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Abstract

Anisotropy is a deciding factor in determining the hydrodynamics and self-assembly of colloidal particles. Linking particle
morphology to said behaviors promoted the development of strategies to obtain anisotropic particles exhibiting defined
shapes and symmetries. Dumbbell-shaped polymer particles made by phase separation during seeded polymerization are
prominent examples. Phase separation among monomer and seed particle yields a liquid protrusion of monomer on the seed.
This protrusion is then polymerized, becoming solid and yielding a solid spherical lobe. When this process is performed with
spherical seeds, two-lobed particles, known as colloidal dumbbells, are obtained. Repeating this process of lobe formation
one or more times could pave the way to tailored particle morphologies. Given the higher degree of anisotropy, multi-lobed
particles can expand the rich phase behavior already found for dumbbells. We propose a new route in making anisotropic
polymer particles by directing phase separation in a linear direction, thus permitting linear growth. Colloidal particles com-
posed of three individual polymer lobes with the potential for site-specific modifications are obtained. Triggering of the
phase separation is done complementary to prior efforts in fabricating three-lobed polymer particles based on cross-linked
precursor particles. We will show that tailored surface properties of anisotropic seed particles can prove as an effective
tool not only to promote the monomer-polymer phase separation, but also to guide it in a linear direction. Such gradients in
surface functionalization open perspectives for making polymer colloids on a large scale in whose custom-tailored shapes
their phase behavior and superstructure formation are already established.

Keywords Nanoparticles - Anisotropic particles - Polystyrene latex - Seeded polymerization - Colloidal molecules -
Dumbbells

Introduction of application, texture, and processability of a wide variety

of products, ranging from food materials, cosmetics, phar-

Anisotropic colloidal particles are known for their unique
phase and hydrodynamic behavior [1, 2]. They can be used
as rheology modifiers to adjust the decisive physical prop-
erties of colloid suspensions, such as the elastic modulus
and the yield stress [3]. Their effectiveness is caused by an
alignment under shear and is not limited to a mere control
of the overall viscosity, as expected when using thicken-
ers. They also add non-Newtonian behaviors to the material
such as shear thinning or shear thickening. Adding aniso-
tropic particles can thus help to control shelf stability, ease
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maceutics, or oil-field and construction drilling fluids [4, 5].
Moreover, anisotropic colloidal particles can be expected to
become the building blocks of tomorrow’s materials [6]. A
complex yet defined shape and symmetry can open avenues
for programmed assembly into hierarchically organized
materials [7]. The latter can exhibit collective properties,
which are not yet present in the isolated building blocks.
This includes photonic and phononic properties that can
emerge from packing the particles into mesoscopic superla-
ttices [8]. The control on particle shape is crucial to achieve
precisely controlled superstructures, with long-range order
and a minimum number of defects [9].

The enormous potential and the unique behaviors of ani-
sotropic particles led to efforts devoted to developing strat-
egies to either synthesize them directly or to arrange iso-
tropic particles into this kind of morphology [7, 10]. Among
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the anisotropic colloids directly obtainable from synthetic
routes, dumbbell-shaped polymer particles received con-
siderable attention due to their rich phase behavior and the
possibility to obtain them in large quantities using seeded
polymerization [11-13]. The possibility of making these
anisotropic colloidal particles in large quantities allows
their application as building units for hierarchically organ-
ized materials, including photonic crystals with specific
symmetries at the lattice points. Such superstructures can
provide large and robust optical bandgaps over a broad
range of visible light paired with birefringence [8]. Con-
sidering the synthesis of these colloidal dumbbells, efforts
were focused on expanding the understanding of the mecha-
nism, thermodynamics, and kinetics behind their fabrica-
tion and on expanding their range of applications [14-16].
These works have pushed the boundaries of what is possible
using seeded polymerization and allowed the synthesis of
nanoscale dumbbells based on mechanisms reliant either on
cross-linking density [17, 18] or surface properties [8, 15].

Regardless of using the cross-linking density or the
surface wettability as the driving force to promote the
protrusion formation, the synthesis of anisotropic polymer
particles is done by using seeded emulsion polymerization
[19]. This methodology is based on a phase separation
between monomer and polymer within a monomer-swollen
seed particle. Given the right conditions, the phase
separation leads to the formation of a liquid protrusion
attached to the surface of the seed particle. This process
is understood to be controlled thermodynamically
and reflects the interplay between three free energy
components [14]. These are the mixing energy between
monomer and polymer; the elastic stress caused by the
swelling of the seed particle; and the interfacial tensions
between particle, monomer, and the reaction medium.
The sum of these three free energy components is defined
by synthesis parameters like the monomer-to-polymer
ratio and the reaction temperature [16]. The heating
that promotes the phase separation also initiates the
polymerization and solidification of the liquid protrusion.
This polymerization is ensured by the decomposition of a
thermal initiator into free radicals inside the protrusion.
Once the polymerization is complete, the polymer forms
a solid lobe attached to the surface of the seed particle.
This lobe grown alongside the seed particle forms a
morphology resembling a dimer of interpenetrating
spheres [14-17].

In the case of the formation of dumbbell particles, it
has been shown that cross-linking of the polymer within
the seeds and/or limiting their surface wettability with
monomers are effective means to trigger the formation of
monomer protrusions, thus guiding seeded polymeriza-
tions into an anisotropic dimension [14, 17]. With respect
to cross-linking, this concept has been further elaborated.
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Using dumbbell-shaped particles as seeds with two
cross-linked lobes and provoking the phase separation
a second time resulted in the formation of particles with
three lobes, named trimers or sometimes tripods [20].
Further efforts led to the discovery that a gradient in
the cross-linking density between the dumbbell lobes
can control the direction in which a second protrusion
is formed. This finding paved the way towards linear
three-lobed particles, but only on a micrometer scale and
exclusively by using cross-linking as a driving force for
anisotropic growth [20]. For non-cross-linked particles,
however, the influence of a gradient in distinct surface
properties between the two lobes is yet to be described.
Aiming to close this gap, this study presents an efficient
chemical route to make linear particles composed of three
individual nanosized spherical lobes. The three-lobed poly-
mer particles are fabricated by successive seeded polym-
erizations based on the surface properties of the employed
seed particles and on gradations between them. Beyond
describing the formation of non-cross-linked polystyrene-
based (PS) nanotrimers, the morphological characterization
of these particles is shown, including the determination of
the angle distribution between the three lobes and the dis-
tance between them. This thorough morphological charac-
terization allows for the precise observation of the gradient-
mediated direction of anisotropic particle growth.

Materials and methods
Chemicals

The reagents acrylic acid (AA) (99%, Sigma-Aldrich), azo-
bisisobutyronitrile (AIBN) (98%, Sigma-Aldrich), potassium
persulfate (KPS) (99%, Sigma-Aldrich), sodium dodecyl sul-
fate (SDS) (99%, Sigma-Aldrich), and 3-(trimethoxysilyl)
propyl methacrylate (MPS) (98%, Sigma-Aldrich) were used
as received. Styrene (St) (99%, Merck) was passed through
a tert-butylcathecol inhibitor remover (Sigma-Aldrich) col-
umn immediately before its use in the polymerization reac-
tion. Deionized water (resistivity = 18.2 MQ.cm™") taken
from a reverse osmosis water purification system (Millipore
Direct 8) was used in all experiments. Sucrose (>99.9%,
VWR Life Sciences) and dodecane (>99%, Sigma-Aldrich)
were used to prepare the density gradients for the differential
centrifugal sedimentation experiments.

Syntheses

All polymerizations were carried out in three-neck
round-bottom flasks. These were degassed and purged
with N, before the reagents were added. The flasks
were equipped with a precision glass stirrer (KPG), a
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polytetrafluoroethylene stirring blade, a reflux condenser,
and a silicone septum. All the reactants were added either
under N, counter-flux or through the septum using syringe
needles. The reagent mixtures were further degassed and
flushed with N, while still at room temperature. The reac-
tions were also conducted under this inert atmosphere. After
each reaction, the samples were cooled down to room tem-
perature and filtered through glass wool. The synthesis pro-
cedure presented here is an extension of the seeded polym-
erization methodology to obtain dumbbell-shaped polymer
colloids already described in the literature [15], including
recent refinements [11, 16].

Synthesis of polystyrene spheres

Spherical PS particles were obtained using batch emul-
sion polymerization. A 1000-mL reaction vessel was first
filled with water (649.20 g, 36.04 mol), SDS (0.9875 g,
3.42 mmol), and styrene (100.62 g, 0.966 mol) before being
heated to 80 °C under permanent stirring at 300 rpm. Once
the mixture reached the reaction temperature, the radical
initiator KPS (0.9494 g, 3.51 mmol) was added dropwise
to it as an aqueous solution of 20 mL, a volume taken from
the specified mass of water. The reaction vessel was kept at
80 °C under continued agitation for a period of 6 h.

Surface functionalization of PS particles with MPS

For the surface modification of the PS particles, the pre-
viously prepared suspension (13.52 wt%, 169.70 g) was
diluted with water (188.41 g, 10.46 mol) at 200 rpm inside
a 500-mL reaction vessel. A solution of MPS (3.676 g,
14.80 mmol) and AIBN (0.1363 g, 0.83 mmol) in styrene
(21.68 g, 0.208 mol) was prepared. The organic solution
was added to the suspension through the septum. The whole
mixture was kept under agitation for 20 min before a water
bath (preheated to 70 °C) was placed underneath, heating
the reaction vessel, and thus starting the polymerization and
surface modification process. The reaction was continued
for a total of 8 h.

Preparation of PS-based dumbbells from the functionalized
PS spheres

The surface-modified PS particles were used as seeds in
a seeded polymerization process yielding dumbbell-shaped
particles. This process was done by first mixing the seed
suspension (11.03 wt%, 32.23 g) with water (101.05 g,
5.61 mol) in a 250-mL flask at 200 rpm. Similar to the pre-
vious step, a mixture of styrene (3.79 g, 36.4 mmol), AIBN
(29.5 mg, 0.180 mmol), and MPS (0.1924 g, 0.78 mmol)
was added to the aqueous suspension through the septum
via a syringe needle. The reaction mixture was kept under

continued agitation for 20 min before being heated to 70 °C
by placing a preheated water bath underneath. The reaction
took place over a total of 7 h.

Formation of three-lobed PS particles from dumbbells

The formation of trimer particles was conducted in a
further seeded polymerization using the dumbbells as
seeds. The suspension of dumbbell particles (5.11 wt%,
42.84 g) was first mixed with water (51.38 g, 2.85 mol) and
AA (4.2890 mL aqueous solution containing 10.9 mg or
0.147 mmol AA) under stirring at 200 rpm in a 250-mL
flask. Parallel to this, an AIBN (27.1 mg, 0.165 mmol) solu-
tion in styrene (3.46 g, 33.2 mmol) was prepared and added
to the suspension. The whole mixture was kept under per-
manent stirring at room temperature for a total of 20 min.
Only after this, a water bath preheated to 80 °C was placed
underneath the reaction vessel to start the polymerization.
The reaction mixture was kept at this temperature for a total
of 7 h.

Methods
Purification of the polymer dispersions

All polymer dispersions were purified by exhaustive dialysis
against water through a Spectra/Por 7 dialysis membrane
(MWCO 50 kDa, Spectrum Laboratory Products Inc., New
Brunswick, New Jersey, USA) before characterization, but
not between individual synthesis steps.

Electron microscopy

Field-emission scanning electron microscopy (FESEM)
images were obtained using a Gemini 500 microscope
(Carl Zeiss AG, Oberkochen, Germany) operating at 3 kV.
Parallel to this, transmission electron microscopy (TEM)
images were used to confirm that the FESEM images can
be used to determine the lobe sizes of the particles analyzed
here. The TEM images were taken using a Libra 120 TEM
microscope (Carl Zeiss AG) operating at 120 kV. A com-
parison between the results obtained from both methods
and justification for the use of FESEM in the morphological
analysis are presented in Section S1. The particle analysis
was done using macros from the software ImageJ (National
Institutes of Health, US Department of Health and Human
Services, Washington, D.C., U.S.A), and the data obtained
with ImageJ was analyzed from there on using custom soft-
ware. At least 500 particles were measured for each numeri-
cal data item shown below.
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Density measurements

The density of the spherical particles was determined at
20 °C using a DMA 5000 M density meter (Anton Paar
Group AG, Graz, Austria). A total of 10 density measure-
ments were performed for suspensions of varying particle
concentrations ranging from 0.5 to 5%(m/m). The particle
densities were calculated by extrapolating of the reciprocal
values of the suspension densities (specific volumes) to a
particle content of 100%(m/m).

Differential centrifugal sedimentation

Differential centrifugal sedimentation (DCS) was employed
to determine the sedimentation coefficients of the particles.
Measurements were performed in an ultra-high-resolution
disk centrifuge (DC 24000 UHR, CPS Instruments, Prairiev-
ille, Louisiana, USA) equipped with an on-board balancing
system. Separation of the particles according to their sedimen-
tation coefficients was performed at 24,000 rpm and 30 °C.
Particle detection was performed at 405 nm using an integrated
low-noise laser light source and detector system. The disk was
loaded with a sucrose density gradient ranging from 8%(m/m)
on the outermost layer to 2%(m/m) on the innermost gradi-
ent layer, totaling a volume of 14.4 mL. The aqueous gradient
was covered with 0.5 mL dodecane to avoid evaporation of the
aqueous gradient. All samples were treated by ultrasonication
immediately before being loaded onto the density gradient. The
sedimentation coefficients for the samples were determined by
the time between the start of the experiment and the detection
of the particles at a fixed position. Profiles of the sedimentation
coefficients can be seen in Fig. S2 in Section S2. [21]

Results and discussion

Surface modification can be used in seeded polymerizations
to limit the swelling of polymer particles with monomer.
The latter has proven as an appropriate means of trigger-
ing the formation of a monomer protrusion and therefore
ultimately anisotropic growth [8, 15]. The same can be
achieved by cross-linking of the seed particles resulting in a
segregation of monomer from the cross-linked seed. In the
latter case, this strategy was expanded in pursuit of particles
with higher degrees of anisotropy and complexity. This was
accomplished by conducting a second lobe-forming seeded
polymerization. The driving force controlling the final par-
ticle morphology was a gradient in the cross-linking densi-
ties between the two lobes of the dumbbell particles used as
seeds [20]. It therefore seems likely that a gradient in surface
wettability generated by a hydrophilic surface modification
could also steer protrusion formation in a preferred direc-
tion. In the following, it will be thus studied if gradients in
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surface coatings are an effective means for the fabrication
of particles composed of three individual lobes aligned in
one direction.

General procedure

The hypothesis that a gradient in surface wettability can pro-
duce a new lobe aligned with the ones of dumbbell-shaped
seed particles will be examined based on colloidal particles
prepared by the synthesis pathway shown in Fig. 1A. At
first, spherical polystyrene latex particles (sample S) were
prepared by emulsion polymerization of styrene. The nar-
row size distribution of the particles is reflected by FESEM
micrographs (Fig. 1B). In the second step, the particles
were coated with a surface layer made from the silane-based
comonomer MPS. The surface modification was accom-
plished by seeded copolymerization of styrene and MPS.
The narrow size distribution already observed for sample S
continues to be reflected in the modified spherical particles,
designated as sample MS (Fig. 1C). This shows the absence
of secondary nucleation and underlines the homogeneous
growth of the polymer particles.

Although the procedure for making the surface modifica-
tion is well-established [11, 22, 23], there are a few essential
aspects to be noted aiming towards a better understanding of
subsequent synthesis steps. The silane groups are preferen-
tially located at the surface of the MS particles. This is due
to the higher hydrophilicity of MPS as compared to styrene.
The silane coating renders the surface of the polystyrene
latex particles more hydrophilic, thus limiting the wettability
and swellability of the particles when monomer is added
[15]. In line with earlier reports, it should be noted that
just making the surface of a given particle hydrophilic is
not enough to promote the phase separation and protrusion
formation [14]. The requirement to make the phase separa-
tion and protrusion formation take place has proven to be
directly related to the use of specific comonomers. For this
purpose, MPS is used as a comonomer and functionalizing
agent in this study. The introduction of MPS by copolym-
erization with styrene in a seeded polymerization helps to
achieve a defined silane layer at the particle surface [15].
This procedure has already been described for copolymeri-
zation processes using different trimethoxysilyl-containing
monomers [11, 15]. Variations in the amount of the comono-
mer have been made enabling adaptions to different sizes
[11, 15]. Like what has been observed for cross-linked par-
ticles [19], the concentration of the comonomer must be
adjusted for the size of the particles so that the formation of
a protrusion can be guaranteed. The amount of MPS used
here for the functionalization of sample S and formation of
MS (3.45 mol% with regard to total styrene used during the
first and second synthesis steps) was chosen in an adequate
range for their dimensions [24].
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Fig.1 A Strategy for the fabrication of three-lobed polymer parti-
cles based on consecutive seeded polymerizations. At first, narrowly
dispersed polystyrene latex particles were prepared by emulsion
polymerization (sample S). The spherical particles were coated with
a silane layer (sample MS; surface layer highlighted in red) in a
first seeded polymerization. The surface coating limited the wettability
with the monomer in a subsequent seeded polymerization, creating
a monomer protrusion that was converted into a new lobe attached
to the MS seed particle during the polymerization reaction. The sur-
face of the D2 lobe of the dumbbell-shaped particles (sample D) was
also covered with a silane coating (orange), albeit to a lesser extent of
silane groups. The gradual difference in the surface functionalization
between lobes D1 and D2 controls the direction of nucleation and

To return to Fig. 1A, the spherical MS particles are used
as seeds to make dumbbell-shaped polymer particles (sam-
ple D). The latter are prepared in a second seeded emulsion
polymerization. It is important to differentiate between the
first seeded polymerization (for making MS particles) and
the second one yielding dumbbell particles D. In the first
case, there is spherical growth mediated by seeds swollen
with monomer without formation of a protrusion. By con-
trast, monomer protrusions are expected to develop due to
the limited wettability of the MS particles with monomer.
The lower wettability results also in a decreased swellability.
The latter is observed when heating the particles [16]. For
the sake of simplicity, the protrusion-forming seeded emul-
sion polymerization is hereinafter referred to as anisotropic
seeded polymerization (ASP) due to its key feature to drive
growth into an anisotropic direction.

With the goal of making three-lobed particles in mind, the
new lobes of the dumbbell particles D were also equipped
with a thin silane coating. The latter was, once more, achieved
by copolymerization of styrene and MPS, but now in the
context of ASP. This means that the actual copolymerization
proceeds within the monomer protrusion, thus providing the
possibility for targeted functionalization of the freshly formed
lobe. The complete transformation of spherical particles into

growth of further monomer protrusions in a third-seeded polymeriza-
tion, yielding particles with three individual lobes (sample T). During
the polymerization, selective functionalization of the trimer lobe T3
(green) is possible. B-E: FESEM micrographs of particles collected
in each of the four synthesis steps are shown below the corresponding
schematic representation. The scale bars represent 200 nm. Particles
from all samples have defined shapes and narrow size distributions
(see also Fig. S3). A high level of uniformity already anchored in the
initial seed particle S is thus fully preserved over the course of three
subsequent seeded polymerizations. Most remarkably, the trimer par-
ticles T exhibit a high degree of linearity, indicating the directional
control on the formation of the monomer protrusion by the wettability
gradient during synthesis

anisotropic dumbbell-shaped particles was observed, as indi-
cated by the absence of spherical particles in FESEM micro-
graphs of sample D. Furthermore, the dumbbells exhibited
a low dispersity and were uniform in their shape as well
(Fig. 1D). This again demonstrates that the dispersity of the
seed particles is preserved during the ASP step.

As already mentioned, the purpose of using MPS one
more time during the formation of the dimers D was to
synthesize particles capable of promoting a new protru-
sion formation, like during the preparation of MS par-
ticles. In this step, the MPS concentration was kept at
2.13 mol% with regard to the styrene added during dumb-
bell synthesis. It is known from earlier reports on making
dumbbell particles that this quantity is still sufficient
to promote the formation of monomer protrusions [11].

Having two different MPS concentrations on each of the
two dumbbell lobes creates a wettability gradient between
them, whilst still keeping the overall MPS amount high
enough to promote the formation of protrusions. This paved
the way for making three-lobed particles (T) in a second
ASP reaction. The third lobe was made by copolymerization
of styrene and a small amount of acrylic acid to improve
the colloidal stability of the dispersion. Virtually full con-
version from two-lobed species into three-lobed particles
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Table 1 Average sizes and

o FESEM TEM DCS
related standard deviations for
the spherical S and MS particles d,(nm) PDI d, (nm) PDI d, (nm) PDI
S 132 1.0016 134 1.0011 132 1.0096
MS 163 1.0016 166 1.0016 156 1.0029

d, denotes the number-averaged diameter as measured by using complementary techniques; PDI represents
the polydispersity index, which is defined as the weight-averaged particle diameter divided by the number-

averaged particle diameter

was observed (Fig. 1E), indicating an effective formation
of monomer protrusions during ASP. In terms of figures,
99% of the particles in sample T had three individual lobes.

Both in the case of samples D and T, the formation of a
solid rounded lobe during their syntheses clearly demon-
strates that the degree of surface functionalization on their
seeds was sufficient to promote the formation of monomer
protrusions. Furthermore, the high level of linearity of the
three-lobed particles T suggests that the wettability gradi-
ent must have steered the protrusion formation, in line with
previous findings for cross-linked particles [12]. In accord-
ance with what was observed for the dumbbells D, uniform
shapes and a low dispersity were also observed for the trim-
ers T (Fig. 1E). This once more shows that high levels of
shape uniformity can be preserved over multiple seeded
polymerizations reactions [15], thus opening up perspec-
tives for a step-by-step fabrication of colloidal nanoparticles
with custom-tailored geometries.

Seed and lobe diameters

For more detailed insights, the particle dimensions were ana-
lyzed for samples S, MS, D, and T. For the determinations
of the lobe sizes of samples D and T, the particles were con-
sidered to consist of overlapping spheres, following the lines
of previous reports [16, 25]. The data regarding the size and
dispersity of the spherical S and MS particles is summarized
in Table 1. Corresponding data for the lobes of the two- and
three-lobed particles D and T is gathered in Table 2.

Analysis of FESEM images of the samples S and MS
revealed number-averaged diameters (d,) of 132 nm and
163 nm. The larger diameter of the MS particles when com-
pared to S indicates the growth of the particles during the
seeded polymerization used to establish the silane coating.
PDI values were 1.0016 for both sets of spherical particles.
These low PDI values corroborate a narrow size dispersity,
as also seen in the corresponding histograms (Fig. S3A for
sample S; Fig. S3B for sample MS). The narrow size dis-
persity is expected for products of emulsion polymerization.
Having a narrow seed distribution is essential to be car-
ried forward to the products of subsequent seeded polym-
erizations [15]. A high regularity in size and shape was also
observed by TEM (Fig. S1) and DCS (Fig. S2). In the first
case, d, was found to be 134 nm and 166 nm for S and
MS, respectively, with PDI values of 1.0011 and 1.0016.
d, as determined using DCS for S and MS was 132 nm and
156 nm, correspondingly, whereas the PDI for these sam-
ples were determined to be 1.0096 and 1.0029. The den-
sity values (p) measured for S and MS (1.054 ¢ mL~! and
1.073 ¢ mL™") were used to calculate d, for these samples
from their sedimentation coefficients determined by DCS.
As expected, the particle density observed for sample S was
close to the one reported for solid polystyrene [26]. Due
to the silane coating, the density of the MS particles was
significantly higher, reflecting the effective incorporation
of silane groups during the surface functionalization. The
affirmation that the narrow size dispersity is carried from
the seeds to the particles prepared from them is also backed

Table 2 Average sizes and related standard deviation values for the D and T samples

D dp . PDI dp sman PDI dD.large PDI Ipim SD (nm)
(nm) (nm) (nm) (nm)
168 1.0064 158 1.0036 178 1.0023 100 11
T dpy (nm)  PDI dr, (nm) PDI dry (nm)  PDI lpi 1o SD (nm) Ity SD (nm) Iy SD (nm)
(nm) (nm) (nm)
170 1.0033 168 1.0044 204 1.0018 109 12 100 13 201 18

d; is the number-averaged diameter as measured for the lobe i; /; ; denotes the number-averaged center-to-center distance between the lobes i and
j; PDI represents the polydispersity index of the lobe diameters; it is defined as the weight-averaged diameter divided by the number averaged
diameter; SD denotes the standard deviation for the distances measured. Please note that a clear specification of the D1 and D2 lobes according
to their actual role in the consecutive polymerizations was not possible due to the similarity of their sizes. As the dumbbell lobes D1 and D2

are nearly equal in size, the diameter d,

v,av.

averaged over both lobes is shown instead of mean diameters for individual lobes. In addition, a clas-

sification of the dumbbell lobes by size was made, yielding the number-averaged sizes of the smaller and the larger dumbbell lobes (dp g, and
dp, 1arge)- 1t should be noted that a clear allocation to the lobes D1 and D2 by size is not possible. See text for further explanation
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Fig.2 Spatial dimensions of the
trimer particles T. A FESEM
image of the trimer particles,
sample T. The particles have
defined shapes, and the three
lobes can be clearly distin-
guished. The scale bar repre-
sents 200 nm. B Distributions of
the diameters of the individual
lobes of the trimers determined
from a total of 500 particles.
These are the lobe diameter
distributions for the smaller
extremity lobes T1 (top), for the
middle lobes T2 (center), and
for the larger trimer extrem-

ity T3 (bottom). The relative
frequencies (N/N) displayed in
the histogram are normalized

to the most frequently occur-
ring lobe diameters. In all three
cases, narrow distributions are
observed, indicating the low
dispersity of the seed particles
being transmitted over the
seeded polymerizations to the
trimers

by the analysis of the dimer particles D. It has to be clearly
noted that when analyzing the microscopy images of the
dumbbells, it was not possible to distinguish between the
lobes D1 and D2. Variations in mean sizes are small. This
is reflected by a monomodal size distribution when analyz-
ing both sets of lobes together (Fig. S3C). Even though a
clear allocation of the lobes was not feasible, the mono-
modal distribution could be split into two subdistributions
representing the size distributions of the smaller and larger
halves of the dumbbells (Figs. S3D and S3E). The resulting
mean values dp ;. and dp j,,.,, differed by just 10 nm from
the mean diameter averaged over all lobes (dp 5y, = 168 nm,
PDI=1.0064). The dumbbell lobes showed low dispersi-
ties in size, even when averaged over both types of lobes.
Moreover, the distribution of the sedimentation coefficients
of the dimers (Fig. S2) also underlines the low dispersity of
the dumbbells in terms of size and shape. Interestingly, the
diameters found for the dumbbell lobes indicate little to no
growth during the ASP from MS. Moreover, the dumbbell
lobes had roughly the same size as the MS particles used
as seeds. Furthermore, it should be noted that the amount
of monomer consumed during the dumbbell synthesis was

-

0.8
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similar to the mass of the MS particles used as seeds. This
demonstrates that the monomer was expelled from the seed
during ASP. Instead, the monomer had been fully transferred
to the monomer protrusion that was solidified during the
polymerization yielding dumbbells with lobes of similar
sizes. As mentioned above, the latter finding hampers a clear
distinction among the lobes D1 and D2, justifying the size
analysis being made in Table 2 omitting any assignment to
lobes D1 and D2. In other words, a classification of the lobes
according to their wettability can only be made at the level
of the trimers.

Turning to the trimer particles, the dimensions of the
two smaller lobes, T1 (dy; =170 nm, PDI=1.0033) and
T2 (dr, =168 nm, PDI=1.0044) were like those observed
for the dumbbell lobes, as reflected in the quantity dp ,,.
Analogous to the findings with the dimers, this demonstrates
that there was little to no growth when compared to their
initial sizes before the ASP (Table 2). This means that the
added monomer was mostly expelled from the dumbbell-
shaped seeds, thus forming the third and largest lobe T3
(dr3=204 nm, PDI=1.0018). The same was found with
respect to their narrow lobe size distributions (Fig. 2B),
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indicating the preservation of dimensional uniformity from
the previous steps. The new lobes T3 had narrowly dispersed
diameters as well (Fig. 2B). Rather like for the two-lobed
particles, the uniformity for the three-lobed particles was
further corroborated by their narrow sedimentation coef-
ficient distribution (Fig. S2). The larger size observed for
the T3 lobe in comparison to the other lobes reflects the
high styrene quantity used to promote the protrusion forma-
tion. This was done to enable an easy identification of the
T3 lobes formed in the last step of three consecutive seeded
polymerizations.

Lobe distances

Colloidal particles with complex and yet defined shapes
such as the three-lobed particles are of interest as building
units for hierarchical superstructures [3] and to explore the
hydrodynamic behavior of complex nanoparticles [2, 27].
In view of a further analysis of the particle shape, FESEM
images were used to determine the distances between the
centers of the lobes for the dimers D and the trimers T as
well as the standard deviations for the related distributions.
The distribution of the distances between the lobes D1 and
D2 (mean value I p, =100 nm, SD=11 nm) is shown in
Fig. 3A.

For the trimer particles T, the lobe distance distribu-
tions between T1 and T2 (It 15, , =109 nm, SD =12 nm),
T2 and T3 (I5 13, ,=100 nm, SD=13 nm), and T1 and T3
(11 13,n=201 nm, SD=18 nm) are shown in Fig. 3B, C, and
D. In addition, mean values of the lobe distances are summa-
rized in Table 2. A bimodal distribution was observed for the
distances I1; 13 among the first and third lobe of the trimers

(Fig. 3D). The minor mode below 160 nm is representing
a small percentage of closed trimers, whereas most of the
trimers exhibited elongated configurations, as reflected by
larger It 15 values.

The mean distance between the centers of the first two
lobes of the trimers T (I 1,) was comparable to the dis-
tance between the corresponding lobes of the seed particles
D (Ip py)- Moreover, the lobes T1, T2, D1, and D2 have
comparable sizes, which is a further indication that the first
two were formed from the latter ones. This means that the
dumbbell lobes D1 and D2 were transformed into the trimer
lobes T1 and T2 with minor changes to their morphology
and size. Regardless of the larger size of lobe T3 when com-
pared to lobes T1 and T2, I 1, was still observed to be
larger than [y, 5. This observation is related to the higher
hydrophilicity of lobe T1 (the former seed during dumbbell
synthesis) when compared to T2. A higher hydrophilicity
leads to a lower affinity between the seed particle and the
monomer protrusion formed on its surface [14]. Ultimately,
this results in a higher degree of separation between the for-
mer dumbbell lobes T1 and T2 as compared to T2 and the
new lobe T3. This is also reflected in a larger contact area
between T2 and T3 than between T1 and T2. The lobe dis-
tance distributions for the dimers and trimers thus corrobo-
rate once more the assumption that the last lobe to be formed
is the largest one, referred to as T3. In other words, it can be
clearly excluded that the largest trimer lobe T3 could have
been formed by the growth of either D1 or D2.

Trimer angle distributions

As stated above, most trimers were found to have extended
configurations. To quantify the linearity of the obtained
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Fig. 3 Distances between the lobes of the dimers and trimers. A Lobe
distance Iy p, distributions as measured for the dumbbells; B to
D distance distributions between the various trimer lobes. See insets
for an illustration of the measured distances It 1y, Ity 13, and Iy 3.
The histograms highlight that the distances between the centers of
the dumbbell lobes are comparable to those between the two smaller
lobes of the trimers, T1 and T2. Together with their size distributions,
this finding demonstrates that D1 and D2 were transformed into T1
and T2 during the synthesis of the trimers by ASP. All distributions

@ Springer

25050 100 150 200

C D i
/ ZT] ,T3 A
TZ,T%K /

25050 100 150 200 250

Lobe Distance (nm) Lobe Distance (nm)

are narrow, reflecting the morphological uniformity of the samples
presented. A bimodal distribution was observed for the distances
Iy 13- The vast majority of trimers can be identified as the popula-
tion for which Ip; r3>160 nm. This population can be defined as
elongated or open trimers because there is no mutual contact between
T1, T2, and T3. The minor population with i1, 13 <160 nm comprises
compact or closed trimers, characterized by mutual contact between
T1, T2, and T3
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Fig.4 Angle distribution of the three-lobed particles. A Color-coded
FESEM image with a scale bar representing 200 nm. The trimers
are color-coded according to their angles 0. The same color scheme
is used in the experimental angle distribution. B Comparison of
the experimental angle distribution (color-coded histogram) with
the hypothetical distribution (green line) expected for random lobe

trimer particles, FESEM images were further employed to
measure the angle between the centers of the three lobes (6).
One of these FESEM images is shown in Fig. 4A, in which
the three-lobed particles can be identified by an angle-
dependent color code. This code follows the colors used in
the angle distribution histogram (Fig. 4B). The high degree
of linearity observed for the trimer particles T (6,=154,
SD = 19°) signals that the gradient in functionalization den-
sity between D1 and D2 was sufficient to steer the protru-
sion formation to a linear direction during the ASP reaction,
resulting in an alignment of the lobes T1, T2, and T3. This
observation follows the formation of three-lobed particles
driven by a gradient in cross-linking density [20]. Assum-
ing a random nucleation of protrusions on the D2 lobe, one
would expect an angle distribution described by a sine func-
tion (see section S4 of the SI, Figs. S4, S5, and S6 for fur-
ther explanation). The comparison between a hypothetical
random angle distribution and the experimentally observed
distribution (Fig. 4B) clearly shows that the gradient in sur-
face wettability promoted linear growth.

The minor population of closed trimers already identi-
fied during the evaluation of lobe distances (Fig. 3) can
also be found in the angle distribution (Fig. 4B). The small
population of closed trimers is reflected in angles below
100°. However, it should be noted once more that 99% of
the trimer particles exhibited elongated, almost linear con-
figurations. It is to be expected that even higher degrees
of linearity could be achieved by using steeper wettability

90 120 150

Trimer Angle (°)

nucleation during ASP (see S4). The angle 0 denotes the largest angle
between the centers of lobes T1, T2, and T3. In this scenario, 180°
represents ideal linearity. The majority of the trimers were found to
be almost linear. This demonstrates once more that the formation of
their shape was controlled by the wettability gradient between the D1
and D2 lobes of the two-lobed seeds

gradients, given that wettability as a driving force to promote
protrusion formation continues to show similarities with ear-
lier efforts based on cross-linking [12].

Complementary to the angle distribution, Fig. S7 shows
the distributions of the aspect ratios (AR) for the dimers D
and trimers T. The AR values denote the length-to-width
ratios of the anisotropic polymer colloids. As expected, the
aspect ratios were significantly higher for the three-lobed
particles in comparison to the two-lobed ones. It should
be emphasized that the high proportion of T particles with
aspect ratios above 2.0 is in line with linear growth during
the second ASP process. AR values between 1.5 and 1.7 can
be attributed to the small fraction of closed trimers observed
in the trimer sample. The high level of anisotropy of the vast
majority of the three-lobed particles is expected to exert a
significant impact on their phase behavior and structure for-
mation. It will be beneficial with regard to their alignment
into organized superstructures such as colloidal crystals with
reduced symmetries at the lattice points [8].

Mechanistic explanation for regio-selective
particle growth

A first evaluation of the mechanism that promotes the linear
growth of seed particles with gradients in surface wettability
can be made at this point. The following explanations are in
full accord with the experimental findings shown above. The
mechanistic considerations are inferred from analogy based
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start of the phase
separation at T1

A monomer-swollen B
seed dumbbells

C phase separation at T2

D T3 growth and

and T3 nucleation polymerization

@ T2 #@ T2 ﬁ@ =) T2

Fig.5 Scheme of the mechanism of new protrusion nucleation and
linear trimer formation. A At the beginning, the seed dumbbells are
in a saturation swelling equilibrium where the contributions to the
free energy are well balanced. B Heating during polymerizations
increases the elastic retractile force of the swollen polymer chains,
thus promoting the formation of a monomer protrusion. Relaxation
of the polymer chains starts at lobe T1 because of the higher volume
fraction of the polymer. Consequently, the monomer is expelled from
lobe T1 and transported to lobe T2. C At this point, further swell-
ing of the lobe T2 is unfavorable because of the increasing retractile
force. A phase separation will take place inside lobe T2 before the
one taking place in lobe T1 is completed. The monomer that was

on the conceptual similarity to known cases where linear
particle growth had been mediated through gradients in the
crosslinking density of the seed particles [20].

As mentioned in the introduction, the formation of a
liquid protrusion upon swelling of the polymer seed with
monomer can be explained by the interplay of three contri-
butions to the free energy. While the free energy of mixing
the monomer with polymer promotes swelling, the surface
tension of the seed particle with the aqueous phase and the
stretching of the polymer chains restrict the swelling of the
seed particle [14]. The heating during seeded polymerization
increases the elastic retractile force of the swollen polymer
chains. This increase in the elastic energy of the polymer
chains results in an overall positive value of the total free
energy, which is given as the sum of the contributions men-
tioned above. The positive free energy promotes a phase
separation between monomer and polymer, leading to the
formation of a monomer protrusion attached to the seed
particle [28].

With regard to the formation of the trimers, the vol-
ume fractions of polymer across the two-lobed seed are
inversely related to the swelling degrees of the two lobes.
It is to be expected that the lobe with the lower surface
wettability is swollen to a lower extent. Similar considera-
tions were made for cross-linked particles where the degree
of swelling can be formulated by the Flory-Rehner theory
[17, 18]. Expanding on this consideration, a lower local
surface wettability also decreases the sol fraction, a value
that defines the fraction of unreacted monomer and soluble
chain segments formed during polymerization. The oppo-
site of the sol fraction is the gel fraction, in this context
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originally inside lobe T1 is transported into lobe T2, making the
monomer expelled from lobe T2 move in the same direction. This
leads to the formation of lobe T3 in a linear configuration with the
other lobes. The growth of the nucleated lobe T3 is expected to hap-
pen in an almost instantaneous manner, leading to a monomer drop-
let attached to the surface of lobe T2. D Finally, the polymerization
and solidification of the new monomer protrusion will proceed while
preserving the linear morphology created in the previous steps. The
lobes are color-coded according to the volume fraction of the mono-
mer inside. Darker blue indicates a higher volume fraction of mono-
mer. Red arrows represent the monomer flux

understood as the volume fraction of entangled macromol-
ecules within the two lobes [29]. A lower local surface wet-
tability, thus resulting in a higher gel fraction, is associated
with shorter relaxation times of the swollen polymer lobe.
Lower surface wettability thus accelerates the phase sepa-
ration process during polymerization [17, 28].

Considering monomer-swollen dumbbells as seeds with
two halves varying in surface wettability, the lobe with
the lower surface wettability will have a shorter relaxa-
tion time (Fig. 5A). Consequently, this lobe will undergo
phase separation under heating first, accompanied by the
transportation of the monomer into the other lobe with the
higher surface wettability. This flux towards the lobe with
the higher surface wettability (T2) favors the phase separa-
tion proceeding on the surface of lobe T2 (Fig. 5B). In line
with the experimental observations, the new lobe T3 is thus
expected to grow adjacent to the dumbbell lobe with the
highest surface wettability under alignment to the direction
of monomer flux within the dumbbell seed (Fig. 5C). It is
for this reason that the direction of monomer transporta-
tion points to the site at which the monomer protrusion
is formed. It is known that the formation of the monomer
protrusion takes place in an almost instantaneous manner,
meaning that it is possible to observe either fully-grown
protrusions or none by cryogenic electron microscopy [16].
Hence, the phase separation is a fast-proceeding process,
and the formation of a monomer protrusion activates a
monomer flow in the direction of the site where the pro-
trusion is being formed. This finally produces the linear
growth observed in the experiments (Fig. 5D).
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Conclusions

Specific surface coatings can become a limiting factor that
restricts the swelling of polymer particles. Taking advantage
of this effect opens up avenues to direct seeded polymeri-
zation into an anisotropic dimension. Regio-specific forma-
tion of new polymer lobes can be accomplished when using
seed particles, which exhibit gradients in surface wettability.
Two-lobed particles with dumbbell-shaped morphologies can
serve as anisotropic seed particles. Because the two lobes are
prepared one by one, varying degrees in surface functionali-
zation can be achieved, thus yielding the required gradient
in surface wettability. This provides the basis to further rein-
force the anisotropic nature of the colloidal seed particles by
adding a new lobe along their main symmetry axis.

While the above study has shown the practical implemen-
tation of the strategy, further progress regarding improve-
ments in linearity is still to be expected from the optimization
of the surface gradient. It is worth noting that other aspects
such as the size of the seed particles or external parameters
such as temperature could also affect the overall quality of
protrusion formation. Other new directions include the exten-
sion of the strategy to make multi-segmented hybrid particles
synthesized from different monomers. Moreover, specific
surface functionalization of the most recently formed lobe
should open avenues with respect to asymmetric function-
alization of the shape-anisotropic colloids.
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tary material available at https://doi.org/10.1007/s00396-023-05131-z.
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