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A versatile strategy for uniform hybrid
nanoparticles and nanocapsules†

Chaowei Feng,a Xinchang Pang,a Yanjie He,a Yihuang Chen,a,b Guangzhao Zhangb

and Zhiqun Lin*a

A viable strategy for uniform organo-silica hybrid nanoparticles and nanocapsules was developed. The key

to our strategy is the implementation of spherical star-like homopolymers and diblock copolymers with

well-controlled molecular weights that form unimolecular micelles in solution as nanoreactors. Organo-

silica hybrid nanoparticles were crafted by introducing trimethoxysilyl functionalities to the arm of star-

like homopolymers. Quite intriguingly, organo-silica hybrid nanocapsules with an interior cavity were

created when the trimethoxysilyl moieties were incorporated into the outer block of star-like diblock

copolymers. The diameter of hybrid nanoparticles and the shell thickness of hybrid nanocapsules can be

readily tailored via the living polymerization of star-like homopolymer and diblock copolymer nano-

reactors, respectively. These hybrid nanoparticles and nanocapsules may find promising applications in

polymer nanocomposites, water purification, separation, catalysis, and drug delivery. We envision that the

nanoreactor strategy is general and robust. By rationally designing nonlinear yet structurally regular poly-

mers possessing metal-containing units, other exotic metal- and metal oxide-containing nanostructures

can also be easily accessed for a variety of applications.

Introduction

Organic/inorganic hybrid nanoparticles represent an impor-
tant class of multifunctional nanomaterials that exhibit fasci-
nating optical, electronic, magnetic, and biological properties
in single nano-objects.1–3 The chemical properties (e.g., solubi-
lity and photo-crosslinking) of such hybrid nanoparticles are
mainly imparted by an organic constituent, while the physical
properties are often dictated by the synergy of an inorganic
nanoparticle and an organic component.4–6 Among various
organic/inorganic hybrid nanoparticles developed, silica/
polymer hybrid nanoparticles, including polymer-functiona-
lized silica nanoparticles and organo-silica hybrid nano-
particles, have garnered much attention due largely to
their ease of preparation and a wide range of applications
as in polymer matrix nanocomposites,7,8 in biomedical
engineering,9–11 and fluorescent thermometers.12 Moreover,
they have also been utilized as model colloids for evaluating

the steric stabilization theory.13,14 The commonly used
approaches to produce silica/polymer hybrid nanoparticles
include physical adsorption,15,16 grafting from,17–22 grafting
onto,23 self-assembly,24–27 etc.

On the other hand, organo-silica hybrid nanocapsules with
a well-controlled cavity are of particular interest as the hollow
interior offers peculiar advantages, such as the ability to load
guest molecules for delivery or act as nanoscale reactors by
encapsulating reactive compounds.28 However, the effective
methods to form organo-silica hybrid nanocapsules are com-
paratively few and limited in scope. The preparation of hybrid
nanocapsules primarily involves the use of self-assembled
polymer micelles or vesicles.28–31 It is worth noting that the
self-assembly approach provides access to organo-silica hybrid
nanoparticles and nanocapsules, depending on the mor-
phology of self-assembled nanostructures.27,28,31 However,
there are several challenges associated with this approach.
First, it is difficult to precisely control the size and shape of
self-assembled nanostructures as they depend sensitively
on solvent properties, solution concentration, temperature,
etc.24,31 Second, the amphiphilicity requirement of linear
block copolymers in order to enable self-assembly greatly
limits the compositions and functionalities of polymers
that can be selected.31 Finally, the self-assembly process of
polymers to form micelles or vesicles may be tedious.

Herein, we report on a versatile and effective strategy
to craft uniform organo-silica hybrid nanostructures by
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judiciously capitalizing on star-like polymers as nanoreactors,
followed by intramolecular gelation. Star-like polymers are
spherical macromolecules with multiple arms covalently
linked to a multifunctional core.32–37 They readily form
thermodynamically stable unimolecular micelles in solution
with the size governed by the molecular weight of the
polymer.38–42 Specifically, organo-silica hybrid nanoparticles
and nanocapsules were created by employing star-like Si-con-
taining homopolymers and star-like diblock copolymers with
Si-containing moieties incorporated into the outer block as
nanoreactors, respectively. It is noteworthy that as star-like
homopolymers and diblock copolymers were synthesized by
atom transfer radical polymerization (ATRP), each arm in the
star-like polymers possessed a well-defined chain length,
thereby templating the formation of uniform, precisely size-
controllable organo-silica hybrid nanoparticles and nanocap-
sules, respectively. In stark contrast to polymer micelles
yielded from the self-assembly of linear block copolymer as
noted above, the use of star-like polymer dispenses with the
need for the self-assembly process and the requirement of an
amphiphilic component as in the linear block copolymers. As
such, it renders a wide selection of polymer composition and
functionality for yielding functional, size tunable, spherical
nanostructures. These hybrid nanoparticles and nanocapsules
may have a broad range of applications in water purification,
controlled delivery systems, lithium ion batteries, and as light-
weight fillers in polymer composites.

Experimental section
Materials

3-(Trimethoxysilyl)-propyl methacrylate (TMSPMA monomer,
98%), N,N,N′,N″,N″-pentamethyldiethylene triamine (PMDETA,
99%), ammonium hydroxide solution (28%), β-cyclodextrin
(β-CD), 2-bromoisobutyryl bromide (98%) and anhydrous
benzene (99.8%) were purchased from Sigma-Aldrich and used
as received. CuBr (98%, Sigma-Aldrich) was stirred in acetic
acid overnight, filtered, then washed with ethanol and diethyl
ether successively, and finally dried under vacuum. Styrene
(St., Sigma-Aldrich, ≥99%) was washed with 10% NaOH
aqueous solution and water successively, then dried over an-
hydrous MgSO4 and CaH2 sequentially, and finally distilled
under reduced pressure. Petroleum ether was distilled over
CaH2 prior to use. Anhydrous toluene and dichloromethane
(DCM) were obtained from a commercial solvent purification
system (MB-SPS, MBraun Inc.). All other reagents were purified
by common purification procedures.

Characterization

All 1H NMR spectra were recorded on a Bruker 400 MHz
spectrometer with solvent resonances as the internal standard.
CDCl3 was used as the solvent in all measurements. The mole-
cular weights of the polymers were obtained using a Shimadzu
GPC equipped with a LC-20AD HPLC pump and a refractive

index detector (RID-10A, 120 V). Tetrahydrofuran (THF) was
used as the mobile phase at 35 °C at 1.0 mL min−1. One
Phenogel 5 μm linear (2) column and one Phenogel 5 μm
10E4A mixed bed column were calibrated with 10 polystyrene
standard samples from 1.2 × 106 to 500 g mol−1. The mor-
phologies of organo-silica hybrid nanoparticles and nanocap-
sules were examined by transmission electron microscopy
(TEM) (JEOL TEM 100CX; operated at 100 kV). TEM samples
were prepared by drop-coating a dilute hybrid nanoparticles
(or nanocapsules) solution onto a 400 mesh carbon-coated
copper TEM grid. Dynamic light scattering (DLS) data was
acquired using laser light scattering spectrometer (Malvern
Zetasizer Nano ZS) at 25 °C.

Synthesis of heptakis[2,3,6-tri-O-(2-bromo-2-methyl-
propionyl]-β-cyclodextrin) (i.e., 21 Br-β-CD). 21 Br-β-CD was
prepared according to the previous reports in the literature.1,2

β-CD (6.82 g, 6 mmol, dried in a vacuum oven at 80 °C over-
night) was dissolved in anhydrous 1-methyl-2-pyrrolidone
(NMP, 60 mL). Subsequently, 2-bromoisobutyryl bromide
(58.0 mL, 252 mmol) was added to the β-CD solution dropwise
at 0 °C under stirring. The reaction was allowed to proceed for
24 h at ambient temperature. After that, the solution was con-
centrated by reduced pressure distillation and then diluted
with dichloromethane. The product solution was washed with
saturated NaHCO3 aqueous solution and DI water sequentially
three times. The organic layer was concentrated and then crys-
tallized in cold n-hexane to obtain a pure product. The chemi-
cal compositions of 21 Br-β-CD were confirmed by 1H-NMR
in CDCl3: δ = 1.8 (broad s, 126H, CH3), 3.5–5.4 (49H,
sugar protons); FTIR: 2931 cm−1 (νC–H), 1737 cm−1 (νCvO),
1158 cm−1 (νC–O–C), 1039 and 1105 cm−1 (coupled νC–C
and νC–O).

Synthesis of the star-like PTMSPMA homopolymer by ATRP
using 21-Br β-CD as an initiator. Atom transfer radical
polymerization (ATRP) of the 3-(trimethoxysilyl)-propyl metha-
crylate (TMSPMA) monomer was performed using 21-Br β-CD
possessing 21 initiation sites as the initiator to yield the star-
like PTMSPMA homopolymer. In a typical process, an ampule
was quickly charged with 21-Br β-CD (0.02 g), CuBr (0.0142 g),
PMDETA (0.0171 g), TMSPMA (11.7 ml), and anhydrous
toluene (15 ml) and then degassed by three freeze–evacuate–
thaw cycles in liquid N2. The ampule was then immersed in an
oil bath at 50 °C. After proceeding to a desirable time (30 min
for sample-1, and 2 h for sample-2), the polymerization was
quenched by dipping the ampule in liquid N2. The crude
product was diluted with anhydrous dichloromethane, passed
through a neutral alumina column, and then precipitated in
anhydrous petroleum ether three times to obtain a pure
product. The polymers were dried under reduced pressure.

Crafting organo-silica hybrid nanoparticles via intra-
molecular gelation. Organo-silica hybrid nanoparticles were
crafted by hydrolysis and subsequent condensation of tri-
methoxysilyl moieties on the star-like PTMSPMA with
ammonia as the catalyst. The reaction was conducted under
high dilution to facilitate intramolecular gelation. Typically,
a star-like PTMSPMA (sample-1 and sample-2, 5 mg) was
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dissolved in 1,4-dioxane (10 ml). The solution was filtered
using a 0.45 μm PTFE filter. 28% ammonium hydroxide
(0.1 ml) was then added to the solution dropwise under vigor-
ous magnetic stirring. The reaction proceeded at ambient
temperature for 5 days. The product was purified by dialysis
against dioxane.

Synthesis of star-like polystyrene. A 21-arm star-like PS was
synthesized by ATRP of styrene using 21-Br β-CD as the
initiator. The reaction mixture (styrene: –Br (in 21-Br β-CD) :
CuBr : PMDETA = 400 : 1 : 1 : 1 (molar ratio) in toluene (1 g St
in 1 mL solvent)) in an ampule was degassed by three freeze–
evacuate–thaw cycles in liquid N2, and then immersed in an
oil bath at 80 °C. The polymerization was allowed to proceed
to the desirable time, and then quenched by dipping the
ampule into liquid N2. The mixture was diluted with chloro-
form and passed through a neutral alumina column to remove
the copper catalyst. After concentration, the polymers were
recovered by precipitating in methanol and filtration three
times. The product was finally dried to constant weight in a
vacuum oven.

Synthesis of star-like PS-b-PTMSPMA diblock copolymers via
sequential ATRP. The star-like PS-b-PTMSPMA composed of
inner PS blocks and outer PTMSPMA blocks was prepared by
sequential ATRP of TMSPMA with a star-like PS as the macro-
initiator as noted above. In a typical ATRP procedure, an
ampule was quickly charged with a 21-arm star-like PS (0.1 g),
CuBr (0.0044 g), PMDETA (0.0053 g), TMSPMA (3.6 ml), and
anhydrous benzene (4 ml). The reaction mixture was degassed
by three freeze–evacuate–thaw cycles in liquid N2 and then
placed in an oil bath at 70 °C. After the polymerization pro-
ceeded to a desirable conversion, the ampule was dipped in
liquid N2 to quench the reaction. The solution was diluted
with anhydrous dichloromethane and passed through a
column of neutral alumina to remove the catalyst. The mixture
was then concentrated and precipitated in anhydrous
petroleum ether three times to recover the pure polymer. The
final product was dried under reduced pressure.

Creating organo-silica hybrid nanocapsules by intra-
molecular crosslinking. Organo-silica hybrid nanocapsules
were created by gelation of the outer PTMSPMA blocks in the
star-like PS-b-PTMSPMA diblock copolymer under dilute con-
ditions. The reaction mixture (star-like PS-b-PTMSPMA
(sample-a and sample-d, 5 mg) in 10 ml 1,4-dioxane mixed
with 28% ammonium hydroxide (0.5 ml)) was allowed to
proceed at ambient temperature for 5 days under constant stir-
ring. A pure product was finally obtained by dialysis against
dioxane.

Results and discussion

The star-like homopolymer poly[3-(trimethoxysilyl)-propyl
methacrylate] (PTMSPMA) and the diblock copolymer
polystyrene-block-poly[3-(trimethoxysilyl)-propyl methacrylate]
(PS-b-PTMSPMA) were first rationally designed and synthesized
(Scheme 1). For the synthesis of the star-like PTMSPMA homo-

polymer (upper right panel in Scheme 1), heptakis[2,3,6-tri-O-
(2-bromo-2-methylpropionyl]-β-cyclodextrin) (denoted 21 Br-
β-CD) was first prepared by reacting β-cyclodextrin (β-CD) with
2-bromoisobutyric bromide.38 It has been demonstrated that
all bromines on 21 Br-β-CD are capable of initiating ATRP to
form 21-arm star-like polymers.38,43 The star-like PTMSPMA
was synthesized by ATRP of 3-(trimethoxysilyl)-propyl metha-
crylate (TMSPMA) using 21 Br-β-CD as an initiator (see the
Experimental section in the ESI†). Due to the high reactivity of
TMSPMA,24 the reaction was conducted under dilute con-
ditions and a low conversion was maintained in order to mini-
mize the coupling termination between the star-like
PTMSPMA radicals. The successful polymerization was con-
firmed by 1H NMR analysis in which all characteristic peaks
can be assigned to the corresponding protons on the polymer
backbone (Fig. 1). The gel permeation chromatography (GPC)

Scheme 1 Synthetic route to the star-like PTMSPMA homopolymer
(upper right panel) and star-like PS-b-PTMSPMA diblock copolymer
(lower right panel).

Fig. 1 1H-NMR spectrum of the star-like PTMSPMA homopolymer in
CDCl3 (i.e., sample-2 in Table 1).
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traces exhibited monomodal peaks (Fig. 2a), indicating the for-
mation of structurally well-defined products with low poly-
dispersity. Two samples with different molecular weights were
prepared by varying the ATRP time. Their structural para-
meters are summarized in Table 1. The star-like PTMSPMA
can form spherical unimolecular micelles in solution,32,39 and
the intensity-average hydrodynamic diameter, Dh obtained by
dynamic light scattering (DLS; Fig. S1†) was 10.7 ± 0.8 nm and
38.8 ± 5.7 nm for sample-1 and sample-2, respectively
(Table 1). It is interesting to note that about 4 times increase
in monomer conversion (13% in sample 2 compared to 3% in
sample 1) resulted in approximately 4 times increase in the
molecular weight of the star-like polymers due to the living
characteristic of ATRP (Table 1).44 Clearly, the size of the star-
like PTMSPMA can be tailored during the ATRP process, which
is essential for control over the dimension of hybrid nano-
particles produced by this approach.

Subsequently, intramolecular crosslinking (i.e. gelation) of
the star-like PTMSPMA led to the formation of uniform
organo-silica hybrid nanoparticles (Scheme 2a). Trimethoxy-
silyl moieties (Si(OCH3)3) in the star-like PTMSPMAwere hydro-
lyzed into trihydroxysilyl (Si(OH)3). The hydrolyzed star-like
polymers were then transformed into a crosslinked silsesqui-
oxane network via polycondensation.45,46 The reaction was
catalyzed by a small amount of ammonia in dioxane and per-

formed under highly dilute conditions to avoid intermolecular
crosslinking (see the Experimental section). The sample-1 (i.e.,
star-like PTMSPMA) with a lower molecular weight was first
used as the nanoreactor to produce smaller organo-silica
hybrid nanoparticles. The nanoparticles were formed after the
reaction at ambient temperature for 5 days as evidenced by the
TEM measurement (Fig. 3a). The low contrast of nanoparticles
was due possibly to its very small size. The average size of
nanoparticles was 13 ± 2 nm (Fig. 4a), which is close to the
hydrodynamic diameter of the original star-like PTMSPMA
(10.7 ± 0.8 nm; sample-1 in Table 1). This suggested that
hybrid nanoparticles were created from individual star-like
polymers, and such spherically shaped polymers served as
unimolecular nanoreactors.

In order to demonstrate the exquisite control over the size
of hybrid nanoparticles using the star-like polymer nanoreac-
tor approach, a star-like PTMSPMA with larger molecular
weight (i.e., sample-2) was synthesized and utilized as nano-
reactor. The hybrid nanoparticles with larger size and higher
contrast were clearly observed (Fig. 3b). The average diameter
of nanoparticles was 38 ± 4 nm based on the TEM image ana-
lysis (Fig. 4b), which is also consistent with the hydrodynamic
diameter of the original star-like PTMSPMA (38.8 ± 5.7 nm;
sample-2 in Table 1). Obviously, the increase in the nano-
particle size can be attributed to the increase in molecular

Fig. 2 (a) GPC traces of star-like PTMSPMA with different molecular
weights as summarized in Table 1. (b) GPC traces of star-like PS-b-
PTMSPMA diblock copolymers with varied molecular weights of outer
PTMSPMA block (Table 2) prepared by the chain extension from 21-arm
star-like PS macroinitiator (i.e. sample-2 in Table S1†) via the ATRP of
TMSPMA.

Table 1 Structural parameters of the star-like PTMSPMA homopolymer
and the corresponding organo-silica hybrid nanoparticles (NPs)

Star-like PTMSPMA Hybrid NPs

Mn,th
a

(kg mol−1)
Mn, GPC

b

(kg mol−1) PDIb Cd Dh
c (nm) De (nm)

Sample-1 78.2 25.7 1.04 3% 10.7 ± 0.8 13 ± 2
Sample-2 339.0 111.7 1.10 13% 38.8 ± 5.7 38 ± 4

a Theoretical molecular weights calculated based on monomer
conversion. bObtained from GPC measurement using PS as the
calibration standard. c Intensity-average hydrodynamic diameter, Dh of
the polymers obtained by dynamic light scattering (DLS) in dioxane.
dDetermined by gravimetric method. e Average diameter of
nanoparticles estimated from the TEM size analysis.

Scheme 2 A star-like polymer nanoreactor strategy for organo-silica
hybrid nanoparticles and nanocapsules. (a) Synthesis of organo-silica
hybrid nanoparticles by capitalizing on the star-like PTMSPMA homo-
polymer containing trimethoxysilyl moieties as unimolecular nano-
reactor. (b) Preparation of organo-silica hybrid nanocapsules by
exploiting the star-like PS-b-PTMSPMA diblock copolymer as uni-
molecular nanoreactor in which trimethoxysilyl moieties are incorpo-
rated into the outer PTMSPMA blocks.
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weight of the star-like PTMSPMA. Consequently, the size of
nanoparticles can be easily tuned by varying the molecular
weight of star-like polymers during ATRP of TMSPMA.

Quite intriguingly, the star-like nanoreactor strategy is
versatile in crafting uniform nanostructures. In addition to
organo-silica hybrid nanoparticles, the application of judi-
ciously designed star-like PS-b-PTMSPMA diblock copolymer
composed of an inner PS block and an outer PTMSPMA block
as the nanoreactor rendered the creation of organo-silica
hybrid nanocapsules after subsequent intramolecular cross-
linking (i.e., gelation) of the outer PTMSPMA blocks
(Scheme 2b). In the star-like PS-b-PTMSPMA diblock co-
polymer, PS was chosen as the inner block due to its ease
of polymerization and chemical inertia for the subsequent
gelation process. Specifically, a star-like PS was synthesized by
ATRP of styrene using 21-Br β-CD as the initiator. Successful
polymerization was verified by 1H NMR measurement
(Fig. S2†). Notably, the resonance at 4.4–4.6 ppm (g) can be
ascribed to the methine protons near the terminal bromines at
the chain end.47 The GPC measurements showed the narrow
molecular weight distribution of the product (Fig. S3†). The
small shoulder observed at low elution time originated from
the coupling termination between the star-like PS radicals
which dominated the termination process in the radical
polymerization of PS and is difficult to avoid.48 Two star-like
PS samples with different molecular weights were prepared
(Table S1†). The number-average molecular weights estimated
by NMR end group analysis, which was based on the
integration ratio of Hc to Hd (Ic/Id) assuming that each
bromine on 21-Br β-CD initiated the polymerization, agreed
well with the theoretical molecular weights calculated based
on the monomer conversion. This implied that the initiation
efficiency of bromoisobutyryl was nearly quantitative, yielding
a 21-arm star-like PS. The molecular weights obtained from
GPC measurements deviated from the theoretical values,
which is due to the smaller hydrodynamic volume of the star-
like PS compared to linear PS standards.36 Star-like PS-b-
PTMSPMA diblock copolymers were then synthesized via the
chain extension from the 21-arm star-like PS by the ATRP of
TMSPMA (lower right panel in Scheme 1). The proton reson-

Fig. 3 TEM characterization of organo-silica hybrid nanoparticles and
nanocapsules. (a) Hybrid nanoparticles crafted from sample-1 (i.e., star-
like PTMSPMA) with smaller molecular weight; the average diameter of
nanoparticle, Dave = 13 ± 2 nm. (b) Hybrid nanoparticles created from
sample-2 (i.e., star-like PTMSPMA) with larger molecular weight; the
average diameter of nanoparticle, Dave = 38 ± 4 nm. (c) Hybrid nano-
capsules produced from sample-a (i.e. star-like PS-b-PTMSPMA) with
larger molecular weight of the outer PTMSPMA block; the average
diameter of nanocapsule, Dave = 71 ± 5 nm. (d) Hybrid nanocapsules
yielded from sample-d (i.e. star-like PS-b-PTMSPMA), with smaller mole-
cular weight of the outer PTMSPMA block; the average diameter of
nanocapsule, Dave = 28 ± 5 nm.

Fig. 5 1H-NMR spectrum of the star-like PS-b-PTMSPMA diblock
copolymer in CDCl3 (i.e., sample-e in Table 2).

Fig. 4 Size distributions of hybrid nanoparticles and nanocapsules
obtained from the TEM image analysis. The average diameters of nano-
particles or nanocapsules are summarized in Table 1 and Table 2,
respectively. (a) Organo-silica hybrid nanoparticles crafted from sample-
1 (i.e. star-like PTMSPMA with smaller molecular weight). (b) Organo-
silica hybrid nanoparticles crafted from sample-2 (i.e. star-like PTMSPMA
with larger molecular weight). (c) Organo-silica hybrid nanocapsules
created from sample-a (i.e. star-like PS-b-PTMSPMA with larger mole-
cular weight of outer PTMSPMA block). (d) Organo-silica hybrid nano-
capsules created from sample-d (i.e. star-like PS-b-PTMSPMA with
smaller molecular weight of outer PTMSPMA block).
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ances from the outer PTMSPMA blocks emerged in 1H NMR
spectrum of the resulting star-like PS-b-PTMSPMA (Fig. 5), sig-
nifying the success in the growth of outer PTMSPMA blocks.
The molecular weights of star-like diblock copolymers can be
estimated from the 1H NMR analysis based on the integration
ratio between PTMSPMA and PS blocks (Ic/Ih) as summarized
in Table 2. The GPC characterization also corroborated the suc-
cessful chain extension with the elution peak of the star-like
PS shifted to the higher molecular weight region after the reac-
tion (Fig. 2b). Five samples with various molecular weights of
outer PTMSPMA blocks were synthesized by changing the reac-
tion conditions (Table 2). As the molecular weights of the
inner PS and the outer PTMSPMA blocks were independently
controlled, the polydispersity of the star-like diblock copoly-
mers remained low. These star-like diblock copolymers also
formed unimolecular micelles in solution with the sizes deter-
mined by DLS (Fig. S4†).

Similar to the crafting of organo-silica hybrid nanoparticles,
by employing star-like PS-b-PTMSPMA as a unimolecular
nanoreactor, organo-silica hybrid nanocapsules with an
interior cavity were created via the selective intramolecular
gelation of the outer PTMSPMA blocks. Likewise, the reaction
was catalyzed by ammonia and performed under high
dilution. The sample-a (i.e. star-like PS-b-PTMSPMA) with a
large molecular weight of the outer PTMSPMA block was first
studied. The TEM characterization revealed the formation of
nanoparticles with an average size of 71 ± 5 nm (Fig. 3c and
4c), which is close to the hydrodynamic diameter of a star-like
diblock copolymer nanoreactor (83.2 ± 17.5 nm; sample-a in
Table 2), suggesting that the nanoparticle was templated by
individual star-like PS-b-PTMSPMA. We note that as the outer
PTMSPMA block had much higher molecular weight than that
of the inner PS block (84 repeat units of TMSPMA compared to
43 repeat units of styrene), the interior cavity occupied by the
PS chains cannot be visualized by TEM. To this end, a star-like
PS-b-PTMSPMA with a relatively low molecular weight of
PTMSPMA and higher molecular weight of PS (sample-d) was
then selected to prepare the hybrid nanostructure. Clearly, a
hollow interior was seen in hybrid nanocapsules (Fig. 3d) as a
result of the formation of a thinner shell with a much
decreased molecular weight of the outer PTMSPMA block (i.e.,

decreased approximately 5.6 times in comparison with
sample-a), substantiating that hybrid nanocapsules with a
cavity possessing PS arms were successfully produced by cross-
linking the outer PTMSPMA blocks of star-like diblock co-
polymers. On the basis of the TEM image analysis, the average
overall diameter of nanocapsules was 28 ± 5 nm (Fig. 4d),
which is in good agreement with the size of the star-like
diblock copolymer nanoreactor (sample-d) and smaller than
the size of nanocapsules obtained from sample-a (Table 2).
The decreased size was due to the reduction in the overall
molecular weight of the copolymer nanoreactor. Although it
may be difficult to obtain accurate shell thickness of the nano-
capsules because of the non-uniform shell observed in TEM
(Fig. 3d), an important piece of information can be gained
from this study: the overall size and the shell thickness of
nanocapsules are dictated by the chain lengths of the entire
star-like diblock copolymers and the outer PTMSPMA block,
respectively, and can be readily regulated during ATRPs.

Conclusions

In summary, we developed a versatile preparative route to
uniform organo-silica hybrid nanoparticles and nanocapsules
by capitalizing on star-like polymers as nanoreactors. The star-
like PTMSPMA homopolymer and PS-b-PTPMSPMA diblock
copolymer containing trimethoxysilyl functionalities in
PTPMSPMA blocks were synthesized by ATRP. The hydrolysis
and subsequent condensation of trimethoxysilyl moieties
introduced a crosslinked silsesquioxane network in the star-
like PTMSPMA homopolymer and in the outer PTMSPMA
blocks of the star-like PS-b-PTMSPMA to yield hybrid nano-
particles and nanocapsules, respectively. The dimensions
of hybrid nanoparticles and nanocapsules are dictated by
the chain lengths (i.e., molecular weights) of the star-like
PTMSPMA and PS-b-PTMSPMA nanoreactors, respectively,
which can be precisely engineered by the living polymerization
technique (i.e., ATRP of TMSPMA for star-like PTMSPMA,
and sequential ATRPs of styrene and TMSPMA for star-like
PS-b-PTMSPMA).

Table 2 Structural parameters of star-like PS-b-PTMSPMA diblock copolymers and the corresponding organo-silica hybrid nanocapsules (NCs)

Star-like PS-b-PTMSPMA Hybrid NCs

Inner PS block Mn, NMR
a (kg mol−1) Mn, GPC

b (kg mol−1) PDIb NPS
a per arm NPTMSPMA

a per arm Dh
c (nm) Dd (nm)

Sample-a (Sample-1) 532.1 346.1 1.27 43 84 83.2 ± 17.5 71 ± 5
Sample-b (Sample-2) 144.6 73.3 1.10 59 3 — —
Sample-c (Sample-2) 160.2 78.0 1.12 59 6 — —
Sample-d (Sample-2) 207.2 96.2 1.14 59 15 29.8 ± 1.3 28 ± 5
Sample-e (Sample-2) 546.2 274.4 1.36 59 80 — —

aNumber-average molecular weights, Mn,NMR and the number of repeating units, N estimated from the NMR analysis. bObtained from GPC
measurement using PS as the calibration standard. c Intensity-average hydrodynamic diameter, Dh of the polymers obtained by DLS in dioxane.
d Average diameter of nanocapsules estimated from the TEM size analysis.
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It is worth noting that other polymer composition can also
be employed as the inner block in star-like diblock copolymers
(e.g., polycaprolactone (PCL), a biocompatible and biodegrad-
able polymer), and thus the chemistry of the inner block in
nanocapsules can be facilely tuned (e.g., the degradation of
PCL would result in purely hollow nanocapsules). We envision
that silica nanoparticles and nanocapsules can be obtained
after pyrolysis and further reduced to silicon nanoparticles
and nanocapsules for use as anode materials in lithium ion
batteries and as controlled-release vehicles in biomedical
applications. This will be the subject of our future work. More-
over, the nanoreactor strategy is general and robust, and
may provide enormous opportunities for the development
of materials with new structures and functionalities. For
example, by rationally designing and synthesizing nonlinear
yet structurally regular polymers including star-like polymers
that possess metal-containing moieties in the constituent
blocks, other exotic metal- and metal oxide-containing nano-
structures can be readily accessed for a large variety of
applications.
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