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Emulsion polymerization is a versatile approach to produce different polymeric nanoparticle morpholo-
gies, which can be useful in a variety of applications. However, the detailed mechanism of the morphol-
ogy formation is not entirely clear. We study the kinetics of nanoparticle morphology evolution during a
seeded emulsion polymerization using both experimental and computational tools. Lightly crosslinked
polystyrene seeds were first synthesized using dispersion polymerization. Then the seed particles were
swollen in tert-butyl acrylate and styrene monomers, and subsequently polymerized into nanoparticles
of dumbbell and multilobe morphologies. It was discovered that both the seed and final particle morphol-
ogy were affected by the methanol concentration during the seed synthesis. Systematically adjusting the
methanol amount will not only yield spherical seed particles of different size, but also dumbbell particles
even without the second monomer polymerization. In addition to methanol concentration, morphology
can be controlled by crosslinking density. The kinetics studies revealed an interesting transition from
multilobe to dumbbell geometries during the secondary polymerization. Based on the results, a
nucleation-growth model has been proposed to describe the morphology evolution and verification
was offered by computer simulation. The key discovery is that nanoparticle morphology can be kineti-
cally controlled by diffusion of the protrusions on the seed particles. The condition of seed synthesis
and crosslinking density will drastically change the seed and final nanoparticle morphology.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Emulsion polymers are widely used in industry applications
including low VOC (volatile organic compound) waterborne

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2019.01.109&domain=pdf
https://doi.org/10.1016/j.jcis.2019.01.109
mailto:xyong@binghamton.edu
mailto:sjiang1@iastate.edu
https://doi.org/10.1016/j.jcis.2019.01.109
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


Y. Li et al. / Journal of Colloid and Interface Science 543 (2019) 34–42 35
coatings, personal and home care products, and construction
chemicals [1,2]. Major efforts have been focused upon control of
the chemical composition and particle size of the polymer [3–8].
In recent years, significant attention has been given to the mor-
phology control of colloids using seeded emulsion polymerization
[7–9]. By adjusting the reaction condition, the combination of seed
and monomer chemistry, and feeding sequence, various morpholo-
gies such as core-shell, multilobe, raspberry and dumbbell can be
produced [10–14]. These unique particle morphologies have been
proven to be useful for industry applications. For example, multi-
lobe morphology was utilized in industry for improving the coating
rheology [15]. Another important morphology is the asymmetric
dumbbell shape, which has shown promising results in the area
of Janus particle research. Janus particles have different chemical
compositions on the two sides of a single particle. The anisotropic
characteristic of these particles enables the formation of fascinat-
ing self-assembly structures [16], which show applicability in
emulsion stabilization [17–20], microreactor catalysis [21], multi-
functional coatings [22] and drug delivery [23]. However, conven-
tional methodologies for particle synthesis limited the yield capa-
bilities [24]. Through emulsion polymerization, several research
groups have produced polymeric Janus dumbbell particles in large
quantities [25–30]. This alternative fabrication method produces
particles with excellent qualities and consistent morphologies
[11,26,31,32].

Despite previous successes, it is still very challenging to predict
particle morphology in a seeded emulsion polymerization. It was
observed that reaction conditions including stirring speed, temper-
ature, pH, concentration, and feeding speed and sequence, may
drastically change the final particle morphology [28,33,34]. In
many cases, monomer choice and crosslinking density are also crit-
ical to the final particle morphology [35]. Although the basic ther-
modynamics of the dumbbell formation has been analyzed and
partially verified through prior experiments [36,37], there is not
a general principle to follow for morphology control. More impor-
tantly, most efforts have reported different particle morphologies
through a trial-and-error approach, while the mechanism and mor-
phology evolution remain unclear. In order to provide a deeper
understanding of the seeded emulsion polymerization and mor-
phology formation, we studied a simple system using polystyrene
particles as the seed and tert-butyl acrylate as the second mono-
mer [12,38]. The kinetics of the morphology evolution were mon-
itored using electron microscopy. We systematically varied the
solvent composition by adjusting the methanol-water ratio and
discovered that this ratio drastically changed both seed and final
particle morphology. A dumbbell seed geometry was obtained
even prior to the second monomer polymerization for the first
time. In addition, it was found that the dumbbell morphology
can be formed through the merging of distributed lobes on a single
seed particle during the secondary polymerization. Furthermore,
increasing the crosslinker amount during the second monomer
polymerization induces a morphology transition of the final Janus
particle from dumbbell to multilobe.

The intricate interplay between kinetics, thermodynamics, and
molecular transport in multistage emulsion polymerization poses
the biggest challenge to experimental investigation. On the other
hand, computer simulation can readily isolate and elucidate com-
peting effects, make it an indispensable tool for establishing a clear
reaction–morphology relationship. Various models [39–43] can
predict equilibrium particle morphologies based on molecular
thermodynamics. However, these equilibrium models do not pro-
vide any dynamic information and cannot reveal morphology for-
mation. Although nonequilibrium simulations [44–49] have been
developed to capture the detailed polymerization kinetics and spa-
tialtemporal evolution of particle morphology, no dynamic model
considers the transport of entangled polymer chains during the
reaction. A novel coarse-grained simulation was established in this
study to probe the morphology evolution in the secondary poly-
merization. Using a mesoscale representation of polymer chains
and monomers, this model bridges the disparate length scales
between individual polymer coils and the whole particle. More
importantly, the dynamics of entangled polymers were captured
to elucidate the effect of topological constraints on the morphology
development of crosslinked particles. Our simulation was able to
reproduce the morphology transition from multilobe to dumbbell
and provides unique insight into the kinetics of multistage emul-
sion polymerization. Based on the experimental and computational
evidence, we propose a nucleation-growth kinetic model for the
morphology change and dumbbell formation.
2. Experimental

2.1. Materials

Styrene (St, 99%), tert-Butyl Acrylate (tBA, 99%), toluene (99.5%),
divinylbenzene (DVB, 99%), polyvinylpyrrolidone (PVP, Mn = 29
000 g mol�1), methanol (MeOH, anhydrous, �99.5%), poly(vinyl
alcohol) (PVA, Mw = 13 000–23 000 g mol�1, 87–89% hydrolyzed)
and 2,20-Azobis(isobutyronitrile) (AIBN, 98%) were purchased from
Sigma-Aldrich (USA). St, tBA were distilled under reduced pressure
before use. The other chemicals were used as received. Deionized
double distilled water was used in all experiments.

2.2. Preparation of polystyrene seed

The seeded emulsion polymerization is known to be a two-step
process. First, the seed particles are synthesized by dispersion or
emulsion polymerization. Second, the seed particles are swollen
by a monomer where the protrusions emerge on the seed particle
surface, and subsequently polymerized into the final particle mor-
phology. For the seed synthesis, crosslinked polystyrene nano-
spheres were prepared by dispersion polymerization. Typically,
in a 250 mL round-bottom flask, 3 g PVP was dissolved in a
methanol-water mixture with a total weight of 31 g under
mechanical stirring. In this step, the solvent solubility is adjusted
via alteration of the weight fraction of methanol from 50% to
85%. 1.6 g styrene and 0.025 g AIBN was then added into the flask.
The solution was deoxygenated by bubbling nitrogen for 15 min.
The flask was then placed in an oil bath at 55 ± 1 �C and 100 rpm
of mechanical stirring rate was applied. After polymerization for
1.5 h. 0.8 g styrene and 55 mL DVB dissolved in 11 g solvent was
slowly added into the flask within 2 h. The milky dispersion of
crosslinked polystyrene nanospheres was cooled under room tem-
perature and then washed and separated by centrifugation at
14000 rpm in the methanol-water mixture for three times. The
crosslinked polystyrene nanospheres were redispersed in 1% PVA
aqueous solution for the next step.

2.3. Synthesis of polystyrene/tert-butyl acrylate nanoparticles

Preparation of the final nanoparticles was performed by using a
modified seeded polymerization method and crosslinked polystyr-
ene nanospheres as seeds. Typically, a 0.5 mL dispersion of cross-
linked polystyrene nanospheres (25 wt%) in a 1 wt% PVA aqueous
solution was mixed with a 1.0 mL emulsion of monomer (20 vol
%). The monomer emulsion consisted of monomer (20 vol%), DVB
(0–2 wt%), and AIBN (0.5 wt%) in a 1 wt% PVA aqueous solution.
The mixture was stirred for 0.5 h with a speed of 100 rpm at room
temperature to allow the crosslinked polystyrene nanospheres to
completely swell. Then, the mixture was deoxygenated by bub-
bling nitrogen for 2 min. Polymerization was performed by stirring



36 Y. Li et al. / Journal of Colloid and Interface Science 543 (2019) 34–42
again for 5 h at 70 ± 1 �C in an oil bath. After that, the particles
were washed thoroughly in methanol by centrifugation at
14 000 rpm for three times.

2.4. Characterization

The morphology of anisotropic Janus particles was investigated
by scanning electron microscopy operated at 10 kV (FEI Quanta-
250 SEM, USA). To prepare samples for the SEM study, a drop of
particle dispersion was diluted with deionized water to obtain a
translucent suspension and ultrasonicated for 5 min. Then, the
samples were prepared by placing a drop of diluted dispersion
on a conductive silicon wafer and allowing the solvent to evaporate
at room temperature. The samples were then sputter-coated with a
layer of gold (Au) of about 2 nm.

To image the particle morphology during the swelling and poly-
merization processes, samples were aliquoted from the reaction
mixture at different time intervals during the process. Morphology
observation was conducted by SEM. Typically, 1 mL of resultant
emulsion was taken out and centrifuged at 14 000 rpm for 8 min
to sediment the particles, and the supernatant was discarded.
The particles were redispersed using ultrasonication into 5 g of
deionized water. This procedure was repeated two more times to
remove surfactant and unreacted monomers.

The size and size distribution of spherical polystyrene seeds
were studied by dynamic light scattering (Zetasizer Nano ZS, Mal-
vern Panalytical Ltd). Prior to conducting the measurement, poly-
styrene seed dispersions were highly diluted and then introduced
into a thermostated scattering cell at 25 �C.

The glass transition temperature (Tg) of polystyrene seeds was
evaluated with a differential scanning calorimetry instrument
(DSC Q2000, TA Instruments, USA) at a rate of 10 �C/min in the
range of 25–150 �C under nitrogen atmosphere. During DSC analy-
sis, about 5 mg of sample was used. At least 3 replicates were mea-
sured to obtain the standard deviation.

2.5. Computational model

We performed dynamic modeling of morphology evolution in
the second monomer polymerization using dissipative particle
dynamics (DPD) [50–52]. DPD models multicomponent systems
on the mesoscale by representing a fluidic element as individual
coarse-grained beads, whose dynamics are governed by classical
mechanics. An advantage of DPD over atomistic molecular dynam-
ics involves the ability to probe physical phenomena occurring at
relatively large length and time scales within computationally rea-
sonable time frames, which makes it particularly suitable for sim-
ulating polymeric systems [53–55]. Herein, individual polymer
chain or a cluster of monomers was represented as one DPD bead
[47–49]. The Gibbs free energies of mixing between seed polymer,
second monomer, and second polymer as well as the interfacial
tensions between domains rich in different components were con-
trolled by DPD interactions cross differing types of beads [52].
Crosslinking of polymers was modeled by forming permanent
bonds between polymer beads and tetrafunctional crosslinkers.
The crosslinking in the simulation represents the formation of net-
work, which effectively include both physical crosslinking of
chains themselves and chemical crosslinking in the presence of
crosslinkers. Polymerization was simulated by simple conversion
of bead types from monomer to polymer. Induced by polymeriza-
tion, the seed polymers and the second polymers underwent phase
separation, which resulted in particle morphology evolution.

Entanglement effects between the seed and secondary polymer
networks is expected to significantly influence the viscoelastic and
dynamics of protrusions. Therefore, we introduced dynamic bonds
between the two networks to qualitatively capture polymer entan-
glements. These bonds formed and broke according to the Bell
model [56–58]. The details of DPD method, polymerization and
crosslinking reactions, and entanglement models are described in
SI. The morphology development and particle formation kinetics
were investigated by varying the degrees of crosslinking in the
seed particle and in the second polymers. Notably, the numerical
degree of crosslinking in the model is defined as the fraction of
polymer beads that establish permanent bonds with two crosslink-
ers (also see SI for additional discussion of the computational
crosslinking degree). Thus, this quantity characterizes only the
extent of network formation and is different from the crosslinking
density or the crosslinker concentration referred to in our
experiments.
3. Results and discussion

The various morphologies formed at the expense of methanol-
water ratio and stage of seeded emulsion polymerization are
depicted in Fig. 1. The morphology changes are initiated during
the swelling stage, and it is found that distinct ratio of methanol-
water will lead to different morphologies of seed particles. Two
prominent morphologies were formed via the change in solvent
ratio: dumbbell and multilobe. Interestingly, multilobe morphol-
ogy in the swelling stage does not always lead to multilobe forma-
tion in the final particle morphology. It was found that seed
particles produced with an intermediate methanol-water (3:1)
ratio can swell into multilobe morphology. These multilobe
geometries can transition into dumbbells following a secondary
monomer polymerization. This transition is solely dependent upon
the methanol-water ratio, with all other experimental conditions
kept consistent. In the following text, we will discuss the details
of seed morphology and the influence of crosslinker amount on
the morphology change.
3.1. Seed morphology

To form the seed, linear polystyrene was first synthesized,
which showed a milky white appearance after polymerization
was triggered by raising temperature to 70 �C. Then a small
amount of styrene monomer was titrated slowly into the reaction
together with crosslinker divinylbenzene (DVB). Titration of the
crosslinker following the initial seed formation is a simple practice
in dispersion polymerization to ensure seed uniformity and narrow
size distribution, which has been reported in literature [11]. Here,
the solubility of styrene monomer in the solvent mixture of metha-
nol and water plays an important role. Initially styrene is fully dis-
solved. As the polymerization progresses, the polystyrene chains
grow longer and begin to precipitate out from the solution. The ini-
tial precipitation provides nucleation sites for further polymer
aggregation and particle growth, and this procedure inherently
forms spherical colloidal particles. When the methanol-water ratio
increases, the precipitation occurs at larger polystyrene molecular
weights, which has been confirmed by gel permeation chromatog-
raphy (GPC) (Table S1). In addition to enhanced molecular weight,
particle size also increases as the methanol-water ratio increases.
Each spherical polystyrene seed has a narrow size distribution, as
indicated by dynamic light scattering (DLS) measurement
(Fig. S1). More importantly, it is noted that the morphology also
changes as the methanol-water ratio increases (Fig. 2). At 1:1
methanol-water ratios, seed particles adopt a spherical shape with
rough surfaces. The rough surface resembles the polystyrene sur-
face with higher crosslinking density [59,60]. As the methanol-
water ratio increases, the seed surface becomes smoother.

More interestingly, at 3:1 methanol-water ratio, the seed parti-
cles undergo a transition to a dumbbell morphology even before



Fig. 1. Schematic illustration of morphology evolution during the seeded emulsion polymerization.

Fig. 2. SEM images of particle morphology evolution during a seeded emulsion
polymerization: (a–c) seed synthesized with methanol-water 1:1; (d–f) seed
synthesized with methanol-water 4:1; (g–i) seed synthesized with methanol-water
6:1. Scale bar is 200 nm.

Fig. 3. SEM images of anisotropic dumbbell shape polystyrene seed particles (a) low sty
Scale bar is 500 nm.
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the second monomer polymerization. As shown in Fig. 3, the
dumbbell morphology can be further modulated by adjusting the
amount of styrene monomer titrated together with the crosslinker.
The detailed mechanism of dumbbell formation in seed particle
synthesis is out of the scope of this study. However, it may be
due to the stability of seed particles during the polymerization,
which is closely related to the methanol-water ratio.

In previous studies, it has been observed that highly crosslinked
polystyrene particles have rougher surfaces and would lead to
multilobe morphology. [11,59–61]. In order to determine the dif-
ference in crosslinking density among all the polystyrene seeds,
the glass transition temperature following the addition of crosslin-
ker was measured by DSC. The data (Fig. S2 and Table S1) clearly
shows that the Tg of the seed particle decreases as methanol-
water ratio increases. Tg is correlated with two factors in this sys-
tem: molecular weight and crosslinking density. Previous results
show that increasing methanol-water ratio increases, average
molecular weight increases, which should lead to higher Tg. There-
fore, the lower Tg measured by DSC can only be explained by the
lower crosslinking density. Indeed, as more methanol is added to
the reaction, particle size grows and surface roughness decreases,
which is a good indication of a decreasing degree of crosslinking
density. This can be explained by considering the distribution of
crosslinker DVB molecules in the system. At low methanol-water
ratio, DVB molecules are less soluble in the solvent and prefer to
rene concentration during titration; (b) high styrene concentration during titration.
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accumulate more in the seed particles, therefore higher crosslink-
ing densities can be accomplished in seed particles. As the metha-
nol amount increases, DVB molecules may distribute more in the
solvent and the concentration in seed particles decreases. Thus,
the crosslinking density of seed particles decreases as the
methanol- water ratio increases.
3.2. Swelling morphology and final particle morphology

When swollen with second monomers, the seed particles syn-
thesized with different methanol-water ratios showed very differ-
ent morphologies. When methanol content is low in seed synthesis
(1:1 ratio), the seed particles are swollen into multilobe morphol-
ogy. Many particles also form one dominant lobe together with
several smaller lobes. Such features can be clearly seen under
SEM (Fig. S3). After polymerization of the second monomer, the
lobes all grow into bigger lobes and the final morphology is multi-
lobe. As shown in Fig. S4, multiple images from different areas
indicate that the observed local morphology is consistent through-
out the samples. When the methanol-water ratio increases to 4:1,
the seed particles again are swollen into multilobes. However, after
polymerization of the second monomer, the morphology evolves
into dumbbell shape. The detailed kinetics of multilobe to dumb-
bell transition are captured in Fig. 4.

The figure shows that 20 min into the polymerization, one dom-
inant lobe starts to emerge on the seed particle surface. Gradually
the smaller lobes all disappear, and the particles eventually morph
into a dumbbell shape at 40 min. As polymerization further pro-
gresses, the lobe on the dumbbell continues to grow. This multi-
lobe to dumbbell transition reveals interesting mechanisms of
the dumbbell formation. At the initial stage of the dumbbell forma-
Fig. 4. Morphology transition from multilobes to a single protrusion during the polyme

Fig. 5. Different particle morphologies (multilobe and single protrusion) formed by addin
(c) 0 wt%. Scale bar: 500 nm.
tion, the lobes are formed like a nucleation process, where small
protrusions nucleate on the seed particle surface. When the poly-
merization occurs, the lobe grows and can mitigate along the sur-
face to merge into bigger lobes. Eventually when the phase
separation is complete, the dumbbell morphology dominates the
system and the polymerization continues to grow the single lobe
on the dumbbell.

However, when methanol-water ratio is high (6:1), seed parti-
cles will swell directly into dumbbell morphologies. No multilobe
morphology is observed. The subsequent polymerization also pre-
serves the dumbbell morphology.

3.3. Effect of crosslinking

Fig. 5 shows the particle morphology when prepared with dif-
ferent amount of crosslinkers added with the second monomer.
When the concentration of crosslinkers increases, the surface
becomes rougher and particle morphology changes from dumbbell
to multilobe. The phenomenon is consistent with our nucleation
and growth model. Increasing crosslinker concentration will lead
to higher viscosity and lower diffusion rate at the particle surface,
which prevents the multilobes from merging efficiently into a sin-
gle lobe separation. Previous studies on the crosslinking density of
the seed particles also showed similar trend [11].

3.4. Computer simulations of morphology evolution

3.4.1. Model validation
Based on the experimental results, we content that entangle-

ments among crosslinked polymer chains have great impact on
the mobility of polymers and thus affect the kinetics of the
rization with seed synthesized under 4:1 methanol-water ratio. Scale bar: 500 nm.

g different crosslinker amount in the second polymerization: (a) 1 wt%; (b) 0.5 wt%,
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morphology evolution. In order to properly incorporate the entan-
glement effect, we calibrated the dynamic bond model by simulat-
ing melts of monodisperse polymers and measuring the diffusivity
of individual chains. Linear crosslinking structures with different
lengths were considered to enable a comparison against the repu-
tation theory [62]. In particular, the total degree of polymerization
of the chain was varied by the number of polymer beads that are
linearly crosslinked. The reptation model predicts D � N�m, where
D is the chain diffusion coefficient and N is the length of linear
polymers. The value of index m equals 1 when no entanglements
are considered and takes the value 2 with the entanglement effect
[62]. Fig. 6 shows that the simulations without dynamic bonds
resulted in m approximately equal to 1. This indicates that the
highly coarse-grained model did not inherently capture topological
constraints of long polymers and thus the polymer diffusion was
unphysically enhanced. In contrast, m ¼ 2 can be successfully
Fig. 6. The relation between chain diffusion coefficient and polymer length in linear
polymer melts with and without the implementation of the dynamic bond model in
DPD simulations.

Fig. 7. (a)–(d) Dynamic change of particle morphology toward a Janus dumbbell at di
polymers are 30% (note the numerical degree of crosslinking reflects in simulation does
seed polymers and second polymers, respectively. (e) The corresponding time-dependent
shape anisotropy of independent runs with different initial configurations.
obtained with the addition of dynamic bonds by setting appropri-
ate coefficients of the Bell model (listed in SI). This comparison
confirms the dynamic bonds allow our model to reproduce the cor-
rect dynamics of entangled chains. Using the validated entangle-
ment model, we then simulated the seeded emulsion
polymerization simulations of Janus particle synthesis. Below, the
simulation results focus on the secondary monomer
polymerization.
3.4.2. Dynamic evolution from multilobe to dumbbell morphology
The morphology transition from multilobe to dumbbell was

observed most saliently during the polymerization with seed syn-
thesized under 4:1 methanol-water ratio and 0 wt% DVB added
with the second monomer. Despite no chemical crosslinker in the
secondary monomer polymerization, polymer chains could still
form physical crosslinks in the experimental system. Correspond-
ingly, we simulated the polymerization for the seed particle and
second polymer protrusions having low numerical degrees of
crosslinking (30%) and explored morphology transition in great
detail. Fig. 7(a–d) and Video S1 show the dumbbell was progres-
sively formed by the coalescence of small protrusions during the
simulation. Fig. 7e shows the change in the relative shape aniso-
tropy accompanied with the morphology development, in which
the sudden increases correspond to the instants when the lobes
merge. We also conducted independent runs with different initial
bead distributions to confirm the consistency of this behavior, as
shown in Fig. 7f. Moreover, another simulation having the seed
and second polymers crosslinked at 10% also exhibited a similar
behavior (Fig. S5), verifying the morphology transition at low
crosslinking degree.
3.4.3. Seed crosslinking degree effect
To probe the effect of seed structure on the final particle mor-

phology, we constructed seed particles with different crosslinking
degrees from 0% to 90%. As mentioned in Section 2.5, this step-wise
difference in the numerical degree of crosslinking reflects the
fferent time. The numerical crosslinking degrees of both seed particle and second
not reflect the actual crosslinking density). The white and red beads represent the
relative shape anisotropy that reveals the morphology change of (a)–(d). (f) Relative
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similar trend as the particles obtained from experiment but does
not reflect their actual crosslinking density. The number of
crosslinkers in the second monomer was fixed to achieve 90%
crosslinking degree of the second polymer at the end of simulation.
Fig. 8 shows that the lightly crosslinked seeds yielded dumbbell
morphology, in which the second polymers aggregated into a sin-
gle protrusion. When the numerical degree of crosslinking in the
seed increased, multiple lobes of second polymer were observed
in the final morphology. The number of lobes increased with the
degree of seed crosslinking and a maximum of 4 lobes was
obtained for the 90% crosslinked seed. The interfaces between
the seed-polymer-rich and second-polymer-rich domains were flat
(see the insets of Fig. 8), which was attributed to the large surface
tension between the seed and second polymers. Multilobe mor-
phology clearly produces large interfacial area and was not ther-
modynamically favorable. Fig. S6a shows the relative shape
anisotropy of Janus particle took a steady-state value at the end
of simulation, suggesting a metastable state was reached. The com-
parison also shows that the final anisotropy value decreased as the
seed crosslinking degree increased. This variation is consistent
Fig. 8. Final morphologies of Janus particles in simulation for seed crosslinking
degrees of 0%, 10%, 30%, 50%, 70%, and 90%. This step-wise difference bares the
similar trend as the particles obtained from experiment but does not reflect their
actual crosslinking density. The terminal crosslinking degree of second polymer is
fixed at 90%. The insets show the morphologies of the second polymer lobes.

Fig. 9. Final morphologies of Janus particle in the simulations for the numerical crosslin
difference in the numerical degree of crosslinking reflects the similar trend as the partic
Panels (a) and (b) show the results for the 45% and 90% crosslinked seeds, respectively.
with the observed morphology change. These results verify that
the crosslinking structure of the seed significantly influences the
kinetics of morphology evolution. Therefore, highly crosslinked
seeds can result in Janus particles in metastable states.

3.4.4. Effect of degree of crosslinking in second polymer
To complement our experimental observation, we also investi-

gated the crosslinking effect of the second polymers for two differ-
ent seed particles that are 45% and 90% crosslinked. Fig. 9a shows
that by increasing the numerical crosslinking degree of second
polymers, the metastable morphology changed from dumbbell
and multilobe for the 45% crosslinked seeds. With higher crosslink-
ing degree in the seed, the twin lobe particle can be obtained even
when the second monomer has maximum mobility with no
numerical crosslinkers (Fig. 9b). The number of lobes further
increased from 2 to 4 when the amount of second polymer
crosslinkers increased. Fig. S6b also confirms these morphologies
reached metastable states without any further development in
the course of simulation.

Figs. 8 and 9 confirm that the thermodynamically unfavorable
multilobe morphologies are metastable states as a result of the
small lobes being mechanically trapped in highly crosslinked
seeds. In some simulations, we can observe small lobes of second
polymer internally trapped in the seed particle, as shown in
Fig. S7. Furthermore, the entanglements between the networks
inhibit coalescence in the lobes. We conducted a computer exper-
iment to explicitly elucidate the effect of entanglements on mor-
phology evolution. Fig. S8 shows that the dynamic bond model is
necessary to capture the kinetically trapped states as well as the
multilobe morphology observed in the experiments. Detailed dis-
cussion of this computational experiment is given in SI.

3.5. Kinetic and thermodynamic mechanism

Previous studies suggested that the entire process of seeded
emulsion polymerization and morphology formation can be attrib-
uted to three competitive driving forces. The first is the elastic
force induced by the swelling of the crosslinked seed. The second
is balancing the free energy of mixing the monomer with the poly-
meric seed. The third is the surface tension between particle sur-
face and continuous phase interface [36]. This model is
summarized by the following equation: DGm,p =DGel + DGm +DGt,
where DG

m,p
is the total free energy change, DGel is the elastic
king degrees of 0%, 45%, 68%, and 90% for the second polymer (note this step-wise
les obtained from experiment but does not reflect their actual crosslinking density).
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energy change resulting from the crosslinked seed, DGm is the free
energy change from mixing of monomer and polymeric seed,
which is determined by the Flory-Huggins parameters, and DGt

is the interfacial surface energy change between the particle and
solvent. Due to the molecular weight and crosslinking density dif-
ference, different seed particles synthesized under different
methanol-water ratios will have different Flory-Huggins parame-
ters. This can partially account for the difference of swelling behav-
iors observed in experiment. However, since Flory-Huggins
parameter only contributes to DGm, which alone could not explain
all the morphology changes observed in our study. In addition, the
equation here can only predict the equilibrated state. Our observa-
tion focuses on the kinetics, which is more complicated. Notably,
our coarse-grained simulations do not consider the variations of
Flory-Huggins parameters but are capable of predicting particle
morphology consistent with experimental data. This indicates dif-
ferent Flory-Huggins parameters may have only minor effects on
the morphology development.

Nonetheless, this model points out the most important interac-
tions in our system. The elastic force and free energy of mixing will
induce the initial protrusion of monomers nucleated at different
locations on seed particle surface, while the surface tension tends
to minimize the surface area by forming a dumbbell morphology.
At low methanol-water ratio (1:1), the seed particles are rougher
with higher crosslinking density. In this case, it is difficult for the
protrusions to diffuse and merge. This eventually leads to the for-
mation of multilobe morphology. When the methanol-water ratio
increases (6:1), the seed particles become smooth and crosslinking
density decreases. Thus, the mobility of initial protrusions
increases, which promotes the formation of thermodynamically
favored single protrusion (dumbbell morphology).

Evolution of particle morphology during the polymerization of
the second monomer is governed by the merge and coalescing of
initial protrusions induced by swelling. Thermodynamic equilib-
rium of this stage is dictated by the surface tension, where the
internal elasticity of seed network and the free energy of partial
mixing have negligible effects as the monomer is consumed away
by polymerization. The morphology evolution again is kinetically
controlled by the diffusion and viscoelastic behavior of the protru-
sions. The mobility and coalescence of the protrusions on the seed
surface can be controlled by the amount of crosslinkers within the
second monomers. More crosslinking will slow down the merge of
lobes and eventually lead to kinetically trapped multilobe
morphology.
4. Conclusions

In summary, we probe the kinetics of morphology formation in
a multistage emulsion polymerization for achieving Janus dumb-
bell nanoparticles. Using integrated experimental and computa-
tional tools, we demonstrated that by simply adjusting the
methanol concentration during seed synthesis, we can change
the seed morphology from spherical to dumbbell shape. In addi-
tion, when the methanol amount was low, spherical seeds with
rough surface were obtained, which further resulted in multilobe
particle after the secondary monomer polymerization. When the
methanol amount was high, spherical seed with smooth surface
were obtained and produced Janus dumbbell nanoparticles after
the secondary monomer polymerization. When the methanol
amount was intermediate, the final particle morphology went
through a multilobe to dumbbell transition during the secondary
monomer polymerization. The study on the effect of crosslinking
density further revealed that particle morphology changed from
dumbbell shape to multilobe morphology when more crosslinker
was added in the second monomer polymerization. Based on the
results, a nucleation-growth model has been proposed. The final
morphology is governed by the interplay of thermodynamics equi-
librium and mobility of protrusions on the seed particle surface.
When the protrusions have chance to merge together, dumbbell
morphology can be successfully obtained. Otherwise, the protru-
sions will be arrested kinetically and lead to multilobe morphol-
ogy. The computer simulation further confirms that the
morphology is kinetically controlled by diffusion of the protrusions
on the seed particles. This study provides fundamental under-
standing of morphology formation kinetics during a seeded emul-
sion polymerization and offers guidance for future scale-up
synthesis and morphology control of polymeric Janus
nanoparticles.
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