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’ INTRODUCTION

Hollow micro- and nanospheres have received considerable
attention because of their relevant applications as drug encapsu-
lates, as transducers and dielectrics for electronics, and as cap-
sules for catalytic reactions and hydrogen storage.1-7 A variety of
chemical and physicochemical approaches, such as hard and soft
template approaches, self-assembly of block copolymers, and
template-free synthesis, have been developed to produce inor-
ganic, polymer, and hybrid hollow particles.8-13 Among the various
approaches reported so far, template-directed synthesis is prob-
ably the most widely used method for the generation of hollow
particles with precisely controlled size and shell thickness. The
process generally involves the removal of either the hard
template core by chemical dissolution9,13 or soft template core
by thermal decomposition from the core-shell precursors.10

Moreover, regulation of morphology, surface functionality, size,
and size distribution of these hollow micro- or nanospheres is
always required to improve their performance in practical appli-
cations, such as in drug delivery systems (DDS).4

It is highly desirable to functionalize the polymer hollow
microspheres through postmodification of interior void space
and/or exterior shell surfaces. On one hand, functionalization of
the interior void space can be achieved by encapsulation of guest
species.14-17 Inorganic hollow particles encapsulating a movable
metal core in the hollow cavity, termed the “yolk-shell” or
“rattle-type” structure, have been widely reported.18-21 In addi-
tion to the well-defined hollow structures, rattle-type inorganic
particles also exhibit improved/enhanced activity in catalytic
reactions20 and can serve as contrast agents in magnetic reso-
nance imaging (MRI).21 On the other hand, exterior surface
modification via the thiol-ene click chemistry is highly efficient,
free of byproduct, and does not require toxic transition metals as
catalyst.22-34 The thiol-ene click chemistry has recently been
explored for the construction of novel macromolecular architec-
tures and for “click” functionalization of silicon substrate,30

polymer nanoparticles,31,32 and protein-immobilized
biochips.33,34

In this paper, we describe a synthesis route to hairy rattle-type
hybrid microspheres consisting of a metal nanocore (gold or
silver), a poly(methacrylic acid-co-divinylbenzene) (P(MAA-co-
DVB)) shell, and functional polymer brushes clicked on the
exterior surface. The incorporation ofmetal nanocore was achieved
by using the gold@silica or silver@silica core-shell nanoparti-
cles as templates for the formation of metal@silica@polymer
core-double shell microspheres. The thiol-terminated poly-
mer chains of hydrophilic poly(ethylene glycol) (PEG-SH) or

thermoresponsive poly(N-isopropylacylamide) (PNIPAM-SH)
were covalently grafted onto the residual double bonds of the
DVB unit on the microsphere surface via the thiol-ene “click”
reaction to produce a hairy surface of tailored functionality. The
application of bifunctional hollow microspheres for the confined
heterogeneous catalytic reaction was also demonstrated.

’RESULTS AND DISCUSSION

Procedures for the synthesis of hairy hybrid microrattles,
consisting of a metal (gold or silver) nanocore, a cross-linked
polymer shell, and functional polymer brushes on the exterior
surface, from the hairy core-double shell microspheres are
shown in Scheme 1. Initially, Au@SiO2-MPS and Ag@SiO2-MPS
core-shell templates with CdC double bonds on the surface
were prepared via coating of a silica shell on the metal (Au or Ag)
nanocores in the sol-gel reaction of tetraethyl orthosilicate

Scheme 1. Schematic Illustration of the Synthesis of Hairy
Metal@Air@Polymer Hybrid Microrattles with a Metal Na-
nocore, a Cross-Linked Polymer Shell, and Functional Poly-
mers Brushes on the Exterior Surfacea

a PEG = poly(ethylene glycol); PNIPAM = poly(N-
isopropylacrylamide).

Received: January 15, 2011
Revised: February 21, 2011



2366 dx.doi.org/10.1021/ma200102n |Macromolecules 2011, 44, 2365–2370

Macromolecules NOTE

(TEOS) and 3-(trimethoxysilyl)propyl methacrylate (MPS).35,36

Subsequently, distillation-precipitation polymerization of
methacrylic acid (MAA), in the presence of divinylbenzene
(DVB, a cross-linking agent), from the Au@SiO2-MPS (or Ag@
SiO2-MPS) core-shell nanoparticle (NP) templates produces
the Au@SiO2@P(MAA-co-DVB) (or Ag@SiO2@P(MAA-co-
DVB)) core-double shell microspheres with residual CdC
double bonds from the DVB units on the surface.37,38 The thiol-
terminated poly(ethylene glycol) (PEG-SH) or poly(N-iso-
propylacrylamide) (PNIPAM-SH) chains are grafted onto the
surface of Au@SiO2@P(MAA-co-DVB) core-double shell mi-
crospheres via the surface thiol-ene “click” reaction. Finally, the
hairy Au@air@P(MAA-co-DVB)-click-PEG (or Ag@air@P(MAA-
co-DVB)-click-PNIPAM) hybrid microrattles consisting of a gold
(or silver) nanocore, cross-linked poly(MAA-co-DVB) polymer
shell, and functional PEG (or PNIPAM) brushes on the exterior
surfaces are obtained through selective removal of the silica inner
shell by HF etching of the hairy Au@SiO2@P(MAA-co-DVB)-
click-PEG (or Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM) core-
double shell microspheres.

GoldNPs of 18, 23, and 45 nm in diameter were synthesized, a
priori, via the standard sodium citrate reductionmethod (Table 1
and Figure S1, Supporting Information), by tuning the molar
ratio of sodium citrate to hydrogen tetrachloroaurate trihydrate
(gold precursor) from 2:1 to 1.5:1 to 1:1, respectively. Figure 1a
shows the transmission electronmicroscopy (TEM) image of the
synthesized Au NPs with an average diameter of 18 nm. The
thickness of subsequent silica coating can be controlled by
varying the TEOS precursor concentration in the sol-gel reac-
tion (Experimental Section, Supporting Information). The
TEM images of 135 and 196 nm Au@SiO2-MPS core-shell
nanospheres with the corresponding silica shell thicknesses of
59 and 90 nm are shown in parts b and c of Figure 1, respec-
tively. Well-defined core-shell NPs with uniform surfaces are
observed in these TEM images. The size, size distribution, and
shell thickness of as-synthesized Au@SiO2-MPS core-shell
nanospheres are summarized in Table 1. The Fourier-trans-
form infrared (FT-IR) spectrum of Au@SiO2-MPS core-shell
nanospheres (Figure S2, Supporting Information) reveals
an absorption peak at 1632 cm-1, associated with the CdC
group from MPS on the surface of Au@SiO2-MPS core-shell
template NPs.

Distillation-precipitation polymerization has recently been
explored for the synthesis of well-defined silica@polymer core-
shell and hierarchical hollow polymer structures for drug delivery
systems (DDS).39 In this work, distillation-precipitation po-
lymerization of MAA was carried out in the presence of DVB in
acetonitrile, using the Au@SiO2-MPS core-shell-3 NPs of
Table 1 as templates, to produce the core-double shell micro-
spheres with a cross-linked P(MAA-co-DVB) outer shell. The
PEG-thiol chains (PEG-SH,Mn 5000 g/mol) were subsequently
grafted to the exterior surface of the Au@SiO2@P(MAA-co-
DVB) core-double shell microspheres via the surface thiol-ene
“click” reaction (Scheme 1). The field-emission scanning elec-
tronmicroscopy (FESEM) image of the as-prepared Au@SiO2@
P(MAA-co-DVB) core-double shell microspheres of 308 nm in
average size is shown in Figure 1d. The microspheres retain the
spherical structure after the formation of a cross-linked polymer
outer shell on the Au@SiO2-MPS core-shell NPs. The TEM
image (inset of Figure 1d) of the synthesized Au@SiO2@P-
(MAA-co-DVB) microspheres reveals an outer polymer shell of
low contrast encapsulating a dense Au@SiO2 inorganic core-
shell particle. The cross-linked poly(MAA-co-DVB) outer shell
of the core-double shell microspheres is about 56 nm in
thickness. In addition to providing a cross-linked, stable (resistant
to acid, base, and organic solvent) and rigid polymer outer shell,
the PDVB segments also provide residual CdC double bonds on
the exterior surface of the Au@SiO2@P(MAA-co-DVB) micro-
spheres.37,38,40 The FT-IR spectrum of the Au@SiO2@P(MAA-
co-DVB) core-double shell microspheres shows an absorp-
tion peak at 1632 cm-1 (Figure S3a, Supporting Information),
confirming the persistence of vinyl groups from PDVB segments
on the microsphere surfaces. These CdC groups will serve as
active sites for the “click” reaction with thiol-terminated polymer
chains to produce the hairy functional microspheres.

Poly(ethylene glycol) (PEG) and its derivatives have been
widely used in biomedical and biomaterials applications.41-43

The PEG chains with thiol-terminal groups were first character-
ized by X-ray photoelectron spectroscopy, or XPS (Figure S4,
Supporting Information), and were used to modify the exterior
surface of Au@SiO2@P(MAA-co-DVB) core-double shell mi-
crospheres via the surface thiol-ene “click” reaction. Figure 2a,b
shows the respective wide-scan and C 1s core-level spectra of the
Au@SiO2@P(MAA-co-DVB) microspheres prior to click grafting

Table 1. Size, Size Distribution, and Shell Thickness of the Metal@Silica Core-Shell and Metal@Silica@Polymer Core-Double
Shell Microspheres

sample Dn
a (nm) Dw

a (nm) PDIa shell thicknessb (nm) CVa (%)

Au nanocore-1 18 19 1.09 21

Au nanocore-2 23 23 1.03 19

Au nanocore-3 45 47 1.04 18

Ag nanocore 38 56 1.48 39

Au@SiO2-MPS core-shell-1c 135 139 1.03 59 13

Au@SiO2-MPS core-shell-2c 157 168 1.07 70 15

Au@SiO2-MPS core-shell-3c 196 207 1.06 90 9

Ag@SiO2-MPS core-shell 70 73 1.05 16 13

Au@SiO2@P(MAA-co-DVB) core-double shelld 308 315 1.02 56 11

Ag@SiO2@P(MAA-co-DVB) core-double shell 160 169 1.06 45 15
a Dn is the number-average diameter, Dw is the weight-average diameter, PDI is the polydispersity index, and CV is the coefficient of variation (see
Experimental Section, Supporting Information). bThe shell thickness of the core-shell and core-double shell was determined from the TEM images.
cThe Au@SiO2-MPS core-shell microspheres were prepared using the Au nanocore-1 as seeds. dAu@SiO2@P(MAA-co-DVB) core-double shell
microspheres were prepared using the Au@SiO2-MPS core-shell-3 as seeds.
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of the PEG brushes. The XPS C 1s core-level spectrum in
Figure 2b shows predominantly two peak components having
binding energies (BEs) at 284.6 and 288.8 eV, attributable to the
C-C/C-H and OdC-O species, respectively, of the cross-
linked P(MAA-co-DVB) outer shell of the microspheres.44 After
grafting of the PEG brushes via the surface click reaction, the XPS
wide-scan spectrum of the Au@SiO2@P(MAA-co-DVB)-click-
PEG microspheres in Figure 2c shows an increase in the relative
intensity of O 1s signal. The XPS C 1s core-level spectrum of the
microspheres (Figure 2d) can be curved-fitted with three peak

components having BEs at about 284.6, 286.1, and 288.8 eV,
attributable to the C-C/C-H, C-O/C-S, and OdC-O
species, respectively.45 The C-O/C-S species are associated
with the grafted PEG brushes on the exterior surface of the
microspheres. The FT-IR absorption bands of the Au@SiO2@P-
(MAA-co-DVB)-click-PEGmicrospheres at 1164 and 1380 cm-1

are associated respectively with the vibration of C-O and-CH3

groups from the grafted PEG brushes on the exterior surface
of microspheres (Figure S3b, Supporting Information). The
silica inner shell in the Au@SiO2@P(MAA-co-DVB)-click-PEG

Figure 1. TEM and FESEM micrographs of the (a) 18 nm gold (Au) nanocores, (b) 135 nm Au@SiO2-MPS, and (c) 196 nm Au@SiO2-MPS core-
shell microspheres, (d) 308 nm Au@SiO2@P(MAA-co-DVB) core-double shell microspheres, and (e, f) Ag@air@P(MAA-co-DVB)-click-PNIPAM
hybrid microrattles (MPS: 3-(trimethoxysilyl)propyl methacrylate; MAA: methacrylic acid; DVB: divinylbenzene; PNIPAM: poly(N-isopropylacryl-
amide)). The scale bars for (a-f) are 20, 100, 100, 100, 100, and 100 nm, respectively.
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core-double shell microspheres serves as the sacrificial materials
in the production of Au@air@P(MAA-co-DVB)-click-PEG rat-
tle-type hollow structures, as shown in Scheme 1.

Silica can be readily coated on many colloidal particles via
sol-gel reaction to from core-shell nanostructures.46 Well-
defined Ag nanocore, Ag@SiO2-MPS core-shell NPs, Ag@
SiO2@P(MAA-co-DVB) core-double shell, and Ag@SiO2@P-
(MAA-co-DVB)-click-PNIPAM hairy core-double shell micro-
spheres, as well as the corresponding Ag@air@P(MAA-co-DVB)-
click-PNIPAM hairy hybrid microrattles, were also synthesized in
the present work to illustrate the versatility of the approach to
hollow polymer microspheres with different kinds of metal
nanocore in the void space and polymer brushes on the exterior
surface. The respective TEM images of the 38 nm Ag nanocores,
70 nm Ag@SiO2-MPS core-shell NPs, and 160 nm Ag@SiO2@
P(MAA-co-DVB) core-double shell microspheres are shown in
Figure S5 (Supporting Information). For the modification of
exterior surfaces via the thiol-ene coupling reaction, thermo-
responsive PNIPAM-SH chains with a molecular weight of
11 600 g/mol and polydispersity index (PDI) of 1.32 (from
GPC analysis, Figure S6, Supporting Information) were grafted
to the outer shell of the Ag@SiO2@P(MAA-co-DVB) micro-
spheres to produce the hairy Ag@SiO2@P(MAA-co-DVB)-click-
PNIPAM core-double shell microspheres. The XPS wide-scan
and C 1s core-level spectra (Figure S7, Supporting Information)
and the FT-IR absorption spectra (Figure S8, Supporting
Information) of the microspheres before and after click reaction
further confirm the grafting of PNIPAM brushes on the Ag@

SiO2@P(MAA-co-DVB) core-double shell microspheres sur-
face. The XPS wide scan spectrum of the Ag@SiO2@P(MAA-co-
DVB)-click-PNIPAM core-double shell microspheres shows a
new peak component with BE at about 400 eV, attributable to the
N 1s species (inset of Figure S7) from the grafted PNIPAM
brushes on the exterior surface. The FT-IR spectrum of hairy
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double shell
microspheres exhibit two new absorption peaks at 1648 cm-1

(amide I mode of CdO) and 1550 cm-1 (amide II mode of N-
CdO), which are characteristic of the stretching vibration of the
amide groups from PNIPAM brushes.47 The vinyl absorption
band at 1632 cm-1 from the PDVB segments has disappeared
completely after the thiol-ene click reaction.

The thermoresponsive behavior of the grafted PNIPAM
brushes on the exterior surface of core-double shell microspheres
was characterized by dynamic light scattering (DLS) measure-
ments. The hydrodynamic diameter (Dh) of hairy Ag@SiO2@P-
(MAA-co-DVB)-click-PNIPAM core-double shell microspheres
decreases from 258 to 212 nm as the temperature of the aqueous
medium increases from 25 to 50 �C (Figure S9, Supporting Infor-
mation). This phenomenon is due to the fact that PNIPAM
exhibits a lower critical solution temperature (LCST) of 32 �C in
an aqueous solution.30,48 When the temperature of medium is
higher than LCST, the grafted PNIPAM brushes on the exterior
surface of the core-double shell microspheres associate hydro-
phobically, leading to the decrease in hydrodynamic size of the
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM microspheres. Hairy
Ag@air@P(MAA-co-DVB)-click-PNIPAM hybrid microrattles

Figure 2. XPS wide-scan and C 1s core-level spectra of the (a, b) Au@SiO2@P(MAA-co-DVB) and (c, d) Au@SiO2@P(MAA-co-DVB)-click-PEG
(MAA: methacrylic acid; DVB: divinylbenzene; PEG: poly(ethylene glycol)).
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were obtained after selective HF etching of the silica inner shell
from the Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM micro-
spheres. The FESEM and TEM images of the synthesized hairy
Ag@air@P(MAA-co-DVB)-click-PNIPAM hybrid microrattles
are shown in parts e and f of Figure 1, respectively. The silver
nanocore encapsulated in the hollow cavity of the microsphere
appears as bright spots in the FESEM micrograph when imaged
at a high voltage of 15 kV. Well-defined rattle-type hybrid hollow
structures are discernible from the TEM images of Figure 1f.

Polymer based nanoreactor systems have recently been ex-
plored for living radical polymerization and organic reactions.49,50

One of the advantages of synthesizing hairy hybrid microrattles
with the exterior surface decorated by hydrophilic PEG brushes is
their enhanced dispersity in an aqueous medium. The present
hairy Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles
were employed as a nanoreactor system for the well-established
reduction of p-nitrophenol to p-aminophenol to illustrate their
potential applications. Hairy Au@air@P(MAA-co-DVB)-click-
PEG hybrid microrattles were initially dispersed in an aqueous
medium upon brief sonication, followed by equilibrating in the
NaBH4 solution (0.6M) for 30 min at room temperature (25 �C).
Upon addition of p-nitrophenol into the mixture, catalytic
reduction was initiated by the Au NP in the confined space.51,52

Figure 3 shows the catalytic reduction of p-nitrophenol in the
cavity of Au@air@P(MAA-co-DVB)-click-PEG hybrid microrat-
tles (1.9 � 10-6 M). The inset is the TEM image of the
synthesized hybrid microrattle with a gold nanocore (18 nm in
diameter) and PEG brushes (Mn = 5000 g/mol) on the exterior
surfaces. The reduction kinetics were monitored by time-depen-
dent changes in UV-vis absorption spectra of the p-nitrophenol
reactant in the reaction mixture (Figure S10, Supporting In-
formation). As the catalytic reaction proceeds, the characteristic
absorption peak of the reactant (p-nitrophenol) at 400 nm
decreases with a concomitant increase in the absorption peak
of the product (p-aminophenol) at 295-300 nm.51-54 During
the catalytic reaction process, p-nitrophenol first diffused through
the polymer shell into the hollow cavity. The catalytic reduction

was then initiated by electron transfer from the donor BH4
- to

the substrate p-nitrophenolate ion on the Au NP surface.52

Finally, the p-aminophenol product desorbed from the gold
NP surfaces. No catalytic reduction of p-nitrophenol was ob-
served in the absence of Au@air@P(MAA-co-DVB)-click-PEG
hybrid microrattles. Thus, the synthesized hairy hybrid micro-
rattles can serve as a spatially confined nanoreactor system for
catalytic reactions.

’CONCLUSIONS

Bifunctional hairy metal@air@polymer hybrid microrattles,
with a catalytic metal nanocore (Au or Ag) in the cavity and
functional polymer brushes (PEG or PNIPAM) on the exterior
surface, have been synthesized from the hairy Au@SiO2@P-
(MAA-co-DVB)-click-PEG and Ag@SiO2@P(MAA-co-DVB)-
click-PNIPAM core-double shell microspheres by etching of
the silica inner layer. The so-obtained hollow microspheres
exhibited well-defined rattle-type morphology and tailored sur-
face functions. The bifunctional hybrid microrattles were finally
applied as a nanoreactor system for the confined catalytic reduc-
tion of p-nitrophenol. Combined interior functionalization and
exterior modification of the hollow polymer microspheres with a
catalytic metal nanocore and functional polymer brushes, respec-
tively, provides a general approach for endowing the hollow
polymer microspheres with unique morphology and functions,
leading to useful multifunctional hollow polymer nano- and
microstructures.
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