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� Anisotropic colloids carrying
chemically orthogonal patches were
synthesized.

� Both types of patches could be
functionalized independently and
site-specifically.

� Controlling patch chemistry and
geometry opens new avenues for
colloidal assembly.
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Hypothesis: Self-assembly using anisotropic colloidal building blocks may lead to superstructures similar
to those found in molecular systems yet can have unique optical, electronic, and structural properties. To
widen the spectrum of achievable superstructures and related properties, significant effort was devoted
to the synthesis of new types of colloidal particles. Despite these efforts, the preparation of anisotropic
colloids carrying chemically orthogonal anchor groups on distinct surface patches remains an elusive
challenge.
Experiments: We report a simple yet effective method for synthesizing patchy particles via seed-
mediated heterogeneous nucleation. Key to this procedure is the use of 3-(trimethoxysilyl)propyl
methacrylate (TPM) or 3-(trimethoxysilyl)propyl acrylate (TMSPA), which can form patches on a variety
of functional polymer seeds via a nucleation and growth mechanism.
Findings: A family of anisotropic colloids with tunable numbers of patches and patch arrangements were
prepared. By continuously feeding TPM or TMSPA the geometry of the colloids could be adjusted accu-
rately. Furthermore, the patches could be reshaped by selectively polymerizing and/or solvating the indi-
vidual colloidal compartments. Relying on the chemically distinct properties of the TPM/TMSPA and
seed-derived domains, both types of patches could be functionalized independently. Combining detailed
control over the patch chemistry and geometry opens new avenues for colloidal self-assembly.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Analogous to atoms and molecules, colloidal particles under
thermal agitation are able to spontaneously assemble into larger
superstructures. Therefore, (anisotropic) colloids have been
regarded as important model systems to study the molecular and/
or atomisticworld.Moreover, because of their size and surfaceprop-
erties, new types of materials can in principle be created by using
colloids as buildingblocks. Crucial for the successful bottom-upcon-
struction of complex assemblies is access to elementary building
blocks with well-designed shapes that interact with each other in
a highly directional manner. To embed these characteristics in col-
loidal particles, intensive research has been devoted to tailor the
size, shape and surface characteristics of colloidal particles [1,2].
Dispersion and emulsion polymerization-based techniques have
beenwidely used to prepare anisotropic particles in a scalableman-
ner [3–6]. Typically, cross-linked spherical seed particles are swol-
len with monomer(s). Subsequently, the swelling monomer
undergoes a (heat-induced) phase separation from the cross-
linked polymer network to form an additional lobe on the surface
of the seed particles. This phase separation is driven by an elastic
stress that is generated upon contraction of the cross-linked poly-
mer network. While large quantities of anisotropic colloids can be
produced by this method, a severe drawback of these procedures
is the restriction in attainable particlemorphologies. The underlying
reason for this limited geometric variation is directly coupled to the
phase separating mechanism by which the patches are formed. To
generate sufficient elastic stress to drive the phase separation, a
minimumamount of swellingmonomer needs to be used. The intro-
duction of patches small compared to the size of the seeds is there-
fore challenging. On the other end of the geometric spectrum, the
protrusion size is limited by the maximum swelling capacity of the
seed particles [7,8]. In addition to the limitations in particle aniso-
tropy, seeded polymerizations can only be employed with mono-
mers that are compatible with the cross-linked seed, i.e., that are
able to swell the polymer matrix. This severely limits the chemical
freedom in generating particles with distinct lobes.

Alternatively, seed-mediated heterogeneous nucleation and
growth methods have been proposed as an efficient strategy for
synthesizing anisotropic particles. Sacanna et al. [9–11] prepared
a whole ‘‘zoo” of anisotropic colloids using colloidal seeds to
induce the heterogeneous nucleation of hydrolyzed 3-
methacryloxypropyl trimethoxysilane (TPM) monomers. During
synthesis, the TPM condenses on the seed particles, forming a liq-
uid droplet. This droplet can be easily solidified by polymerization
to yield the desired anisotropic colloids. The size of the nucleated
TPM droplets is in principle not limited by synthetic constraints.
Indeed, it was found that by controlling the TPM concentration a
wide variation in patch sizes could be obtained [12].

Although these state-of-the-art synthetic procedures provide
good control over the particle morphology, the resulting colloids
generally feature at least one patch that is ‘‘inert” towards conven-
tional chemical modification procedures, [3,6,13] or patches that
contain identical functionality [14–17]. A synthetic hurdle that
has yet to be taken to truly expand the attainable structural diver-
sity upon assembly is the synthesis of anisotropic particles that
carry patches which can be modified in a truly orthogonal manner.

Inspired by the work of Sacanna et al., we introduce a general
route towards bifunctional anisotropic colloids with chemically
orthogonal functional patches by combining seeded dispersion
polymerizations with patch formation via heterogeneous nucle-
ation. Functional core–shell seeds synthesized using seeded dis-
persion polymerization were converted into single-patch
(dumbbell-like) or double-patch (trimer-shape) colloids by
heterogeneous nucleation of silane alkoxide monomers (TPM or
3-(trimethoxysilyl)propyl acrylate (TMSPA)) on their surface. The
size ratio, morphology, and geometry of the anisotropic particles
could be controlled by the TPM/TMSPA feeding ratio. As the chem-
ical characteristics of the seed particles are distinctly different
from the TPM or TMSPA-derived lobes, both types of patches could
be independently modified. The combined geometric and site-
specific chemical control reported here is a significant step for-
wards to the next-generation of colloidal model systems for
(self-)assembly.

2. Experimental section

Materials. Styrene (St, 99%), 2-(2-bromoisobutyryloxy)ethyl
methacrylate (BIEM, 95%), 2-hydroxyethyl acrylate (HEA, 96%, con-
tains 200–650 ppm monomethyl ether hydroquinone as inhibitor),
sodium 4-styrenesulfonate (NaSS), toluene (techn., Interchema),
(3-aminopropyl)triethoxysilane (APS, 99%), Ficoll (PM 400), fluo-
rescein isothiocyanate (FITC, 90%), hexamethyldisilazane (HMDS,
99%), methacryloxyethyl thiocarbamoyl rhodamine B (MTR), cop-
per bromide (Cu(I)Br, 98%), bromotris(triphenylphosphine)copper
(I) (CuBr(PPh3)3, 98%) and N,N,N’,N’,N’’-pentamethyldiethylenetria
mine (PMDETA, 99%) were obtained from Sigma Aldrich. Sodium
bisulfite (NaHSO3, ACS reagent), 3-(trimethoxysilyl)propyl
methacrylate (TPM, 98%), 3-(trimethoxysilyl)propyl acrylate
(TMSPA, 92%) and a,a’-azobis(isobutyronitrile) (AIBN, 98%) were
purchased from Acros Organics. 1-Butanol (BuOH, 99%) and
sodium azide (NaN3, 99%) were purchased from Fisher Scientific.
Ammonium hydroxide (for analysis, 28–30 wt%) was purchased
from Antonides CV. Ethanol (EtOH, p.a., ACS reagent) was pur-
chased from Merck. Methanol (MeOH, ACS specifications) was
obtained from J. T. Baker. The water used for all syntheses was
purified using a Milli-Q system. All chemicals were used without
further purification.

Synthesis of linear charge-stabilized polystyrene (PS). Linear
micron-sized polystyrene spheres were synthesized using a
stabilizer-free dispersion polymerization method as described in
the literature [18]. St (8 mL, 70 mmol), NaSS (0.13 g, 0.63 mmol),
and AIBN (90 mg, 0.55 mmol) were dissolved in a mixture of water
(10 mL) and EtOH (40 mL) in a 100 mL round-bottom flask. The
flask was sealed with a stopper and then flushed with N2 for
30 min. Polymerization was carried out by immersing the flask in
an oil bath of 70 �C for 20 h under magnetic stirring. The resulting
dispersion was washed by centrifugation and redispersion in water
(3 � ) to remove remaining monomers/oligomers. Particles with an
average diameter of 1.2 mm and polydispersity of 2% were obtained
according to transmission electron microscopy (TEM) (Fig. S2).

Synthesis of functional polystyrene particles (PS-Br). A dis-
persion containing PS colloids (20 mL, solid content = 18 wt%)
was charged into a 250 mL round-bottom flask, followed by the
addition of water (100 mL) yielding a 3 wt% dispersion. The reac-
tion flask was subjected to ultra-sonication for 20 min to ensure
all colloids were fully dispersed. A solution comprising St
(2.5 mL, 22 mmol), BIEM (1.1 mL, 5 mmol), and AIBN (35 mg,
0.2 mmol) was added. The sample was then rotated under a 60�
angle for 12 h in order to facilitate the swelling of the colloids with
the added monomers. After this swelling period, polymerization
was carried out by immersing the flask in an oil bath of 75 �C at
an angle of 60� and rotating it at ~100 rpm. After 12 h of polymer-
ization, the dispersion was washed by centrifugation and redisper-
sion with water (3 � ). The resulting particles had a diameter of
1.5 lm and a polydispersity of 5% as determined with transmission
electron microscopy (TEM). Incorporation of BIEM was confirmed
with infrared (IR) spectroscopy (Fig. S1).
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Synthesis of hybrid patchy particles from functional spheres
(PS-Br-TPM/PS-Br-TMSPA). In a typical experiment, TPM (1 mL,
4 mmol), was hydrolyzed in water (10 mL) by vigorous stirring
for approximately 5 h. For TMSPA hydrolysis, 0.5 mL was added
to water (15 mL) and stirred for 5 h. Next, hydrolyzed TPM/TMSPA
solution (3 mL, h-TPM or h-TMSPA) and ammonium hydroxide
(1 mL, 28 wt%) were rapidly mixed with a dispersion containing
the brominated seed spheres (15 mL, 0.5 wt%) in a 40 mL glass vial.
The mixture was left undisturbed for up to 2 h to allow the TPM to
nucleate on the surface of the seed particles. Colloids with the
desired size ratio were obtained by feeding h-TPM or h-TMSPA to
the crude reaction system. Finally, to solidify the TPM/TMSPA lobe,
AIBN (210 mg, 1.3 mmol) was added to polymerize the droplet at
80 ℃ for 16 h.

Reshaping the PS phase of the anisotropic particles. After
nucleation of the TPM/TMSPA droplets, the spherical PS seeds were
plasticized and progressively deformed by adding small amounts
of toluene (typically on the order of 125 mL of toluene per 30 mL
as-prepared crude dispersion). The dispersions were then left
under mild stirring for 3 h and the changes in morphology were
followed by optical microscopy.

To selectively dissolve the linear polystyrene core, a solvent
mixture of toluene (125 mL) and EtOH (625 mL) per 30 mL disper-
sion was used. After chemical etching, the colloidal structures were
fixed by stirring the suspension at 80 �C in an open container and
allowing the toluene and EtOH to evaporate.

To prepare particles with a smooth p(TPM)/p(TMSPA) patch and
rough PS-Br lobes, the patchy particles were exposed to a second
heterogeneous nucleation. Typically, h-TPM or h-TMSPA solution
(1 mL) and ammonium hydroxide (5 mL, 28 wt%) were rapidly
mixed with a dispersion containing the patchy particles (18 mL,
solid content = 0.5 wt%) in a 40 mL glass vial before solidification.
The sample was then left for several hours to obtain particles with
the desired roughness. The TPM/TMSPA patches were solidified via
free radical polymerization by addition of AIBN (70 mg, 0.4 mmol)
and heating at 80 �C for 16 h.

Post-modification of seed-derived lobes. Atom transfer radi-
cal polymerization (ATRP) was used to graft HEA from the bromi-
nated patches following a procedure which was adapted from
reference [19]. HEA (180 lL, 1.6 mmol) and Cu(I)Br (25 mg,
0.17 mmol) were added directly into an oven dried Schlenk flask.
For labelling experiments, the monomer mixture consisted of
HEA mixed with MTR (2 mg, 0.003 mmol). An EtOH/H2O mixture
(1:1, v/v) (1 mL) was added to the reaction flask and the solution
was stirred for 10 min to dissolve the Cu(I)Br, resulting in the
appearance of a light grey-green color. Subsequently, PMDETA
(120 lL, 0.6 mmol) was injected into the reaction mixture. Upon
addition of PMDETA, the reaction mixture turned light green. The
mixture was degassed by evacuation and refilling with N2 repeat-
edly (3 �). In a separate Schlenk flask, the PS-Br-TPM or PS-Br-
TMSPA particles dispersed in the EtOH/H2O mixture (1:1, v/v)
(1 mL, solid content = 1 wt%) were degassed. The degassed particle
dispersion was injected into the monomer/catalyst mixture under
N2 atmosphere. The light green reaction mixture was allowed to
stir for 10 h at 40 ℃ (labelling experiments were performed in
the dark and quenched after 20 min). The resulting particles were
washed several times with EtOH, 50 mM NaSO3 solution (to pro-
mote removal of the copper catalyst) and water, respectively.

To substitute the bromides on PS-Br-TPM for azides the follow-
ing procedure was performed. PS-Br-TPM dispersed in BuOH/H2O
mixture (7:3 v/v) (3 mL, solid content = 1 wt%), NaN3 (23 mg,
0.35 mmol), and CuBr(PPh3)3 (8.9 mg, 0.01 mmol) were added in
a glass vial. The reaction mixture was stirred at 70 ℃ for 14 h. Sub-
sequently, the azide functionalized anisotropic particles were
washed with ethanol and water (3 �).
Post-modification of poly(TPM) lobes. To confirm the func-
tionality of the TPM/TMSPA lobes, a rhodamine-based fluorescent
silane coupling agent was used to covalently label the surface of
these patches [20]. This fluorescent coupling agent was obtained
by dissolving RITC (7.5 mg, 0.014 mmol) and APS (0.8 mL,
3.61 mmol) in EtOH (10 mL). The resulting stock solution was stir-
red overnight in the dark at room temperature and then stored at 4
℃. The dye solution (20 mL) was added into a 4 mL glass vial con-
taining the anisotropic particles dispersion in ethanol (1 mL, solid
content = 0.5 wt%). The mixture was allowed to react in the dark
for 24 h. The labeled particles were washed with EtOH and water
(3 �).

To modify the silane patches to be hydrophobic and to render
the particle’s functional groups detectable with IR spectroscopy
after surface modification, HMDS was selected as the silane cou-
pling agent [21]. Anisotropic particles (4 mg) dispersed in water
were centrifuged and redispersed in ethanol (5 � ) and then dis-
persed in ethanol (1 mL) containing HMDS (8 lL, 0.04 mmol).
The samples were left on a roller table for at least 48 h at room
temperature. After modification, the resulting particles were
washed several times with EtOH to remove unreacted HMDS.

Purification of anisotropic particles. To separate the target
particles from secondary p(TPM)/p(TMSPA) nuclei and non-
reacted seeded spheres, the crude dispersions were purified using
density gradient centrifugation [22]. A 30 mL continuous gradient
of 8–20 wt% Ficoll was prepared in a centrifuge tube. Crude sample
dispersion (1 mL, solid content = 0.5 wt%) was added on top of the
Ficoll gradient solution. The sample was then centrifuged at
150 � g for 15 min until multiple bands appeared. Each band
was removed separately using a syringe and washed with water
at 1450 � g for 45 s (5 �).

Characterization. Transmission electron microscope (TEM)
imageswere takenwith a Philips Tecnai10 electronmicroscope typ-
ically operating at 100 kV. The samples were prepared by drying a
drop of diluted aqueous dispersion on top of polymer-coated copper
grids. Scanning electron microscopy (SEM) samples were prepared
using the same method. However, to achieve SEM images with
higher magnification, a sputter coater with a platinum target was
used to coat the dried copper grids. The samples were sputter-
coated with a 10 nm thick platinum layer. SEM images were taken
with a Philips SEMXL PEG 30 typically operating at 5–10 kV. Optical
microscopy andfluorescence images (kexcitation = 480nmfor FITCand
kexcitation = 540 nm for RITC) were taken with a Nikon Ti-E inverted
microscope. Samples were prepared by placing a drop of the diluted
dispersiononamicroscopy slide. Infrared (IR) spectrawereobtained
using a PerkinElmer Frontier FT-IR/FIR spectrometer in attenuated
total reflectance (ATR)mode.Measurementswere takenonpowders
obtained by drying the sample dispersion.
3. Results and discussion

Synthesis of single-patch particles with tunable size ratio. A
schematic overview of the synthetic strategy towards the bifunc-
tional PS-Br-TPM particles is shown in Fig. 1. The method com-
prises three main steps. Firstly, functional core–shell spheres are
synthesized via seeded dispersion polymerization. These particles
are subsequently used as seeds to induce the heterogeneous nucle-
ation of TPM or TMSPA. Finally, the surface-nucleated droplets are
polymerized to yield the targeted anisotropic particles. The as pre-
pared colloids consist of a highly cross-linked TPM/TMSPA patch
[9], and a linear (non-cross-liked) polymeric core–shell seed. The
synthetic procedure will be outlined in more detail below.

First, uniform charge-stabilized linear polystyrene (PS)
microspheres were synthesized using stabilizer-free dispersion



Fig. 1. (a) Schematic representation of the synthesis of anisotropic particles with two functional patches. Step (1): introduction of a functional shell (in orange) via seeded
dispersion polymerization. The linear polystyrene seeds (purple) were swollen with a monomer mixture of 2-(2-bromoisobutyryloxy) ethyl methacrylate (BIEM) and styrene,
and subsequently polymerized yielding brominated core–shell particles (PS-Br). Step (2): spherical seeds are partially engulfed in poly(3-(trimethoxysilyl)propyl
methacrylate) p(TPM) oil droplets (in green) via seeded heterogeneous nucleation. Step (3): the TPM oil droplet grows into the desired size by feeding fresh hydrolyzed TPM
(h-TPM). Step (4): a radical polymerization solidifies the TPM lobe, resulting in snowman-shaped colloids. (b) Transmission electron microscope (TEM) images of PS-Br core–
shell seed particles. Representative optical microscope images of density-gradient centrifugation purified (c) symmetric and (d) asymmetric single-patch particles. In the
latter case, the p(TPM) lobes are larger than the polystyrene-based patches.
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polymerization using sodium 4-styrenesulfonate (NaSS) as charged
comonomer. NaSS will preferentially partition at the surface of the
colloidal particles, giving the particles a negative surface charge. In
contrast to conventional dispersion polymerizations, which rely
on steric stabilization via surface-adsorption of polymers, the use
of NaSS ensures colloidal stability via the incorporation of perma-
nently charged sulfonate moieties. The absence of polymeric stabi-
lizers promotes the accessibility of the colloidal surface and
therefore facilitates surface modifications [23]. The obtained parti-
cles with a diameter of 1.2 lm and a polydispersity of 2% were sub-
sequently swollen with styrene (St) and 2-(2-bromoisobutyryloxy)
ethyl methacrylate (BIEM). BIEM was selected as functional como-
nomer to be able to modify the seed-derived patches using
controlled polymer grafting after TPM nucleation as will be
described later. It is noteworthy that seeded polymerization is a
widely employed strategy to functionalize colloids and the proce-
dure is not limited to BIEMonly. Core–shell particles using (slightly)
hydrophilic comonomers such as 2-(2-bromoi sobutyryloxy) ethy-
lacrylate, [24] 4-vinylbenzyl chloride, [13] and vinyl acetate
[25,26] were reported before. These particles could in principle also
be employed as seeds to produce similar patchy particles outlined
here (see Supporting information S1).

After polymerization of the swelling monomers, a brominated
copolymer shell was formed around the PS core (PS-Br). After
seeded growth, uniform spherical particles with a diameter of
1.5 lm and a polydispersity of 5% were obtained (Fig. 1b). Incorpo-
ration of BIEM was confirmed by infrared (IR) spectroscopy
(Fig. S1). Comparison of the IR spectra of the bare PS and PS-Br par-
ticles revealed the appearance of a new band at 1730 cm�1. This
band is diagnostic for the carbonyl vibration (C@O) from the incor-
porated BIEM (Fig. 5).

Next, PS-Br served as seeds for the synthesis of the targeted pat-
chy particles (Fig. 1, Step 2) by heterogeneous nucleation of TPM.
Prior to addition, the TPM was hydrolyzed. This procedure yields
metastable water-soluble silanols after a slow hydrolysis of the
alkoxysilanes. Adding pre-hydrolyzed TPM (h-TPM) to PS-Br in
alkaline conditions, induces rapid condensation reactions of the
h-TPM. The formed oligomers are insoluble and preferably con-
dense onto the seed particles generating liquid TPM protrusions
[27]. Finally, the newly formed lobes were solidified by a heat-
induced polymerization of the TPM oligomers through their
methacrylate moieties, achieving single-patch organo-silica hybrid
particles. The patchy colloids (Fig. 1c, d) were isolated from the
crude reaction mixture which also contained a small fraction of
spherical polystyrene seeds and p(TPM) secondary nuclei (Fig. S3).

By taking advantage of the nucleation-and-growth mechanism
for protrusion formation and the fact that the TPM lobes remain
liquid before polymerization, we explored the possibilities to tune
the dimensions of the TPM domain. As shown in Fig. 2, for a given
size of functional seed particles, we were able to control the



Fig. 2. Optical microscope images and transmission electron microscope (TEM)
graphs of single-patch particles, showing that the size ratio of the two patches can
be controlled by adding hydrolyzed 3-(trimethoxysilyl)propyl methacrylate (h-
TPM) to the system. Examples of single-patch particles with the radius of the TPM
lobe divided by the radius of the polystyrene seed (RTPM/Rcore-shell) equal to (a, b)
0.38, (c, d) 1.1, (e, f) 1.8 and (g, h) 3.2. The brominated seeded patches are
highlighted by the red circles.

F. Chang et al. / Journal of Colloid and Interface Science 582 (2021) 333–341 337
relative size ratio of the two lobes. This was achieved by feeding
various amounts of h-TPM to the system to grow the newly formed
lobes into the desired size. Gradual TPM addition is preferred as it
allows for better control over the geometry of the PS-p(TPM)
hybrid particles and reduces the formation of secondary nucle-
ation. As confirmed by optical and transmission electron micro-
scopy (TEM) (Fig. 2), the relative size ratio, here defined as the
radius of the TPM lobe divided by the radius of the polystyrene
seed (RTPM/Rcore-shell) was tunable over a wide range (0.38; 1.1;
1.8 and 3.2, respectively). Furthermore, TEM analysis revealed that
the particles feature two well-defined spherical patches after
polymerization.

Synthesis of double-patch particle with variable geometry. In
addition to TPM, 3-(trimethoxysilyl)propyl acrylate (TMSPA) was
employed as silane alkoxide monomer to generate anisotropic pat-
chy particles. Interestingly, by substituting TPM for TMSPA,
double-patch particles carrying two brominated seeded patches
and a central p(TMSPA) lobe could be readily prepared. Approxi-
mately 40% of all colloids in a crude reaction mixture was a
double-patch particle (Figure S3). Kraft et al. [5] showed that delay-
ing the polymerization of liquid protrusions immobilized on col-
loidal particles led to coalescence of these liquid domains,
leading to the formation of colloidal molecules. Similarly, the
brominated seeds were fused by merging of the liquid TMSPA-
oligomer droplets to form higher order patchy particles [5]. We
found that the nucleation of hydrolyzed TMSPA (h-TMSPA) into
protrusions is approximately 8 times slower than that observed
for h-TPM. Compared to the relatively rapid nucleation reaction
of h-TPM, the slower nucleation and hence longer delay period
before polymerization of the TMSPA droplet allowed particles to
coalesce and form dimers bonded by a liquid TMSPA bridge
(Fig. 3a). After fusion, the central TMSPA lobes gradually grow into
a discrete central domain (Fig. 3b). Notably, the brominated seed
particles were always in close proximity in the final cluster
(Fig. 3). We attribute this geometric uniformity to strong capillary
attractions generated between the seed particles when attached to
the TPM-water interface. The necessity for slower hydrolysis rates
to promote merging of liquid protrusions was confirmed by delay-
ing the polymerization for the TPM-based procedure we presented
in the previous section. In this case delayed polymerization led to
formation of polydisperse clusters with ill-defined shapes.

Similar to the single-patch particles, where the size ratio
between the TPM and PS-derived lobes could be tuned extensively
(Fig. 2), the heterogeneous nucleation method enables the synthe-
sis of double-patch particles having central TMSPA domains with
dimensions controllable over a broad range (Fig. 3c-l). After merg-
ing of the liquid TMSPA protrusion localized on two different seeds,
the central lobe can be grown to the desired size by sequential
feeding of h-TMSPA. Accompanied with the growth of the central
lobe is a decrease in the angle h between the brominated patches
(Fig. 3b, inset). Angles ranging from nearly 180� (Fig. 3c, f) to 20�
(Fig. 3g, l) are accessible. This variation in patch arrangement is
extremely hard to realize for higher order patchy particles synthe-
sized via conventional seeded dispersion/emulsion polymerization
techniques [26–29].

Orthogonal functionalization of anisotropic particles. The
hybrid colloids resulting from the polymerization of TPM or TMSPA
contain two chemically distinctly patches: a silanol covered p
(TPM)/p(TMSPA) lobe that can be easily modified with silane cou-
pling agents, and a brominated lobe (PS-Br) containing alkyl bro-
mides that can acts as initiators for atom transfer radical
polymerizations (ATRP). The difference in chemical nature
between these two patches ensures that further modification can
be performed independently and site-specifically. To confirm that
the brominated moieties on the surface of the PS-Br core shell
seeds remain localized on the patch and retain their functionality
as ATRP initiators, these patches were labeled with 2-
hydroxyethyl acrylate (HEA) and a fluorescent comonomer
(methacryloxyethyl thiocarbamoyl rhodamine B, (MTR)) (Fig. 4a).
In agreement with our expectation, fluorescence microscopy
revealed that only the region corresponding to the polystyrene
patch was labeled after polymer grafting (Fig. 4c, f).

For the TPM/TMSPA-derived lobes, a variety of silane coupling
agents can be utilized for selective modification. As an example,
we used a fluorescent coupling agent to label the TPM/TMSPA lobe
(Fig. 4a). Fluorescence microscopy shows that the larger p(TPM)
lobe is clearly brighter than the PS-Br patch. This result suggests
that the covalent silica modification is site-specific and localized
on the anticipated patch (Fig. 4d, g). The weak fluorescence signal
on the polystyrene patch is attributed to physical adsorption of the
hydrophobic dye molecules (Fig. S4).

In addition to the fluorescent microscopy analysis, bright field
optical microscopy and SEM analysis confirmed the site-
specificity of the surface modification by revealing an increase in
size and roughness of the brominated lobes after polymer grafting
(Fig. 5). To facilitate the observation of the modified patches, poly-
mer brushes with large thicknesses were targeted (Fig. 5b, e). The p
(TPM) lobes were not affected by the ATRP reaction and remained
smooth. The roughness of the polymer grafted patch in SEM
(Fig. 5c, f) is caused by a collapse of the polymer brushes during
sample preparation and imaging under vacuum. Naturally, ATRP
grafting is not limited to HEA only. A wide variety of monomers
can be polymerized using this technique, providing means to pre-
cisely tailor the chemistry of the polystyrene patch [30,31]. Nota-



Fig. 3. (a) Schematic representation of the synthetic procedure toward double-patch particles with tunable geometries and patch arrangements. The brominated core–shell
seeds prepared via seeded polymerization (Step 1) were dispersed in an aqueous solution containing hydrolyzed 3-(trimethoxysilyl) propyl acrylate (h-TMSPA) (Step 2).
Spherical seeds partially engulfed by TMSPA oil droplets (in blue) coalesce with each other, forming dimers linked via liquid TMSPA domains (Step 3). The TMSPA oil droplet
grows into the desired size by feeding fresh h-TMSPA before solidification via a free radical polymerization to obtain solid double-patch particles (Step 4, 5). (b)
Representative optical microscope image of the polymerized double-patch particles after density gradient purification. The inset is a schematic representation of a double-
patch particle carry two brominated polystyrene lobes. The relative orientation between the lobes is captured by the angle h. (c–g) Optical microscope images and (h–l)
corresponding scanning electron microscope (SEM) images of double-patch particle with different angles. Scale bars of panels c–g = 2 lm, and for panels h–l = 1 lm.
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ble examples of monomers used in combination with colloidal
ATRP initiators are N-isopropylacrylamide [23], methyl methacry-
late [24], glyceryl methacrylate [32] and [2-(methacryloyloxy)eth
yl]trimethylammonium chloride [33].

To further probe the versatility of the functional groups on the
particle surface, the terminal bromine atoms were substituted for
azides by conducting a nucleophilic substitution reaction with
sodium azide (NaN3). Introduction of the azide was confirmed by
the presence of a diagnostic –N@N@N IR band at 2150 cm�1

(Fig. 5h, pink spectrum). Substitution with azide groups enables
further modifications using versatile Click Chemistry protocols
[13,34]. Moreover, to show the reactivity of the p(TPM) patch, hex-
amethyldisilazane (HMDS) was used to modify the p(TPM) lobes.
After modification three easily detectable characteristic bands of
Si(CH3)3 were observed in the IR spectrum (Fig. 5h, blue circle),
providing proof that silane functionalization procedures can be
applied to modify the TPM-derived patches.

Reshaping colloids. The seed-mediated heterogeneous nucle-
ation procedures outlined here yields particles that contain highly
crosslinked p(TPM) or p(TMSPA) patches and linear-core–shell
brominated polystyrene domains. By exploiting the distinct differ-
ence in bulk (physical) properties of the lobes, the colloids can be
reshaped into different morphologies [9]. For example, instead of
polymerizing the TPM domains directly after the nucleation stage,
the addition of small quantities of non-polymerizable toluene sol-
vates the polystyrene patches. This results in a high mobility of the
polymer chains and hence deformation of the particles into more
spherical patchy colloids. The spherical shapes are favored as they
ensure a minimization of the surface area and associated interfacial
energy between the colloidal surface and dispersing medium. Dis-
tinct patches remain due to the immiscibility of the solvated seeds
and the TPM oil droplets (Fig. 6a, b). Based on this concept, Oh et al.
[12] recently obtained particles with well-controlled Janus bal-
ance. The equilibrium shape of the multiphase particle depends
on the amount of toluene added, which sets the contact angles
between the three phases: water, TPM and toluene-swollen seeds
[9]. Both single-patch (TPM-based) and double-patch (TMSPA-
based) particles could be reshaped using this procedure.

The scope of reshaping the patchy particles with solvents can be
extended by taking advantage of the core–shell structure of PS-Br.
Chemical treatment with a mixture of ethanol and toluene induces
selective dissolution of the polystyrene core, while leaving the
brominated shell intact. The insolubility of brominated shell is in
agreement with observations of Tanaka et al., [35] who reported
that even in the absence of chemical cross-linkers, P(S-BIEM)
showed high resistance to organic solvents. After removal of the
linear polystyrene core, the outer shell buckles and forms a dim-
pled structure. As shown in Fig. 6c, d, this procedure can be applied
for both TPM and TMSPA based particles. The dimpled patchy par-
ticles could for example be used in depletion-guided assembly pro-
cedures to form higher order colloidal structures [36–38].

Another interesting class of colloids that can be assembled into
well-designed structures via depletion forces are those consisting
of both rough and smooth domains [39]. Because smooth surfaces
have larger overlap volumes than rough surfaces, at appropriate
depletant concentrations only the smooth lobes become attractive,
generating directional interactions between the partially rough
particles [39,40]. Although particles with site-specific surface
roughness show great potential in self-assembly, [40,41] their syn-
thesis remains difficult. Here, we demonstrate that we can readily
modify the surface roughness of the seeds by varying the experi-
mental conditions, such as the pH of the reaction medium and



Fig. 4. (a) Schematic representation of orthogonal labelling of anisotropic single-
patch and double-patch particles using atom transfer radical polymerization (ATRP)
and silane chemistry with fluorescent monomers and silane coupling agents,
respectively. (b, e) Brightfield optical microscope image of single-patch and double-
patch particles. (c, f) Fluorescence microscopy images of particles labelled with
methacryloxyethyl thiocarbamoyl rhodamine B (MTR) by using ATRP. The red
patches correspond to the functionalized PS-Br-derived patches. (d, g) Fluorescence
microscopy images of functionalized p(TPM) or p(TMSPA) patches (in green) via
silane chemistry using APS-FITC as dye. Scale bars = 1 mm.

Fig. 5. Scanning electron microscopy (SEM) images of (a, d) anisotropic particles
before modification. Optical microscope images (b, e) and SEM images (c, f) of
particles modified with poly(2-hydroxyethyl acrylate) (p(HEA)) brushes grafted
using ATRP. The smooth unmodified patch(es) corresponds to p(TPM) or p(TMSPA).
(g1) Schematic representation of the substitution of surface bromine groups with
azides and (g2) surface hydrophobization using hexamethyldisilazane (HMDS). (h)
Infrared (IR) spectra of PS-Br seeds (black), PS-Br-TPM single-patch particles (red),
PS-Br-TPM after surface modification with HMDS (blue), substitution with sodium
azide (NaN3, pink), and grafting with p(HEA) (green). The characteristic vibrational
bands diagnostic for the modifications are highlighted with circles.
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the initial amount of h-TPM/h-TMSPA [9]. At higher pH, the
nucleation of h-TPM/h-TMSPA proceeds faster and the anisotropic
particles tend to grow into raspberry-like particles rather than
snowman-shaped colloids (Figure S2). Taking advantage of this
feature, we controlled the morphology of the resulting snowman
particles by inducing a second heterogeneous nucleation of h-
TPM/h-TMSPA. After the formation of single- or double-patch par-
ticles, the second heterogeneous nucleation was performed at
higher pH before solidifying the TPM or TMSPA lobes by polymer-
ization. This strategy yields anisotropic particles featuring smooth
TPM/TMSPA lobes and rough PS-Br-TPM/TMSPA patches decorated
with multiple small p(TPM)/p(TMSPA) protrusions as illustrated in
Fig. 6e, f.
4. Conclusion

To conclude, this study outlines a novel and general route to
fabricate bifunctional colloids featuring tailored anisotropy and
functionality via a combination of seeded dispersion polymeriza-
tion and heterogeneous nucleation. By using functional seed parti-
cles, a series of patchy particles with varying numbers of patches
were prepared. The size and arrangements of the patches can be
accurately adjusted by the total amount of monomer fed to the
reaction system. Notably, compared to conventional dispersion
[42,43] and emulsion [44,45] polymerization procedures towards
patchy particles, the method outlined here allows for controlling
the morphology of the colloidal particles over a significantly
broader window [7,46]. More importantly, we demonstrated that
our strategy enables the synthesis of bifunctional colloidal mole-
cules with chemically orthogonal patches. In particular, we synthe-
sized particles carrying patches decorated with ATRP initiators and
silanol functionalities. These functionalities allow for independent
surface modification of all patches based on versatile controlled
polymer grafting and silane chemistry, respectively. The orthogo-
nal chemical character of our patches is a significant advancement
in the synthesis of patchy particles, as previous systems are gener-
ally limited to having at least one chemically ‘‘inert patch” [42–45].
Additionally, we show that this morphological control and possi-
bility for orthogonal surface modifications can be combined with
the ability to reshape individual patches by site-selective polymer-
ization and/or solvation. This greatly expands the library of acces-
sible colloidal particles based on a single colloidal synthesis.
Striking examples include the facile preparation of particles with
dimpled or rough patches.

The morphological and chemical control provided by the
reported synthesis will open new avenues for the bottom-up
assembly of colloidal building blocks via directional interactions
[14,36–37,39] or field-induced assembly [38,47,48]. For example,
our procedure provides access to particles that not only mimic
the shape but also the hydrogen bonding capabilities of water
molecules. These colloidal analogues of water might shed light
on the role of molecular geometry on crystalline and glassy phases
of ice and undercooled water [49]. Furthermore, the applications of



Fig. 6. Reshaping of particles via three different approaches. Single-patch particles
with a p(TPM) lobe (a, c, e) and double-patch particles (b, d, f) with a TMSPA lobe. (a,
b) Deformed single-patch and double-patch particles by using toluene to solvate
the linear polystyrene seeds. (c, d) Hybrid dimpled particles featuring brominated
dimples and spherical p(TPM)/p(TMSPA) patches obtained by using a mixture of
toluene and ethanol to selectively dissolve the linear PS core of the PS-Br derived
lobes. Insets: Optical microscope images of dimpled particles dispersed in water. (e,
f) Particles with smooth p(TPM)/p(TMSPA) patches and rough polystyrene-derived
lobes. The roughness is introduced by a second heterogeneous nucleation reaction
of TPM/TMSPA performed at high pH. Scale bars = 1 mm.
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bifunctional colloids in tandem catalysis [50] or as multi-
responsive self-propelling particles [51] by selectively grafting cat-
alysts on different patches will be promising routes to explore in
future work.
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