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Hollow polymer microspheres with movable quaternary pyridinium polyelectrolyte (PE) cores and
various functional groups on the shell-layers, such as hydroxyl, amide, and carboxyl, were prepared
by the selectively etching of mid-silica layer with hydrofluoric acid from the corresponding
poly(ethyleneglycol dimethacrylate-co-methacrylic acid)@poly(ethyleneglycol dimethacrylate- co-4-
vinylpyridinium benzylchloride)/silica/polymer (P(EGDMA-co-MAA) @P(EGDMA-co-VPyBzCl)/SiO2/
polymer) tetra-layer microspheres. The tetra-layer hybrid microspheres were synthesized by a multi-
stage reaction process, which included the combination of distillation precipitation polymerization for
the formation of polymer-layers and the hydrolysis of tetraethyl orthosilicate (TEOS) via a modified
Stöber sol–gel procedure to afford silica layer. The efficient electrostatic interaction between the cationic
pyridinium species on the surface of P(EGDMA-co-MAA)@P(EGDMA-co-VPyBzCl) cores and the negative
charges on the silica species was essential to get monodisperse tri-layer P(EGDMA-co-MAA)@P(EGDMA-
co-VPyBzCl)/SiO2 microspheres during the hydrolysis of TEOS. The functional polymer shell was
encapsulated over 3-(methacryloxy)propyl trimethacrylate (MPS) modified tri-layer polymer/silica seeds
by distillation precipitation copolymerizations of N,N0-methylenebisacrylamide (MBAAm) crosslinker
and comonomers with different functional groups, including N-isopropylacrylamide (NIPAAm),
2-hydroxyethylmethacrylate (HEMA) and methacrylic acid (MAA), with 2,20-azobisisobutyronitrile
(AIBN) as an initiator in neat acetonitrile. The morphology and structure of the tetra-layer hybrid
microspheres and the corresponding hollow microspheres with movable PE core and functional polymer
shell-layer were characterized by transmission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FT-IR), x-potential, and dynamic light scattering (DLS).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, hollow polymer microspheres have attracted
much attention due to their wide applications, including the
encapsulation for controlled-release of drugs and enzymes, fillers,
catalysts, and adsorption materials for sound [1–5]. A variety of
physical and chemical techniques have been reported for the
preparation of hollow polymer microspheres such as the encap-
sulation of a hydrocarbon non-solvent [6], micelle formation
of block copolymers with subsequent shell-crosslinking and
degradation of the core [7], surface-initiated atom transfer radical
polymerization (ATRP) [8], polycondensation interfacial polymeri-
zation [9,10], and layer-by-layer deposition of polyelectrolyte onto
sacrificial templates [11–13].
x: þ86 22 23503510.
).
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Hollow polymer microspheres have some excellent properties,
such as low density, high specific area, good flow ability, and
surface permeability. Especially, their big cavities can encapsulate
functional nanoparticles as cores. This interesting structure with
novel functionalities is different from those of the host hollow
microspheres and the guest nanoparticles. There have been two
ways to acquire hollow polymer microspheres with movable cores.
One is based on a template-assisted approach for the synthesis of
polymer microspheres having tri-layer structures with subse-
quently selective removal of the sacrificial mid-layer. Different
nanoparticles, such as gold [14,15], silver [16], tin [17], silica [18,19],
polymer beads [20,21], and iron oxides [22–24] have been encap-
sulated into the interior of different hollow particles as movable
cores via different techniques. The other is the in-situ synthesis of
the movable nanocolloid-cores inside the cavity of the preformed
hollow polymer microspheres [25,26]. Monodispersity and various
polarity with different functional groups on the shell-layer of the
hollow polymer microspheres are important to improve their
performance and functionality for many applications, such as for
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a micro-reactor containing gold nanoparticles inside as a catalyst
[27]. The interaction of microparticles with biological cells depends
on the size, size distribution and functionality of the particles [28].
If the size distribution of microparticles is narrower, physical and
chemical properties are more uniform, thereby making it easier, for
example, to formulate more sophisticated drug deliver system [29].
It is much difficult for both dispersion polymerization and emulsion
polymerization to control the size and size distribution of either the
hollow spheres or hollow spheres with movable cores.

Polyelectrolytes (PEs) are often used to modify the surface
properties of various materials and have potential applications in
many fields, such as contact lens, modification of surfaces of tita-
nium implants, wound dressings for serious burns, separation
membranes for gases and dissolved species [30–33].

In our previous works, monodisperse silica/polymer core–shell
microspheres and the corresponding hollow microspheres with
various polarity and functional groups on the shell-layer were
prepared by distillation precipitation polymerization [34–37]. In
these works, the size and size distribution of the hollow polymer
microspheres can be well controlled during the polymerization in
absence of any stabilizer or surfactant and the various functional
groups can be incorporated into the polymer shell-layer. In the
present work, we describe a facile method for the synthesis of
hollow polymer microspheres with different functional groups,
such as amide, hydroxyl, and carboxyl, containing movable poly-
electrolyte cores. The present method offers an alternative
approach to the synthesis of monodisperse hollow polymer
microspheres having different functional groups and movable
cores.

2. Experimental

2.1. Chemicals

Tetraethyl orthosilicate (Si(OEt)4, TEOS), N-isopropylacrylamide
(NIPAAm) and ethyleneglycoldimethacrylate (EGDMA) were
purchased from Aldrich and used without any further purification.
3-(Methacryloxy)porpyl trimethoxysilane (MPS) was available
from Aldrich and distilled under vacuum. N,N0-Methyl-
enebisacrylamide (MBAAm, chemical grade, Tianjin Bodi Chemical
Engineering Co.) was recrystallized from acetone. Methacrylic acid
(MAA) and 2-hydroxyethyl methacrylate (HEMA) were provided by
Tianjin Chemical Reagent II Co. and 4-vinylpyridine (VPy) was
obtained from Alfa Aesar. All these functional comonomers were
purified by vacuum distillation. 2,20-Azobisisobutyronitrile (AIBN)
was got from Chemical Factory of Nankai University and recrys-
tallized from methanol. Acetonitrile (analytical grade, Tianjin
Chemical Reagent II Co.) was dried over calcium hydride and
purified by distillation before use. Hydrofluoric acid (HF, containing
40% of HF was available from Tianjin Chemical Reagent Institute).
All the other reagents, including benzyl chloride (BzCl, Tianjin
Chemical Reagent II Co.), were analytical grade and used without
any further treatment.

2.2. Synthesis of monodisperse P(EGDMA-co-MAA)@P(EGDMA-co-
VPyBzCl) polyelectrolyte microspheres

The preparation of poly(ethyleneglycol dimethacrylate-co-
methacrylic acid) (P(EGDMA-co-MAA)) microspheres by first-stage
distillation precipitation polymerization was reported in detail by
our previous work [38], in which the EGDMA crosslinking degree
was 0.20 (as mass ratio) and AIBN was used as the initiator. The
loading capacity of the accessible carboxyl groups on the surface of
P(EGDMA-co-MAA) microspheres was 4.00 mmol/g as determined
by acid–base titration. P(EGDMA-co-MAA)@poly(ethyleneglycol
dimethacrylate-co-4-vinyl pyridine) (P(EGDMA-co-MAA)@-
P(EGDMA-co-VPy)) core–shell microspheres were synthesized by
the second-stage distillation precipitation polymerization, in which
the formation of core–shell structure was driven by the efficient
hydrogen-bonding interaction between the carboxyl group and
pyridyl group of VPy as described in our previous work [39]. The
loading capacity of the accessible pyridyl group on the surface of
P(EGDMA-co-MAA)@P(EGDMA-co-VPy) microspheres was
1.91 mmol/g as determined by the acid–base titration.

Monodisperse P(EGDMA-co-MAA)@ poly(ethyleneglycol dime-
thacrylate-co-4-vinyl pyridinium benzyl chloride) (P(EGDMA-co-
MAA)@P(EGDMA-co-VPyBzCl)) cationic (PE) microspheres were
synthesized as following: 0.5 g of P(EGDMA-co-MAA)@P(EGDMA-
co-VPy) microspheres (containing 0.95 mmol of –Py) were
immersed in 80 mL of BzCl solution in dimethylformamide (DMF,
containing 0.28 g, 2.2 mmol BzCl). The quaternary pyridinium
reaction was carried out at 60 �C for 24 h. After the reaction, the
resultant cationic PE microspheres were separated by vacuum
filtration over a G-5 sintered glass filter and successively washed
with ethanol for three times. The cationic polymer microspheres
were dried in vacuum oven at 50 �C till constant weight.
2.3. Preparation of MPS-modified PE/SiO2 composite microspheres

PE/SiO2 tri-layer microspheres were synthesized by coating of
an outer layer of silica onto PE nanoparticles via a modified Stöber
sol–gel process. About 0.05 g of quaternary pyridinium PE nano-
particles, 0.50 mL of TEOS and 1.20 mL ammonia were consecu-
tively added into a water/ethanol (10/80 mL) mixture with vigorous
stirring. The sol–gel process was allowed to proceed for 12 h to
obtain the pyridinium PE/SiO2 composite microspheres.

Modification of PE/SiO2 composite microspheres with MPS to
incorporate the reactive vinyl groups was achieved by introducing
MPS (2.0 mL) into the above water/ethanol suspension of
composite particles under stirring and the reaction mixture
was stirred further for 48 h at room temperature. The resultant
MPS-modified PE/SiO2 composite microspheres were purified by
centrifugation, decantation and resuspension in ethanol for
three cycles to remove the excessive MPS. The final MPS-modified
PE/SiO2 composite microspheres were dried in a vacuum oven at
50 �C till constant weight.
2.4. Preparation of pyridinium PE/SiO2/polymer hybrid
microspheres with functional groups on the shell-layer

A typical procedure for the distillation precipitation copoly-
merization in the presence of MPS-modified pyridinium PE/SiO2

microspheres as seeds was as following: In a dried 50 mL of
two-necked flask, 0.10 g of MPS-modified PE/SiO2 seeds were
suspended in 40 mL of acetonitrile as an ivory-white suspension.
Then MBAAm (0.06 g, 0.39 mmol) crosslinker, NIPAAm (0.09 g,
0.80 mmol) and AIBN (0.005 g, about 2 wt% relative to the total
comonomers) were dissolved in the suspension. The two-necked
flask attaching with a fractionating column, Liebig condenser, and
receiver was submerged in a heating mantle. The reaction mixture
was heated from ambient temperature till the boiling state within
8 min and the reaction system was kept under the refluxing state
for a further 22 min. The polymerization was ended after 20 mL of
acetonitrile was distilled off the reaction system within 75 min.
After the polymerization, the resultant PE/SiO2/poly(N,N0-methyl-
enebisacryl amide-co-N-isopropyl acrylamide) (PE/SiO2/
P(MBAAm-co-NIPAAm)) tetra-layer hybrid microspheres were
purified by repeating centrifugation, decantation, and resuspension
in acetone with ultrasonic irradiation for three times. The resultant
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tetra-layer hybrid microspheres were then dried in a vacuum oven
at 50 �C till constant weight.

A series of synthesis using different functional comonomers,
including HEMA and MAA, respectively, together with a MBAAm
crosslinker, were performed by distillation precipitation copoly-
merization in the presence of MPS-modified PE/SiO2 as seeds to
afford the PE/SiO2/polymer hybrid microspheres with various
functional groups on the outer polymer shell-layer, while MBAAm
crosslinking degree in the comonomer feed was maintained at 0.40
as mass ratio and AIBN was kept at 2 wt% corresponding to the total
comonomers. The treatment of these PE/SiO2/polymer hybrid
microspheres with hydroxyl and carboxyl groups on the shell-layer
was the same as that of the typical procedure for PE/SiO2/
P(MBAAm-co-NIPAAm) tetra-layer hybrid.

The above afforded PE/SiO2/polymer hybrid microspheres with
hydroxyl and carboxyl groups on the shell-layer were used as seeds
for the multi-semibatch distillation precipitation polymerization.
For the second aliquot of the polymerization, a mixture of 0.06 g of
MBAAm crosslinker together with 0.09 of either HEMA or MAA
comonomers and 0.003 g of AIBN initiator in 80 mL of acetonitrile
was added to the residual reaction system after the first cycle
copolymerization. The polymerization was continued under the
same conditions as the first aliquot. The final PE/SiO2/polymer
tetra-layer microspheres with thicker polymer shell-layers were
treated by the same procedure as above hybrids.

The reproducibility of the distillation precipitation polymeriza-
tion for the synthesis of these hybrid microspheres containing
various functional groups was confirmed by several duplicate and
triplicate experiments.

2.5. Preparation of hollow polymer microspheres with movable PE
cores and functional groups on the shell-layer

The resultant pyridinium PE/SiO2/polymer tetra-layer hybrid
microspheres were immersed in 40 wt% HF solution under low
frequency oscillating at room temperature for 6 h. The excessive HF
and the formed SiF4 gas were expelled out of the reaction system
by vacuum filtration over a G-5 sintered glass filter. The hollow
polymer microspheres with movable pyridinium PE cores and
various functional groups on the shell-layer, including amide,
hydroxyl and carboxyl, were purified by several centrifugation/
washing cycles in water till the pH of the solution at 7. The resultant
hollow polymer particles were then dried in a vacuum oven at
50 �C till constant weight.

2.6. Characterization

The morphology, size and size distribution P(EGDMA-co-MAA),
P(EGDMA-co-MAA)@P(EGDMA-co-VPy), pyridinium polyelectrolyte
microspheres (PE), pyridinium PE/SiO2, PE/SiO2/polymer micro-
spheres with various functional groups on the shell-layer and the
corresponding hollow polymer microspheres with movable PE cores
were determined by transmission electron microscopy (TEM, Tecnai
G2 20S-TWIN). All the size and size distribution reflect the averages
about 100 particles each, which are calculated according to the
following formula:

U ¼ Dw=Dn Dn ¼
Xk
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i¼1

niD
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i¼1

niD
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i

where U is the polydispersity index, Dn is the number-average
diameter, Dw is the weight-average diameter, N is the total number
of the measured particles, and Di is the particle diameters of the
determined microparticles.
Fourier-transform infrared spectra (FT-IR) were scanned over
the range of 400–4000 cm�1 with potassium bromide plate on
a Bio-Rad FTS135 FT-IR spectrometer.

The zeta-potential was determined with Zeta Pals (Brookhaven
Instrument Cooperation) by measuring the electrophoretic
mobility of the particles using anhydrous ethanol as the electrolyte.
The concentration of the polyelectrolyte suspension was about
0.001 mg/mL at room temperature.

The hydrodynamic diameters of the hollow polymer micro-
spheres with movable PE cores and various functional groups on
the shell-layer were measured by dynamic light scattering (DLS) on
a laser light scattering spectrometer (BI-200 SM) equipped with
a Brookhaven BI-9000 AT digital correlator and a He–Ne laser at
659 nm. All the samples were measured at 25 �C with the scattering
angle of 90�.

3. Results and discussion

Scheme 1 described the synthesis of pyridinium PE/SiO2/poly-
mer tetra-layer microspheres via a four-stage reaction and the
further development of corresponding hollow polymer micro-
spheres with movable PE cores and various functional groups on
the polymer shell-layers, such as amide, hydroxyl, and carboxyl.
Such procedures mainly included the distillation precipitation
polymerization to afford the inner P(EGDMA-co-MAA)@P(EGDMA-
co-VPy) core and polymer outer shell-layer with functional groups,
and the controlled hydrolysis of TEOS in water/ethanol mixed
solvent to get inorganic silica mid-layer, and the final formation of
the hollow polymer microspheres with movable PE cores and
functional groups on the shell-layer via the selective removal of the
sandwiched silica-layer with hydrofluoric acid.

3.1. Synthesis of quaternary pyridinium cationic polymer
microspheres

To get monodisperse polymer microspheres with pyridyl groups
on the surface, two-stage distillation precipitation polymerizations
were used and the typical TEM micrographs of the resultant
polymer microspheres were shown in Fig. 1A and B, respectively.
The results indicated that P(EGDMA-co-MAA) (Fig. 1A) and
P(EGDMA-co-MAA)@P(EGDMA-co-VPy) (Fig. 1B) core–shell micro-
spheres had spherical shape with smooth surface. The average
diameter of P(EGDMA-co-MAA) microsphere was 235 nm and
a narrow-dispersity index (U) of 1.013 as summarized in Table 1.
The loading capacity of the accessible carboxyl groups on the
surface of P(EGDMA-co-MAA) microsphere was 4.00 mmol/g with
crosslinking degree of 0.20, which were used as seeds for the
second-stage distillation precipitation polymerization to afford
monodisperse P(EGDMA-co-MAA)@P(EGDMA-co-VPy) core–shell
microspheres via the efficient hydrogen-bonding interaction
between the carboxyl groups and the pyridyl groups as illustrated
in Scheme 1. The hydrogen-bonding interaction between the
carboxyl group and pyridyl group acted as a driving force for the
construction of core–shell polymer microspheres [39] and
the growth of polymer microspheres [40] have been investigated in
detail by our previous works. The size of the P(EGDMA-co-
MAA)@P(EGDMA-co-VPy) core–shell microspheres as tabulated in
Table 1 was 247 nm with a narrow-dispersity index (U) of 1.020.
This meant that the thickness of P(EGDMA-co-VPy) shell-layer was
about 6 nm, which was calculated as half of the difference between
the diameter of P(EGDMA-co-MAA) core and that of core–shell
microspheres. The loading capacity of the accessible pyridyl group
on the surface of the core–shell microspheres was 1.91 mmol/g
determined by the acid–base titration. Both of the P(EGDMA-co-
MAA) and P(EGDMA-co-MAA)@P(EGDMA-co-VPy) microspheres
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occurred as a duplet or multiplet particles in TEM micrographs in
Fig. 1A and B, which may be due to the strong inter-particle
hydrogen-bonding interaction and soft surface of the polymer
microspheres in the case of low crosslinking degree. For both the
P(EGDMA-co-MAA) and P(EGDMA-co-MAA)@P(EGDMA-co-VPy)
microspheres, the FT-IR spectra in Fig. 2a and b had a strong peak at
1731 cm�1 corresponding to the characteristic stretching vibration
of the carbonyl component of the ester group. Comparing to the FT-
IR spectrum of P(EGDMA-co-MAA) core in Fig. 2a, the FT-IR spec-
trum of P(EGDMA-co-MAA)@P(EGDMA-co-VPy) microspheres in
Fig. 2b behaved a new peak at 1597 cm�1 assigning to the typical
vibration of the pyridyl group.

The TEM micrograph of P(EGDMA-co-MAA)@P(EGDMA-co-
VPyBzCl) cationic (PE) microspheres in Fig. 1C indicated that the
polyelectrolyte particles maintained the spherical shape and
smooth surface during the quaternary pyridinium modification of
the pyridyl group with benzyl chloride (BzCl), while the average
size of the pyridinium particles was kept at 247 nm and a mono-
dispersity index (U) of 1.008 as summarized in Table 1. This implied
that all the polymer microspheres were physically stable and
remained monodispersion during the pyridinium process. The
well-separated cationic PE particles with smooth surface in Fig. 1C
were originated from the strong inter-particle electrostatic repul-
sion. This was much different from the observation of P(EGDMA-co-
MAA) and P(EGDMA-co-MAA)@P(EGDMA-co-VPy) microspheres in
Fig. 1A and B, in which the dimmer and trimer particles were
observed due to the inter-particle hydrogen-bonding interaction.

The successful quaternary pyridinium modification of the
P(EGDMA-co-MAA)@P(EGDMA-co-VPy) microspheres was
confirmed further by the FT-IR spectra in Fig. 2c with disappearance
of the peak at 1597 cm�1 corresponding to the stretching vibration
of pyridyl group and the presence of a new peak at 1619 cm�1

assigning to the stretching vibration of the quaternary pyridinium
group of PE particles. The zeta-potential of cationic PE micro-
spheres was þ34.55 mV determined by a zeta-potential analysis as
summarized in Table 1, while the zeta-potential of P(EGDMA-co-
MAA)@P(EGDMA-co-VPy) microspheres was �7.05 mV. In a word,
the pyridyl group of P(EGDMA-co-MAA)@P(EGDMA-co-VPy)
microspheres were quantitatively converted to the corresponding
quaternary pyridinium group of PE microspheres via such efficient



Fig. 1. TEM micrographs: (A) P(EGDMA-co-MAA); (B) P(EGDMA-co-MAA)@P(EGDMA-co-Vpy); (C) Quaternary pyridinium P(EGDMA-co-MAA)@P(EGDMA-co-VpyBzCl).
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modification, which permitted the further coating of silica layer via
a modified Stöber sol–gel process over the PE microspheres.
3.2. Synthesis of MPS-modified PE/SiO2 composite microspheres

Composite copolymer-silica particles with well-defined core–
shell morphologies were formed via the confined deposition of silica
species over the partially quaternary cationic poly(2-(dimethyl
amino)ethyl methacrylate) (PDMA) and hydrophobic poly(2-(dii-
sopropylamino)ethyl methacrylate) (PDPA) cores [41]. The Stöber
method has been adopted to prepare polymer/silica core–shell
particles by coating the surfaces of the monodisperse polystyrene
(PSt) beads with uniform silica shells in the pH range of 10–12 to
balance the nucleation and growth of silica sols [42]. Stable PSt/SiO2

composite core–shell colloids with PSt as core and silica as shell
were synthesized via a surfactant-free process by the hydrolysis and
Table 1
The size, size distribution and zeta-potential of polymer microspheres.

Entry Dn

(nm)
Dw

(nm)
U Thickness

of outer layer
Zeta-potential
(vm)

A 235 238 1.013 0 –
B 247 252 1.020 6 �7.05
C 247 249 1.008 6 34.55
D 404 406 1.005 78.5 �57.1
E 405 407 1.006 79 –

(A) P(EGDMA-co-MAA); (B) P(EGDMA-co-MAA)@P(EGDMA-co-Vpy); (C) Pyridinium
P(EGDMA-co-MAA)@P(EGDMA-co-VpyBzCl) (PE); (D) PE/SiO2; (E) MPS-modified
PE/SiO2.
condensation of TEOS in acidic aqueous ethanol medium in the
presence of cationic PSt colloids as seeds [43]. Monodisperse
P(EGDMA-co-MAA)/SiO2 microspheres were prepared by coating of
a layer of silica onto P(EGDMA-co-MAA) cores via sol–gel process
with the aid of the hydrogen-bonding interaction between the
carboxyl group on the surface of polymer cores and the hydroxyl
groups of silica species [22]. In the present work, pyridinium PE
cationic particles were uniformly coated with silica shell via the sol–
gel hydrolysis of TEOS with aqueous ammonia as a catalyst. Here, the
electrostatic interaction between the cationic pyridinium PE cores
and the negative charges of the silica species played an essential role
during the hydrolysis for building the PE/SiO2 composite micro-
spheres as shown in Scheme 1. The TEM micrograph of PE/SiO2 in
Fig. 3A indicated that uniform coating of silica onto cationic pyr-
idinium PE cores was only formed with smooth surface in absence of
any secondary-silica particles, in which as typical core–shell struc-
ture was clearly observed with a lighter contrast of PE cores and
a deeper contrast of silica shell-layers. The essential role of the
quaternary pyridinium groups on the surface of the cationic PE cores
was confirmed further by the formation of P(EGDMA-co-MAA)@-
P(EGDMA-co-VPy)/SiO2 composite microspheres with rough
surfaces in Fig. 3B of TEM micrograph, although the hydrogen-
bonding interaction between the pyridyl group on the surface of the
polymer cores and the hydroxyl groups of the silica species was
present during the hydrolysis of TEOS. Raspberry-like P(EGDMA-co-
VPy)/SiO2 core–corona composites were prepared by a self-
assemble heterocoagulation based on a hydrogen-bonding inter-
action between the pyridyl group of P(EGDMA-co-VPy) core and the
hydroxyl group of silica corona in our previous work [44].
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The particle size of PE/SiO2 composite was significantly
increased from 247 nm of PE core to 404 nm with a monodispersity
index (U) of 1.005 as summarized in Table 1. In other words, the
Fig. 3. TEM micrographs: (A) PE/SiO2; (B) P(EGDMA-co-MA
thickness of the silica shell-layer was 78 nm via coating of the
pyridium PE cores during the third-stage sol–gel hydrolysis of TEOS
with the aid of the electrostatic interaction.
A)@P(EGDMA-co-Vpy)/SiO2; (C) MPS-modified PE/SiO2.



Fig. 4. TEM micrographs: (A) PE/SiO2/P(MBAAm-co-NIPAAm); (B) PE/SiO2/P(MBAAm-co-HEMA) after first-semibatch polymerization; (C) PE/SiO2/P(MBAAm-co-HEMA) after second
semibatch polymerization; (D) PE/SiO2/P(MBAAm-co-MAA) after first-semibatch polymerization; (E) PE/SiO2/P(MBAAm-co-MAA) after second semibatch polymerization.
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The successful encapsulation of the silica layer over the pyr-
idinium PE core was confirmed by FT-IR spectra as illustrated in
Fig. 2. The FT-IR spectrum in Fig. 2d of PE/SiO2 composite particles
had the strong peaks at 1100, 946 and 803 cm�1 corresponding to
the characteristic absorption of the Si–O–Si bond of the silica shell-
layer. The successful synthesis of the PE/SiO2 composites was
proven further by the zeta-potential value of �57.1 mV as
summarized in Table 1, which were much different from those of
P(EGDMA-co-MAA)@P(EGDMA-co-VPy) core–shell microspheres
(�7.05 mV) and the cationic pyridinium PE cores (þ34.55 mV),
respectively. These results suggested that the negative surface
charge of PE/SiO2 composites were fully covered with silica shell-
layer onto PE cores via the controlled hydrolysis of TEOS in water/
ethanol mixed solvent with aqueous ammonia as catalyst.

The residual vinyl groups on the surface of poly(divinylbenzene)
(PDVB) microspheres were essential to the growth of polymer
microspheres for distillation precipitation polymerization [45],
during which the newly formed oligomer radicals and monomers
were captured by these reactive vinyl groups. Monodisperse MPS-
modified PE/SiO2 microspheres were prepared by the hydrolysis of
MPS via the self-condensation reaction of the hydroxyl groups for
siliceous species to incorporate the reactive vinyl groups on the



Table 2
Reaction conditions, size, size distribution, and shell thickness of PE/SiO2/polymer
tetra-layer microspheres with various functional groups on the shell-layer.

Entry Seed
(g)

MBAAM
(g)

Comonomer Dn (nm) Dw
(nm)

U Thickness
of outer
layerc(nm)

Aa 0.1 0.06 NIPAAm
0.09 g

484/556d 487 1.006/1.007d 40

Ba 0.1 0.06 HEMA
0.09 mL

471 473 1.004 33.5

Cb 0.1 0.06 HEMA
0.09 mL

526/574d 530 1.008/1.005d 61

Da 0.1 0.06 MAA
0.09 mL

463 466 1.006 29.5

Eb 0.1 0.06 MAA
0.09 mL

516/547d 518 1.004/1.002d 56

(A) PE/SiO2/P(MBAAm-co-NIPAAm); (B) PE/SiO2/P(MBAAm-co-HEMA) after first-
semibatch polymerization; (C) PE/SiO2/P(MBAAm-co-HEMA) after second
semibatch polymerization; (D) PE/SiO2/P(MBAAm-co-MAA) after first-semibatch
polymerization; (E) PE/SiO2/P(MBAAm-co-MAA) after second semibatch
polymerization.

a One-layer polymer shell encapsulated onto the quaternary ammonium /Silica
b Two-layer polymer shell encapsulated onto the quaternary ammonium /Silica
c Shell thickness¼ (Dcore-shell-Dseed)/2 in TEM micrographs
d Hydrodynamic diameter and polydispersity index of the hollow polymer

microspheres from DLS
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surface of composite particles, which was much similar to the
modification process in the literature [46]. The TEM micrograph of
MPS-modified PE/SiO2 microspheres as shown in Fig. 3C indicated
that these particles had spherical shape and smooth surface with an
average diameter of 405 nm and monodispersity index (U) of 1.012
as summarized in Table 1, which implied that only a very thin
siliceous layer was formed during the modification of MPS in order
to incorporate the reactive vinyl groups onto the surface of PE/SiO2

composite microspheres. The FT-IR spectrum of MPS-modified PE/
SiO2 microspheres in Fig. 2e displayed a new peak at 1632 cm�1

corresponding to the characteristic stretching vibration of the vinyl
group from MPS component, which permitted the further growth
of the PE/SiO2 particles to result in PE/SiO2/polymer tetra-layer
microspheres with different functional groups on the outer poly-
mer shell-layer via the further stage distillation precipitation
polymerization.

3.3. Synthesis of monodisperse PE/SiO2/Polymer tetra-layer
microspheres with various functional groups on the shell-layer

Polymer microspheres with various functional groups have
many applications in different fields, such as carriers for the
immobilization of biological substances including enzymes,
antibodies, etc [47,48]. The typical TEM micrograph of PE/SiO2/
P(MBAAm-co-NIPAAm) microspheres with MBAAm crosslinking
degree of 40% (mass ratio) was illustrated in Fig. 4A with a multi-
layer structure: a lighter contrast of PE core and P(MBAAm-co-
NIPAAm) shell-layer and a deep contrast of sandwiched silica-layer.
It revealed that the hybrid microspheres had spherical shape and
smooth surface, which was much different from the results of the
rough surfaces for SiO2/PMBAAm core–shell composites due to the
high reactivity of MBAAm crosslinker in our previous work [34].
The FT-IR spectrum of PE/SiO2/P(MBAAm-co-NIPAAm) micro-
spheres in Fig. 2f behaved the strong peaks at 3293, 1655, and
1525 cm�1 assigning to the stretching vibration of N–H bond,
carbonyl component of amide group, and the bending vibration of
N–H bond of P(MBAAm-co-NIPAAm) shell-layer, respectively.

To investigate whether the other functional groups can be
incorporated onto the outer polymer shell-layer of the PE/SiO2/
polymer hybrids by altering the kind of functional comonomers
including HEMA and MAA, respectively, were copolymerized with
an MBAAm crosslinker (40% of crosslinking degree as mass ratio in
the comonomer feed) in the presence of MPS-modified PE/SiO2

particles as seeds. The TEM micrographs of the resultant PE/SiO2/
P(MBAAm-co-HEMA) and PE/SiO2/P(MBAAm-co-MAA) hybrids
were shown in Fig. 4B and D, respectively. The results indicated that
the PE/SiO2/polymer hybrids with different functional groups, such
as hydroxyl (Fig. 4B) and carboxyl (Fig. 4D) had spherical shape
with smooth surface, in which the multi-layer structure of the
hybrids was clearly observed with a light contrast PE core and
polymer outer shell-layer together in presence of a deep contrast of
sandwiched silica-layer.

The main purpose of the present work was to introduce the
functional groups during the fourth-stage distillation precipitation
polymerization and to retain the particle monodispersity in
absence of the secondary-initiated polymer particles. A series of
monodisperse PE/SiO2/P(MBAAm-co-HEMA) and PE/SiO2/
P(MBAAm-co-MAA) hybrids with different shell-thicknesses of
outer polymer shell-layers were prepared by a multi-semibatch
polymerization mode. The typical TEM micrographs of these hybrid
microspheres were shown in Fig. 4C (hydroxyl group) and Fig. 4E
(carboxyl), respectively. Both TEM micrographs (Fig. 4C and E)
demonstrated that the final hybrid microspheres had spherical and
smooth surface with a significant thicker polymer shell-layer
comparing to the corresponding seeds in Fig. 4B and D, respectively.
The successful incorporation of various functional groups,
including hydroxyl and carboxyl, onto the polymer shell-layer of PE/
SiO2/polymer hybrid microspheres was further proven by FT-IR
spectra in Fig. 4g and 4h, respectively. Both FT-IR spectra of PE/SiO2/
polymer hybrids had a strong peak at 1100 cm�1 of the asymmetrical
vibration of Si–O–Si bond of the silica mid-layer. The strong peak at
1728 cm�1 in Fig. 4g was assigned to the stretching vibration of the
carbonyl unit of ester group of PHEMA component, confirming the
formation of PE/SiO2/P(MBAAm-co-HEMA) hybrid microspheres.
The presence of a strong peak at 1700 cm�1 in Fig. 2h was ascribed to
the stretching vibration of the carbonyl unit of the carboxyl group of
PMAA component, indicating that P(MBAAm-co-MAA) shell-layer
was encapsulated over MPS-modified PE/SiO2 seeds.

All the TEM micrographs in Fig. 4 indicated that the resultant PE/
SiO2/polymer hybrid microspheres with different functional
groups, including amide, hydroxyl, and carboxyl, had smooth and
non-segmented surfaces without formation of any secondary-
initiated particles, which demonstrated that the vinyl groups on the
surface of MPS-modified PE/SiO2 seeds had enough capture ability
of the radical species during the forth-stage distillation precipita-
tion polymerization as shown in Scheme 1.

The experimental conditions for the forth-stage distillation
precipitation polymerization of functional comonomers, including
NIPAAm, HEMA and MAA, respectively, together with MBAAm as
a crosslinker in presence of MPS-modified PE/SiO2 particles as
seeds, size and size distribution of the resultant functional PE/SiO2/
polymer hybrid microspheres were summarized in Table 2. The size
of the PE/SiO2/polymer hybrid microspheres varied between 463
and 484 nm, which depended on the type of functional comonomer
used for the copolymerizations. The maximum diameter of 484 nm
and minimum diameter of 463 nm were afforded with PE/SiO2/
P(MBAAm-co-NIPAAm) (Entry A) and PE/SiO2/P(MBAAm-co-MAA)
(Entry C), respectively, which may be due to the different reactivity
of the comonomers of NIPAAm, HEMA, and MAA during the
copolymerizations. All the diameters of the resultant PE/SiO2/
polymer functional hybrid microspheres were significantly larger
than that of the MPS-modified PE/SiO2 seeds (404 nm). These
results meant that the thickness of (MBAAm-co-NIPAAm) with
amide group (40 nm), P(MBAAm-co-HEMA) with hydroxyl group
(33 nm) and P(MBAAm-co-MAA) (30 nm) with carboxyl were
successfully formed as the shell-layer of the resultant tetra-layer
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PE/SiO2/polymer hybrid microspheres via the forth-stage distilla-
tion precipitation polymerization. All the polydispersity indexes (U)
of the resultant PE/SiO2/polymer hybrid microspheres were main-
tained between 1.004 and 1.006, indicating that the hybrid
microspheres were monodispersed.

The sizes of PE/SiO2/P(MBAAm-co-HEMA) and PE/SiO2/
P(MBAAm-co-MAA) were listed in Table 2 by the two-semibatch
mode distillation precipitation polymerization, which indicated that
the diameters of the hybrid microspheres were considerably enlarged
from 471 nm (Entry B) to 526 nm (Entry C) and from 463 nm (Entry D)
to 516 nm (Entry E), respectively. In such a way, the monodisperse PE/
SiO2/polymer hybrid microspheres with different thicknesses
(ranging from 30 to 61 nm in the present work as summarized inTable
2) can be well controlled via the multi-semibatch mode distillation
precipitation polymerization by successive introducing AIBN initiator
and the designed amount of MBAAm crosslinker and the corre-
sponding comonomers into the polymerization system.

3.4. Synthesis of monodisperse hollow polymer microspheres with
movable PE cores and various functional group on the shell-layer

The sandwiched silica-layer of the PE/SiO2/polymer hybrid
microspheres can be selectively removed by etching in hydrofluoric
acid (HF) to afford the corresponding hollow polymer microspheres
with movable PE core and various functional groups on the shell-
layer. The driving force for such selective removal was originated
from the formation of SiF4 gas, which was given off from the
hybrid microspheres during the etching process. Typical TEM
Fig. 5. TEM micrographs of hollow polymer microspheres containing movable pyridinium P
(B) P(MBAAm-co-HEMA); (C) P(MBAAm-co-MAA).
micrographs of hollow (MBAAm-co-NIPAAm), (MBAAm-co-HEMA)
and (MBAAm-co-MAA) microspheres with movable PE cores were
illustrated in Fig. 5A–C, respectively, which were developed by the
selective removal of silica mid-layer from the corresponding PE/
SiO2/polymer hybrid microspheres as shown in Fig. 4A, C, and E. All
the TEM micrographs of hollow functional polymer microspheres
had convincing hollow-sphere structures in the presence of circular
rings with sectioned spheres and a cavity in the mid-layer of the
microspheres, in which all the PE cores were not located in the
centers of these hollow microspheres any more. The size and shape
of these colloids were essentially unchanged during HF etching
process, and the functional polymer shells did not collapse when
liquid was evaporated from their interior during the TEM sample
preparation. All these results implied that the polymer shell with
different functional groups was thick enough to support the hollow
structure in the present work. It was believed that the encapsulated
PE cores were free to move with the functional polymer shell if the
hollow microspheres were filled with liquid. After the liquids were
completely evaporated, the PE cores tended to stick to the walls as
a result of the attractive capillary force between the surfaces of the
PE core and polymer shell-layer, which was much similar to the
results reported in the literature [14–25].

The hydrodynamic size and size distribution of the resultant
hollow polymer microspheres with movable PE cores were deter-
mined using DLS in water for comparison to the results from TEM
characterization (only with three samples for comparison as Entries
A, C and E in Table 2). The hydrodynamic diameters of hollow
(MBAAm-co-NIPAAm), (MBAAm-co-HEMA) and (MBAAm-co-MAA)
E cores with various functional groups on the shell-layer: (A) P(MBAAm-co-NIPAAm);
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microspheres with movable PE cores were 556, 574 and 547 nm with
monodispersity indexes (U) of 1.007, 1.005 and 1.002, respectively.
The considerable larger hydrodynamic diameters (556, 574 and
547 nm) of the hollow microspheres than the corresponding sizes
from TEM observation (484, 526 and 516 nm) confirmed the
hydrophilic property of the resultant hollow polymer microspheres
with movable PE cores and various functional groups on the polymer
shell-layer, including amide, hydroxyl and carboxyl, as the former
diameters were obtained from a swelling state in water. The
hydrophilicity, functionality on the polymer shell-layer of the hollow
polymer microspheres containing movable cationic PE core will
enable them as potential materials for drug protection and delivery
system, bio-separation and bio-analysis. The study on the scope of
this technique, including the extension to the other hollow structure
particles and the application of such functional hollow microspheres
with movable cores, is in progress.

4. Conclusion

Hollow (MBAAm-co-NIPAAm), (MBAAm-co-HEMA) and
(MBAAm-co-MAA) microspheres with amide, hydroxyl and carboxyl
groups on the polymer shell-layer containing movable cationic
P(EGDMA-co-MAA)@P(EGDMA-co-VPyBzCl) polyelectrolyte (PE)
cores were prepared by a facile route with a four-stage reaction and
subsequent removal of the sandwiched silica-layer from the corre-
sponding PE/SiO2/polymer hybrid microspheres in hydrofluoric acid.
The tetra-layer hybrids were synthesized by the combination of
distillation precipitation polymerization for the formation of poly-
mer core and polymer shell-layer, and the controlled hydrolysis of
TEOS in ethanol/water mixed solvent via a modified Stöber process.
The efficient electrostatic interaction between the cationic charges
on the surface of PE cores and the negative siliceous species was
essential to afford monodisperse PE/SiO2 composites during the
controlled hydrolysis of TEOS. The polymer shell-layer with various
functional groups were successfully encapsulated onto the MPS-
modified PE/SiO2 seeds, during which the capture ability of the
incorporated vinyl groups for the newly formed radical species and
comonomers played a key role for the construction of the final
monodisperse PE/SiO2/polymer hybrid microspheres with a tetra-
layer structure. Further, the thickness of the functional polymer
shell-layer can be well controlled by a multi-semibatch distillation
precipitation polymerization mode.
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