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Abstract: Post-assembly modifications are efficient tools
to adjust colloidal features of block copolymer (BCP)
particles. However, existing methods often address
particle shape, morphology, and chemical functionality
individually. For simultaneous control, we transferred
the concept of seeded polymerization to phase separated
BCP particles. Key to our approach is the regioselective
polymerization of (functional) monomers inside specific
BCP domains. This was demonstrated in striped PS-b-
P2VP ellipsoids. Here, polymerization of styrene pref-
erably occurs in PS domains and increases PS lamellar
thickness up to 5-fold. The resulting asymmetric lamellar
morphology also changes the particle shape, i.e., in-
creases the aspect ratio. Using 4-vinylbenzyl azide as co-
monomer, azides as chemical functionalities can be
added selectively to the PS domains. Overall, our simple
and versatile method gives access to various multifunc-
tional BCP colloids from a single batch of pre-formed
particles.

Introduction

In nature, complex functions of dispersed systems are
governed by colloidal shape, morphology, and chemical
functionality at once.[1] Mimicking these features with
synthetic particles would give access to new building blocks
for advanced applications in biology,[2] photonics,[3] and

catalysis.[1,4] However, the realization of such multifunctional
colloids is challenging, and existing approaches often rather
target these different aspects individually.

To address this challenge, evaporation-induced phase
separation of block copolymers (BCPs) has evolved as a
powerful strategy.[5] Here, macromolecules are spatially
arranged in soft colloidal confinements with high accuracy.
For a given BCP, particle shape and morphology can be
controlled through the interfacial energies between BCP
and surrounding medium, the degree of confinement
(droplet/particle size), and the evaporation kinetics.[6] More-
over, utilization of BCPs with different packing parameters
(varying block ratio), varying overall molecular weights, or
number of blocks can expand the accessible particle
structures.[7] Alternatively, incorporation, removal, or
change of additives during particle preparation enables
colloidal structures that can deviate from the pure BCP
systems.[8] In this context, different solvents,[9] switchable
surfactants,[6g,10] small molecules,[11] homopolymers,[5a,6b,12]

and even other BCPs[12b] have been examined. Overall, these
strategies give access to a remarkable variety of new shapes
and morphologies that define the properties of resulting
materials.[3a,c,13] Unfortunately, the particles are still limited
in the spatial distribution of chemical functionalities. While
this feature could be controlled through introducing respec-
tive functional groups in the BCP building blocks, these
chemical groups also influence the BCPs’ phase
separation.[14] As a result, facile and predictable control over
particle shape and morphology is hindered. Thus, most
investigations focus on BCPs of limited chemical function-
ality for the sake of a well-described phase separation
behavior. Even though few approaches already use func-
tional BCPs[12a] or blends with functionalized
homopolymers,[15] they often require laborious optimization
of the phase separation conditions for each new particle
composition.

Alternatively, post-assembly modifications can avoid the
complex self-assembly of functional BCPs. In such ap-
proaches, selected colloidal features can be adjusted after
the particle preparation. Mainly (vapor) solvent annealing
has been investigated to change shape and morphology of
particles through BCP rearrangements after the evaporation
of the solvent.[10a,16] Prior to solvent evaporation, the
selective swelling of specific polymer segments is also a
powerful tool to change the BCP packing parameter and
thus transform shape and morphology of (self-assembled)
particles.[17] In contrast, the (simultaneous) introduction of
chemical functionality after particle preparation is largely
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unexplored and only few examples on crosslinking[11b] or
surface functionalization[14c,18] have been reported. Conse-
quently, a new synthetic post-assembly method is required
that would allow the simultaneous modification of particle
shape, morphology, and chemical functionality. Such a
platform should be versatile, efficient, and synthetically
simple, i.e., accessible by non-experts in the field. This would
expand the synthetic toolbox that is needed to bring such
colloids from fundamental investigations to actual material
applications.

In addressing this need, we have developed a new
strategy that is based on regioselective seeded polymer-
ization in phase separated BCP particles (Figure 1a). Key to
structural control is a three-step process: In the first step,
one specific BCP domain is preferably swollen with a
functional monomer. In the second step, regioselective
polymerization preferably occurs in these domains. Finally,
the newly introduced functional groups can be used for

spatially controlled modifications. With this process, we aim
to translate seeded polymerizations from homogeneous
spheres[19] and Janus particles[20] to BCP particles with
complex morphologies. Such a strategy has not yet been
realized and comprises new challenges and unique oppor-
tunities to expand the synthetic toolbox for tuning colloidal
properties: We suggest that the spatially controlled polymer-
ization can induce changes in the overall particle structure
and functionality.

To determine the potential of this approach, we focused
on striped PS-b-P2VP ellipsoids as seed particles and styrene
as PS-selective monomer (due to its structural resemblance
to the PS-preferable solvent toluene).[19a, 21] In such stacked
lamellar structures, we assume that preferable seeding of the
PS domains has limited effects on the P2VP lamellae. We
hypothesize that the final structure consists of asymmetric
lamellae, i.e., different BCP domains with different thick-
nesses (see Figure 1a). Since we suggest that this feature can

Figure 1. Seeded polymerization of styrene in PS-b-P2VP particles enables control over particle morphology and shape. a) Schematic representation
of the seeded polymerization process: Starting from striped ellipsoidal particles, PS domains are preferably swollen with St (and AIBN).
Polymerization expands the PS lamella, which translates to an asymmetric lamellae morphology and particle elongation. b) TEM images of
particles before and after the seeded polymerization with 150 wt% St show a pronounced increase in PS lamellae thickness and particle elongation.
c) Thickness of PS domains gradually increases with the amount of styrene during the seeded polymerization. In contrast, the P2VP lamellae
remain unchanged. d) Dependency of particle aspect ratio on the amount of styrene. As in the pristine particles, larger particles show higher
aspect ratios. e) GPC of seeded particles shows the successful formation of hPS homopolymers during the seeded polymerization.
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be controlled by the amount of styrene, the seeding process
avoids the challenging phase separation of complex mik-
toarm star copolymers that are otherwise required for such
asymmetric lamellae.[22] In addition, we suggest that the
anticipated increase in PS domain size also translates to the
z-axis of the particles (perpendicular to the lamellae) which
induces a particle elongation. Thus, this strategy would
represent a facile and robust alternative to tailor lamellar
thickness and aspect ratio of such colloidal ellipsoids. In
addition, using 4-vinylbenzyl azide (VBA) as reactive
monomer, is assumed to allow further domain-specific
functionalization through azide-alkyne “click” chemistry.[23]

Overall, the simplicity and versatility of this new method
provides a new tool for precise control of particle shape,
internal anisotropy, and domain-selective functionalization.

Results and Discussion

Seeded Polymerization of Styrene in PS-b-P2VP Particles

To demonstrate selective BCP domain expansion, we
examined the seeded polymerization of styrene (St) in
striped ellipsoidal PS-b-P2VP (Mn,Ps=102 kDa, Mn,P2VP=

97 kDa) particles. For this, the pristine (non-seeded)
particles were prepared by our previously reported method
that uses a mixed-surfactant system to provide a neutral
BCP/water interphase.[6c] After particle preparation, differ-
ent amounts of styrene (St), containing a dissolved radical
initiator (AIBN), were added to a degassed particle
dispersion via micropipette. In contrast to vapor annealing
processes, this direct addition circumvents the uncontrolled
transfer of the monomer from a vapor phase to the
dispersion. As a result, the styrene amount can be controlled
precisely between 10 and 250 wt% with respect to the total
mass of pristine particles. Following styrene addition, the
particles were briefly sonicated to facilitate diffusion of the
monomer into the particles. After a predetermined swelling
time to ensure complete styrene uptake, the polymerization
was induced by heating. To stop the seeded polymerization,
the reaction was opened to air and any unreacted styrene
monomer was evaporated at room temperature.

After the seeded polymerization, particle shapes and
morphologies were examined via transmission electron
microscopy (TEM). Image analysis revealed a selective
increase of PS domain size with the amount of added styrene
(cSt) (Figure 1). For 150 wt% of St, this effect becomes most
prominent, and the PS lamellae thickness (dPS) increased
from 38�3 nm (before seeded polymerization) to 73�7 nm
(after seeded polymerization) (Figure 1b). By using inter-
mediate amounts of styrene, dPS can be tuned precisely
(Supporting Information, Figure S1 and S2). The corre-
sponding increase of dPS follows a two-stage profile as shown
in Figure 1c. First, varying cSt from 10–50 wt% causes a
steep increase in PS domain size to ca. 70 nm. Second, the
addition of more styrene up to 150 wt% only increases dPS

very slowly. We assume that this profile stems from
changing contributions of: i) stretching of the BCP’s PS
chains and ii) added mass by the formed PS homopolymer

(hPS). At low cSt, we suggest that both factors contribute.
This means stretching of the BCP’s PS chains has a big
impact on the expansion of the PS domains. However, upon
exceeding 50–70 mol% of styrene, we assume that the
influence of the PS stretching becomes negligible, i.e., the
segments are almost fully stretched. Thus, any further
increase in dPS mostly stems from the introduced mass of
hPS. In contrast to this expansion of PS domains, the
thickness of the P2VP domains (dP2VP) remains similar to the
pristine particles over the whole range of styrene contents
(10–150 wt%) (Figure 1c). This selective expansion of the
PS domains creates an asymmetric lamellar morphology
with PS lamellae being thicker than P2VP lamellae. Since
the width of both domains is not affected, the lamellar
asymmetry is accompanied by particle elongation (see Fig-
ure 1b). In other words, the morphological change directly
translates to a transformation in the overall particle shape.
This can be quantified by the particles’ aspect ratio
(AR=L/W). As shown in Figure 1d and Figure S3 (Support-
ing Information), AR clearly increases with the amount of
styrene. In addition, AR also increases with the overall
particle size (defined by the particle length (L)). This second
effect stems from the preparation of the pristine particles.
Here, during BCP phase separation, larger particles are
easier to deform into ellipsoids due to smaller surface
energy contributions. Thus, AR differences after the post-
assembly modification are predetermined by the differences
in the pristine particles. As a result, AR still increases with L
for all samples after the seeded polymerization (Figure 1d
and Figure S3). Combining both effects, AR can almost
double upon the seeded polymerization with 150 wt% St in
large particles (L>750 nm).

It becomes obvious that our synthetic strategy enables
accurate control over particle morphology and shape. To
expand this strategy to the incorporation of chemical
functionality, it needs to be ensured that potential functional
monomers are immobilized via actual polymerization in the
specific domains. Thus, the observed structural changes
need to be assigned to monomer polymerization inside the
particles and not to potential BCP rearrangement effects.
Such alternative effects could be caused by a reversible
swelling or annealing of the polymer chains with styrene as
preferred solvent for the PS domains.[24] To distinguish these
two processes, the following control experiments were
performed:

First, we confirmed the formation of PS homopolymers
(hPS) inside the particles via gel permeation chromatogra-
phy (GPC). For this, we examined the molecular weight of
the particles’ polymer building blocks after the seeded
polymerization. Figure 1e shows the GPC elution volume
profile for dissolved pristine particles and for particles
seeded with 75, 100 and 150 wt% of St. In all seeded
samples, a new peak with Mn=90 kDa was observed at
elution volumes higher than the initial BCP
(Vel.,max=7.2 mL, Mn,PS-b-P2VP=199 kDa). This new peak in-
creases in intensity with the amount of styrene during the
seeded polymerization, thus suggesting the formation of
hPS.
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Next, we demonstrated that such asymmetric lamellae
structures can only be realized through polymerization after
particle assembly. For this, we performed control experi-
ments where we added a hPS homopolymer already during
the initial particle preparation. In this case, we used blends
of PS-b-P2VP and hPS (Mn=90 kDa) to mimic the compo-
sition of particles after the seeded polymerization with
150 wt% styrene (Supporting Information, Figure S4a).
After the solvent evaporation-induced phase separation, the
resulting particles do not exhibit a defined lamellae
morphology or an ellipsoidal shape. Instead, ill-defined
structures were observed (Supporting Information, Fig-
ure S4b). Such a disturbance of the lamellar morphology
upon BCP phase separation is a well-known result of a
changed volume ratio between blocks upon the addition of
homopolymers.[6b,12d,25] Here, the addition of hPS increases
the PS volume fraction in the PS-b-P2VP system. While
such homopolymer/BCP blending strategies can be used to
adjust the morphology of BCP particles during their
preparation, accurate control over additional parameters,
e.g., homopolymer molecular weight, blending ratio etc., is
needed to obtain defined morphologies.[12f] In contrast, our
post-assembly modification approach can circumvent the
corresponding optimizations and access new morphologies.
Overall, these experiments highlight the necessity of intro-
ducing hPS after the initial BCP phase separation if an
asymmetric lamellar morphology should be obtained.

Ultimately, the seeded polymerization was directly
compared to the influence of the above-mentioned potential
solvent annealing effect.[16h] Here, we have recently demon-
strated that toluene can induce morphological changes in
striped ellipsoidal PS-b-P2VP particles. We suggest that
preferable swelling of PS domains is accompanied by a less
pronounced swelling of P2VP domains i.e., plasticization.
The combination of both effects induces pronounced
stretching of PS chains and partial migration of P2VP
segments to the particle/water interphase. Resulting en-
thalpic contributions can stabilize the morphological tran-
sition after toluene removal.[24] Comparing this annealing
process to our seeded polymerization method, we assume
that non-polymerized styrene can behave similar to toluene,
i.e., as preferable solvent for PS in PS-b-P2VP materials.[21d–f]

Thus, we aimed to examine whether non-polymerized
styrene can induce a comparable morphological change. For
this, we performed control experiments by adding styrene
but not the radical initiator (AIBN).

After heating and evaporation of unreacted styrene, a
selective expansion of the PS domains was observed to be
similar as in the toluene annealed samples. More impor-
tantly, the morphological transition was also similar to the
changes observed during the seeded polymerization process
(Supporting Information, Figure S5). However, in case of a
purely annealing based transition, the physical expansion of
the PS domains is fully reversible upon a second annealing
steps with chloroform as a good non-selective solvent.[24]

Similarly, for the styrene-swollen control samples, we also
observed a complete reversal to the pristine morphology
after annealing with chloroform as good solvent for both
blocks (see Supporting Information, Figure S6). In direct

contrast, the particles that underwent the seeded polymer-
ization process (styrene+AIBN), did not show structural
reversibility upon subsequent annealing with chloroform.
Instead, these particles showed a morphological transition to
non-lamellar structures resembling the phase separation of
PS-b-P2VP/hPS blends (see Supporting Information, Fig-
ure S6). Thus, these experiments further support the
suggested formation of hPS during the seeded polymer-
ization step.

While these experiments demonstrate the successful
polymerization of styrene inside phase separated particles,
the adjustment of particle shape and lamellae asymmetry is
restricted to the range of 10–150 wt% of styrene. Further
increasing cSt leads to increasing particle fragmentation, i.e.,
the breakage into smaller particles (Figure 1c, Figure 2,
Figure S7). Starting at 150 wt% of St, we can already
observe spherical P2VP-covered PS particles that are
detached from the striped ellipsoids. Further increasing cSt
to 175 and 200 wt% leads to detachment of P2VP-covered
PS spheres with multiple P2VP cores. Finally, 250 wt% of St
induces a complete restructuring of the ellipsoids to
spherical particles with multiple P2VP cores.

Regarding the destabilization mechanism, we assume
that styrene does not only swell the PS domains but can also
plasticize the P2VP domains. The resulting mobility of both
domains allows structural rearrangements to minimize the
energy of the system, i.e., through increasing the energeti-
cally favored interface between P2VP and water.[11b] At the
tips of the particles, this leads to disruption of the P2VP
lamellae which is accompanied by fusion and separation of
the last PS lamellae. Together, this generates (P2VP
containing) PS spheres covered with a thin P2VP layer. In
general, a potential segregation of hPs in the PS domains
could induce physical stress that enhances the observed
delamination. However, we observed very similar particle
disintegration in our previous study where particles were
annealed/swollen with toluene (ctol>200 wt%) and did not
undergo the polymerization step.[24] Thus, we assume that
particle fragmentation mainly occurs during the swelling
stage of our process.

Overall, these results suggest that P2VP plasticization
has a profound influence on the overall process. Thus, our
suggested mechanism for the seeded polymerization also
needs to consider the following scenario: While styrene
preferably swells the PS domains, the amount of styrene in
the P2VP domains is not negligible. Thus, polymerizations
could also start in these locations. In this case, we assume
that growing hPS oligomers will become increasingly incom-
patible with the P2VP domains and migrate into the PS
domains where polymerization continues. Consequently, we
assume that the majority of the polymerization still occurs
regioselectively in the PS domains. However, the mobility of
the P2VP segments still limits the accessible lamellar
asymmetry and particle elongation during the seeded
polymerization. Thus, utilization of high monomer contents
(>150 wt%) requires stabilization of the P2VP lamellae to
prevent particle disintegration.
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Seeded Polymerization of Styrene in PS-b-P2VP Particles with
Crosslinked P2VP Domains

Structural stabilization of the P2VP domains was achieved
by crosslinking with 1,4-dibromobutane (DBB) through
pyridinium quaternization. Since this process is not quantita-
tive in dispersion, excess amounts of DBB were added:
50 mol% and 100 mol% with respect to the 2VP groups
(Supporting Information, Figure S8). As demonstrated by
Kim and co-workers, these amounts can already induce a
morphological change in the particles.[11b] In our case, for
both DBB contents, the PS lamella thickness increases from
38 nm (pristine particles) to ca. 60 nm while the P2VP
lamellae thickness slightly decreases from 29 nm (pristine)
to ca. 25 nm (crosslinked) (Supporting Information, Fig-
ure S8b). To confirm the intended structural stabilization of
the particles, the dispersions were acidified to pH�2. At
this pH, protonation and solubilization of non-crosslinked
P2VP domains would induce a particle disintegration into
PS discs.[6c,7c] However, TEM analysis revealed that both
crosslinking degrees are sufficient to avoid particle fragmen-
tation (Supporting Information, Figure S8c and Figure S8d).

The stabilized particles were then subjected to the
seeded polymerization process with increasing amounts of
styrene (Supporting Information, Figure S9 and Figure S10).
For particles crosslinked with 50 mol% DBB, the lamellar
structure was stable until the utilization of 300 wt% St
(Supporting Information, Figure S9a). Thus, successful
P2VP stabilization enabled seeded polymerizations with
higher cSt as for the non-crosslinked particles. However,
exceeding this critical amount, particles started to break into
conic-like structures. Interestingly, fragmentation occurs
through the PS domains rather than through the P2VP
domains as in the non-crosslinked particles (Supporting
Information, Figure S9b and Figure S9c). Consequently, this

mechanistic difference demonstrates stabilization of the
P2VP lamellae.

For particles with an increased crosslinker amount of
100 mol% DBB, no particle breakage was observed for
even higher styrene contents up to 500 wt% (Figure 3). In
this case, a maximum increment of ΔdPS=147 nm was
obtained. Thus, the PS domain thickness increases almost by
a factor of 5 without particle disintegration. Hence, P2VP
crosslinking can successfully stabilize the expanding PS
domains.

Examining this stabilization effect in more detail, we had
a closer look on the crosslinked particles before the seeding
procedure. Here, TEM images showed a partial migration of
P2VP segments to the particle/water interphase.[24] Due to
the preferential interaction of quaternized P2VP with water,
the particles are covered with a thin P2VP mesh. We assume
that the crosslinking density of this surface layer determines
the structural stability of the lamellar structure as follows:
Upon seeded polymerization, the expansion of the PS
domains stretches this surrounding crosslinked P2VP net-
work. In case of particles crosslinked with 50 mol% DBB,
the stability of this mesh is not sufficient to prevent particle
fragmentation through the PS domains, i.e., the mesh
breaks. In contrast, for particles with 100 mol% DBB, the
mesh at the surface stretches and stabilizes the expanding
PS domains.

The successful structural stabilization allows varying the
lamellae thickness over a broad range by the seeded
polymerization (see Figure 3a–d, Supporting Information
Figure S11). Statistical evaluation (from TEM) shows a
gradual growth of the PS lamellae with increasing amounts
of styrene: dPS increases from 38�4 nm (pristine) to
185�10 nm (400 wt% St). Higher monomer contents in-
crease the PS lamellae thickness only marginally. We suggest
that this can be attributed to the non-linear geometrical

Figure 2. Particle fragmentation during seeded polymerization depends on the amount of styrene (cSt). Three different stages where observed:
(I) For cSt�150 wt%, detachment of single PS domains from the particle tips gives spherical PS particles that contain a thin P2VP shell. (II) Upon
increasing cSt to 175 wt% and 200 wt%, multiple lamellae detach from the particles. This generates spherical PS particles with (multiple) P2VP
cores and a P2VP shell. (III) For cSt�250 wt%, a complete rearrangement of the particles to spheres with multiple internal P2VP domains is
observed.
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relation between volume and thickness of the lamellae. At
higher volumes, a corresponding increase in thickness is less
pronounced. In addition, we assume that, at this point, the
surrounding crosslinked P2VP layer is maximally stretched,
thus preventing further PS expansion. Accompanying the PS
extension, we observe a gradual reduction of the P2VP
lamellae thickness. Increasing cSt leads to a reduction of
dP2VP from 29�3 nm (pristine) to 13�3 nm (400 wt% St
addition). In this case, we suggest that the crosslinked P2VP
mesh couples the expansion in z-direction to a stretching in
the x,y-direction (particle short axis).

Overall, both factors (dPS increase and dP2VP decrease)
contribute to an increasing domain spacing d=dPS+dP2VP

upon seeded polymerization. This can be confirmed by small
angle x-ray scattering (SAXS). To demonstrate this effect,
we examined crosslinked particles in comparison to samples
that were subjected to a subsequent seeded polymerization
with 200 wt% and 500 wt% styrene (Figure 3d and Support-
ing Information Figure S12). For crosslinked particles, peak
maxima are detected at q1=0.08 nm� 1 and q2=0.240 nm� 1

and can be indexed as (001) and (003) since q2=3q1. These
values can be used to calculate the domain spacing (the long
period) to d=2π/q1=79 nm. For the particles seeded with

Figure 3. Pronounced structural changes are possible by covalent stabilization of the PS-b-P2VP ellipsoids (P2VP crosslinking with 100 mol%
DBB). a) Direct comparison of particles with 10 PS lamellae demonstrates the evolution of colloidal features upon increasing cSt. PS lamellae
thickness and particle elongation increase significantly with styrene content. b) For 500 wt% of styrene, dPS increases about 140 nm, thus leading
to a highly asymmetric lamellae morphology. c) The average PS lamellae thickness increases gradually with cSt. In contrast, a slight decrease of dP2VP

is observed. Depicted values are averages from different particles and different locations in the domains (edge and center). d) SAXS patterns of
crosslinked particles (100 mol% DBB) in comparison to crosslinked+seeded particles (200 wt% St) show a shift of domain spacing to larger
values. e) For 500 wt% of styrene, particle length (L) increases about 3-fold. f) For particles with 10 PS lamellae, AR increases gradually with cSt and
almost doubles for 500 wt% of styrene. g) Particle dimensions of seeded particles (10 PS lamellae) show a significant increase in particle length
(L). For cSt�200 wt%, also the particle width (W) increases.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202208084 (6 of 11) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



cSt=200 wt%, the SAXS curve displays also the (001) and
(003) reflections but the peak maxima are shifted to smaller
q-values of 0.049 nm� 1 and 0.147 nm� 1, respectively (Sup-
porting Information, Figure S12). These values correspond
to a lager long period of d=130 nm, i.e., an increase of
51 nm in comparison to the non-seeded particles. Finally,
the SAXS curve of particles seeded with cSt=500 wt%
displays (001), (003) and (005) reflections at q=0.039 nm� 1,
0.117 nm� 1, and 0.195 nm� 1, corresponding to a long period
of 160 nm and an increase of about 81 nm in comparison to
the non-seeded particles. The additional reflectance (005)
points towards a strong asymmetry in the lamellar structure
where one domain is thicker than the other. In addition, we
determined the correlation length (lc) in all samples from
the width of the (001) reflections. The obtained values are
lc=630 nm, 790 nm and 790 nm for cSt=0 wt%, 200 wt%
and 500 wt%, respectively. These values are comparable to
the overall length of the particles and indicate a very regular
alignment of the lamella in normal direction to the lamellar
plane. The large values of the correlation lengths and the
increase in domain spacing for each styrene addition (+
51 nm and +81 nm, respectively) support the trend observed
via TEM.

The increasing domain spacing also translates to particle
elongation during seeded polymerization (Supporting In-
formation, Figure S10). However, a quantitative correlation
between AR and cSt is challenging because elongation also
depends on particle length (L) and therefore the corre-
sponding number of lamellae per particle (see Supporting
Information, Figure S13).[6c,24] Thus, accurate evaluation of
the elongation effect requires comparison of particles with
the same number of lamellae (Figure 3a). For particles with
10 PS lamellae each, a clear trend is observed, and the
aspect ratio gradually increases with cSt (Figure 3f). For the
highest amount of styrene, AR doubles from 2.1�0.1
(cSt=0 wt%) to 4.1�0.2 (cSt=500 wt%).

While this change in particle shape is significant, a 2-fold
increase in AR does not match the observed 4.8-fold
increase in PS domain thickness (from 38 nm to 185 nm for
cSt=500 wt%, see Figure 3b, c). This discrepancy can be
explained by an associated increase in particle width for
styrene contents above 200 wt% (Figure 3g). Up to this
amount, the particle width remains constant and AR
increases exclusively due to the longitudinal stretch of the
PS lamella. However, higher amounts of monomer
(cSt>200 wt%) induce a concurrent particle expansion in
length and width. As a result, the styrene-dependent
increase in AR=L/W does not exhibit the same exponential
trend as the increasing PS domain thickness (Figure 3c and
Figure 3g). This effect is emphasized by a concomitant
reduction in the P2VP lamellae thickness.

Consequently, the changes in particle shape are not
based on PS expansion alone, but rather indicate complex
morphological transitions.

Based on TEM image analysis, we suggest the following
pathway for particle transformation upon crosslinking and
increasing cSt (Figure 4): In the first stage, crosslinking of the
P2VP domains induces partial P2VP migration to the
particle surface. In the second stage, the seeded polymer-

ization of styrene increases dPS without changing the P2VP
lamellae. Only the crosslinked P2VP mesh at the surface
gets thinner as it stretches. This is observed for styrene
contents up to 100 wt%. For cSt�200 wt%, a third stage can
be identified where the overall lamellar structure changes.
Here, the seeded polymerization induces a transition from
flat PS/P2VP domains to stacks of concave PS discs and
convex P2VP discs (Figure 4a, b). At cSt=300 wt%, this
effect is maximally pronounced as demonstrated by the
differences between lamellar thickness at the middle or the
edge. In this stage, the particle width (W) does not increase
since stretching of the P2VP surface mesh still permits
longitudinal PS expansion. In the fourth stage at cSt�
400 wt%, the PS/P2VP interphase flattens again, dP2VP
decreases, and the particle width increases. We assume that,
at this stage, the crosslinked P2VP surface mesh is
maximally stretched. Thus, further expanding the PS
domains creates sufficient force to laterally stretch the P2VP
domains in the particles. As a result of these different
contributions, the increase in AR ratio reaches a plateau for
400–500 wt% of styrene.

Incorporation of Functional Monomers through Seeded
Polymerization

Combining this structural control with additional chemical
functionality would enhance the versatility of our approach
significantly. To realize this multifunctionality, we suggest
the utilization of functional/reactive monomers during the
seeded polymerization (see Figure 5a). In this process, a
potential monomer should provide the following features:
First, it should contain a reactive group that is compatible
with the radical polymerization thus enabling subsequent
particle functionalization. Second, a structural similarity
between monomer and BCP repeat units should ensure
successful incorporation into the particles through swelling
and polymerization.

Based on these considerations, we used 4-vinylbenzyl
azide (VBA). In this monomer, the reactive azide group
enables fast and quantitative CuAAC click functionalization
while the styrene-based structure favors seeded polymer-
ization inside the particles. However, the actual location of
the polymerization in the phase separated BCP needs to be
adjusted to retain control over particle morphology and
shape. To control the internal distribution of PVBA, we aim
to adjust the polymer’s compatibility with the specific PS or
P2VP domains. For this, we suggest the formation of
random copolymers with a respective second monomer.[15]

For example, to favor incorporation of PVBA into the PS
domains, we suggest the formation of PVBA-co-PS copoly-
mers. To test this hypothesis, we performed a series of
seeded polymerizations with different ratios of cVBA :cSt (for
a constant overall monomer content of
cVBA+cSt=400 wt%). As demonstrated by the azide bands
in FTIR spectroscopy, VBA was successfully included into
all particles and its incorporation increased with cVBA (see
Supporting Information, Figure S14, S15).
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Regarding the particle morphology, TEM analysis
revealed a structural evolution upon increasing the cVBA :cSt
ratio (see Figure 5b and Figure S15, Supporting Informa-
tion). It could be demonstrated that ratios of
cVBA :cSt<20 :80 enable the selective incorporation of the
copolymers into the PS domains. However, with increasing
VBA content, the resulting PVBA-co-PS phase separates
inside the PS domains. For pure PVBA, a distinct new phase
was observed inside the PS domains, thus resulting in
particles of complex morphologies with 3 different domains.
Such a complex phase separation behavior was also
observed in control experiments with methyl methacrylate
(MMA) as a structurally dissimilar monomer for both blocks
of PS-b-P2VP. In this case, the seeded polymerization
resulted in a PMMA shell surrounding the striped ellipsoidal
PS-b-P2VP particles (see Supporting Information, Fig-
ure S16). These results emphasize the importance of adjust-
ing polymer compatibility to control the spatial distribution
of the new-formed polymer.

Particles with a homogeneous distribution of PVBA-co-
PS in the PS domain (cVBA :cSt<20 :80) represent a perfect
balance between incorporation of functional azide groups
and retention of the structural control. To demonstrate the
chemical functionality of such reactive particles, two differ-
ent alkyne-containing moieties were coupled through
CuAAC reactions. First, an organic dye (TAMRA) was

used to follow the functionalization via UV/Vis spectroscopy
(see Supporting Information, Scheme S1). Second, an al-
kyne-functionalized ferrocene (FCN) was used to demon-
strate the spatially-controlled functionalization via TEM
(see Supporting Information, Scheme S2).

During the functionalization with TAMRA-alkyne, suc-
cessful coupling is already visible by eye. Figure 5c and
Figure S17a (Supporting Information) show that the dye-
coupled particle suspension appears pink, whereas the
negative control (added dye but no catalyst) shows a
colorless (white) appearance. Since these images are taken
after several washing steps to remove any unreacted dye,
successful coupling is suggested. Moreover, the functionali-
zation is also visible in the UV/Vis spectra of the particle
dispersions. Here, it is observed that the absorbance
intensity increases with a higher concentration of alkyne-
TAMRA (Figure 5c and Supporting Information, Fig-
ure S17b).

The functionalization with FCN can be visualized
directly by TEM due to the good Z-contrast of the iron from
FCN (see Supporting Information, Figure S18). More de-
tailed investigations are possible through spatially resolved
energy-dispersive X-ray spectroscopy based on scanning
transmission electron microscopy (STEM-EDX). Figure 5d
shows a respective profile of a FCN-functionalized particle.
Pink color corresponds to iron (Fe) and blue color to carbon

Figure 4. Influence of styrene content on the lamellar morphology of crosslinked seeded particles. a) For styrene contents between 200–300 wt%,
the flat lamellae transform into stacks of concave PS discs and convex P2VP lamellae. b) Differences between lamellae thickness at the edge and
the middle of the particles can be used to quantify the lamellar transformation. c) Schematic representation of the proposed transformation
pathway that is based on PS expansion and stretching of the crosslinked P2VP segments.
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(C). It can be seen that Fe location follows the well-defined
periodic pattern of PS lamellae. This can be visualized by a
line scan perpendicular to the lamellae. Overall, the
successful TAMRA and FCN coupling demonstrate the high
synthetic potential of the reactive particles.

Conclusion

We have demonstrated a new post-assembly strategy to
control the colloidal features of phase separated BCP
nanoparticles. Our approach is based on the seeded
polymerization of (functional) monomers inside preformed

BCP particles. Here, compatibility between monomer and a
specific BCP domain determines the location of the seeded
polymerization inside the particles. While the corresponding
change in domain thickness translates to a particle elonga-
tion, the monomer reactivity introduces spatially controlled
chemical functionality.

In striped PS-b-P2VP ellipsoids, we were able to
demonstrate the selective expansion of PS domains by
seeded polymerization with styrene. Mechanistical studies
revealed that structural stabilization of P2VP domains was
required to allow an extremely high dPS increment (up to
5-fold increase). In this case, we observed a distinct
asymmetric lamellae morphology with an unprecedented

Figure 5. Simultaneous control over particle shape, morphology and chemical functionality via seeded polymerization with 4-vinyl benzyl azide
(VBA). a) Schematic representation of the synthetic strategy: Crosslinked PS-b-P2VP particles are swollen with mixtures of styrene and VBA. Co-
polymerization of both monomers selectively incorporates reactive azide groups in the PS domains. These can be used for click reactions with
alkyne-bearing moieties while retaining control over shape and morphology. b) TEM images demonstrate the structural evolution of PS-b-P2VP
particles after seeded polymerization with different ratios of cSt/cVBA (constant total monomer content cSt+ cVBA=400 wt%). c) Particle
functionalization with an alkyne-functionalized dye (alkyne-TAMRA) is visible by eye. UV/Vis absorbance of dye-functionalized particles further
confirm successful coupling. Spectra depict the signal after deducting the absorbance of control particles (without the catalyst). d) Particle
functionalization with an alkyne-functionalized ferrocene (FCN-alkyne) is demonstrated by EDX analysis in TEM. A line scan perpendicular to the
lamellae reveals the periodic distribution of Fe, thus suggesting the spatially controlled incorporation of FCN.
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level of internal anisotropy. Such a structural control can
neither be achieved by conventional phase-separation of
asymmetric BCPs nor by established post-assembly modifi-
cations. In addition, the robustness of this strategy enabled
simultaneous particle functionalization. Spatially-controlled
copolymerization with VBA allowed PS-selective incorpo-
ration of azide functionalities for subsequent CuAAC click
functionalization.

In general, we suggest that this strategy can significantly
expand the synthetic toolbox for the adjustment of colloidal
features in BCP particles. We assume that our approach can
be extended to other BCP particles and monomers. For this,
the compatibility between BCP segments and monomers
needs to be considered carefully. Ultimately, monomers that
combine orthogonal domain selectivity and orthogonal
reactivity could enable differently functionalized lamellae.
This strategy would pave the way to compartmentalizing
different (macro-)molecules in dispersed particles. As a
result, such new colloidal systems would represent advanced
building blocks for potential applications that include: The
utilization of anisotropic particle shape and periodic chem-
ical functionality to tailor interactions with biological
systems and the domain-selective incorporation of different
catalytic systems to examine the influence on cascade
reactions.
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