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� In situ visualization of polymerization was achieved by fluorescence imaging.
� Unique phase separation phenomenon was observed during miniemulsion polymerization.
� Superhydrophobic fluorescent nanoparticles were synthesized in rotating packed bed.
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a b s t r a c t

We report a simply designed liquid sample cell to visualize the processes of emulsion and miniemulsion
polymerization by real-time fluorescence imaging of aggregation-induced emission fluorogens (AIEgens)
in the emulsions. A unique phase separation phenomenon was observed in the styrene droplets during
miniemulsion polymerization, which is beneficial for surface engineering of the polymer nanoparticles.
Accordingly, a process intensified synthesis approach to polystyrene (PS) nanodispersion via emulsifier-
free miniemulsion polymerization was developed in rotating packed bed reactors. Superhydrophobic
fluorescent PS nanoparticles are fabricated via a cost-effective approach and exhibited a water/air contact
angle of over 155�, which are promising for fluorescent liquid marbles. These findings not only provide the
basis for real-time tracking and characterization of polymerization processes at themicroscale via fluores-
cence imaging of AIEgens, but also offer a new route for the cost-effective production of superhydrophobic
polymer nanoparticles for advanced applications.

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

Emulsion polymerization, a crucial preparation technique of
polymeric nanoparticles, is widely employed for the synthesis of
complex structured polymeric nanoparticles, nanocapsules with
polymer shells and polymeric Janus particles (Fan et al., 2017;
Hejmady et al., 2019; Huang et al., 2017; Landfester, 2009). Typi-
cally, polymer particles are formed by micellar nucleation in emul-
sion polymerization (Sajjadi and Jahanzad, 2006) and the particle
structure can be varied by choosing different surfactants, as shown
by previous studies (Rao and Geckeler, 2011). However, a large
quantity of surfactant is required to keep the micelles stable. The
extra surfactant raises the product cost and reduces the product
performance if it is not completely removed. In the recently devel-
oped miniemulsion polymerization technology, which avoids the
use of extra surfactants, the droplets in the emulsion act as tiny
reactors that limit the amount of reactive monomer necessary to
form the particle (Castor et al., 2015; Jiang et al., 2014; Liu et al.,
2019). However, the particles produced by miniemulsion polymer-
ization are usually much larger than those obtained from emulsion
polymerization (Gharieh et al., 2019). Another study showed that
the change in droplet phase state during polymerization is a com-
plex process (Truong et al., 2017). There are intermediate states
when the liquid droplets transform into solid particles. The phase
transformation process of polymerization plays a significant role
in the structure formation of the particle (Drache et al., 2018;
Thickett and Teo, 2019). Therefore, knowledge of in situ visualiza-
tion and real-time tracking of emulsion and miniemulsion poly-
merization processes at the microscale is critical to develop new
approaches for the preparation of polymer nanoparticles with uni-
form size distributions (Asua, 2014; Sacci et al., 2014; Zhang et al.,
2015; Neuville et al., 2017).
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In contrastwith the expensive and sophisticated in situ transmis-
sion electron microscopy (TEM) technique, laser scanning confocal
microscopy (LSCM) and atomic force microscopy (AFM) are widely
used techniques for in situ visualization in biology and materials
science (Fukui et al., 2018). AFM has been used to visualize the
dynamics of many biological and chemical systems due to its
extraordinary spatial resolution (Hans et al., 2009; Pyun et al.,
2005; Zhang et al., 2016). Unfortunately, the accurate visualization
facility that characterized the solid products formed in these sys-
tems is incapable of studying phase transitions. Owing to the syn-
thesis of diverse functionalized fluorescent probes, LSCM has been
a powerful strategy for biological and chemical process visualiza-
tion. Traditional chromophores are not ideal fluorescent probes for
sustained observation because of the aggregation-induced quench-
ing and photobleaching phenomena in the solid state. When
aggregation-induced emission fluorogens (AIEgens) were first
reported by Tang in 2001, the problems mentioned above were
resolved (Hong et al., 2009; Mei et al., 2015). Henceforth AIEgens
with low background noise were widely applied in the continuous
monitoring of biological processes (Qin et al., 2012; Zhao et al.,
2016; Huang et al., 2016; Yuan et al., 2014). Furthermore, AIEgens
were applied for the real-time monitoring of chemical reactions
(Leung et al., 2016). A commonmethod to visualize a chemical reac-
tion employs the strong emission caused by AIEgens in the aggre-
gated state which attach directly to the reactants during the
reaction (Guan et al., 2016; Tian et al., 2019). This precise location
of the dyemolecules can show the segmentalmotion of the polymer
but barely affects the intrinsic properties of the polymers (Liu et al.,
2018). Therefore, the in situ labelmerely provides an insight into the
process at themolecular level rather than into the systemas awhole.

In this work, we designed a liquid sample cell that has a simple
structure, fewer parts and easy fabrication. The sample cell is used
to visualize the formation process of polymer particles in emulsion
andminiemulsion polymerization by confocal laser scanningmicro-
scopy (CLSM). The AIEgens were employed as fluorescent probes to
specifically label the droplet phase state during the polymerization
process. The principle of polymerization process visualization was
based on the AIEgens aggregated state caused by the increase in vis-
cosity of the local environment. The light-induced emulsion poly-
merizations of polystyrene (PS) using styrene as the monomer and
encapsulation in the liquid sample cell were investigated in real-
time by CLSM. In situ real-time fluorescence imaging showed the
characteristics of the emission and miniemulsion polymerization
processes and indicated that the droplet size is an important factor
in miniemulsion polymerization. A high-gravity emulsifier-free
miniemulsion polymerization approach for the synthesis of PS nan-
odispersions based on the use of a rotating packed bed (RPB) reactor
was proposed to obtain PS nanoparticleswith uniform size. Further-
more, the proposed in situmethod for real-time visualization of the
miniemulsion polymerization process inside the liquid sample cell
could disclose a previously unknown aggregation and morphology
Fig. 1. Schematic representation of liquid sample cell and visualization of styrene em
kex = 405 nm, kem = 435–700 nm.
in polymerized droplets. Fluorescent nanoparticles doped with
low-dose aminopropylisobutyl polyhedral oligomeric silsesquiox-
ane (POSS-NH2) on the surface were synthesized based on the phe-
nomenon of phase separation, and their preliminary application for
liquid marbles was demonstrated.

2. Experimental section

2.1. Materials

Styrene (St) was purchased from Aladdin Industrial Corporation
and was passed over basic alumina to remove inhibitors prior to
use. Sodium dodecyl sulfate (SDS), chloroform, tetrahydrofuran
(THF), 2,20-azobis(2-methylpropionitrile) (AIBN), camphorquinone
(CQ), ethyl 4-dimethylamino benzoate (EDMAB) and 1,1,2,3,4,5-
hexaphenylsilole (HPS) were purchased from Sigma-Aldrich. Basic
information on CQ and HPS is shown in the Supplementary Infor-
mation (Fig. S1), including the UV-vis absorption spectra and
chemical structures. Aminopropylisobutyl polyhedral oligomeric
silsesquioxane (POSS-NH2) was purchased from Hybrid Plastics.
All the chemicals were used without any additional purification
unless specifically mentioned. Instant adhesive CA40H was pur-
chased from 3 M. Kapton� Type 100HN films were purchased from
DuPont. Glass slides and coverslips were purchased from Citotest.
Deionized water obtained using a laboratory water purification
system was used for all experiments.

2.2. Preparation of styrene emulsion

As a typical recipe, 2.0 g of St, 0.25 mg of HPS, 10.0 mg of CQ and
40.0 mg of 4-EDMAB were stirred together in a 10 mL beaker at
0 �C and in a dark place for 10 min, forming a homogeneous solu-
tion (solution A). Meanwhile, 20 mg of SDS was dissolved in 40 mL
of water, forming a homogeneous solution (solution B). For the
emulsion process, solution A and B were mixed using a high-
speed dispersion homogenizer (Ultra-Turrax, IKA T18 digital) for
60 s at 15 krpm. The emulsion was maintained at 10 �C and kept
in a dark place to prevent polymerization.

2.3. Fabrication of liquid sample cell

The liquid sample cell consisted of a simple structure, com-
posed of a glass slide, gaskets and a coverslip (Fig. 1). Briefly, Kap-
ton� Type 100HN film (25 lm thick) was fragmented into strips
(3 � 22 mm), which were used as the gaskets to regulate the dis-
tance between the glass slide (25 � 75 mm) and the coverslip
(22 � 22 mm). Two gaskets were laid on either side of the coverslip
and covered tightly by the glass slide. The interfaces of the gasket
were sealed with the instant adhesive CA40H at 60 �C. The distance
between the glass slide and coverslip can be adjusted by the thick-
ness of the gasket.
ulsion in liquid sample cell by CLSM. The inset shows the PL spectrum of HPS.



Fig. 2. (A) Formation of CQ and EDMAB primary radicals. The red dots represent the
active atom. (B) Highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) for CQ. The calculations were performed by the Perdew-
Burke-Ernzerhof (PBE) function. (C) Fukui radical field; greater values indicate a
greater susceptibility to radical attack. The iso-value for surfaces is 0.03. The insets
are the electrostatic potential (ESP) charges of crucial atoms.
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2.4. Sample loading and fluorescent visualization

The emulsion was loaded into the liquid sample cell from the
unsealed flanks based on the capillary phenomenon. The loading
process needs to be repeated several times in order to exclude bub-
bles from the cell. After removing excess emulsion with filter
paper, the flanks were sealed with the instant adhesive CA40H.
The sealed cell was kept in a dark place at 4 �C for 2 h, allowing
complete solidification of the adhesive. The liquid sample cell
was then imaged by CLSM (TCS SP8, Leica, Germany) upon excita-
tion by 405 and 488 nm laser, and the fluorescent signals were col-
lected at a wavelength above 500 nm (Fig. 1). Time-dependent
confocal images of the cell were collected for a total irradiation
time of 16.5 min by CLSM, using the following parameters: scan
speed = 400 Hz; zoom = 1.1; pinhole size = 1 AU; intensity of
405 nm laser line = 15%; intensity of 488 nm laser line = 20%. Fluo-
rescence images were collected by the PMT1 detector from channel
1 at 500–560 nm. Bright images were collected by the PMT trans
detector from the transmission channel.

2.5. Synthesis of PS particles

The synthesis of PS nanoparticles by RPB miniemulsion poly-
merization was conducted by a two-step process composed of
emulsification and miniemulsion polymerization (Fig. S5). Briefly,
10 g of St and 500 mg of AIBN were stirred together in a 20 mL
beaker at 15 �C for 10 min, forming a homogeneous solution (solu-
tion A). For the emulsification process, solution A and 100 mL of
water were pumped into a RPB reactor via two inlets at liquid flow
rates of 5 mL/min and 50 mL/min, respectively. Then the emulsion
was circulated between the RPB reactor, tubular heat exchanger
and stirred reactor for miniemulsion polymerization. The tempera-
ture of the emulsification systemwas controlled at 20 �C during the
miniemulsion process and the microemulsion was then circulated
at 80 �C for 2 h, allowing complete polymerization of the reactants
to form nanoparticles. The classical emulsion and miniemulsion
polymerization of styrene were conducted by one-step processes.
In miniemulsion polymerization, 10 g of St and 500 mg of AIBN
were mixed in a flask and 100 mL of deionized water was added
for emulsification. After stirring for 10 min at room temperature,
the emulsion was heated at 80 �C for 8 h. The PS nanoparticles were
synthesized by emulsion polymerization via the same process, but
100 mL of 20 mg/mL SDS aqueous solution was added instead of
deionized water for emulsification. To assess the effect of POSS-
NH2 on the surface performance of PS nanoparticles, POSS-NH2:
HPS@PS nanoparticles were synthesized via the same process of
RPB miniemulsion polymerization. For this synthesis, 10 g of St,
500 mg of AIBN, 20 mg of HPS and 300 mg of POSS-NH2were stirred
together in a 20 mL beaker at 15 �C for 10 min (solution A). Other
experimental parameters were the same as for the synthesis of PS
nanoparticles by RPB miniemulsion polymerization.

2.6. Characterization

The polymer molecular weights were determined by gel perme-
ation chromatography (GPC, 1515GPC, Waters, America) analysis.
The Fourier transform infrared (FTIR) spectra were obtained using
a PerkinElmer Spectrum GX FTIR spectroscopy system in the range
of 400–4000 cm�1. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on a VG Microtech ESCA 2000. The
morphologies of the POSS-NH2:HPS@PS and PS nanoparticles were
observed by a Hitachi HT7700 transmission electron microscopy
(TEM) at an accelerating voltage of 100 kV and a JEOL *JSM-
7800F scanning electron microscope (SEM) at an accelerating volt-
age of 10.0 kV. The absorption spectra were obtained using a Shi-
madzu UV-2600 spectrometer. The fluorescence spectra were
recorded using an Edinburgh Instruments FS5 fluorescence spec-
trometer with an excitation wavelength of 405 nm. The conversion
of styrene was determined using a gas chromatography (GC) sys-
tem (Shimadzu GC-2014C, N2 as the carrier gas, a flame ionization
detector (FID) and a chromatographic column of GsBP-Plot Al2O3

(100 m � 0.53 mm � 15 lm)). The temperatures of the injector
and FID detector were 80 and 250 �C, respectively.

2.7. Calculation methods

First-principles calculations based on spin-polarized density-
functional theory (DFT) were performed using DMol3 code. Hybrid
density functional B3LYP in combination with double numerical
basis sets with polarization functions (DNP) were used to calculate
nonlocal gradient corrections to the correlation and exchange
energies (Becke, 1993; Delley, 2006; Stephens et al., 1994). All elec-
trons are included in the calculation. To be more precise, the self-
consistent field (SCF) convergence accuracy was increased to
1.0 � 10�6 Ha. The convergence thresholds for energy, force, and
displacement were set to be 1.0 � 10�5 Ha, 0.002 Ha/Å, and
0.005 Å, respectively. We used a 0.005 Ha smearing on electronic
orbital occupancy and the global orbital cutoff was 3.7 Å, simulta-
neously. For other parameters, the default settings were taken.

3. Results and discussion

Photoinitiated CQ–EDMAB polymerization occurs through elec-
tron/proton transfer (Alvim et al., 2007). Irradiation of CQ with vis-
ible light causes the formation of triplet state CQ (Cook, 1992;
Jakubiak et al., 2003). Triplet state CQ then abstract hydrogen from
EDMAB (hydrogen donor), forming CQ and EDMAB primary radi-
cals (Fig. 2A). The EHOMO and ELUMO showing the photoreactive
activity of the CQ carbonyl group are shown in Fig. 2B. The calcu-
lation results indicated that the formation of triplet state CQ
requires more than 1.90 eV of energy (Eq. (1)). In the experiment,
the polymerization was triggered by a 488 nm laser (Fig. S1B, the
absorption spectrum of initiator CQ). The quantum energy of light
with a wavelength of 488 nm is 2.53 eV (Eq. (2)), which is enough
to excite CQ molecules. The average kinetic energy of the molecule
at 300 K is 0.04 eV (Eq. (3)), which has little effect on the photoini-
tiation process. The Fukui field calculation result showing the rad-
ical attack activity of the carbonyl group (Fig. 2C).

DEPBE ¼ ELUMO � EHOMO ¼ 0:0699Ha ¼ 1:90 eV ð1Þ



Table 1
SPIN of active atom and Ebanding of primary and monomer radicals.

Name CQ primary
radical

CQ-St monomer
radical 1.0

CQ-St monomer
radical 2.0

EDMAB primary
radical

EDMAB-St monomer
radical 1.0

EDMAB-St monomer
radical 2.0

Structure
Spin of active atom 0.553 1.005 0.702 0.791 1.023 0.720
Ebanding (eV) – 1.1460 �0.0537 – �0.1425 �0.6849
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e488 ¼ hc=v ¼ 4:073� 10�19J ¼ 2:53 eV ð2Þ
ek
�

300Kð Þ ¼ 3kT=2 ¼ 6:21� 10�21J ¼ 0:04 eV ð3Þ
The generated CQ and EDMAB primary radicals react with the

monomer to form monomer radicals, which initiate the polymer-
ization reaction. The spin polarization calculation results of the pri-
mary and monomer radicals show the spin distribution of the
radical system and determine the position of the active atom. The
spin values of the radicals’ active atoms show the transfer of spin
during the polymerization process (Table 1). The calculation of
the Ebanding of monomer radicals is performed by Eq. (4). The calcu-
lation results indicate that the 1.0 structure of the CQ-St monomer
radical has the strongest reactivity (Table 1, Ebanding = 1.1460 eV).
The Fukui radical fields of the primary and monomer radicals indi-
cate that the monomer radicals have a higher reactivity (Fig. S2).
The calculation results are confirmed by the characteristics of the
chain-initiated process of free radical polymerization.

Ebanding ¼ Eproduct � Eradical � ESt ð4Þ
Emulsion and miniemulsion polymerization were triggered in

the liquid cell and imaged by CLSM. In the nucleation process of
miniemulsion polymerization, each droplet is an independent
reaction unit in which polymerization occurs. Droplets with a
Fig. 3. (A) Confocal images of styrene miniemulsion polymerization for the total irradiatio
the total irradiation time from 0 to 10 min. All images share the same scale bar (5 lm). (C
(D) normalized frame mean intensity of emulsion polymerization during reaction.
small range of movement for easy tracking during the reaction
are observed for about 16 min during polymerization. In the video
of miniemulsion polymerization captured using confocal imaging
(Video S1), the transformation of styrene droplets can be clearly
observed. The styrene droplets were marked as Obj.1 to Obj.21 in
our experiment and tracked to characterize the transformation
process in miniemulsion polymerization (Fig. S3, enlarged confocal
images of the 21 styrene droplets). In the bright field image, the
diameter of the styrene droplets gradually shrinks as polymeriza-
tion proceeds. At the same time, the fluorescence intensity of the
droplets in the dark field image gradually increases. The droplet
fluorescence localization coincided with the bright field image,
indicating that HPS is an ideal fluorescence probe for the emulsion
polymerization system (Video S1, Merge). The fluorescence signal
from HPS remained almost unchanged after continuous scanning
for 400 times with a total irradiation time of �17 min, indicating
its excellent photostability (Fig. S4).

The localization and diameter of the styrene droplets varied dur-
ing the reaction. The confocal imagesof theobjects atfive timenodes
are shown in Fig. 3A to demonstrate the variation of positioning. It is
necessary to track the droplets frame by frame to ensure data accu-
racy. The diameter shrinkage ratio and average fluorescence inten-
sity of the droplet reflect the reactant conversion and local
environment viscosity, respectively. The fluorescence intensity is
n time from 0 to 16 min. (B) confocal images of styrene emulsion polymerization for
) Normalized frame mean intensity of miniemulsion polymerization during reaction.



Table 2
Analysis of styrene emulsion confocal images in Fig. 3A.

Time 0 min 4 min 8 min 12 min 16 min

Obj. Diameter
lm

Avg. Intensity
gray values

Diameter
lm

Avg. Intensity
gray values

Diameter
lm

Avg. Intensity
gray values

Diameter
lm

Avg. Intensity
gray values

Diameter
lm

Avg. Intensity
gray values

1 5.59 19.39 5.21 22.82 3.51 80.32 2.62 237.18 2.50 252.76
2 3.38 16.30 3.10 18.02 2.10 72.60 1.71 223.56 1.59 251.63
3 3.11 17.18 2.87 18.06 1.90 86.72 1.47 249.99 1.38 255.00
4 2.84 12.80 2.49 17.17 1.76 49.08 1.34 239.13 1.29 244.53
5 3.53 18.08 3.33 21.80 2.17 87.49 1.74 246.48 1.65 254.44
6 7.07 6.24 6.84 6.82 4.62 19.57 3.22 102.43 2.97 226.27
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measured based on the gray-scale value, and the value range is from
0 to 255. The diameter and average fluorescence intensity of the
observation objects were measured every 20 s. The measured data
of the objects in Fig. 3A are given in Table 2. In addition, the detailed
data acquisition process is demonstrated in Video S2.

Particle formation in emulsion polymerization occurs through
micellar nucleation at the initial reaction stage. Due to its limited
resolution, CLSM is unable to track the reaction process of individ-
ual polystyrene particles. Emulsion polymerization is character-
ized by the frame mean intensity as a function of time. In the
video of emulsion polymerization captured by confocal imaging
(Video S3), the fluorescence intensity of the frame increases with
polymerization. The confocal images of emulsion polymerization
at five time nodes are shown in Fig. 3B to demonstrate the varia-
tion of fluorescence intensity. The normalized frame mean inten-
sity of emulsion polymerization has a linear relationship with
time (Fig. 3D). In contrast, the normalized frame average intensity
of miniemulsion polymerization has an S-curve relationship as a
function of time (Fig. 3C). This is similar to the data for a single dro-
plet in miniemulsion polymerization (Fig. 4A).

To facilitate comparison among the reactant conversions of dif-
ferent droplets, the diameter data were converted into diameter
Fig. 4. (A) Plot of shrinkage ratio and average intensity versus time data of Obj. 1. The d
and average intensity versus time data of Obj. 1. (C) Plot of average intensity versus reac
supporting information. (D) Plot of I/I0 versus the water fraction of HPS. Concentration =
shrinkage ratios. The relationship between shrinkage ratio and
average intensity versus time is two S-curves that can be matched
to the DoseResp function (Eq. (5)) (Fig. 4A). Detailed data related to
the fitting results are given in the supplementary information.
Then, through the time derivation of the DoseResp function fitting
result, the shrinkage rate and average intensity change rate curve
were obtained (Fig. 4B). Similarly, the rate of change curves for
shrinkage ratio and average intensity represent the change rate
of reactant conversion and local environmental viscosity, respec-
tively. In the early stage of polymerization, polymer chain concen-
tration is low, droplet viscosity is small, and molecular movement
is intense. Free radicals in the droplets are prone to collisions that
cause chain growth to terminate. As the polymer concentration
increases, the viscosity of the system increases and molecular
motion slows down. The radical life is extended and the reaction
rate gradually increases. Subsequently, a firm polymer network
forms in the droplets at high conversion, which hinders the diffu-
sion of free radicals and slows down the reaction rate. Due to the
small droplet size, the reaction rate first increases and then
decreases. The droplet viscosity is generally considered to be linear
with the reaction rate. However, the local environmental viscosity
of the droplets generally increases abruptly at a certain point in the
ata were fitted by the DoseResp function. (B) The time derivation of shrinkage ratio
tion rate of Obj. 1. The detailed analysis data of the other 20 objects are given in the
10*10-6 M; I0 = PL intensity in pure tetrahydrofuran solution; kex=405 nm.
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reaction and continues to grow rapidly for a period of time at the
end of the reaction (Fig. 4C). This special phenomenon can be
observed during the reaction of other droplets (Figs. S8–S27). The
increase in abnormal viscosity is also inconsistent with the
increase in fluorescence intensity caused by a decrease in solvent
content (Fig. 4D).

y ¼ A1 þ A2 � A1

1� 10 Logx0�xð Þp ð5Þ

A phase separation process is proposed to elucidate the abnor-
mal increase in the local environmental viscosity of polymer dro-
plets and related experimental results. Phase separation is a
common phenomenon in concentrated styrene-polystyrene solu-
tions because of the poor dispersion of the molecular structure of
long polystyrene chains. There are two phases in a system with
phase separation: a dilute phase and a thick phase. The thick phase
contains more polymer molecules, resulting in a higher viscosity
than that of the dilute phase. This can result in a heterogeneous
distribution in the system and an anomalous increase in local envi-
ronmental viscosity. We believe that there are two stages in the
polymerization of droplets (Fig. 5A). Droplets are homogeneous
systems of symmetrical local environmental viscosity in the early
stages of polymerization. The droplet viscosity increases steadily
with the reaction (Fig. 4C). When the polystyrene concentration
reaches a critical value, instantaneous phase separation results in
a significant increase in the local environmental viscosity of the
droplets. The thick phase of the droplet then gradually expands
as the reaction progresses, and the viscosity of the system contin-
ues to increase rapidly. In response to this, the droplet fluorescence
intensity increases rapidly until the end of the reaction.

The anomalous increase in signal growth rate was investigated
by calculating the time difference between the peaks of the rate of
change curves of the shrinkage rate and the average intensity
(Fig. 4B, Dt). Droplet diameter, the only difference between dro-
plets, was used to measure different droplet systems. The right half
width of the change curve for shrinkage ratio is used to measure
Fig. 5. (A) Schematic of the styrene emulsion polymerization process. (B) Plot of delta T v
21. The red inset line was the average of delta T.
the length of the second half of the reaction of the individual dro-
plets. The data indicated that there is no correlation between the
temporal difference (i.e. the reason for the anomalous increase)
and the individual size of droplets (Fig. 5B). This result excludes
the influence of individual differences. Meanwhile, the right half
width is highly correlated with the temporal difference, and the
Pearson correlation coefficient is 0.46 (Fig. 5C). The reaction rate
in the second half is the decisive factor affecting the time required
for the polymer solution to reach the critical concentration. The
earlier the polymer concentration reaches the critical value, the
earlier the phase separation phenomenon will occur.

In situ visualization data indicate that droplet size affects the par-
ticle size and macroscopic reaction rate during miniemulsion poly-
merization. When the droplets in the system are small enough, the
macroscopic conversion rate curveof theminiemulsionpolymeriza-
tion is similar to that of emulsion polymerization. At the same time,
particles having a small size and a uniform size distribution can be
obtained. The rotating packed bed (RPB) has been developed as an
efficient apparatus to enhance the mass transfer of mixing of the
reactants for various reactions (Liu et al., 2019; He et al., 2019;
Wang et al., 2019). In our work, the RPB was used for miniemulsion
polymerization to keep the emulsion droplets small and uniform in
size during the reaction, in comparison to those performed in a con-
ventional stirred reactor. Fig. 6A–C show the TEM images and the
size distribution of PS particles prepared by three kinds of processes,
namely miniemulsion polymerization, RPB miniemulsion polymer-
ization and emulsion polymerization, respectively. RPB miniemul-
sion polymerization can be used to prepare nano-sized PS particles
with an average diameter of 71 nm. Under the same conditions, PS
particles prepared by miniemulsion polymerization had an average
diameter of 1.1 lm. The polymer particles prepared by RPB
miniemulsion polymerization have a more concentrated size distri-
bution than those prepared by emulsionpolymerization. Themolec-
ular weight of PS nanoparticles prepared by RPB miniemulsion
polymerization determined by GPC was Mw = 460,562 Da. This is
not only much higher than that of the PS particles prepared by
ersus diameter of Obj. 1 to 21. (C) Plot of delta T versus right half width of Obj. 1 to



Fig. 7. SEM images of (A) POSS-NH2:HPS-PS nanoparticles and (B) PS nanoparticles.
The inset shows the TEM image of a POSS-NH2:HPS-PS nanoparticle. (C) Contact
angle photo of POSS-NH2:HPS-PS nanoparticles; (D) Digital photos of liquid marbles
made with POSS-NH2:HPS-PS nanoparticles containing 0.35 mL of water, under
daylight and under UV light. kex = 365 nm.

Fig. 6. TEM images of PS particles prepared by (A) miniemulsion polymerization, (B) RPB miniemulsion polymerization and (C) emulsion polymerization. The inset shows the
size distribution of PS particles. Reaction conversion rate of styrene with (D) miniemulsion polymerization, (E) RPB miniemulsion polymerization and (F) emulsion
polymerization versus time.
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miniemulsion polymerization (Mw = 83,320 Da), but also higher
than that of particles prepared by emulsion polymerization
(Mw = 336,769 Da). As expected, the styrene conversion curve of
miniemulsion polymerization is similar to that of emulsion poly-
merization, due to the reduction in the emulsion droplet size
(Fig. 6D–F). The small size of the emulsion droplets not only inhibits
free radical quenching of each reaction unit, but also substantially
increases the number of effective reaction units in the system. This
allows the reaction system to have somemicelle nucleation charac-
teristics and causes the RPB miniemulsion polymerization tech-
nique to have similar reaction characteristics to emulsion
polymerization without surface activity.

Surface modification with low-dose modifier could be imple-
mented via the phase separation phenomenon. The molecules,
which had poor compatibility with long polymer chain structure,
were beneficial in the dilute phase during polymerization. These
molecules gather on the surface and influence the surface proper-
ties of the polymer particles formed. Aminopropylisobutyl polyhe-
dral oligomeric silsesquioxane (POSS-NH2), which can dissolve in
styrene but is not compatible with the polystyrene chain structure,
was used at a low dose (3 wt% of styrene) for surface-modification
to decrease the wettability of polystyrene (PS) nanoparticles. The
POSS-NH2:HPS@PS nanoparticles exhibited a similar spherical
shape as PS nanoparticles (Fig. 7A&B), and no surface defects were
found on the nanoparticles doped with low-dose POSS-NH2

(Fig. 7A, inset). The agglomeration interaction of the particles
was attributed to the drying process in the preparation of the pow-
der for SEM observation. Furthermore, no characteristic peak of
POSS-NH2 was found in the Fourier-transform infrared (FT-IR)
and XPS spectra of POSS-NH2@PS because of the low-dose modifier
(Fig. S7A–C). The contact angles of PS nanoparticles were signifi-
cantly increased when modified by POSS-NH2, indicating that the
low-dose POSS-NH2 gathered on the surface of the PS nanoparticles
(Fig. 7C, Fig. S7D). The modified PS nanoparticles can be used as
shell material for preparing fluorescent liquid marbles (Fig. 7D).
Compared to the high amount of modifier used in conventional
surface modification, this modification method could realize stable
surface modification with tremendous molecular use efficiency.
4. Conclusion

In summary, we demonstrated the use of AIEgens for the in situ
visualization and real-time tracking of emulsion and miniemulsion
polymerization inside an easy fabrication liquid sample cell. This
technique enabled us to get the in situ information on the emulsion
and miniemulsion polymerization processes directly. In situ fluo-
rescence imaging showed that the emulsion droplet size affects
the particle size and macroscopic reaction rate during miniemul-
sion polymerization. A high-gravity emulsifier-free miniemulsion
polymerization approach based on the use of a RPB reactor was
proposed for the synthesis of PS nanodispersions. The use of a
RPB reactor for miniemulsion polymerization could maintain the
small size and size uniformity of emulsion droplets in the absence
of surfactant. The PS nanoparticles obtained by high-gravity
emulsifier-free miniemulsion polymerization exhibited an average
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size of 71 nm with narrow size distribution and an average molec-
ular weight 460,562 Da. Moreover, a unique phase separation phe-
nomenon was observed in the styrene droplets during the
miniemulsion polymerization process. Fluorescent nanoparticles
doped with low-dose POSS-NH2 on the surface were synthesized
based on the phenomenon of phase separation, and their prelimi-
nary application for liquid marbles was demonstrated. This modi-
fication method could lead to tremendous molecular use efficiency
in the surface modification field. Furthermore, the present work is
anticipated to open a new avenue for the real-time tracking and
characterization of reactions.
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