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Patchy particles (PPs) are considered as interesting building blocks for the fabrication of novel structures
with enhanced complexity and functionality. However, their development is primarily limited by the fact
that there is no reliable method to prepare PPs on a large scale. Herein, a one-pot strategy to prepare
PPs relying on polymerization-induced phase separation in monomer-embedded polymer nanoparticles
is demonstrated. The surface is found to be composed of sticky patches embedded in a hard matrix by
adhesion and force—distance measurements performed by atomic force microscopy. The patch sizes

Recei 13th A 201 . . . . .
Aii:;z% 1Zitth Szgrs:anrBZOB could be easily tuned by controlling the monomer conversion or varying the composition between the

polymer and the monomer. This study presents the possibility to develop a simple, low-cost and scalable
DOI: 10.1039/c3py01096a method for preparing large quantities of PPs from homopolymers. It may also pave the way to new PPs

www.rsc.org/polymers for functional materials and devices.

Introduction

Patchy particles (PPs) are colloidal particles with a chemically or
physically patterned surface.' Janus particles can be consid-
ered as the simplest PPs with only one patch.*® The patchy
domains may provide specific and directional interactions with
other particles or surfaces and therefore PPs can self- and
direct-assemble into novel suprastructures which can find
applications in the delivery of drugs or other chemicals,®
electronic devices,'™"* photonic crystals,”* and sensors."*™*®
Currently, the preparation of PPs mainly focuses on templating
or chemical patterning,"”** glancing angle deposition,*>
particle lithography,**>° capillary fluid flow,**** and self-
assembly of pre-synthesized block copolymers.®*” These
approaches, however, are difficult to scale up because of
demanding synthetic routes or owing to intrinsic limitations
related to the preparation process, and therefore hamper the
study and development of PPs. Recently, silica particles were
decorated with silver or gold patches by heterogeneous nucle-
ation of silver nitrate or a dark-aged solution of potassium
carbonate and chloroauric acid.***° The method is scalable but
limited to inorganic patches. Okubo et al. prepared polymer
particles with dents on the surface by seeded emulsion poly-
merization*™* and seeded dispersion polymerization.****
However, an effort is required to synthesize seed particles first.
Seeded dispersion or emulsion polymerization was also applied
to synthesize non-spherical particles due to a polymerization-
induced phase separation between the original polymer and
the newly formed polymer,***® but they are usually limited to

Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz,
Germany. E-mail: crespy@mpip-mainz.mpg.de

T Electronic supplementary information (ESI) available: Detailed characterization
by SEM, TEM, AFM, DSC and 'H NMR. See DOI: 10.1039/c3py01096a

This journal is © The Royal Society of Chemistry 2014

the preparation of particles with only one patch and having
large size, e.g. several micrometers. Miniemulsion polymeriza-
tion is a powerful method to develop nanoparticles with
different compositions and architectures.* We previously
showed that patchy nanoparticles and nanocapsules, based on
poly(methyl methacrylate-block-styrene)* or poly(methyl meth-
acrylate-block-vinylferrocene),® could be prepared by a combi-
nation of miniemulsion and solvent evaporation techniques.
The preparation of polymer PPs in large quantities and with
multiple patches by a facile and seed-free method without
employing block copolymers still remains a great challenge.

In this study, a monomer and an initiator were firstly
embedded in nanoparticles by using the aforementioned min-
iemulsion-solvent evaporation technique. It was demonstrated
that this technique could be executed without significant
occurrence of coalescence®® and was found to be suitable for
the encapsulation of various liquid chemicals.*”** PPs were
then easily obtained by polymerizing the monomer because
polymerization could induce phase separation between the
newly formed polymer and the original polymer and induced
the formation of sticky patches. We describe here a simple and
scalable strategy to prepare PPs with tunable patch sizes
without block copolymers. Grams of PPs could be easily
prepared based on bench chemistry in one day.

Experimental section

Materials

Poly(vinyl formal) (PVF, M,, ~ 10 000 g-mol *, Aldrich), sodium
dodecyl sulfate (SDS, 99%, Aldrich), deuterium oxide (D,0, 99.9%,
Aldrich), dimethyl sulfoxide-ds (DMSO-dg, 99.9%, Aldrich), hex-
adecane (HD, 99%, Merck), azobisisobutyronitrile (AIBN, 98%,
Aldrich), dichloromethane (DCM, 99%, VWR), chloroform (CHCl;,
99%, VWR), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%,
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Aldrich), potassium persulfate (KPS, 99.9%, Aldrich), 1,4-divinyl-
benzene (DVB, 99%, Aldrich) and argon (Ar, 99.99%, Westfalen
AG) were used as received. Dodecyl methacrylate (DMA, 96%,
Aldrich) was passed through an aluminum oxide (basic) column
before use. The chemical structures of the monomers, initiators
and polymers are shown in Fig. S1.}

Preparation of PVF-DMA nanoparticles

Solvent evaporation and miniemulsion techniques were applied
to prepare PVF-DMA nanoparticles. Known amounts of PVF,
DMA and initiators (see Table 1 for the details) were dissolved in
5 mL CHCl;, and stirred at 600 rpm for 20 min. Then a solution
of SDS in D,O solution (10 mL x 1.0 mg mL™ ') was added,
followed by stirring at 1100 rpm for 1 h. The obtained emulsion
was then treated with a sonifier (Branson W450D Digital, 1/2
inch tip, 90% amplitude) for 2 min (30 s pulse and 15 s
pause, 4x ) in an ice-bath. The obtained miniemulsion was
stirred at 40 °C overnight to evaporate CHCI;. For evaluating the
evaporation speed of CHCl;, aliquots of the dispersion were
taken each hour during the first experiment (entry 1 of Table 1)
for '"H NMR measurements. For PVF-HD nanoparticles (entry 3
in Table 1), the same preparative procedure was adapted.

Generation of patchy nanoparticles

The dispersion was bubbled with Ar for 10 min before heating at
72 °C. To follow the conversion of DMA, an aliquot of the
dispersion was taken every 15 min for "H NMR measurement.
For all the samples with AIBN as the initiator, the polymeriza-
tion was completed in 30 min (see Fig. S21) with DMA conver-
sions of ~90 to 97%. The evolution of the -colloidal
morphologies depending on the DMA conversion measured by
"H NMR (entry 7 of Table 1) was carried out by taking aliquots of
the dispersion every 5 min. At the same time, samples were
taken for SEM measurements. When KPS was used as the
initiator (entry 2 of Table 1), KPS was added before bubbling Ar.
In the case of DMPA as the photoinitiator, the dispersion was
transferred into a quartz cuvette and heated at 72 °C for 20 min
under UV irradiation (Hg lamp, UV-Consulting Peschl TQ 150,

Table 1 Composition and hydrodynamic diameters of the PPs

Entry PVF [mg] DMA [mg] DVB [mg] Dy, [nm]*
1 250 250 0 240 + 70
2P 400 100 0 230 + 90
3¢ 400 0 0 250 + 70
49 400 100 0 280 + 90
5 450 50 0 225 + 50
6 400 100 0 300 + 105
7 300 200 0 250 + 80
8 200 300 0 280 + 85
9 100 400 0 350 + 140
10 300 170 30 260 + 70
11 300 180 20 230 + 80
12 300 190 10 275 + 80

@ Measured by DLS. ? KPS as an initiator. ° DMA was replaced by 100 mg
hexadecane. ¢ 2,2-dimethoxy-2-phenylacetophenone (DMPA) as an
initiator.
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cooling with water, 150 W). The distance between the lamp and
cuvette was 10 cm. A control test was carried out at room
temperature with the same procedure.

Characterization of the polymers and particles

The hydrodynamic diameters of the particles in diluted
dispersions were measured with a dynamic light scattering
machine (NICOMP 380, Santa Barbara) at a fixed angle of 90°
and a laser diode running at 635 nm. "H NMR measurements
were carried out on a Bruker AVANCE 300 MHz console at
room temperature using DMSO-ds as the solvent. Samples
were prepared by diluting 25 pL of the dispersion in 0.55 mL
DMSO-ds. The morphology of particles was observed with a
Gemini 1530 (Carl Zeiss AG, Oberkochem, Germany) scanning
electron microscope (SEM) running at 0.3 kV. Samples for
SEM measurements were prepared by diluting 25 pL of
dispersion in 3 mL distilled water, casting one drop of the
diluted dispersion on a 0.5 x 0.5 cm” silica wafer, and left to
dry at room temperature. The morphology of particles was
further studied by using a transmission electron microscope
(TEM) (Zeiss EM912) with an accelerating voltage of 120 kV.
Samples were prepared by casting one drop of diluted
dispersion on a carbon-layer-coated copper grid (300 square
mesh) and dried at room temperature. For ultrathin cross-
sectional TEM measurement, the PPs were first stained with
osmium tetroxide (OsO,) for 45 min in dispersion. After
centrifugation of the dispersions, the PPs were washed with
water several times. Water was gradually replaced by a graded
series of ethanol (~1 day), and then ethanol was gradually
replaced by a graded series of EPON (~1 day) at room
temperature. Afterwards, the PPs were embedded in EPON
and cured at 60 °C for 3 days. Ultrathin cross-sectional
samples (~60 nm) were prepared with a Leica microtome
and studied on a Philips Tecnai F20 electron microscope at an
operating voltage of 200 kV.

Atomic force microscope (AFM) images were recorded with a
commercial Bruker Dimension 3100 (NanoScope Illa controller)
setup in tapping mode. The mechanical measurements
(topography, adhesion and slope) were performed with a
NanoWizard 3 using the quantitative imaging mode. For this
mode we used Olympus probes (OMCL AC240TS) that were
calibrated first on a hard Silicon wafer. Then the spring
constant was determined by thermal tuning. The topography
was obtained at a setpoint of 500 pN. All images in QI-mode
were recorded with 256 x 256 pixels. Samples were prepared
by casting one drop of diluted dispersion on a silica wafer and
dried at room temperature.

The glass transition temperatures (T,) for the PVF and the
PVF-DMA mixture were measured on a differential scanning
calorimetric (DSC) machine (Mettler Toledo DSC 823) operating
at a heating rate of 10 °C min~ " under N,. The PVF-DMA blend
was prepared by mixing 400 mg PVF and 100 mg DMA in 5 mL
dichloromethane (DCM), and then evaporating DCM at room
temperature. A powder of PPs was obtained by freeze-drying,
and then annealed at 120 °C for 24 h. A sample without
annealing was also prepared as control experiment. The T,

This journal is © The Royal Society of Chemistry 2014
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values were evaluated as the midpoint of the change in heat
capacity.

Results and discussion

A monomer (dodecyl methacrylate, DMA) and an initiator
(AIBN, azobisisobutyronitrile) for radical polymerization were
first embedded in polymer (PVF, poly(vinyl formal)) nano-
particles by a miniemulsion-solvent evaporation process. PVF
and DMA were chosen as the polymer/monomer pair, because
PVF has a glass transition temperature (T,) of ~105 °C,* which
is beneficial to lock the formed structures at room temperature
while PDMA has a T, of ~—48 °C,** which is helpful to increase
the mobility of PDMA chains during the polymerization and
therefore accelerate the phase separation. Unless otherwise
stated, chloroform (CHCl;) was applied as a good solvent to
dissolve PVF and DMA and sodium dodecyl sulfate (SDS) was
used to stabilize the particles. "H NMR spectroscopy was carried
out to follow the evaporation of CHCl; from the droplets/
nanoparticles. It was found that 10 h were necessary under
the experimental conditions to completely remove CHCI; from
the dispersions (Fig. 1a). In our study, the evaporation time was
fixed to 15 h to ensure complete removal of CHCl; before
polymerization. Indeed, CHCI; is a good solvent for both PVF
and PDMA and it is therefore necessary to remove it in order to
allow phase separation in the droplets. The polymerization of
DMA was followed by '"H NMR. The disappearance of peaks at
5.66 and 6.0 ppm (the protons connect to the carbon carbon
double bond, shown by arrows in Fig. 1b) proved that DMA was
fully polymerized.

A representative dispersion of PPs was prepared by using a
weight ratio PVF : DMA of 1 : 1 (entry 1 in Table 1). After evap-
oration of CHCI; but before polymerization of DMA, the surface
of the nanoparticles was found to have bucket-like morphol-
ogies with smooth surfaces (Fig. 2a). These bucket-like
morphologies are due to the evaporation of DMA under high
vacuum in the chamber for scanning electronic microscopy.
After polymerization of DMA, many patches looking like
depressions in SEM appeared on the particle surface as shown
in Fig. 2b. These patches are attributed to dimples, which were
caused by shrinkage of the PDMA domains. Indeed, the poly-
merization induces a volume reduction due to an increase in
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Fig. 1 (a) Normalized CHCls residue as a function of evaporation time

(entry 1 in Table 1); (b) *H NMR spectra of the dispersion before (black)
and after (blue) polymerization at room temperature (entry 4 in Table 1);
xylene (7.02-7.16 ppm) was used as an external standard.
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Fig. 2 Representative SEM micrographs of the nanoparticles (entry 1
of Table 1) (a) before and (b) after polymerization of DMA. (c) TEM and
(d) cross-sectional TEM micrographs of the same PPs. The scale bars
represent 500 nm.

density from 0.868 g cm™* (DMA)* to 0.929 g cm™* (PDMA).*®
The dimples on the PP surface were also detected by TEM
microscopy (Fig. 2¢). To better visualize the phase separation
between PVF and PDMA in the whole particles, cross-sectional
TEM micrographs were taken for PPs after staining with
osmium tetroxide (0sO,). It is known that OsO, can be used to
selectively stain PVF under our experimental conditions.* The
thickness of the sample was ~ 60 nm, less than the diameter of
particles of ~250 nm. As shown in Fig. 2d and Fig. S3,T core-
shell structures could be clearly identified. The brighter core
was created because some of the PDMA diffused out of the
particles during the sample preparation whereas the dark
domains belong to the stained PVF.

Although the cross-sectional TEM micrograph in Fig. 2d
shows that there are two different chemical domains on the
particle surface, the sizes, shapes and depths of the domains
cannot be measured accurately because of the fact that the
particles are deformed during the cross-sectioning. Atomic
force microscopy (AFM) was carried out on the particles to
exclude any effect of the vacuum required for electron micros-
copy on the morphology of the colloids (Fig. 3). The AFM phase
contrast images revealed two distinct phases on the PP surface.
The diameter of the patches of the dark phase contrast ranged
from 10 to 60 nm (Fig. 3b). These patches were also visible in
AFM topography as dimples in the PP (Fig. 3a). Again this can be
explained by the smaller height of the patches induced by
the contraction of the PDMA during the polymerization. Thus
the dark phase contrast areas should correspond to PDMA. A
more direct proof that these patches correspond to PDMA is to
measure the surface elasticity and the tip sample adhesion
forces using force distance curves. Such a study was performed
on several areas and the data recorded on a single PP are
exemplarily presented in Fig. 3c-e. The topography image
(Fig. 3c) revealed no difference compared to standard AFM
imaging. The surface elasticity revealed a reduced slope in the
PDMA-rich domains compared to the surrounding material
(Fig. 3d) while the adhesion in these areas was measured to be

Polym. Chem., 2014, 5, 365-371 | 367
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Fig. 3 AFM height (a) and phase (b) images of PPs (entry 1 of Table 1), 1
um x 1 pum; the right curves show a topography profile. The depth of
the dimple h was calculated by subtracting the profile from a spherical
profile. The average depth of the patch estimated by AFM is between
5and 20 nm. (c—e) Quantitative AFM images of a single patchy particle.
The areas in the graphs marked in grey represent the locations of the
patches. In (e), the background variation in the adhesion forces
was attributed to the presence of remaining surfactant molecules on
the particle surface.

increased (Fig. 3e). This way we could clearly show where the
low T, material, i.e. PDMA, is situated in the PPs.

In order to clearly understand if there are other factors influ-
encing the generation of PPs, a series experiments were carried out
as follows. The miscibility between PVF and the monomer DMA
was studied by differential scanning calorimetric (DSC) measure-
ments. Fig. 4a shows that the pure PVF has a T, ~ 105 °C (2nd
scan, heating curve), whereas the T, of the PVF : DMA blend of
4:1 (wt: wt) was decreased to ~85 °C. This is due to the plasti-
cizing effect that DMA induces for PVF, which means PVF and
DMA are partially miscible. Another hint for the presence of DMA
in the PVF is given by the fact that the patchy structure can also be
obtained using a water soluble initiator instead of AIBN after the
evaporation of CHCl; (Fig. 4b). The polymerization initiated by
potassium persulfate (KPS) yielded PDMA, which means that DMA
was partly present on the PVF surface. As AIBN was used as the
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Fig. 4 (a) Differential scanning calorimetric heating curves (2nd scan)
for PVF (upper) and PVF—-DMA blend (4:1 wt:wt) (lower); SEM
micrographs of PVF nanoparticles prepared under different condi-
tions: (b) KPS as an initiator (entry 2 in Table 1); (c) HD as hydrophobic
oil (entry 3in Table 1); (d) DMPA as a photoinitiator (entry 4 in Table 1).
The scale bars represent 500 nm.

initiator in most cases, the decomposition of AIBN will generate a
considerable amount of nitrogen gas (N,). In our study, there is
1.57 em® N, generated at 72 °C when AIBN is fully decomposed
according to Charles Law, V;/T; = V,/T, (V; is the volume of N, at
room temperature T;; V, is the volume of N, at reaction temper-
ature T,). In order to study the possible effect of N, on the
morphology of PPs, DMA was replaced by the chemically inert
hexadecane and then the dispersion was treated under the same
conditions as for the preparation of PPs. No indentations were
detected on the surface of particles (Fig. 4c). The gas generation
was therefore not the reason for the formation of the patches. To
demonstrate that the polymerization reaction plays the key role in
the formation of the PPs, another experiment was conducted to
form PPs with the photoinitiator DMPA, which does not release
gas during polymerization. As shown in Fig. 4d, dimples were
present on the nanoparticle surface when DMA was polymerized at
72 °C. However, no patches could be obtained (see Fig. S41) when
DMA was polymerized at room temperature although the conver-
sion of monomer to polymer was ~100%. These results further
justify our conclusion that polymerization-induced phase separa-
tion is the dominant driving force in forming patches in such PPs.
Temperature also plays an important role to allow and accelerate
the phase separation during polymerization.

The temporal evolution of the nanoparticle morphology as a
function of the conversion (Cy,) was followed by SEM (Fig. 5).
Aliquots of the dispersion were taken at different times for 'H
NMR measurements to determine C,. Phase separation already
occurred at a very early stage of polymerization (C,,, = 6%,
Fig. 5b) according to a nucleation-growth mechanism. Some
tiny dimples appeared on the particle surface. When Cy,, < 58%
(Fig. 5a-d), the sizes of the patches increased with increasing
Cm, €.2. ~30 nm with C;, = 30% and ~45 nm with C,, = 58%.
When C,, > 58% (Fig. 5e-h), the size of the patches was almost
constant even when C,, was increased above 90%. This is

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 SEM micrographs show the morphological evolution of PVF
nanoparticles (entry 7 in Table 1) with increased conversion of DMA to
polymer. The scale bars represent 200 nm.

possibly due to the enhanced viscosity of the system when Cy, is
high, which slows down the mobility of the polymer chains.
Moreover, the aforementioned plasticizing effect of DMA on
PVF becomes less pronounced with DMA conversion, leading to
a locking of the nanoparticle structure. This means that the size
of the patches of the PPs can be tuned by controlling the
monomer conversion, especially at the early stage of the poly-
merization. However, the consequence is that some amount of
the monomer can be present in the final PPs.

Therefore we searched for another method to control the size
of the patches while minimizing the amount of the non-reacted
monomer in the PPs. This can be achieved by precisely adjust-
ing the composition of the PPs (entries 5-9 of Table 1). For
concentrations of DMA < 50% (Fig. S5a-ct and 2a), the particles
possess spherical morphologies, i.e., the DMA is embedded in
the PVF nanocapsules.® Above 50% of DMA, the DMA cannot be
fully encapsulated by PVF and bowl-shaped structures
were identified (Fig. S5dt). As shown in Fig. 6a, the average
patche size (calculated on 100 patches) was ~17 nm when the
concentration of the monomer was 10%. Increasing the amount

Fig. 6 SEM micrographs of PPs reveal that the patch size could be
adjusted by varying the compositions of DMA and for C,, > 95%. The
scale bars represent 500 nm. The inset particles have a diameter of
~300 nm.
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of DMA in the nanoparticles to 20% and 40% yielded a patch
size of ~25 nm and ~42 nm, respectively (Fig. 6b—c). A further
rise in the concentration of DMA (60%) leads also to a larger
patch size (Fig. 6d), but causes the formation of acorn structures
instead of the previously observed patchy nanocaspule struc-
tures. Patchy structures were also detected after polymerization
when DMA was 80% but only in the bowl shaped section formed
by the PVF (Fig. S67). The size of the patches, therefore, can be
controlled to be from ~15 nm to ~45 nm by adjusting the
composition of the nanoparticles.

The PPs morphologies are in a kinetically trapped but ther-
modynamically unstable state. Indeed, after annealing the
nanoparticles at T > Ty, phase separation between the PDMA
and the PVF occurred and led to the vanishing of the patchy
domains. As shown in Fig. S7,1 heating the PPs (entry 6 of
Table 1) at 90 °C removed the particle surface structures while
aggregation of particles was detected (Fig. S7dt). The thermal
properties of the PPs were investigated by DSC to estimate the
miscibility of the polymers in the PPs. Two T, values at —32 °C
and 77 °C were detected before annealing, corresponding to the
PDMA-rich phase and the PVF-rich phase, respectively
(Fig. S8t). Compared with the T, of the individual components
(105 °C for PVF and —48 °C for PDMA®®), these results indicate
that the confinement and the kinetically trapped colloidal
morphology force a partial mixing of PVF and PDMA. Note that
SDS also acts as a plasticizer to decrease the T, of polymers.®®!
After annealing the freeze dried PPs (as powder) at 120 °C for
24 h, the measured T, values of the PPs were found to be shifted
oppositely to —38 °C and 103 °C, revealing a higher extent of
phase separation between both polymers. In order to lock the
kinetically trapped patchy morphology, we investigate the
possibility to crosslink the PDMA domains. The use of a
crosslinker for the formation of PPs is however a double-edge
strategy. On the one hand, the colloidal morphology shall be
locked. On the other hand, it may hamper the formation of the
patchy domains due to the rapid increase of viscosity in
the particles with increased monomer conversion. Indeed, PPs
prepared with 15 wt% DVB (1,4-divinylbenzene) as a crosslinker
displayed an irregular surface (Fig. S9at) but no identifiable
patchy domains (Fig. S9b+t). Reducing the concentration of the
crosslinker to 10 and 5% (entries 10 and 11 in Table 1) however
yielded PPs. Whereas the PPs with a 5% crosslinker were
aggregated upon annealing at 90 °C for 3 h, the PPs with a 10%

Fig.7 SEM micrograph (a) and AFM phase contrastimage 1 um x 1 pum
(b) of cross-linked PPs (entry 11in Table 1) after treating at 90 °C for 3 h.
The scale bar represents 500 nm.
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crosslinker tolerated the annealing. Although some aggregation
was still observed, separated PPs with specific surface domains
could be clearly identified (Fig. 7a). Again, the dimples were
proved to be of a different composition than the matrix by AFM
phase imaging (Fig. 7b). The patchy domains in the PPs could
be therefore stabilized by the introduction of an appropriate
amount of crosslinker.

Conclusions

In summary, we demonstrated an easy, low-cost and mild strategy
to fabricate patchy particles (PPs) in large quantities without using
block copolymers. Polymerization-induced phase separation was
found to be the reason for the formation of the PPs. The size of the
patches could be easily tuned by controlling the monomer
conversion or by changing the composition of the nanoparticles.
The atomic force microscopy analysis revealed that the patches
were found to be sticky and embedded in a harder polymer
matrix. Moreover, the patchy structure could be locked by cross-
linking the sticky patches. Our approach could be extended to
prepare large libraries of different PPs by choosing other polymer/
monomer pairs and/or by post-functionalizing the patchy area.
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