent annealing process
gives access to unique asymmetric domain structures and allows
accurate control over four parameters: PS lamellar thickness,
particle aspect ratio, domain orientation at the BCP/water
interphase, and reversibility. A key benefit of this process is the
ability to gradually change the particles’ structural features by
solely adjusting the amount of solvent. This highlights the
simplicity and the robustness of this process. Using toluene as a
PS-selective nonpolar solvent enables asymmetric lamellae with
the PS domains being roughly double the size as the P2VP
domains. This translates into particle elongation and an increase
of aspect ratio. Depending on the number of lamellae per
particle, AR can almost double to values of almost 4. In addition,
the domain orientation at the particle surface can be controlled
through the surfactants. This enables to select a single domain to
cover the entire particle surface and protect the internal lamellar
structure from disassembly. Finally, complete reversibility is
achieved by changing the annealing solvent to a nonselective
solvent. Overall, the process represents a new synthetic tool to
access a variety of new structures from a single batch of
preformed particles.
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