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Gold nanoparticle-enhanced luminescence of silicon
quantum dots co-encapsulated in polymer
nanoparticles

Noor Aniza Harun,ab Matthew J. Benning,c Benjamin R. Horrocks*a

and David A. Fulton*a

The preparation of two-component polymer composite nanoparticles encapsulating both Si quantum dots

(SiQDs) and Au nanoparticles (AuNPs) by a single step miniemulsion polymerization of divinylbenzene is

described. This simple and robust method affords well-defined polymer composite nanoparticles with

mean diameters in a range of 100–200 nm and with narrow polydispersity indices as determined by

dynamic light scattering and transmission electron microscopy. The successful encapsulation of AuNPs

within poly(divinylbenzene) was confirmed by UV-visible spectroscopy and from TEM images. Plasmon-

enhanced fluorescence of the luminescence of the SiQDs by AuNPs encapsulated within the polymer

composite nanoparticles was evaluated by confocal microspectroscopy, and luminescence

enhancements of up to 15 times were observed. These observations indicate that the luminescence of

the SiQDs is enhanced by the proximity of the AuNPs. The polymer composite nanoparticles were

successfully ink-jet printed onto a glass substrate, which demonstrates that these composites are

processable in printing applications.
Introduction

Quantum dots (QDs) are inorganic uorophores that possess
unique photophysical properties which are useful in a diverse
range of applications.1–8 The combination of different nano-
particles possessing different functionalities within a
composite nanoparticle presents an exciting approach to
expand the range of applications of inorganic nanoparticles.
Multicomponent composite nanoparticles can lead to
improvements and enhancements in the properties of indi-
vidual inorganic nanoparticles, whilst beneting from the
superior physical and chemical properties of the polymeric
materials used in the fabrication of the nanocomposite. In
particular the surface derivatization of the polymer is typically
much more facile than of the inorganic nanoparticles.

We recently showed that silicon quantum dots (SiQDs) can
be encapsulated inside polymeric nanoparticles, resulting in a
nanocomposite which possesses the luminescence of the SiQDs
and the processability of the polymer matrix.9 SiQDs are of
interest on account of their size-dependent luminescence
l of Chemistry, Newcastle University,

ail: b.r.horrocks@ncl.ac.uk; d.a.fulton@

ia Terengganu, 21030, Kuala Terengganu,

ing, Newcastle University, Newcastle upon

Chemistry 2013
characteristics; they exhibit intense room-temperature lumi-
nescence from the radiative recombination of quantum-
conned excitons.10 The intensity of luminescence is enhanced
in SiQDs by the quasi-direct nature of the transitions involved.11

The emission frequencies can be tuned through part of the
visible and near-infrared spectrum by varying QDs size12 or
surface termination.13 The most signicant advantage of SiQDs
over other QDs for applications in the life sciences is the
absence of heavy metal ion leaching, which results in reduced
toxicity.14 However, it is well noted that the overall brightness of
SiQDs can be restricted by a low radiative emission rate as a
consequence of the indirect band gap of bulk silicon,10,15,16

which limits the possible utility of this class of nanoparticle.
We were intrigued by the possibility of enhancing the uo-

rescent properties of SiQDs by combining them with metallic
nanoparticles within a nano-sized polymer matrix, as metallic
nanoparticles of gold, silver and aluminium offer a possible
method to enhance the brightness of SiQDs. These noble-
metallic nanoparticles possess interesting plasmonic properties
which arise because of the collective oscillation of the conduc-
tion electrons when they are in resonance with electromagnetic
radiation incident on the surface of the particles.17–20 This
phenomenon is conned near the boundary between the metal
nanostructures and their surrounding dielectric matrix, result-
ing in a range of optical signal enhancements, such as surface-
enhanced Raman scattering (SERS), surface-enhanced
uorescence, and surface-enhanced infrared absorption.21–24
Nanoscale, 2013, 5, 3817–3827 | 3817
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Metal-enhanced uorescence occurs when metal nanoparticles
are located near to a uorophore and the plasmon mode is
resonant with the incident light. Gold nanoparticles (AuNPs) in
particular are very attractive candidate nanoparticles to facili-
tate these uorescence enhancements because of their high
chemical stabilities, high homogeneities, good biocompatibil-
ities25 and low toxicities.1 Furthermore, the surface chemistry of
AuNPs is well-understood and numerous chemistries are
available to facilitate the surface modication of AuNPs. The
incident radiation must also be resonant with the absorption
transition of the uorophore. SiQDs are convenient in this case
because they possess a featureless absorption spectrum with an
absorbance that rises monotonically above the gap (�2 eV in
our SiQDs) and therefore it is only necessary to match the
excitation wavelength to the plasmon mode of the metal.

Previously, there have been a number of reports involving
the preparation of polymer nanoparticles encapsulating
multiple inorganic NPs.26–28 AuNPs have also been successfully
fabricated with other uorophores to prepare nanocomposites
with optically active properties, especially in metal-enhanced
uorescence, surface-enhanced Raman scattering, surface
plasmon-coupled emission and plasmon-controlled uores-
cence systems.29 Furthermore, there have been several recent
impressive reports describing the fabrication of AuNPs with
uorescent dyes30 or CdSe-type quantum dots31,32 in various
particular research areas.

When considering synthetic approaches to nanocomposite
materials, miniemulsion polymerization has been reported as a
convenient and powerful technique to encapsulate a range of
different type of materials, including organic and inorganic
nanoparticles33–40 inside polymeric nanoparticles.41–48 Encapsu-
lation of inorganic species inside polymer matrices affords
composite materials which benet from the outstanding prop-
erties associated with synthetic polymers e.g. their excellent
mechanical, chemical, electrical, rheological, magnetic and
optical properties.33 The hydrophobic nature of inorganic
species can facilitate their direct dispersion inside a suitable
monomer system, which is conventionally also hydrophobic,
and results in successful encapsulation of the inorganic species
upon polymerization of miniemulsion droplets. We anticipated
that the intense eld near the AuNPs surface can produce
substantial uorescence enhancements of nearby SiQDs.8,16,49–52

To the best of our knowledge, there are no reports of composite
nanoparticles prepared by miniemulsion polymerization
encapsulating both AuNPs and SiQDs within polymer nano-
particles. Most of the methods reported where QDs are
combined with plasmonic materials oen involve the immobi-
lization of the QDs upon lms or substrates16,53–57 which may
limit some of advantages that come from co-encapsulation with
a nanoparticle matrix. For example, Swihart et al.53 investigated
the energy transfer within a micelle platform where SiQDs were
co-encapsulated with an anthracene-based dye in the hydro-
phobic core of micelles prepared from 1,2-distearoyl-sn-glycero-
3-phosphoethanolaminate-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG). This work indicated that the luminescence of
SiQDs from the core of a 150 nm phospholipid micelles is
enhanced by more than 80% upon addition of anthracene dye.
3818 | Nanoscale, 2013, 5, 3817–3827
This polymer composite colloidal solution can serve as a
template for improving the QDs emission intensity, especially
in biological and solar applications.

In our previous work,9 we have successfully synthesized
polymer composite nanoparticles composed of styrene and
4-vinylbenzaldehyde monomers which encapsulated SiQDs via
miniemulsion polymerization methods. In this work we
describe a synthetic route to prepare polymer composite nano-
particles which encapsulate plasmonic metal AuNPs and highly
uorescent SiQDs using miniemulsion polymerization tech-
niques, and demonstrate that the PL of the SiQDs is enhanced
as a consequence of their co-encapsulation with AuNPs. This
composite nanoparticle is expected to widen the scope of
applications for both silicon and noble metal-nano devices.
Experimental section
Materials and general experimental

Water was deionized before use (nominal resistivity 18 MU cm,
Nanopure� purication system, Barnstead). All chemicals were
purchased from Sigma Aldrich or Alfa Aesar and were used as
received without further purication. Divinylbenzene was
refrigerated and used without purication. Membranes for
purication by dialysis of polymer composite nanoparticles
were obtained from Spectrum Laboratories (Spectra/Por�
Dialysis Membrane Tubing, molecular weight cut-off: 3500 Da,
width: 18 mm and diameter: 11.5 mm). Toluene was dried over
sodium and distilled as required.
Preparation of silicon quantum dots (SiQDs)

Photoluminescent SiQDs were prepared according to a modi-
cation of the procedure described by Lie et al.58 The porous
silicon layers were formed by electrochemical etching of a boron-
doped p-Sih100i oriented wafer (1–10 U cm resistivity, Compart
Technology, Peterborough, UK) in an electrolyte comprised of a
1 : 1 v/v solution of 48% aqueous HF and EtOH. The Si wafers
were cut into squares approximately 1.2 cm2 using a diamond
scribe. A porous silicon layer was obtained at high current
density (10 min at 250 mA cm�2) supplied by a programmable
power supply (Keithley 2601), and the resulting porous layer
luminesced orange when observed under a handheld UV lamp
(l ¼ 365 nm). The dry porous Si chips were then reuxed in
25 mL of dry PhCH3 solution containing 0.4 mL of 1-undecene
under an atmosphere of N2 for 3 h. The resulting solution
emitted an orange-coloured luminescence under an UV light
(l ¼ 365 nm). This uorescent solution was ltered to remove
undissolved silicon particles and then the solvent and unreacted
1-undecene were removed under reduced pressure. The product
SiQDs were obtained as an oily/waxy residue which luminesces
under UV light (l ¼ 365 nm) and was soluble in nonpolar
solvents e.g., THF, CH2Cl2 and PhCH3. It was estimated that 100
mg of alkyl Si-QDs were typically produced per Si chip.
Preparation of citrate stabilized AuNPs

Aqueous-AuNPs were synthesized using a citrate reduction
method described in the literature.59 To boiling distilled water
This journal is ª The Royal Society of Chemistry 2013
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(400 mL) was added HAuCl4$3H2O (0.16 g, 0.41 mM) to afford a
yellow solution. A solution of 3.28 mM sodium citrate (34 mL)
was added to the gold(III) chloride solution and the colour
changed from light yellow to dark purple. The reaction mixture
was boiled for 30 min, and the resulting aqueous dispersion of
AuNPs possessed a ruby-red colour. The average diameter of the
resulting aqueous-AuNPs was measured to be 13–30 nm by TEM
and DLS analysis.

Synthesis of thiol-terminated PS by RAFT polymerization

Thiol-terminated polystyrene was prepared by RAFT polymeri-
zation of styrene followed by aminolysis to convert the
dithioester end group into a thiol.38 The RAFT agent (methyl-2-
phenyl-2-(phenyl-carbonothioylthio)) (1 eq.), AIBN (0.022 g) and
a magnetic stirrer bar were added to a Schlenk ask which was
then sealed. The reaction mixture was degassed by three freeze–
pump–thaw cycles, and then heated with stirring at 110 �C for
80 h under an atmosphere of N2. The product was precipitated
into cold MeOH, ltered and dried under vacuum to afford
polystyrene as a pink powder (5.18 g, 74%) (Mn ¼ 13 500, Mw ¼
15 300, PDI¼ 1.13). A solution of polymer (1.06 g) in 20 mL THF
was subjected to ve freeze–pump–thaw cycles. Hexylamine
(3.5 eq.) was then added using a N2-purged syringe, and the
reaction mixture was heated at 60 �C for 30 min, and then
stirred under an atmosphere of N2 at room temperature for
20 h. The resulting thiol-terminated polystyrene was puried by
precipitation in cold MeOH to afford a white powder (0.88 g,
82%). 1H NMR (400 MHz, CDCl3): d 1.45 (br, CHCH2, polymer
backbone), d 1.88 (br, CHCH2, polymer backbone), d 3.49 (br,
OCH3, of the chain terminus), d 6.59 (br, Ar, polymer backbone),
d 7.06 (br, Ar, polymer backbone).

Preparation of polymer-graed AuNPs

Thiol-terminated polystyrene (10 mg) was dissolved in inhibitor
free THF (100 mL) and mixed with an aqueous solution of
AuNPs (100 mL) in a separating funnel, resulting in formation
of a dark-purple coloured solution. CHCl3 (50 mL) was added
and the organic and aqueous layers separated. The organic layer
was collected and evaporated to dryness to afford a dark purple
lm. This lm was then re-dissolved in a small volume of
inhibitor free THF and then subjected to centrifugation (7000
rpm for 30 min) to afford the product (PS-AuNPs) as dark purple
solid.38

General procedure for miniemulsion polymerizations

Composite polymer nanoparticles were prepared following
the oil-in-water miniemulsion polymerization method
described by Hawker and van Berkel.38 In brief, 2,20-azobis-(2-
amidinopropane) dihydrochloride (V-50) (7.5 mg) and cetyl-
trimethylammonium bromide (CTAB) (1.3 mg) were dissolved
in 2 mL of deionized water. PS-AuNPs (3 mg, 6 mg, 12 mg, 18 mg
or 24 mg) were each dispersed in the monomer phase (55 mg of
divinylbenzene containing dispersed SiQDs), and the resulting
mixture was added into the aqueous solution and emulsied by
stirring vigorously (600 rpm) for 30 min. The emulsion mixture
was then subjected to sonication over an ice bath for 15 min
This journal is ª The Royal Society of Chemistry 2013
using a high intensity ultrasonic processor at 30% amplitude
(VC750220, Fisher Scientic, tapered microtips, power: 750 W).
The reaction vessel was tted with a condenser and a N2 inlet
and the polymerization was performed at 50 �C under an
atmosphere of N2, with continuous stirring for 4 h. The result-
ing polymer nanocomposites were puried by dialysis against
deionized water (3–4 days) and the puried polymer composites
were stored as dispersions in aqueous solution. It has to be
noted that, because of the very low quantities obtained from the
SiQDs production, it is not possible to control the exact amount
of the SiQDs in each formulation. Therefore, to ensure a
constant concentration of SiQDs in each formulation, multiple
batches of SiQDs were dispersed in CH2Cl2 (60 mL) and the
resulting solution divided to six equal proportions which were
subsequently used for each polymer synthesis. For composite
polymer nanoparticles encapsulating only SiQDs (P2[Si]), a
similar procedure was applied as above, without the addition of
PS-AuNPs inside the monomer phase system. The complete
protocols are given in Table 1.

Preparation of Au–Si polymer composite nanoparticle –

containing ink for ink-jet printing

A colloidal suspension of P6[Au–Si] was subjected to vacuum
centrifugation to afford 2 mg of solid powder. Printing inks
were prepared by adding 1 mL of cyclohexanone to a powder of
P6[Au–Si] (2 mg) and the resulting suspension then sonicated in
an ultrasonic bath for 30 min.

Ink-jet printing of Au–Si polymer composite nanoparticles
microdots

The prepared ink (P6[Au–Si]) was loaded into a cartridge
(Dimatrix Material Catridges) tted with a 10 picoliter piezo
print head (Fujilm Dimatix Inc., DMC-11610 series, USA).
Arrays were obtained by printing the ink using a materials
printer (Fujilm Dimatix Inc., DMP-2831 series, USA). 100 �
100 droplet arrays were printed onto untreated glass slides with
the diameter of each droplet in a range of 25 mm and at spacing
of 15 mm. The cartridges were viewed ejecting droplets under a
stroboscope at 1 kHz and 5 kHz ejection frequencies using the
DMP-2831 on-board drop watcher facility. Manual droplet
optimisation was performed using a single orice resulting in
the following print settings: print orice ¼ 8, ring frequency ¼
1 kHz, cartridge temperature ¼ 30 �C, meniscus set point ¼ 4
inch of water, piezo voltage ¼ 18.5 V, wave form ¼ multi step
trapezoidal with a pulse width of 12.101 ms, drop velocity ¼
6 ms�1, print head substrate clearance ¼ 1000 mm. Prior to
printing, the print heads were cleaned using the standard “spit-
purge-blot” procedure and several dot arrays were then printed
in order to increase the likelihood of generating a regular
deposition of droplets for post-process viewing.

Characterization of polymer nanoparticles

Gel permeation chromatography (polystyrene and termi-
nated-polystyrene thiol). Gel permeation chromatography
(GPC) was performed using THF as solvent at a ow rate of
0.6 mL min�1 on a Varian ProStar instrument (Varian Inc.)
Nanoscale, 2013, 5, 3817–3827 | 3819
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Table 1 Particle size and particle size distribution (PDI) for a series of Au–Si polymer composites nanoparticles (P3[Au–Si]–P7[Au–Si]) and control polymer composite
nanoparticles (P1[Au] and P2[Si])

Polymer composite PS-AuNPsb (mg)

Droplet and particles sizes characterizationa

Droplets Puried latex

Dh (nm) PDI Dh (nm) PDI

P1[Au] 12 111.3 � 2.9 0.24 � 0.05 110.0 � 0.8 0.29 � 0.03
P2[Si] 0 110.4 � 1.1 0.23 � 0.07 118.2 � 2.7 0.20 � 0.02
P3[Au–Si] 3 144.0 � 1.7 0.20 � 0.08 147.4 � 1.7 0.17 � 0.03
P4[Au–Si] 6 139.1 � 2.4 0.29 � 0.02 146.4 � 1.8 0.22 � 0.01
P5[Au–Si] 12 151.3 � 2.8 0.23 � 0.03 160.7 � 1.2 0.20 � 0.03
P6[Au–Si] 18 162.6 � 0.6 0.21 � 0.04 158.7 � 2.2 0.20 � 0.02
P7[Au–Si] 24 166.2 � 3.6 0.19 � 0.01 161.5 � 1.9 0.13 � 0.02

a Determined by dynamic light scattering (DLS). b Total mass of PS-AuNPs used in the miniemulsion protocol. All experiments were performed with
total monomer content of DVB ¼ 55 mg; CTAB (cationic surfactant) ¼ 1.5 mg; V-50 (initiator) ¼ 7.5 mg; deionized H2O ¼ 2 mL; T ¼ 50 �C; stirring
rate¼ 500 rpm; time¼ 4 h; sonication condition¼ 15min, 30% amplitude, 750W, taperedmicrotips. The amount of SiQDs is constant for all of the
polymer synthesis.
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equipped with a Varian 325 UV-vis dual wavelength detector
(254 nm), a Dawn Heleos II multiangle laser light scattering
detector (Wyatt Technology Corp.), a Viscotek 3580 differential
RI detector and a pair of PL gel 5 mm Mixed D 300 � 7.5 mm
columns with guard column (Polymer Laboratories Inc.) in
series. Near monodisperse polystyrene standards (Polymer
Laboratories) were used for calibration. Data analysis was ach-
ieved with Galaxie soware (Varian Inc.) and chromatograms
characterized with the Cirrus soware (Varian Inc.) and Astra
Soware (Wyatt Technology Corp.).

Dynamic light scattering. Particle size and particle size
distributions of the monomer droplets and polymer nano-
particles were determined by dynamic light scattering (DLS)
measurements using a HPPS (Malvern) instrument at 25 �
0.1 �C and a scattering angle of 173� (backscatter detection). The
monomer emulsion droplets or polymer nanoparticles (0.5 mL)
were diluted with 10 mL of 2.47 mM SDS solution to avoid the
diffusion of surfactant and monomer molecules from the
monomer droplet into water. The sample solutions were then
placed in low volume disposable PMMA cuvettes or in glass
cuvettes (for PS-AuNPs in THF) and measurements were per-
formed ve times.

UV-visible spectroscopy. UV-visible absorption spectra of the
aq-AuNPs, PS-AuNPs and Au–Si polymer composite nano-
particles (P1[Au], P3[Au–Si], P4[Au–Si], P5[Au–Si], P6[Au–Si] and
P7[Au–Si]) were obtained with a Cary 100 Bio UV-visible spec-
trophotometer by using 1 cm path length quartz cuvettes.

Transmission electron microscopy (TEM). Samples for TEM
were prepared by drop casting 20 mL of the polymer nano-
particle emulsion onto the surface of plastic lm (paralm); the
face of a glow discharge-treated carbon support lm on 400
mesh copper EM grid was then placed in contact with the
sample solution. The polymer emulsion solution transferred
onto the grid was diluted by placing in contact with water
droplets on the plastic lm. The edge of a lter paper was used
to wipe-off the excess sample solution on the TEM grid and the
samples le to dry in air for approximately 5 min. Transmission
electron microscopy (TEM) measurements were performed at
3820 | Nanoscale, 2013, 5, 3817–3827
ambient temperature using a Zeiss EM900 operated at 80 kV.
Electron micrographs were recorded on Kodak type 4489 elec-
tron image lm.

Confocal microspectroscopy (luminescence and Raman).
Luminescence and Raman spectra were obtained using a
confocal Raman microscope (WiTec model CRM200, Ulm,
Germany). A high intensity argon ion laser (Melles-Griot) with
output power 35 mW at a wavelength of 488 nm was used as
excitation source. The collected light was analysed by a spec-
trograph equipped with a CCD detector; a grating with 150 lines
per mm was chosen in order to capture the full spectrum
including all Raman and luminescence bands of interest. All
experiments were performed at scan size of 50 � 50 mm with
100 lines at 100 pixels per line and an integration time of 0.5 s
per pixel. Emulsion solution of polymer composite nano-
particles dispersed in aqueous solution and drop cast onto glass
cover slips for observation by confocal microspectroscopy.

Luminescence microscopy (epiuorescence and bright eld
imaging). The luminescence and bright eld optical images of
the inkjet printed sample (P6[Au–Si]) was observed using an
Axioskop 2 plus Microscope (Carl Zeiss) equipped with a light
source comprising a Hg arc lamp and Plan-Neouar 10�/0.30
objective lenses. The excitation lter was a 300–400 nm band-
pass lter and the emitted light was ltered by a longpass lter
with cut-off at 420 nm.
Results and discussion
Polymer “graing to” method

An important requirement in the preparation of polymer
composite nanoparticles by miniemulsion polymerization
methods is that the inorganic nanoparticles disperse well in the
hydrophobic monomer system. Only by meeting this require-
ment can the hydrophobic inorganic species be encapsulated
within the polymer nanoparticle upon polymerization of the
miniemulsion droplets.60 Alkylated SiQDs prepared in our
laboratory can be readily dispersed in hydrophobic monomer
systems on account of the solubilising 11-carbon-thick alkyl
This journal is ª The Royal Society of Chemistry 2013
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monolayers surrounding their Si cores. In order to disperse
AuNPs in hydrophobic organic monomers the surface of AuNPs
must be modied to improve hydrophobicity. There are
numerous published procedures61–69 describing the synthesis of
hydrophobic AuNPs, most of which typically use long chain
alkyl amines or thiols to alter the size, shapes and colloidal
stability of the resulting AuNPs. These small-molecule ligands,
however, have been demonstrated to be ineffective in
promoting encapsulation into polymer matrices,38,70 and also
oxidize easily at elevated temperatures.36

An alternative route towards increasing the hydrophobicity
of AuNPs is by the covalent “graing to” approach,71,72 where
hydrophobic polymers featuring sulphur-containing functional
groups such as dithioester, trithioester, thiol, thioether or
disulphide groups either at their termini or in the middle of the
polymer chains, are graed onto the surface of AuNPs to enable
their dispersion in hydrophobic solvents and monomers. The
graing of polymer chains onto the surface of the AuNPs can
discourage the aggregation of AuNPs,73,74 and it has also been
suggested that the use of polymeric stabilizers for metal nano-
particles can enhance long term stabilities as well as promoting
their compatibility and processability.71 In this work, the
“graing to” approach was utilized successfully to conjugate
polystyrene thiol chains onto the surface of AuNPs to afford
hydrophobic AuNPs which can be easily re-dispersed in organic
solvents, including the desired monomer system required for
miniemulsion polymerization.

Thiol-terminated polystyrene was synthesized (Scheme 1a)
via reversible addition fragmentation chain transfer (RAFT)
polymerization,75–78 a convenient method for the synthesis of a
wide range of polymers of controlled architecture, molecular
Scheme 1 (a) Synthesis of thiol-terminated polystyrene (b) miniemulsion poly-
merization of Au–Si polymer composite nanoparticles.

This journal is ª The Royal Society of Chemistry 2013
weight and narrow polydispersity indices. The dithioester end
group of the RAFT polymer was smoothly converted to the thiol
through an aminolysis process and the resulting end-func-
tionalized polymers were then graed onto the surface of AuNPs
to afford hydrophobic PS-thiol AuNPs (PS-AuNPs).38

Preparation of Au–Si polymer composite nanoparticles via
miniemulsion polymerization

Miniemulsion polymerization is a versatile method for polymer
nanoparticle formation because of its robustness and synthetic
ease allowing good control of particle size and particle size
distribution. To prepare polymer composite nanoparticles
co-encapsulating both SiQDs and AuNPs, the miniemulsion
polymerization procedures described by Hawker et al. were
employed38 (Scheme 1b). AuNPs graed with PS-thiol ligands
(PS-AuNPs) and SiQDs were dispersed in divinylbenzene
monomer, and subjected to miniemulsion polymerization.
Divinylbenzene was chosen as a monomer as it has been
demonstrated to successfully encapsulate PS-AuNPs to afford
polymer–AuNPs composite particles.26,38 It is worth noting that
although conventional miniemulsion polymerization utilizes a
co-stabilizer (e.g., hexadecane, cetyl alcohol, and polymeric co-
stabilizer) in order to stabilize the emulsion droplets against
coalescence and Ostwald ripening (diffusional degradation),79

no co-stabilizer was required here because hydrophobic PS-
AuNPs appear themselves to sufficiently accomplish the func-
tion of co-stabilizing agent.38,80 A major concern arising in
miniemulsion polymerizations are the issues of low levels of
encapsulation and uneven distribution of inorganic particles
throughout the polymer matrix. By scaling-down the total
volume at which the miniemulsion is performed, ensuring a
relatively higher ratio of inorganic nanoparticles to monomer, it
was possible to achieve good distribution of inorganic species
within the polymer nanoparticles (see section on transmission
electron microscopy characterization on the following page).

To explore the effects of different encapsulated ratios of
AuNPs : SiQDs upon the uorescence properties of the polymer
composite nanoparticles, six batches of composite particles
were prepared (Table 1) which contained different masses of PS-
AuNPs but with constant masses of SiQDs. Because of the low
masses of SiQDs obtained in our electrochemical etching
method, it is not possible to easily determine the precise mass
of SiQDs contained within each polymerization reaction,
however, by dividing a SiQDs solution into six equal portions, it
was possible to ensure a constant mass of SiQDs within each
polymerization. Because we did not measure the molar mass of
the AuNPs, we simply report the quantity of Au as the total
number of mg of PS-AuNPs used in each preparation.

Particle size characterization

The particle sizes and size distributions (PDI) of the monomer
droplets and their corresponding resultant polymer composite
nanoparticles were measured by dynamic light scattering (DLS)
(Table 1 and Fig. 1). The measurements involving monomer
droplets were performed immediately aer the reaction
mixtures were emulsied by sonication, whilst for the polymer
Nanoscale, 2013, 5, 3817–3827 | 3821
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Fig. 1 Hydrodynamic diameters (Dh) and PDI of Au–Si polymer composite
nanoparticles containing different masses of PS-AuNPs. Fig. 2 Comparison of UV-vis spectra of aqueous-AuNPs, PS-AuNPs (in THF) and

P1[Au] and P3[Au–Si]–P7[Au–Si].
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composite nanoparticles, the measurements were performed
aer the polymerizations were completed and puried by
dialysis. The results obtained show that the size of monomer
droplets was essentially identical to the size of the resulting
polymer nanoparticles and suggests that the distribution of Au–
Si in the polymer nanoparticles reects their homogeneous
distribution in the monomer solution.9

To gauge the possible effects of the inorganic nanoparticles
upon the outcomes of the miniemulsion polymerizations,
control samples were prepared which encapsulated only PS-
AuNPs (P1[Au]) or SiQDs (P2[Si]). These controls indicated both
the monomer droplets and polymer nanoparticles possessed
mean diameters of 110–120 nm, and relatively narrow PDIs of
0.20–0.29, indicating no signicant differences between these
control samples in terms of particle size and particle size
distributions. It should be noted that, the particles size of
citrate stabilized AuNPs and PS-AuNP are 13.9 � 0.7 nm and
13.4� 0.7 nm respectively as measured by DLS, while the size of
alkyl capped SiQDs is approximately 5.0 nm.81 The average
hydrodynamic diameters for the series of Au–Si polymer
composite nanoparticles (P3[Au–Si]–P7[Au–Si]) (Fig. 1) dis-
played an upward trend as the quantity of PS-AuNP increased,
suggesting that increasing the mass of AuNPs present in the
miniemulsion polymerization did have a small effect upon the
resultant particle sizes of the polymer composites.

The PDIs for both the monomer droplets and corresponding
Au–Si polymer composite nanoparticles (P3[Au–Si]–P7[Au–Si])
showed uctuating trends. The PDIs of the monomer droplets
are generally higher (0.19–0.29) than the PDIs of the corre-
sponding polymer composite nanoparticles (0.13–0.29). The low
PDIs values of Au–Si polymer composites nanoparticles (P3[Au–
Si]–P7[Au–Si]) may be attributed to the traces of 1-undecene
contaminants which are leover from the synthesis of SiQDs,
and which might help to improve the PDIs and the stability of
the polymer composite nanoparticles.9 In general, the PDIs
values observed for the Au–Si polymer composite nanoparticles
are slightly broad (P3[Au–Si]–P7[Au–Si]), in the range of 0.13–
0.29. However, it has been noted previously that the incorpo-
ration of inorganic materials can result in inhomogeneous
dispersions on account of their strong interparticle interactions
which promotes agglomeration and hence broadening the size
distribution.36 Moreover, the requirement to scale down the
3822 | Nanoscale, 2013, 5, 3817–3827
total monomer content and volume of water may also
contribute towards the increase of the PDIs.

UV-visible spectroscopy characterization

UV-visible spectroscopy (Fig. 2) was used to compare the plas-
mon resonance bands of colloidal AuNPs (aq-AuNPs), PS-AuNPs
and the Au–Si polymer composite nanoparticles (P1[Au] and P3
[Au–Si]–P7[Au–Si]). The absorbance of the PS-AuNPs (530 nm) is
red-shied relative to the citrated-stabilized AuNPs (525 nm),
whilst the Au–Si polymer composite nanoparticles (P1[Au] and
P3[Au–Si]–P7[Au–Si]) are further red-shied to approximately
540 nm. The likely reason for this red-shiing is because the
surface plasmon resonance band of AuNPs is sensitive to the
changes in the dielectric environment of the surrounding
medium.32 This red-shiing phenomenon is therefore expected;
the surface plasmon resonance energy of the Au decreases as
the refractive index of the medium surrounding the metal
nanoparticles increases.82 In contrast for P7[Au–Si], a very broad
surface plasmon resonance spectrum was observed, which is
likely a consequence of the self-aggregation of PS-AuNPs during
the polymerization process, suggesting incomplete encapsula-
tion of AuNPs within the polymer matrix as conrmed by the
TEM characterization (as discussed in the following section).

Transmission electron microscopy characterization

Transmission electron microscopy (TEM) micrographs (Fig. 3)
were obtained of Au–Si polymer composite nanoparticles (P3
[Au–Si], P5[Au–Si], and P7[Au–Si]), and compared to those of
citrate-stabilized AuNPs (aq-Au) and PS-AuNPs. Fig. 3a shows
typical TEM images of PS-AuNPs cast onto a carbon coated TEM
grid, showing uniform distribution of nanoparticles upon the
TEM grid. The polystyrene gras upon the AuNPs cannot be
observed under TEM on account of their low contrast between
carbon-coated grid and the polymer chains, and more impor-
tantly, the large contrast compared to the AuNPs.75 In contrast
however, the citrate-stabilized AuNPs (Fig. 3a (inset)) are clearly
visible and tend to aggregate during sample preparation aer
evaporation of the aqueous solvent. The even distribution of
AuNPs within the PS-AuNPs sample may be attributable to the
polymer gras upon the surface of AuNPs, which prevents
aggregation between PS-AuNPs.75 The particle sizes of citrate
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Transmission electron (TEM) images of (a) PS-thiol grafted AuNPs in THF
(130 000� magnification). Inset shows TEM images of citrate-stabilized AuNPs in
water (13 000� magnification) (b) P3[Au–Si] (64 000� magnification) (c) P5[Au–
Si] (64 000� magnification) (d) P7[Au–Si] (64 000� magnification). Because of
the low scattering factor of Si, TEM cannot confirm the presence or absence of
SiQDs within the polymer matrix.
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stabilized AuNPs and PS-AuNPs are of 13–30 nm as measured by
TEM, and showed reasonable agreement with the hydrody-
namic diameter of the nanoparticles obtained by DLS.†

The TEM images of P3[Au–Si], P5[Au–Si], and P7[Au–Si] are
depicted in Fig. 3b–d. It can clearly be seen that the Au–Si
polymer composite nanoparticles possess a spherical shape
with diameters approximately 100–200 nm. TEMmeasurements
(Fig. 3) clearly show the encapsulation of AuNPs, however,
because of the low scattering factor of Si, TEM cannot conrm
the presence or absence of SiQDs within the polymer matrix.
Sample P3[Au–Si] showed only a relatively small amount of
encapsulated AuNPs with several empty polymeric nano-
particles observed (Fig. 3b). In contrast, the sample P5[Au–Si]
(Fig. 3c), which is prepared with an increased mass ratios of PS-
AuNPs to SiQDs, signicant numbers of PS-AuNPs were incor-
porated into each polymer composite nanoparticle and no
empty polymer particles were observed. P7[Au–Si] displays
unusual morphology, as although it appears that some of the
PS-AuNPs encapsulated successfully inside polymer matrix,
most of the PS-AuNPs was observed outside the polymer shells
in the form of PS-AuNPs clusters (Fig. 3d). This poor encapsu-
lation of PS-AuNPs probably arises when the maximum possible
mass of AuNPs was encapsulated within polymer nanoparticles,
† The particle size of citrate stabilized AuNPs slightly larger than PS-AuNPs
because citrate stabilized AuNPs was measured in water, so it will promote
hydration sphere around the particles and thus effect on the increasing of the
particle sizes.

This journal is ª The Royal Society of Chemistry 2013
resulting in excess PS-AuNPs aggregating with themselves to
form unencapsulated clusters. This observation correlated with
UV-vis spectroscopy, which displayed a broad surface plasmon
resonance (SPR) spectrum for this batch of polymer composite
nanoparticles (Fig. 2). These results suggest an ‘upper-limit’ of
encapsulation of PS-AuNPs within the polymer nanoparticles,
and that when the amount of PS-AuNPs further increases
beyond this limit, poor encapsulation is obtained in the mini-
emulsion polymerization.
Evaluation of uorescence enhancement behaviour of Au–Si
polymer composite nanoparticles by confocal
microspectroscopy

Confocal microspectroscopy studies were performed to evaluate
the enhancements in the luminescence spectra of Au–Si poly-
mer composite nanoparticles (P3[Au–Si]–P7[Au–Si]) relative to
the control samples in which either SiQDs (P1[Au]) or AuNPs (P2
[Si]) are absent. The luminescence enhancement was investi-
gated with the polymer composite nanoparticles (P3[Au–Si]–P7
[Au–Si]), which possess a constant amount of SiQDs but
Fig. 4 Reflected light image of (a) P3[Au–Si] (b) P5[Au–Si] and (c) P7[Au–Si] and
confocal luminescence spectrum images of (d) P3[Au–Si] (e) P5[Au–Si] and (f) P7
[Au–Si] polymer composite nanoparticles respectively. The polymer composite
nanoparticles samples were purified by dialysis and drop cast on a glass cover slip.
Scale bar on the reflected image¼ 10 mm and scan size of luminescence images¼
50 � 50 mm.

Nanoscale, 2013, 5, 3817–3827 | 3823
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differing amounts of PS-AuNPs. Each sample was scanned by an
Ar ion laser at excitation wavelength of 488 nm, and the emitted/
scattered light was dispersed on a grating of 150 lines per mm to
exhibit both luminescence and Raman spectra. Fig. 4 shows
typical dark eld images (reected images) and confocal lumi-
nescence images of Au–Si polymer composite nanoparticles (P3
[Au–Si], P5[Au–Si] and P7[Au–Si]) drop-casted onto a glass cover
slip. The bright regions observed in the confocal luminescence
images belong to those polymer composite nanoparticles con-
taining SiQDs, observations which are consistent with our
previous work9 and suggest the successful encapsulation of
SiQDs into the polymer matrix. In contrast, no luminescence
was observed from the sample of polymer composite prepared
in the absence of SiQDs (P1[Au]) (data not shown).

Fig. 5a shows the average luminescence/Raman spectra
obtained for polymer composite nanoparticles P3[Au–Si]–P7
[Au–Si] and the control specimen P2[Si]. These average spectra
were obtained from the selection of bright regions collected
from confocal images which were combined together to attain
complete average luminescence/Raman spectra for the polymer
composite nanoparticles. The large and broad signals present
within the spectra correspond to the luminescence signals of
SiQDs, which are incorporated inside or on the surface of the
polymer nanocomposites. The Raman bands of PDVB appear
around 3070–3000 cm�1 (aromatic C–H stretching) whilst the
Fig. 5 (a) Average luminescence/Raman spectra of Au–Si polymer composite
nanoparticles (P3[Au–Si]–P7[Au–Si]) and control polymer composite nano-
particles (P2[Si]). (b) Total intensity and reflected light intensity of Au–Si polymer
composite nanoparticles (P3[Au–Si]–P7[Au–Si]) and control polymer composite
nanoparticles (P2[Si]). Total intensity was calculated as area underneath of the
fluorescence peaks obtained from the averages over the particles identified in
confocal images. The higher intensity peak at 0 cm�1 is the elastically scattered
laser light. The excitation wavelength, l ¼ 488 nm.

3824 | Nanoscale, 2013, 5, 3817–3827
signal at approximately 2833–2886 cm�1 was attributed to
aliphatic C–H stretching modes. Weak Raman signals were
observed for the polymer composite nanoparticles P2[Si] and P7
[Au–Si], where both of the polymer composite nanoparticles
samples displayed small luminescence enhancements.
However, the Raman bands of PDVB cannot be clearly identied
from the average luminescence/Raman spectra in other
samples because of the large broad luminescence peak which
obscures the weak Raman signals.

The luminescence/Raman spectra of P3[Au–Si]–P7[Au–Si]
displayed signicant improvements in the luminescence of the
encapsulated SiQDs as the relative mass of encapsulated AuNPs
increased (Fig. 5a). The uorescence intensity of Au–Si polymer
composite nanoparticles were enhanced about 7 and 9 times
when 3 mg and 6 mg of AuNPs were used in the miniemulsion
polymerization (P3[Au–Si] and P4[Au–Si]), respectively, relative
to polymer composite nanoparticles which encapsulated only
SiQDs. For Au–Si polymer composite nanoparticles possessing
12 mg and 18 mg of PS-AuNPs (P5[Au–Si] and P6[Au–Si]), a 15-
fold increase in the uorescence intensity was observed as
compared to P2[Si]. These observations indicate that the co-
incorporation of PS-AuNPs gives rise to a signicant lumines-
cence enhancement of the encapsulated SiQDs.

It is somewhat surprising that the Au–Si polymer composite
nanoparticles sample P7[Au–Si], which was prepared with the
largest mass of PS-AuNPs, displays a signicant drop in uo-
rescence enhancement. A possible explanation for this obser-
vation may be that when the concentration of PS-AuNPs used in
the miniemulsion polymerization is increased beyond a certain
limit, the metal nanoparticles tend to self-aggregate and are
consequently poorly encapsulated within the polymer matrix.
This interpretation is consistent with the results of the UV-vis
spectroscopy and the TEM study, where a broad plasmon
resonance band was observed in sample P7[Au–Si], and further
observations for the agglomeration of the AuNPs (Fig. 3d). Our
observation is in agreement with the work reported by Chandra
et al.31 on the luminescence enhancement of CdSe/ZnS QDs by
AuNPs, showing that the degree of uorescence enhancement
depends upon the relative amount of AuNPs encapsulated.
Importantly, in their work the emission intensity is also initially
enhanced when the concentrations of AuNPs increased,
however, further increases in the quantity of encapsulated
AuNPs causes a reduction in emission uorescence intensity.

The total luminescence intensity and the intensity of elasti-
cally scattered light for co-encapsulated AuNPs and SiQDs are
shown in Fig. 5b. These intensities are effectively normalised to
the number of particles by averaging the spectra of all the
particles in the eld of view and therefore correspond to the
intrinsic properties of an average particle and are not simply
determined by the number of particles in the eld of view. From
Fig. 5, it was noted that as the ratio of PS-AuNPs : SiQDs
increased, the enhancement of total luminescence intensity
increased until it reached a maximum (P5[Au–Si] and P6[Au–
Si]). The optimum formulation in this study was obtained using
12 mg of PS-AuNPs (P5[Au–Si]), where it gives the greatest total
intensity (2 200 000 counts per cm). With further increases in
the mass of PS-AuNPs used in the formulation, a massive drop
This journal is ª The Royal Society of Chemistry 2013
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of total intensity was then observed (P7[Au–Si]). There are
several possible explanations for this. In the 24 mg PS-AuNPs
sample (P7[Au–Si]), we estimate a mole ratio of 3 : 1 PS-
AuNP : SiQD from the particle sizes and masses used and
therefore it is possible that the AuNPs actually reect light at the
polymer particle surface and that a kind of inner lter effect
occurs, reducing the emission from each polymer particle. We
tested this by plotting the intensity of elastically scattered light,
but nd that no increase in reectivity occurs. Equally, the
observation that the reected light intensity does not decrease
markedly also suggests that the low emission from P7[Au–Si] is
not due to absorption of light by the AuNPs. In view of our
observations of aggregation of the PS-AuNPs by TEM and
absorption spectroscopy, it seems that the loss of intensity is
related to this aggregation. If we use the size data to estimate
the mole ratio of PS-AuNPs : SiQDs and the number of each
inside every polymer particle we obtain about 40 SiQDs per
polymer particle and about 120 AuNPs per polymer for P7[Au–
Si]. The high number of PS-AuNPs seems to be too much for the
polymer to encapsulate. We therefore suggest that the break-
down of encapsulation by overloading the polymer particles and
the aggregation of the AuNPs leads to poor coupling of the
excitation light at 488 nm to the red-shied plasmon of the
aggregate. Interestingly, there is also a signicant blue-shi in
the PL maximum of the samples which show enhancement, but
this is absent in the P7[Au–Si] and the P2[Si] sample without Au.
This is consistent with the explanation based on loss of the
enhancement mechanism.

Inkjet printing application

To demonstrate the processability, and hence increased utility
of the polymer composite nanoparticles, we inkjet printed a
sample onto a glass substrate. A sample for printing was
obtained from P6[Au–Si] suspended in cyclohexanone. A regular
pattern of small spots (diameter between 20 and 25 mm) was
printed on the glass slide and the dark eld scattering and
luminescence images were monitored by using luminescence
microscopy (epiuorescence).

Fig. 6a shows bright eld optical image of a square lattice of
small spots of P6[Au–Si] which has been printed uniformly
upon the glass slide. The luminescence image (Fig. 6b) shows
the existence of small right spots possessing a very similar
Fig. 6 Inkjet printed images of P6[Au–Si] of (a) bright field optical image and (b)
the corresponding luminescence image at exposure time of 5000 ms measured in
an epifluorescence microscopy (excitation provided by an Hg Lamp/bandpass
filter 300–400 nm and the emission was filtered by a 420 nm longpass filter); scale
bar ¼ 100 mm.

This journal is ª The Royal Society of Chemistry 2013
regular pattern. The spots are annular rather than disc. The
results of these preliminary ink-jet printing studies suggest that
these composite polymer nanoparticles can be printed onto
surfaces with a reasonable degree of delity, and hence are
suitable of use as components within more complex materials
fabricated by ink-jet printing techniques.
Conclusions

Multicomponent polymer composite nanoparticles encapsu-
lating two different inorganic nanoparticles, namely SiQDs and
AuNPs, have been prepared usingminiemulsion polymerization
techniques. Co-encapsulation of AuNPs and SiQDs was found to
enhance the luminescence of the SiQDs, which is observed
because the excitation light is coupled to the plasmon band of
the AuNPs and in turn the intense eld at the AuNPs surface
couples strongly to the SiQDs. Enhancement factors up to
15 times were observed. Our study also suggests that there exists
an optimum loading of AuNPs within the polymer nano-
particles, beyond which the encapsulation fails and aggregation
of Au-NPs occurred. To further demonstrate the utility of the
polymer composite nanoparticles, we demonstrated their ink-
jet printing onto a glass substrate. This work provides a
synthetic route to prepare highly uorescence SiQD probes
through the generation of multimodal polymer composite
nanoparticles.
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