
Solvent Annealing of Striped Ellipsoidal Block Copolymer Particles:
Reversible Control over Lamellae Asymmetry, Aspect Ratio, and
Particle Surface

Lucila Navarro, Andreas F. Thünemann, and Daniel Klinger*

Cite This: ACS Macro Lett. 2022, 11, 329−335 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Solvent annealing is a versatile tool to adjust the shape and
morphology of block copolymer (BCP) particles. During this process, polar
solvents are often used for block-selective swelling. However, such water-miscible
solvents can induce (partial) solubilization of one block in the surrounding aqueous
medium, thus, causing complex structural variations and even particle disassembly.
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.

S hape anisotropic particles with defined internal nanostruc-
tures are promising building blocks for advanced

applications in biology, photonics, catalysis, and so on.1−4 To
prepare such multifunctional colloids, evaporation-induced self-
assembly of block copolymers (BCPs) has been established as a
versatile method.5 While the BCP volume ratio (packing
parameter) determines the general morphology, the soft
confinement of the emulsion droplets allows further structural
variations. For this, various parameters can be adjusted during
phase separation: the interfacial energies between BCP and the
surrounding medium, the degree of confinement, the evapo-
ration temperature, the pH of the continuous phase, and the
evaporation kinetics.6−11 In addition, the incorporation or
removal of additives,12 for example, different solvents,13 small
molecules,14,15 homopolymers,7,16,17 and even other (block)
copolymers,18,19 enable complex structures during particle
preparation that can deviate from the pure BCP systems.
Alternatively, postassembly treatments allow adjusting shape

and morphology of BCP particles after their preparation.20−23

Among such strategies, (vapor) solvent annealing is a versatile
residue-free method that is well-established for BCP thin
films24−27 but is still in its infancy for BCP particles. Here,
current investigations often focus on controlling the domain
orientation for a given underlying morphology. In colloidal
systems, this can be achieved through varying the surfactants at
the BCP/water interface.20,21,28 For example, in particles with a
lamellar morphology, a light-induced reversible shift between
concentric-lamellar spheres and striped lamellar ellipsoids can
be achieved by UV-responsive surfactants.29,30 For such domain

reorientations, a nonselective solvent is required to enable high
mobility of both blocks without changing the BCP packing
parameter during the annealing process.
In contrast, the utilization of block-selective solvents can

actually change the underlying morphology by tuning the
solubility and associated stretching of the individual BCP
segments. The resulting variation of the BCP packing parameter
induces a morphological transformation. This process strongly
depends on the polarity and miscibility of the annealing solvent
with the surrounding phase. In water, polar block-selective
solvents can lead to a high swelling or even (partial)
solubilization of one block, thus, causing structural variations
and even disassembly.31−33 For example, spherical polystyrene-
block-poly(2-vinyl pryridine) (PS-b-P2VP) particles with
concentric lamellae can transfer into vesicular structures upon
the addition of ethanol as a highly polar P2VP-selective
solvent.22 Contrarily, nonpolar block selective solvents are less
explored. Such water immiscible solvents selectively induce
chain stretching in the respective domains. In combination with
the less flexible nonswollen domains that can act as physical
boundaries, complex morphological transformations can be
induced. However, more investigations are needed to determine
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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 solvents34 or pH changes6),
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

to synthesize.35 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.6 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.

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.
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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 ± 5 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 1c
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, SAXSmeasurements were performed on
pristine and highly swollen particles with 200 wt % of toluene
(Figures 1e and S3). For pristine particles, the peak maxima are
observed at q1 = 0.08 nm−1 and q2 = 0.252 nm−1 (indexed as
(001) and (003) since q2 = 3q1). This translates to a domain
spacing of d = 2π/q1 = dPS + dP2VP of 75 nm. In contrast, for the
swollen particles, the peak maxima are observed at q1 = 0.06
nm−1 and q2 = 0.12 nm

−1 (indexed as (001) and (002) since q2 =

2q1). 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 (dpristine = 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.6 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).
Overall, 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 withmultiple P2VP centers is
observed for toluene amounts of 250 wt %. This is assumed to be

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.
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the result of P2VP plasticization by such large amounts of
toluene.36

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.37 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,

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 f CTEAB‑OH. 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 f CTEAB‑OH = 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 (dPS/
dP2VP) 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.

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
f CTEAB‑OH = 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.
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These assumptions are further supported by control experi-
ments using CTEAB-OH contents of f CTEAB‑OH = 0.65 and 0.75
(close to the initial composition f CTEAB‑OH = 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
andminimize 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 CTEAB‑OH 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 CTEAB‑OH 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 dP2VP > dPS. 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

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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Materials .  

All chemical reagents were purchased from commercial sources and used without further 

purification:  Cetyl trimethyl ammonium bromide (CTAB, Sigma Aldrich, ≥99%), toluene (Fisher, 

ACS grade), chloroform (Fisher, HPLC grade), iodine (ACROS Organics, pure). Poly (styrene-

block-2-vinyl pyridine) polymer with a molecular weight of 102k-97 kDa was purchased from 

Polymer Source Inc. 16-hydroxy-N,N,N-triethylhexadecan-1-ammonium bromide (CTEAB-OH) 

was synthesized according to the literature.1, 2 
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Methods 

Transmission electron microscopy (TEM) 

Before sample preparation, block copolymer particles were first purified by performing 3 cycles of 

centrifugation (6000 rpm, 5 min) and resuspension in Milli-Q water to remove the surfactants. 

TEM samples were prepared by applying a 10μL droplet of the purified particle solution on a 

carbon-coated copper grid (400 meshes, Quantifoil Micro ToolsGmbH, Großlöbichau, Germany) 

for 45 s. The liquid was then removed by blotting with filter paper. The samples were allowed to 

dry in air overnight. The P2VP phase was stained by placing the samples on the TEM grids in an 

iodine chamber for 15 minutes. The measurements were performed in the TEM mode of a Hitachi 

Scanning Electron Microscope (SU8030, Hitachi High-Technologies Corporation, Tokyo, Japan) 

with a working voltage of 30.0 kV.  

 

Small-angle X-ray scattering (SAXS) 

Small-angle X-ray scattering (SAXS) measurements were performed using a modified Xeuss 2.0 

instrument (Xenocs, Sassenage France). X-rays were generated from a microfocus X-ray tube with 

a copper target, followed by a multilayer optic to parallelize and monochromatize the X-ray beam 

to a wavelength of 0.154 nm. The instrument has a vacuum motorized detector (Eiger 1M, Dectris, 

Baden-Daettwil, Switzerland). The samples with a volume of 4 ml were probed within a flow -

through cell under constant flow to avoid sedimentation. The sample cell was equipped with SiN 

windows. The resulting data were processed using the DAWN software package according to 

standardized procedures3, 4. 
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The simplest model we found for interpretation of the scattering profiles is that the scattering is 

given by an q-4-scaling (Porod’s law), two peak functions and a constant background b. This 

composite model is given by equation (1): 𝐼(𝑞) = 𝑎 𝑞−4 + ∑ 𝐼𝑝,𝑖(𝑞)2𝑖=1 + 𝑏                       (1) 

Exploration of the data reveals that neither Gaussian nor Lorentzian curve profiles provide 

satisfactory curve fits for both data sets. Therefore, we utilized a pseudo-Voit function for 𝐼𝑝,𝑖(𝑞), 

which is a linear combination of a Gaussian and Lorentzian profile as equation (2): 

𝐼𝑝,𝑖(𝑞) = (1−α𝑖)𝐴𝑖σ𝐺,𝑖√2π exp [− (𝑞−𝑞𝑖)22σ𝐺,𝑖2 ] + α𝑖𝐴𝑖π [ σ𝑖(𝑞−𝑞𝑖)2+σ𝑖2]     (2) 

Here 𝛼𝑖  is the relative fraction of the Gaussian, 𝐴𝑖 is the peak amplitude and 𝑞𝑖 is the position of 

the peak maximum. The σ𝐺,𝑖 = σ𝑖/√2 ln 2 is the width parameter of the Gaussian where 𝜎𝑖 is the 

width parameter of the Lorentzian. The width definition of the Gaussian σ𝐺,𝑖was chosen so that the 

full width at half maximum of the peak is 2σ𝑖 . The respective fitting parameters are shown in Table 

S1 for the pristine particles and the particles annealed with 200 wt% toluene. 
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Table S1. Fitting parameters for 𝐼𝑝,𝑖(𝑞)according to equation (2) for SAXS scattering curves of 

pristine particles and particles annealed with 200 wt% toluene.  

pristine particles  annealed particles  
(200 w t% toluene) 

 

variable value  variable value 

V1_amplitude 18,6  V1_amplitude 47 

dV1_amplitude 0  dV1_amplitude 0 

V1_center 0,084  V1_center 0,06 

dV1_center 0  dV1_center 0 

V1_sigma 0,021  V1_sigma 0,02 

dV1_sigma 0  dV1_sigma 0 

V1_fraction 0  V1_fraction 0,3 

dV1_fraction 0  dV1_fraction 0 

V1_fwhm 0,042  V1_fwhm 0,04 

dV1_fwhm 0  dV1_fwhm 0 

V1_height 416  V1_height 997 

dV1_height 0  dV1_height 0 

V2_amplitude 0  V2_amplitude 10 

dV2_amplitude 0  dV2_amplitude 0 

V2_center 0,168  V2_center 0,12 

dV2_center 0  dV2_center 0 

V2_sigma 0,042  V2_sigma 0,03 

dV2_sigma 0  dV2_sigma 0 

V2_fraction 0  V2_fraction 0,3 

dV2_fraction 0  dV2_fraction 0 

V2_fwhm 0,084  V2_fwhm 0,06 

dV2_fwhm 0  dV2_fwhm 0 

V2_height 0  V2_height 141 

dV2_height 0  dV2_height 0 

a 0,00188  V3_amplitude 0 

da 0,0000551  dV3_amplitude 0 

V3_amplitude 1,45  V3_center 0,24 

dV3_amplitude 0  dV3_center 0 

V3_center 0,252  V3_sigma 0,05 

dV3_center 0  dV3_sigma 0 

V3_sigma 0,063  V3_fraction 0,3 

dV3_sigma 0  dV3_fraction 0 

V3_fraction 0  V3_fwhm 0,1 

dV3_fraction 0  dV3_fwhm 0 

bkg 0,02  V3_height 0 

dbkg 0  dV3_height 0 

d 75  a 0,00704 

lc 300  da 0,000159 

qmin 0,012  bkg 0,005 

dmax 260  dbkg 0 
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Preparation of striped ellipsoidal particles  

PS-b-P2VP striped ellipsoidal particles were prepared by the emulsion-solvent evaporation 

method, as previously reported.1 Two aqueous stock solutions of CTEAB-OH (1 mg/mL) and 

CTAB (1 mg/mL) were prepared in Milli-Q water with slight heating to assure the complete 

dissolution of the surfactants. Portions of these solutions (70 wt% of CTEAB-OH solution and 30 

wt% of CTAB solution) were mixed to give 5 g of a mixed surfactant solution. To this mixture, 5 

g of Milli-Q water were added to obtain a total of 10 g continuous phase with an overall surfactant 

concentration of 0.05 wt%. This exact surfactant composition was used in order to achieve surface 

neutrality and obtain a lamellar morphology with both domains orientated perpendicular to the 

particle interface.1, 2 The polymer solution was prepared in chloroform with a concentration of 1 

wt% of PS-b-P2VP. 1.5 g was added to the surfactant solution in a screw cap vial. Emulsification 

was performed by vortexing and sonication in an ultrasound bath. Afterwards, chloroform was let 

to evaporate by stirring the open vials at 32 °C for 48 h. Finally, the resulting particle suspensions 

were wash three times by cycles of centrifugation and resuspension in Milli-Q water.  

 

Selective solvent swelling and annealing 

A certain volume of un-washed aqueous suspension of the particles (1.5 mg/mL in the 

corresponding surfactant solution) was transferred into a glass reaction vial and a specific amount 

of toluene was added via micropipette. The vial was sealed and the solution was emulsified by 

briefly using vortex and sonication in an ultrasound bath (5 sec). The particles were left to swell 

by stirring for 14 h at room temperature. Finally, toluene was evaporated under different conditions 

(see Table S1 and Figures S7). 
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Surfactant variation during annealing procedure  

1 mL of pristine particle suspension (1.5 mg/mL) was purified by 4 cycles of centrifugation and 

re-suspension in Milli-Q water. During the last cycle, instead of Milli-Q water, a mixed surfactant 

solution of CTEAB-OH and CTAB was used for resuspension. Here, the composition of the 

surfactant mixture was varied to give different mass fractions of CTEAB-OH (Table S2). The 

suspension was transferred to a 1.5 mL glass vial and different amounts of toluene were added via 

micropipette. The vials were sealed and the mixture was emulsified by briefly using vortex and 

sonication. The particles were left to swell by stirring for 14 h at room temperature. Afterwards the 

vial was opened to air and the solvent was left to evaporate at 32 °C for 48 h under stirring.   
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Supporting data and figures  

 

Figure S1. Annealing of PS-b-P2VP particles with different amounts of toluene (wt% w.r.t. 

particle mass) enables tuning the PS lamellae thickness. This is translated into particle elongation. 

(a) TEM pictures of the middle section of ellipsoidal particles after toluene annealing. A stepwise 

and selective increment of the PS lamellae thickness can be observed with each increment of 

toluene. (b) TEM pictures of annealed particles show an increase of particle length while the width 

remains constant. As result, the aspect ratio increases with the amount of toluene during annealing.  
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Figure S2. Selection of TEM and SEM images showing multiple particles per sample for each 

annealing condition.  
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Figure S3. Small angle x-ray analysis of particles before and after annealing with toluene 

Scattering pattern of (a) pristine particles and (b) particles annealed with 200 wt% of toluene. Both 

Figures include the actual data and the respective fits with the individual contributions as described 

earlier. In each sample, clear peaks are visible that correspond to reflections (001), (002) or (003). 

However, not all reflections are observed in each sample. The (002) is absent in Figure S3 a and 

(003) is absent in Figure S3 b.  
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Figure S4. Length (L) and width (W) for particles with 10 PS lamellae after annealing with varying 

toluene contents. It is shown that particle lentgh increases with toluene content whereas particle 

width remains constant. Each data point represents the average of at least 20 particles measured by 

analysis of TEM images. Error bars represent the standard deviation. 
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Figure S5. Influence of the toluene amount on the particle aspect ratio (AR = L/W) of striped 

ellipsoidal particles during the swelling/annealing process. Plots of the AR distribution versus the 

particle length (L). The aspect ratio is defined as ratio between particle length (L) and width (W). 
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Table S2. Evaluated parameters during the toluene annealing procedure. Influence of: swelling 

temperature (blue section), swelling time (red section), evaporation conditions (green section). 

Toluene 

fraction [wt%] 

Swelling 
temperature 

[°C] 

Swelling time 

[h] 

Solvent 
evaporation 
conditions 

Reference to 

Figure 

100 RT 14 
Stirring, 32°C, 

48h 
Fig S5 

100 70 14 
Stirring, 32°C, 

48h 
Fig S5 

100 RT 0.33 
Stirring, 32°C, 

48h 
Fig S6 

100 RT 2 
Stirring, 32°C, 

48h 
Fig S6 

100 RT 6 
Stirring, 32°C, 

48h 
Fig S6 

100 RT 14 
Stirring, 32°C, 

48h 
Fig S6 

100 RT 14 
Stirring, 

32°C, 48h 
Fig S7 

100 RT 14 
Stirring, 

70°C, 48h 
Fig S7 

100 RT 14 
70°C in 

vacuum, 6h 
Fig S7 
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Figure S6. Examining the effect of toluene swelling temperature on the PS-b-P2VP particle 

morphology and lamellae thickness. Particles were first swollen with 100 wt% of toluene at either 

RT or 70 °C for 14 hrs. Afterwards, toluene was evaporated at 32°C over 48 hrs. (a) TEM pictures 

of particles swollen with toluene at RT (left) and 70 °C (right). (b) PS and P2VP lamellae thickness 

corresponding to the different swelling temperatures. While clear differences to the non-annealed 

pristine particles are visible, both annealed samples show the same lamellae thickness and particle 

shape. This suggests that the swelling temperature (in the investigated temperature range) has no 

impact on the final morphology of the particles.   
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Figure S7. Evaluating the effect of toluene swelling time on the PS-b-P2VP particle morphology 

and lamellae thickness. Particles were first swollen with 100 wt% of toluene at RT for different 

times (0.33, 2, 6 and 14 h). Afterwards, the toluene was evaporated at 32°C over 48 hrs. (a) TEM 

pictures of particles after first swelling with toluene for 0.33, 2, 6 and 14 h and subsequent toluene 

evaporation. (b) PS and P2VP lamellae thickness corresponding to the different swelling times 

during the annealing process. While clear differences to the non-annealed pristine particles are 

visible, all annealed particles showed the same lamellae thickness and particle shape, thus 

indicating that swelling time (in the tested time range) has no impact on the final morphology.  
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Figure S8. Investigating the effect of toluene evaporation rate on the PS-b-P2VP particle 

morphology and lamellae thickness. Particles were first swollen with 100 wt% of toluene at RT for 

14 h. Afterwards, the toluene was evaporated either at 32°C or at 70°C over 48 hrs under stirring.  

Alternatively, toluene evaporation was performed at 70 °C in vacuo using a rotary evaporator. (a) 

TEM pictures of particles swollen with toluene and solvent evaporation at 32 °C, 70 °C and 70 °C 

in vacuo using a rotary evaporator. (b) PS and P2VP lamellae thickness corresponding to the 

different evaporation conditions. While clear differences to the non-annealed pristine particles are 

visible, all annealed particles showed the same lamellae thickness and particle shape, thus 

indicating that evaporation rate (in the tested range of conditions) has no impact on the final 

morphology. 
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Figure S9. TEM pictures of particles annealed with 250 wt% of toluene. The striped ellipsoida l 

particles have transformed into spherical particles with multiple internal P2VP domains. 

 

 

Figure S10. Detailed TEM image of the surface of a particle annealed with 100 wt% of toluene. 

The addition of toluene increases the thickness of the PS domains and induces partial migration of 

P2VP to the particle surface. This particle restructuring is assumed to be the result of an increased 

mobility of both BCP segments. Toluene can selectively swell the PS domains already in small 

quantities. In higher concentrations it is assumed to act as plasticizer for the P2VP domains, too. 

This enables increase in PS domain thickens due to chain stretching and migration of P2VP to the 

particle surface due to an enhanced interaction with the aqueous phase. 
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Figure S11. Particle surface area (relative to pristine particles) increases with toluene content upon 

annealing. This is the result of an increasing PS domain size.  
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Table S3. Examined parameters to study the effect of surfactants on the particle surface 

morphology during annealing with toluene. Varying the toluene amount (20, 50, 150, and 200 wt%) 

for different mixtures of PS-selective CTAB and P2VP-selective CTEAB-OH surfactants. 

 

Toluene fraction 

[wt%] 

Surfactant fraction [wt%] Interface 

morphology CTEAB-OH CTAB 

20 0 100 Surface neutrality 

50 0 100 Surface neutrality 

150 0 100 Mix morphology 

200 0 100 
PS domain 
migration 

20 30 70 Surface neutrality 

50 30 70 Surface neutrality 

150 30 70 Surface neutrality 

200 30 70 Surface neutrality 

150 65 35 
Partial P2VP 

domain migration 

150 75 25 
Partial P2VP 

domain migration 

20 100 0 
P2VP domain 

migration 

50 100 0 
P2VP domain 

migration 

150 100 0 
P2VP domain 

migration 

200 100 0 
P2VP domain 

migration 
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Figure S12. TEM images of different particle surface morphologies obtained by varying surfactant 

mixture and toluene amount during annealing. (a) Using only CTAB as surfactant and 150 wt% of 

toluene, an intermediate morphology is observed. At the particle surface, some areas are wetted 
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equally by both blocks and other parts show PS migration to the surface. (b) Using only CTAB as 

surfactant but increasing the toluene amount to 200 wt%, complete PS migration to the surface is 

oberved. (c) Using a 30/70 wt% mixture of CTEAB-OH/CTAB surfactants and 150 wt% of 

toluene, neutral wetting of the particle surface and highly elongated particles are obtained. For 

mixtures with CTEAB-OH/CTAB ratios of  65/35 wt% (d) and 75/25 wt% (e), the P2VP domains 

are starting to partially engulf the PS domains. (f) Using only CTEAB-OH, migration of P2VP 

segments to the surface is observed for annealing with 20-200 wt% toluene (specific particles 

depicted in image (f) correspond to 150 wt% toluene addition). Scale bar showed in every picture 

correspond to a value of 200 nm.  

 

 

Figure S13. Particle annealing with varying surfatcant mixtures (fCTEAB-OH) and constant toluene 

content of 150 wt% allows tuning the particle surface morphology. At fCTEAB-OH = 0.3, neutral 

wetting of the interface is observed. For other CTEAB-OH contents, a partial rearrangement of the 

BCP at the particle/water interface is observed. For excess CTEAB-OH (fCTEAB-OH >0.3), 
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preferential interaction of P2VP with CTEAB-OH causes a partial engulfing of the PS domains by 

P2VP. This is complete for using pure CTEAB-OH (fCTEAB-OH = 1). For excess CTAB  

(fCTEAB-OH < 0.3) preferential interaction of PS with CTAB causes a (partial) engulfing of the P2VP 

domains by PS. 

 

 

 

Figure S14. Lamellar asymmetry ratio is described by the thickness ratio between PS and P2VP 

lamellae (dPS/dP2VP). For a constant amount of toluene (150 wt%) during annealing, the lamellar 

asymmetry depends on the surfactant ratio fCTEAB-OH.  
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Figure S15. For annealing with a constant amount of toluene (150 wt%), the lamellar thickness of 

(a) PS and (b) P2VP domains depends on the surfactant composition (fCTEAB-OH ).An increase of 

block-selective surfactant causes migration of the respective block to the surface. This stabilizes 

an increased surface area of the other block. For example, for increasing conetents of P2VP-

selective CTEAB-OH, the PS domain size increases. Simultaneously, the P2VP domain size 

decreases to the size of the  P2VP domains in the pristine particles.  
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Figure S16. Examining the effect of acidic pH (pH 2) on the different particle morphologies. a) 

For particles annealed in a CTEAB-OH solution, P2VP covers the entire particle surface. 

Decreasing the pH of this suspension causes protonation of the pyridine group and the disassembly 

of the particles into discrete PS disks with a corona of solubilized P2VP chains. b) For annealing 

with 150 wt% of toluene in a CTAB solution, an intermediate mixed particle morphology is 

obtained. Acidification results in the protonation of the pyridine groups from the P2VP domains 

that are expose to the interface, thus demonstrating the mixed morphology. c) Using 200 wt% of 

toluene for annealing in a CTAB solution, migration of PS covers the entire particle surface. This 

PS shell acts as a protective layer against disassembly of the particles at low pH. 
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Figure S17. TEM images of non-annealed pristine particles, particles annealed with 150 wt% of 

toluene and particles that were re-swollen with 600 wt% of chloroform after the first annealing 

step. The shown overviews of the samples demonstrate that selective annealing with toluene tends 

to expand the PS domains and that re-swelling with chloroform as unselective solvent restores the 

original shape and morphology of the particles. The reversibility of the system is suggested to stem 

from due an equal mobilization of both, PS and P2VP, segments.  
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Figure S18. For toluene-annealed particles, a second annealing step with chloroform as non-

selective solvent restores the original shape and morphology. (a) TEM images demonstrate the 

dependence of this process on the amount of chloroform. The addition of 200 wt% of chloroform 

generates lamellae of un-even thickness. Increasing the amount of chloroform to 300 and 400 wt% 

significantly decreases the lamellae asymmetry until a full return to original shape (given by the 

aspect ratio) and morphology (given by the lamella thickness) is achieved with 600 wt% of 

chloroform. (b) Plots of aspect ratio vs. particle length for the different chloroform treatments show 

that pristine particle shape and morphology is approached with increasing amounts of toluene.  
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