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Tri-layer poly(methacrylic acid-co-ethyleneglycol dimethacrylate)/silica/poly(ethyleneglycol dimeth-
acrylate) (P(MAA-co-EGDMA)/SiO2/PEGDMA) and P(MAA-co-EGDMA)/SiO2/polydivinylbenzene hybrid
microspheres were prepared by distillation precipitation polymerization of ethyleneglycol dimethacry-
late (EGDMA) and divinylbenzene (DVB) in the presence of 3-(methacryloxy)propyl trimethoxysilane
(MPS)-modified P(MAA-co-EGDMA)/SiO2 microspheres as the seeds. The polymerization of EGDMA
and DVB was performed in neat acetonitrile with 2,20-azobisisobutyronitrile (AIBN) as initiator to coat
the MPS-modified P(MAA-co-EGDMA)/SiO2 seeds through the capture of EGDMA and DVB oligomer
radicals with the aid of vinyl groups on the surface of modified seeds in the absence of any stabilizer or
surfactant. Monodisperse P(MAA-co-EGDMA)/SiO2 core–shell microspheres were synthesized by coating
of a layer of silica onto P(MAA-co-EGDMA) microspheres via a sol–gel process, which were further
grafted by MPS incorporating the reactive vinyl groups onto the surface to be used as the seeds for the
construction of hybrid microspheres with tri-layer structure. Hollow poly(ethyleneglycol dimethacrylate)
(PEGDMA) and poly(divinylbenzene) (PDVB) microspheres with movable P(MAA-co-EGDMA) core were
subsequently developed after the selective etching of the silica mid-layer from the tri-layer hybrid
microspheres in hydrofluoric acid. The morphology and structure of the tri-layer polymer hybrids and
the corresponding hollow polymer microspheres with movable P(MAA-co-EGDMA) core were charac-
terized by transmission electron microscopy (TEM), Fourier transform infrared spectra and X-ray
photoelectron spectroscopy (XPS).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The development of materials with a novel structure has been
a fundamental focus of chemical research, which promotes the
advances in both the academic and the industrial areas. During
the last decade, organic–inorganic hybrid materials, which
combine the properties of inorganic and organic building blocks
within a single material, have attracted rapidly expanding
interest for material scientists due to the combination of the
various functional groups from the organic components and the
advantages from a thermally stable and robust inorganic
substrate [1,2]. The organic–inorganic hybrid materials have
found diverse applications as drug-delivery system, diagnostic,
coating and catalyst because of their novel and excellent prop-
erties such as mechanical, chemical, electrical, rheological,
x: þ86 22 23503510.
.
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magnetic and catalytic, by varying their composition, dimension,
and structure of the materials [3–8].

The silica/polymer hybrid/composite particles with various
interesting morphologies, such as silica core/organic shell [9],
organic core/silica shell [10], raspberry-like [11], snowman-like
[12], daisy-shaped and multipod-like [13] and raisin bun-like
[14], have been afforded by different techniques. The preparation
of the silica/polymer hybrid/composite particles can be generally
classified into two categories: the self-assembly of the resultant
silica and polymer particles via physical or physicochemical
interaction, and the direct polymerization of monomer on the
surface of silica particles. Bourgeat-Lami et al. [15–17] synthe-
sized silica/organic hybrid particles with silica microspheres as
seeds, in which the reactive vinyl groups were introduced by 3-
trimethoxysilylpropyl methacrylate (MPS). The hedgehog-like or
raspberry-like hybrid particles were prepared by miniemulsion
polymerization [18], in which the silica nanoparticles behaved as
surfactants and fillers. Surface-initiated atom transfer radical
polymerization (ATRP) has been widely used to fabricate silica/
polymer hybrids with the initiator-modified silica particles as
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macro-initiators [19–21], in which the synthesis was tedious with
long reaction time and low conversion of monomer to polymer.

Hollow microspheres have proven their wide applications in
many fields, including catalysis, controlled drug-delivery
systems, artificial cells, fillers, pigments, light weight structural
materials, nano-reactors, low dielectric constant materials,
acoustic insulation, and photonic crystals [22–26], which were
attributed to their unique properties, such as low density, high
specific area and good flow ability and surface permeability.
Many efforts have been paid onto the preparation of hollow
polymer microspheres with different physical and chemical
methods, including the encapsulation of a hydrocarbon non-
solvent [27], layer-by-layer assembly of polymer electrolyte
[28,29], micelle formation of block copolymer [30], and surface-
initiated ATRP [31]. Further, core–shell spherical colloids with
movable gold cores were produced by three major steps, which
allowed the optical sensing of chemical diffusion into the cavity
[32]. Polypyrrole (PPy) hollow capsules with movable hematite
cores were synthesized via soaking sandwich ellipsoids in
a hydrofluoric acid (HF) aqueous solution [33,34]. Tin-encapsu-
lated spherical hollow carbon for the anode material in lithium
secondary batteries has been prepared by a sol–gel polymeri-
zation process with subsequent decomposition of tribu-
tylphenyltin (TBPT) at 700 �C under an argon atmosphere [35].
An important concern of hollow microspheres is to accommo-
date guest nanoparticles in their cavity, which results in an
interesting structure as hollow microspheres with movable cores
and novel properties different from those of the host hollow
microspheres and the guest nanoparticles. In such a way,
nanoparticles such as gold [32,36], silver [37], tin [35], silica
[38], and iron oxide [39] have been incorporated into the inte-
rior of the hollow microspheres by various techniques. In addi-
tion, monodispersity and polarity of the hollow polymer spheres
are important to improve their performance for many applica-
tions. If the size distribution of particles is narrow, physical and
chemical properties are more uniform, thereby making it easier,
for example, to formulate more sophisticated drug deliver
system (DDS) [40]. Furthermore, the interaction with biological
cells is dependent on particles’ size and size distribution [41].
However, it was difficult to control the size and size distribution
of the hollow spheres or hollow spheres with movable cores for
both dispersion polymerization and emulsion polymerization.

In our previous work, monodisperse silica/poly(N,N0-methyl-
enebisacrylamide) (SiO2/PMBAAm) [42], silica/polydivinylbenzene
(SiO2/PDVB) and silica/poly(ethyleneglycol dimethacrylate) (SiO2/
PEGDMA) [43] core–shell hybrid microspheres, tri-layer Au/silica/
PMBAAm [34], hematite/silica/PDVB [44] and poly(divinyl-
benzene-co-acrylic acid)/polyacrylic acid/poly(divinylbenzene-
co-acrylic acid) (P(DVB-co-AA)/PAA/P(DVB-co-AA)) [45] and their
corresponding hollow polymer microspheres with movable
functional cores were successfully prepared by distillation
precipitation polymerization. In these works, the size and size
distribution of the polymer microspheres can be well controlled
in absence of any stabilizer or surfactant. Here, we describe
a facile method for the preparation of hollow polydivinylbenzene
(PDVB) and poly(ethyleneglycol dimethacrylate) (PEGDMA)
microspheres with movable functional poly(methacrylic acid-co-
ethyleneglycol dimethacrylate) (P(MAA-co-EGDMA)) cores with
subsequently selective removal of the inorganic mid-silica layer
in hydrofluoric acid from the corresponding P(P(MAA-co-
EGDMA))/SiO2/PDVB and P(MAA-co-EGDMA)/SiO2/PEGDMA tri-
layer microspheres, respectively, which were prepared by
a three-stage reaction. The present method offered an alternative
approach to the preparation of monodisperse hollow polymer
microspheres having various polarities and functional groups
with movable cores.
2. Experimental

2.1. Chemicals

Ethyleneglycol dimethacrylate (EGDMA) was purchased from
Alfa Aesar and used without any purification. Divinylbenzene (DVB,
80% divinylbenzene isomers) was supplied as technical grade by
Shengli Technical Factory, Shandong, China, which was washed
with 5% aqueous sodium hydroxide and water, then dried over
anhydrous magnesium sulfate prior to use. Methacrylic acid (MAA)
was purchased from Tianjin Chemical Reagent II Co. and purified by
vacuum distillation. 3-(Methacryloxy)propyl trimethoxysilane
(MPS) was bought from Aldrich and distilled under vacuum. Tet-
raethylorthosilicate (Si(OEt)4, TEOS) was obtained from Aldrich and
used without further purification. Ammonia (25%, aqueous solu-
tion) was purchased from Tianjin Dongsheng Fine Chemical
Reagent Factory, China. 2,20-Azobisisobutyronitrile (AIBN) was
provided by Chemical Factory of Nankai University and recrystal-
lized from methanol. Hydrofluoric acid (HF, containing 40 wt% of
HF) was obtained from Tianjin Chemical Reagent Institute. Aceto-
nitrile (analytical grade, Tianjin Chemical Reagent II Co.) was dried
over calcium hydride and purified by distillation before utilization.
All the other reagents were of analytical grade and used without
any further treatment.

2.2. Synthesis of MPS-modified P(MAA-co-EGDMA)/SiO2 core–shell
nanoparticles

Monodisperse poly(methacrylic acid-co-ethyleneglycol dime-
thacrylate) (P(MAA-co-EGDMA)) microspheres were prepared by
distillation precipitation polymerization of EGDMA and MAA
(EGDMA/MAA¼ 4/6 as volume ratio in the comonomer feed) with
AIBN as initiator in neat acetonitrile according to our previous
paper [46]. A typical procedure for such synthesis of P(P(MAA-co-
EGDMA)) was as follows: In a dried 100-mL two-necked flask, MAA
(1.20 mL) and EGDMA (0.80 mL) (monomer total as 2.5 vol% of the
reaction system), and AIBN (0.04 g, 2 wt% corresponding to the
comonomers) were dissolved in 80 mL of acetonitrile. 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 for further 10 min. Then the polymerization was
carried out with distilling the solvent out of the reaction system
and the reaction was ended after 40 mL of acetonitrile was distilled
off the reaction mixture within 90 min. After the polymerization,
the resultant P(MAA-co-EGDMA) nanoparticles were purified by
repeating centrifugation, decantation and resuspension in aceto-
nitrile for three times. The nanoparticles were then dried in
a vacuum oven at 50 �C till constant weight.

Poly(methacrylic acid-co-ethyleneglycol dimethacrylate)/silica
(P(MAA-co-EGDMA)/SiO2) core–shell microspheres were synthe-
sized by coating of an outer layer of silica onto P(MAA-co-EGDMA)
nanoparticles via a sol–gel process. About 0.20 g of P(MAA-co-
EGDMA) nanoparticles, 2.40 mL of ammonia and 1.0 mL of TEOS
were introduced into a water/ethanol (40 mL/160 mL) mixture with
vigorous stirring. The sol–gel process was allowed to proceed for
12 h, then another 2.40 mL of ammonia and 1.0 mL of TEOS were
added to the reaction system under vigorous stirring to proceed the
reaction for 12 h further at room temperature.

Modification of P(MAA-co-EGDMA)/SiO2 microspheres with
MPS to incorporate the reactive vinyl groups was achieved by
introducing MPS (2.0 mL) into the above ethanol suspension of
core–shell particles under stirring and the mixture was stirred for
48 h at room temperature. The resultant MPS-modified P(MAA-co-
EGDMA)/SiO2 core–shell microspheres were purified by centrifu-
gation, decantation, and resuspension in ethanol for three cycles to
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remove the excessive MPS. The final MPS-modified P(MAA-co-
EGDMA)/SiO2 core–shell microspheres were dried in a vacuum
oven at 50 �C till constant weight.

2.3. Preparation of P(MAA-co-EGDMA)/SiO2/PEGDMA and
P(P(MAA-co-EGDMA))/SiO2/PDVB tri-layer hybrid microsphere

A typical procedure for the distillation precipitation poly-
merization to synthesize poly(methacrylic acid-co-ethyleneglycol
dimethacrylate)/silica/polyethyleneglycol dimethacrylate (P(MAA-
co-EGDMA)/SiO2/PEGDMA) tri-layer hybrid microspheres: In
a dried 100-mL two-necked flask, 0.10 g of MPS-modified
P(MAA-co-EGDMA)/SiO2 particles were suspended in 40 mL of
acetonitrile as white suspension. Then EGDMA (0.50 mL, total as
1.25 vol% of the reaction system) and AIBN (0.01 g, 2 wt% relative
to the monomer) 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 12 min and the reaction system was kept
under refluxing state for further 10 min. Then the polymeriza-
tion was performed with distilling the solvent out of the reac-
tion system and the reaction was ended after 20 mL of
acetonitrile was distilled off the reaction mixture within 60 min.
After the polymerization, the resultant P(MAA-co-EGDMA)/SiO2/
PEGDMA tri-layer hybrid microspheres were purified by repea-
ting centrifugation, decantation, and resuspension in acetonitrile
for three times. Then the tri-layer hybrids were dried in a
vacuum oven at 50 �C till constant weight.

Preparation of poly(methacrylic acid-co-ethyleneglycol dime-
thacrylate)/silica/polydivinylbenzene P(MAA-co-EGDMA)/SiO2/
PDVB tri-layer hybrid microspheres was much similar to the
procedure for the synthesis of P(MAA-co-EGDMA)/SiO2/PEGDMA
tri-layer microspheres, while the monomer was altered from
EGDMA to DVB.

2.4. Preparation of hollow PEGDMA and PDVB microspheres with
movable P(MAA-co-EGDMA) cores

The resultant P(MAA-co-EGDMA)/SiO2/PEGDMA or P(MAA-co-
EGDMA)/SiO2/PDVB tri-layer particles were immersed in 5 wt%
hydrofluoric acid aqueous solution for 4 h with stirring. (Caution:
Hydrofluoric acid is very corrosive and should be handled carefully!)
Then the excessive HF and the formed SiF4 were expelled from the
reaction system. The hollow poly(ethyleneglycol dimethacrylate)
(PEGDMA) or poly(divinylbenzene) (PDVB) with movable P(MAA-
co-EGDMA) cores were purified by centrifugation/washing cycles in
water until reaching a pH of 7. The resultant hollow PEGDMA or
PDVB microspheres with movable P(MAA-co-EGDMA) cores were
dried in a vacuum oven at 50 �C till constant weight.

2.5. Characterization

The size and morphology of the polymer microspheres and
hollow polymer microspheres with movable cores were charac-
terized by transmission electron microscopy (TEM, Tecnai G2 20-S-
TWIN). All the size and size distribution reflect the averages of
about 100 particles, which are calculated according to the following
formula:

U ¼ Dw=Dn Dn ¼
Xk

i¼1

niDi=
Xk

i¼1

ni Dw ¼
Xk

i¼1

niD
4
i =
Xk

i¼1

niD
3
i

where U is the polydispersity index, Dn is the number-average
diameter, Dw is the weight-average diameter, Di is the particle
diameter of the determined microparticles. The thickness of the
outer shell layer for the core–shell particles was calculated as half of
the difference between the diameter of the core and that of core–
shell particles.

Fourier transform infrared spectra were determined on a Bio-
Rad FTS 135 FT-IR spectrometer over potassium bromide pellet and
the diffuse reflectance spectra were scanned over the range of
4000–400 cm�1.

X-ray photoelectron spectroscopic (XPS) analysis was carried
out with a PHI 5300 XPS surface analysis system (Physical Elec-
tronics, Eden Prairie, MN, US) using a Mg Ka X-ray source operating
at 250 W and 13 kV (hn¼ 1253.6 eV). The electron binding energy
of C1s (284.6 eV) was used as the internal standard.
3. Results and discussion

Scheme 1 illustrates the synthesis of P(MAA-co-EGDMA)/SiO2/
PEGDMA and P(MAA-co-EGDMA)/SiO2/PDVB tri-layer hybrid
microspheres via a three-stage reaction and the further develop-
ment of the corresponding hollow PEGDMA and PDVB micro-
spheres with movable P(MAA-co-EGDMA) cores after the selective
removal of the silica mid-layer in hydrofluoric acid.

Distillation precipitation polymerization has been proven to be
a useful and facile technique for the synthesis of monodisperse
polymer microspheres with different functional groups [46,47] and
various core–shell structure microspheres [42–45]. The TEM
micrograph of P(MAA-co-EGDMA) microspheres by distillation
precipitation polymerization is shown in Fig. 1A, which indicated
that the polymer microspheres had spherical shape with average
size of 69 nm with a monodispersity index (U) of 1.014 as
summarized in Table 1. The loading capacity of the accessible
carboxylic acid was 3.5 mmol/g as determined by acid–base titra-
tion [46].
3.1. Preparation of P(MAA-co-EGDMA)/SiO2 core–shell
nanoparticles

The P(MAA-co-EGDMA)/SiO2 core–shell nanoparticles were
prepared by direct encapsulation of P(MAA-co-EGDMA) core
microspheres via condensation hydrolysis of TEOS with ammonia
as catalyst in absence of any additive during the modified Stöber
sol–gel process, as shown in Scheme 1. The TEM image of the
resultant P(MAA-co-EGDMA)/SiO2 core–shell microspheres is
shown in Fig. 1B, in which a typical core–shell structure was clearly
observed with a light contrast of P(MAA-co-EGDMA) core and
a deep contrast of silica shell layer. The results in Fig. 1B demon-
strated that the P(MAA-co-EGDMA)/SiO2 core–shell microspheres
had spherical shape with uniform shape in absence of any
secondary silica particles from self-nucleation during the sol–gel
hydrolysis. The driving force for the formation of the silica shell
layer was probably due to the efficient hydrogen-bonding inter-
action between the carboxylic acid groups on the surface of P
(MAA-co-EGDMA) core microspheres and the hydroxyl groups of
silica component during the condensation hydrolysis of TEOS via
the modified Stöber method, which was much similar to the
construction of silica/polymethacrylic acid/silica tri-layer
composite particles in our previous work [48]. The mechanism of
the hydrogen-bonding interaction as a driving force for the growth
of non-crosslinked polymethacrylic acid (PMAA) microspheres [49]
and the formation of silica/PMBAAm core–shell composite micro-
spheres [43] were reported in detail in our previous papers.

The particle size of the P(MAA-co-EGDMA)/SiO2 core–shell
microsphere was significantly from 69 nm of P(MAA-co-EGDMA)
core to 121 nm with a monodispersity index (U) of 1.007 as
summarized in Table 1 and the encapsulation yield of silica shell
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layer was 24%. Here, the thickness of the silica shell layer was
calculated as half of the difference between the diameter of P(MAA-
co-EGDMA) (light contrast color) core and that of P(MAA-co-
EGDMA)/SiO2 core–shell particles as shown in Fig. 1B. In such case,
the diameter (76 nm) of P(MAA-co-EGDMA) core from ethanol in
Fig. 1B was a little larger than that of P(MAA-co-EGDMA) seed
(69 nm) in Fig. 1A because the P(MAA-co-EGDMA) particles were in
a higher swollen state in ethanol during the coating of silica shell
layer than those in acetonitrile after the first-stage polymerization.
In short, the thickness of the silica shell layer was 22 nm via coating
of the P(MAA-co-EGDMA) cores during the second-stage sol–gel
hydrolysis of TEOS with the aid of hydrogen-bonding interaction.

The successful encapsulation of silica layer onto P(MAA-co-
EGDMA) core microspheres was confirmed further by the XPS
spectra as shown in Fig. 2, in which the electronic binding energy of
C1s (284.6 eV) was used as the internal standard. The XPS spectrum
of P(MAA-co-EGDMA) core microspheres had the strong peaks at
531.4 and 288.0 eV (Fig. 2A) ascribing to the binding energy of O1s

and C1s, respectively. While for the XPS spectrum of P(MAA-co-
EGDMA)/SiO2 core–shell microspheres, the peaks at 531.4, 288.0,
150.0 and 102.1 eV were clearly observed corresponding to the
binding energy of O1s, C1s, Si2s, and Si2p, respectively. The atom
concentration on the surface of the P(MAA-co-EGDMA)/SiO2 core–
shell microspheres in Fig. 2B indicated that the Si concentration
was calculated as high as 33.7%. This result implied that the silica
shell layer with thickness of 22 nm was successfully encapsulated
onto the P(MAA-co-EGDMA) core microspheres through the
modified Stöber sol–gel hydrolysis.

3.2. Preparation of P(MAA-co-EGDMA)/SiO2/PEGDMA and P(MAA-
co-EGDMA)/SiO2/PDVB tri-layer hybrid microspheres

The formation of monodisperse polydivinylbenzene (PDVB) [47]
and poly(ethyleneglycol dimethacrylate) (PEGDMA) [50] demon-
strated that acetonitrile met the solvency condition required for
such distillation precipitation polymerization, during which
acetonitrile dissolved the monomer but precipitated the resultant
polymer network. The residual reactive vinyl groups on the surface
of PDVB cores were essential for the further growth of polymer
microspheres [47] and the construction of the core–shell functional
polymer microspheres by two-stage distillation precipitation
polymerization [51], in which the newly formed oligomers and
monomers were captured by these reactive vinyl groups without
formation of any secondary-initiated particles during the further
polymerization.

It is difficult to directly perform the polymerization of EGDMA
and DVB coating the P(MAA-co-EGDMA)/SiO2 seeds for the
construction of the tri-layer hybrid microspheres due to lacking of
an appropriate interaction between the core particles and mono-
mers. In nature, the surface of P(MAA-co-EGDMA)/SiO2 seeds with
active hydroxyl groups is hydrophilic, while EGDMA and DVB
components are hydrophobic. To overcome such a problem, the
modification of the P(MAA-co-EGDMA)/SiO2 nanoparticles is
necessary with suitable reactivity for the further polymerization.
Monodisperse MPS-modified silica microspheres were synthesized
via the condensation of the hydroxyl groups during the hydrolysis
of MPS in ethanol with the silica seeds to incorporate the reactive
vinyl groups on the surface [15,43]. In the present work, the TEM
micrograph of MPS-modified P(MAA-co-EGDMA)/SiO2 micro-
spheres (figure shown in Supporting information) indicated that
these particles had spherical shape and smooth surface with an
average diameter of 121 nm and monodispersity index (U) of 1.007.
Comparing to the size of P(MAA-co-EGDMA)/SiO2 particles, much
the same diameter after the modification implied that only a very
thin MPS layer was formed on the outer layer of P(MAA-co-
EGDMA)/SiO2 during such modification.

The modification of the P(MAA-co-EGDMA)/SiO2 core–shell
microspheres by further hydrolysis of MPS with the aid of surface
hydroxyl groups on the surface of the nanoparticle is investigated
further by FT-IR spectrum in Fig. 3 and XPS characterization in
Fig. 2, respectively. The FT-IR spectrum in Fig. 3b displayed the
bands at 1651 cm�1 assigning to the stretching vibration of the
vinyl groups from MPS component. Furthermore, the XPS spectrum
in Fig. 2C for MPS-modified P(MAA-co-EGDMA)/SiO2 core–shell
microspheres had an enhancing C1s signal with simultaneous
decrease of surface Si concentration from 33.4% before modification



Fig. 1. TEM micrographs of P(MAA-co-EGDMA)/silica/polymer tri-layer hybrid particles and the corresponding hollow polymer microspheres with movable P(MAA-co-EGDMA)
cores: A) P(MAA-co-EGDMA) nanoparticles; B) MPS-modified P(MAA-co-EGDMA)/silica core–shell microspheres; C) P(MAA-co-EGDMA)/silica/PEGDMA tri-layer hybrid micro-
spheres (EGDMA 0.5 mL); D) hollow PEGDMA microspheres with movable P(MAA-co-EGDMA) cores; E) P(MAA-co-EGDMA)/silica/PDVB tri-layer hybrid microspheres (DVB 0.5 mL);
F) hollow PDVB microspheres with movable P(MAA-co-EGDMA) cores.
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to 23.3%. All these results proved the successful modification of the
P(MAA-co-EGDMA)SiO2 nanoparticles with MPS via further sol–gel
hydrolysis to introduce the reactive vinyl groups on the surface,
which would permit the growth of the hybrid particles by radical
capture of the newly formed oligomers and monomers during the
third-stage distillation precipitation polymerization as illustrated
in Scheme 1 to build the tri-layer polymer/silica/polymer hybrid
microspheres.
The typical TEM images of P(MAA-co-EGDMA)/SiO2/PEGDMA
and P(MAA-co-EGDMA)/SiO2/PDVB tri-layer hybrid microspheres
are shown in Fig. 1C and E, respectively. The successful formation of
a uniform polymeric outer shell layer on the surface of P(MAA-co-
EGDMA)/SiO2 was clearly observed from TEM characterization due
to the strong difference in contrast between the inorganic silica
mid-layer (deep color), the polymeric P(MAA-co-EGDMA) core
(light color), the PEGDMA (light color in Fig. 1C) and PDVB (light



Table 1
Reaction conditions, sizes, polymer shell thickness, and yields of the P(MAA-co-
EGDMA)/silica/polymer tri-layer hybrid particles.

Entry Dn

(nm)
Dw

(nm)
U Shell thickness

(nm)
Yield
(%)

P(MAA-co-EGDMA) 69 70 1.014 – –
P(MAA-co-EGDMA)/SiO2 121 122 1.007 22 24a

P(MAA-co-EGDMA)/SiO2/
PEGDMA

192 193 1.006 36 13b

P(MAA-co-EGDMA)/SiO2/PDVB 161 163 1.008 20 8c

a Yield ¼ ðMPðMAA-co-EGDMAÞ=SiO2
�MPðMAA-co-EGDMAÞÞ=MTEOS � 100%.

b Yield¼ðMPðMAA-co-EGDMAÞ=SiO2=PEGDMA�MPðMAA-co-EGDMAÞ=SiO2
Þ=MEGDMA�100%.

c Yield ¼ ðMPðMAA-co-EGDMAÞ=SiO2=PDVB �MPðMAA-co-EGDMAÞ=SiO2
Þ=MDVB � 100%.
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color in Fig. 1E) outer shell layer. In other words, inorganic silica
mid-layer was sandwiched between the polymer core and polymer
outer shell layer via a three-stage reaction in absence of any
secondary particles, which indicated that the reactive vinyl group
from MPS modification captured all the newly formed oligomers
during the third-stage distillation precipitation polymerization. The
P(MAA-co-EGDMA)/SiO2/PEGDMA tri-layer hybrid microspheres
had spherical shape with smooth surface in Fig. 1C, while P(MAA-
co-EGDMA)/SiO2/PDVB tri-layer hybrids had spherical shape with
lightly rough surface in Fig. 1E. The difference in surface
morphology here may be attributed to a difference in solubility
between the PEGDMA and PDVB in the acetonitrile.

The average diameter of P(MAA-co-EGDMA)/SiO2/PEGDMA
hybrid microsphere was significantly increased from 121 nm of
P(MAA-co-EGDMA)/SiO2 seeds to 192 nm, while the particle size of
P(MAA-co-EGDMA)/SiO2/PDVB hybrid was considerably enhanced
to 161 nm as summarized in Table 1. These results indicated that
PEGDMA outer shell layer with thickness of 35 nm and PDVB with
Fig. 2. XPS spectra: A) P(MAA-co-EGDMA) nanoparticles; B) P(MAA-co-EGDMA)/silica co
spheres; D) P(MAA-co-EGDMA)/silica/PGDMA tri-layer hybrid microspheres.
thickness of 20 nm were encapsulated onto the P(MAA-co-
EGDMA)/SiO2 seeds through the third-stage polymerization. The
tri-layer hybrid microspheres remained monodisperse for P(MAA-
co-EGDMA)/SiO2/PEGDMA with U of 1.006 and P(MAA-co-EGDMA)/
SiO2/PDVB with U of 1.008, which demonstrated that the polymer
outer shell layers were uniformly coated onto the surface of the
P(MAA-co-EGDMA)/SiO2 seed during the third-stage polymeriza-
tion. The encapsulation efficiency of P(MAA-co-EGDMA)/SiO2/
PEGDMA was as high as 13% and the yield of P(MAA-co-EGDMA)/
SiO2/PDVB was 8% as listed in Table 1. These may be due to the
higher reactivity of EGDMA than DVB monomer, which resulted in
a smaller size of P(MAA-co-EGDMA)/SiO2/PDVB tri-layer hybrids.
These results were consistent with those for the homo-polymeri-
zation of DVB [47] and EGDMA [50] reported in our previous work.

To further prove the tri-layer structure of P(MAA-co-EGDMA)/
SiO2/PEGDMA, the surface components of MPS-modified P(MAA-
co-EGDMA)/SiO2 seed and tri-layer hybrids were determined by
XPS spectra as shown in Fig. 2C and D, respectively. The XPS
spectrum in Fig. 2D of P(MAA-co-EGDMA)/SiO2/PEGDMA tri-layer
hybrids had strong peaks at 531.4 and 288.0 eV assigning to the
electronic binding energy of O1s and C1s from PEGDMA outer shell
layer. On the other hand, the peaks for the electronic binding
energy for Si2s and Si2p were almost disappeared with
simultaneous decrease of surface Si concentration from 23.3% for
MPS-modified P(MAA-co-EGDMA)/SiO2 seeds to only 1.54% for
P(MAA-co-EGDMA)/SiO2/PEGDMA tri-layer hybrids. The peak at
1733 cm�1 of FT-IR spectrum in Fig. 3c corresponding to the
carbonyl group of the ester group from PEGDMA component
increased significantly after the third-stage polymerization, which
also implied that PEGDMA outer shell layer was successfully
encapsulated as the tri-layer structure. The seed polymerization of
DVB leading to P(MAA-co-EGDMA)/SiO2/PDVB tri-layer hybrid
re–shell microspheres; C) MPS-modified P(MAA-co-EGDMA)/silica core–shell micro-



Fig. 3. FT-IR spectra: a) P(MAA-co-EGDMA) nanoparticles; b) MPS-modified P(MAA-
co-EGDMA)/silica core-shell microspheres; c) P(MAA-co-EGDMA)/silica/PEGDMA
tri-layer hybrid microspheres; d) hollow PEGDMA microspheres with movable P(MAA-
co-EGDMA) core; e) P(MAA-co-EGDMA)/silica/PDVB tri-layer hybrid microspheres; f)
hollow PDVB microspheres with movable P(MAA-co-EGDMA) cores.
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microspheres was studied by FT-IR spectrum as shown in Fig. 3e, in
which a new peak at 710 cm�1 was clearly observed assigning to
the typical stretching vibration of the phenyl group of PDVB
component.

3.3. Hollow polymer microspheres with movable P(MAA-co-
EGDMA) core

The silica mid-layers of the resultant P(MAA-co-EGDMA)/SiO2/
PEGDMA and P(MAA-co-EGDMA)/SiO2/PDVB tri-layer hybrid
microspheres were selectively removed by etching in hydrofluoric
acid to afford hollow PEGDMA and PDVB microspheres with
movable P(MAA-co-EGDMA) cores as illustrated in Scheme 1. The
driving force for such removal was due to the formation of SiF4 gas,
which was given off from the hybrids during the etching process.
The typical TEM micrographs of hollow PEGDMA microspheres
with thickness of 35 nm and PDVB hollow microspheres with
thickness of 20 nm containing movable P(MAA-co-EGDMA) cores
are displayed in Fig. 1D and F, respectively. The unique morphology
of hollow PEGDMA with movable P(MAA-co-EGDMA) cores is
clearly observed in Fig. 1D, in which the convincing hollow sphere
structures were formed with the presence of circular rings of non-
aggregated spheres, a cavity in the mid-layer, and an inner movable
P(MAA-co-EGDMA) core. The spherical shape was well maintained
after the selective removal of the silica mid-layer consistent with
the robust and rigid nature of the highly crosslinked PEGDMA outer
shell layer, which implied that hollow PEGDMA microspheres with
thickness of 35 nm was enough to support the cavity during the
etching process. Further, the disappearance of the peaks at
1092 cm�1 assigning to the typical stretching vibration of Si–O
component in the FT-IR spectra of Fig. 3d for hollow PEGDMA
microsphere and Fig. 3f for hollow PDVB microsphere with movable
P(MAA-co-EGDMA) core confirmed that the silica mid-layer was
successfully removed from the tri-layer hybrid microspheres to
afford the unique hollow structure.

It was believed that the functional P(MAA-co-EGDMA) cores in
the hollow spheres were free to move as filled with solvent, as the
P(MAA-co-EGDMA) cores were not located in the center of the
hollow PEGDMA microspheres for Fig. 1D and hollow PDVB
microspheres for Fig. 1F. It was interesting to find that P(MAA-co-
EGDMA) cores could be partially released out of the hollow PDVB
microspheres by slightly destroying the outer PDVB shell layer of
the resultant hollow structure as shown by the TEM micrograph in
Fig. 1F. One of the most desirable characteristics of oral delivery of
peptides and proteins is the ability to protect the gastrointestinal
(GI) tract. The release process in the present work may provide
some effective guidance in drug protection and delivery and to
mimic biological process. Therefore, the study on the organic/
inorganic/organic tri-layer materials and the corresponding hollow
polymer microspheres having different polarities and functional
groups with movable cores may be significant for the development
as functional materials for drug protection and delivery and to
mimic biological process.

4. Conclusion

Hollow PEGDMA and PDVB microspheres with movable P(MAA-
co-EGDMA) cores were prepared by a facile route with a three-stage
reaction and subsequent removal of the silica mid-layer from
P(MAA-co-EGDMA)/SiO2/PEGDMA and P(MAA-co-EGDMA)/SiO2/
PDVB tri-layer hybrid microspheres in hydrofluoric acid. The
hydrogen-bonding interaction between the carboxylic acid groups
on the surface of P(MAA-co-EGDMA) cores and the hydroxyl groups
of silica component acted as a driving force for the formation of
P(MAA-co-EGDMA)/SiO2 core–shell nanoparticles. P(MAA-co-
EGDMA)SiO2/PEGDMA and P(MAA-co-EGDMA)/SiO2/PDVB tri-
layer hybrid microspheres were synthesized by the third-stage
distillation precipitation polymerization in acetonitrile in the
presence of MPS-modified as the seeds via the capture of the newly
formed oligomers with the aid of the reactive vinyl groups, which
were incorporated onto the surface of the seeds by the modification
of MPS to P(MAA-co-EGDMA)/SiO2 nanoparticles. The hollow
PEGDMA microspheres with shell thickness of 35 nm and hollow
PDVB microspheres with shell thickness of 20 nm were developed
by the selective etching of the middle silica layer from the tri-layer
hybrid microspheres to leave movable P(MAA-co-EGDMA) cores
inside the hollow microspheres. P(MAA-co-EGDMA) cores could be
partially moved out as the hollow PDVB structure was slightly
destroyed.
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