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Controlled synthesis of low polydispersity Ag@SiO,
core-shell nanoparticles for use in plasmonic
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A novel methodology was developed for the synthesis of tuneable silver-silica core-shell nanoparticles

(Ag@SiO;). The use of tannic acid and sodium citrate to reduce and stabilize silver atoms allowed the

controlled synthesis of silver cores ranging from 26-118 nm in diameter, and silica shells of tuneable
thicknesses from 6-51 nm were deposited using a combination of tetraethyl orthosilicate and sodium
citrate. Both core size and spacer thickness can be tuned over a wide range of diameters and thicknesses
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by the simple variation of the reagent stoichiometric ratios, and mg range quantities of highly uniform

core-shell nanoparticles can be prepared with excellent repeatability and reproducibility. To ascertain the
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Introduction

Nanoparticle studies vary wildly in scope, covering both
organic'™ and inorganic®” syntheses and their subsequent
applications. Plasmonics is a subset of this field, brought in by
the distinctive electrical and photophysical characteristics of
conductive nanoparticles and nanomaterials. A particularly
noteworthy property of localized plasmons is the alteration of
emissive electromagnetic processes via the generation of
intense, localized electric fields.® For example, the enhance-
ment of Raman scattering®"* and molecular luminescence'*™°
by plasmonic nanoparticles has been studied extensively for the
purpose of qualitative and quantitative chemical analysis.”'>°
Other important applications of localized plasmons include
photocatalysis®”° (e.g., water splitting) and solar photovol-
taics.”*

The extent of plasmonic enhancement in photophysical
and photochemical processes is often related to nanoparticle
composition, size and shape;** consequently, a wide array of
nanoparticle shapes has been investigated, from spheres to
more complex shapes like cubes and octahedrons, as well as
nanorods and nanowires of varying lengths.****> Moreover,
because plasmonic enhancement depends strongly on the
metal substrate, a plethora of metals providing different
plasmon resonant frequencies and enhancement factors have
been investigated. The most popular metals to date have been
gold and silver, due to their plasmon resonance bands located
in the visible region of the electromagnetic spectrum, with
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usefulness of the core—shell nanoparticles for plasmonic enhancement studies, fluorescence measurements
were performed on core-shell and coreless nanoparticles coated with a molecular fluorophore.

silver providing the strongest enhancement due to its higher
permittivity.>®

The synthesis of metal nanoparticles can be fairly simple,
and methods for doing so have been known for a long time.
The challenge arises when trying to synthesize nanoparticles
with uniform and specific shapes and sizes. Several research
groups have investigated different approaches to achieve this
goal.>”~** The importance of this control is two-fold. To begin
with, controlling particle morphology is important in radiative
decay engineering studies when trying to correlate specific
plasmon properties to radiative behavior, ie., correlating a
particular behavior to a specific plasmon feature is impossible
when the studied samples contain a heterogeneous population
of nanoparticles. Single-particle studies** are another way to
circumvent such synthetic limitations. Moreover, real-world
applications have requirements and limitations that need to
be met. A high degree of control and predictability means that
particles can be quickly and efficiently adapted to suit specific
needs.

Finally, in addition to the need for uniform nanoparticle
size and shape, it is known that plasmonic enhancement also
depends strongly on the distance of the chemical species or
process being affected relative to the metal surface.*® Coating
nanoparticles with silica layers provides a convenient means to
control this spacing in multilayer nanoparticle design,” in
addition to limiting aggregation and providing a host of robust
chemistries for predictable and reproducible functionalization
of the nanoparticle surface.*” Stober’® brought about the
general method for condensing organic silicates into particles
in alcohol-water mixtures, and this methodology was later
adapted to the formation of mesoporous silica shells over
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silica cores*” and more recently expanded by Blaaderen®® to
form silica shells over a range of different colloidal cores.
Nevertheless, adapting this simple and elegant method to a
specific nanoparticle synthesis while controlling particle
morphology and polydispersity is not straightforward, as
shell-forming silica condensation is sensitive to a host of
factors including pH, temperature, solvent, surface chemistry,
and of course the silane precursor.

The work discussed herein describes a procedure for the
facile synthesis of sizable quantities of Ag@SiO, core-shell
nanoparticles with narrow, reproducible size distributions and
morphologies over a wide range of sizes. Notably, this is the
first reported synthesis of a silica shell over silver nanoparti-
cles produced using tannic acid as the reducing agent. This
synthetic methodology was designed to offer optimal control
of nanoconstruct morphology in as few steps as possible. To
ascertain the efficacy of core-shell nanoparticles fabricated
using this method for plasmonic enhancement studies,
fluorescence measurements were performed on core-shell
nanoparticles and nanoshells (i.e., coreless nanoparticles)
coated with a molecular fluorophore.

Experimental

Chemicals and reagents

Tannic acid, sodium citrate tribasic (99.0% ACS Reagent),
polyvinylpyrrolidone (pvP1o0, M,, 10 000), 2-
(N-morpholino)ethanesulfonic acid (MES) hydrate (>99.5%)
and ammonium hydroxide (28-30% NH;) were purchased
from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, 99.9%)
and (3-aminopropyl)triethoxysilane (APTES, 98%) were pur-
chased from Alfa Aesar. Silver nitrate (99.9995%) was
purchased from Strem Chemicals, anhydrous ethanol from
Commercial Alcohols, eosin-5-isothiocyanate (EiTC) from
Marker Gene Technologies and potassium cyanide (>98.0%)
from Fluka. The MES buffer solution (11.2 mM, pH 6.5) was
prepared using MES hydrate and sodium hydroxide (ACS >
97.0%, BDH). All reagents were used as received, except for
EiTC which was divided into 185 pg freeze-dried aliquots prior
to use. Ultrapure water (18.2 MQ) was used in all experimental
processes as needed, unless specified otherwise. All glassware
was washed with concentrated nitric acid, and then rinsed
thoroughly with water.

Synthesis of silver nanoparticles

This synthesis is an expanded, scaled up version of the work of
Dadosh.*® 90 mg of AgNO; (1.32 mM) is dissolved in 400 mL of
water. Another 100 mL aqueous solution is prepared contain-
ing 250 mg of tannic acid (1.47 mM) and 360 mg of citrate
(12.2 mM). Both mixtures are heated to 60 °C before being
combined together under vigorous stirring. After being kept at
60 °C for 5 min, the solution is brought to the boil for 20 min,
then left to cool. The resulting mixture is centrifuged twice
(11 000 RCF, 60 min) and dispersed in 350 mL of water. This
suspension is then mixed with 468 mg of PVP10 diluted in 25
mL of water. PVP is used as a surface priming agent to be
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covered or displaced by the silica shell. The quantity added is
calculated considering the target surface density (60 molecules
nm™?) suggested by Blaaderen.*® The total surface is calcu-
lated assuming 100% Ag reduction yield, perfect spherical
shape, and a silver core density of 10.49 g cm ™. This mixture
is left to react for a minimum of 12 h at 30 °C under stirring,
followed by two centrifugations (11 000 RCF, 60 min). The
resulting PVP-coated nanoparticles are finally dispersed in 350
mL of water. This particular set of concentrations typically
yields silver nanoparticles with an average core diameter of 55—
60 nm.

Synthesis of silica spacer shell

Reaction conditions are based on the Blaaderen*® method,
with the exception of sodium citrate usage, as described below.
Various amounts of aqueous sodium citrate (26.6 mM) are
added to 100 mL aliquots of silver nanoparticle solution and
diluted to a final volume of 120 mL to yield citrate
concentrations of 1.11, 2.22 and 3.33 mM. These are left to
stir overnight at 30 °C. Four 25 mL aliquots are extracted from
every mix. To each is then added 100 mL of anhydrous
ethanol, 10-34 pL of TEOS (0.41-1.4 mM) and, 5 min later, 1
mL NH,OH. After these solutions have been left to react for 24
h at 30 °C under stirring, the nanoparticles are centrifuged
three times (14 000 RCF, 20 min) and dispersed each time in
anhydrous ethanol, for a final volume of 50 mL. It was
observed that the reaction conditions sometimes lead to a
slight reduction in the silver core sizes. Core-shell cores
retain, on average, >90% of their diameter after purification
when compared to the initial silver nanoparticle suspension.

Fluorescent labeling of Ag@SiO, core-shell nanoparticles

This step was adapted from our previous work." 620 uL of a
1.43 mM solution of APTES in ethanol is added to 185 ng of
EiTC (0.43 mM). This mixture is left to react for 4 h at room
temperature under agitation. This fluorophore-silane precur-
sor mixture is added to 10 mL aliquots of Ag@SiO,
nanoparticles in concentrations ranging from 0-3.38 uM (0-
80 pL in 10 mL) followed by the addition of 240 pL of
concentrated NH,OH and, a few minutes later, 300 pL of a
0.22% (v/v) TEOS solution. The TEOS will co-condense with the
silane coupling agent and form a second, fluorophore-
enriched shell. These nanoparticles are centrifuged (14 000
RCF, 20 min), discarding the supernatant and suspending
them in anhydrous ethanol. This step is repeated until
fluorescence measurements indicate no detectable traces of
the fluorophore in the supernatant.

Evaluation of fluorescence enhancement factor (EF)

The extent of fluorescence enhancement achieved with
Ag@SiO,@Si0,-eosin nanoparticles was quantified by com-
paring the steady-state fluorescence intensity of dye-doped
core-shell and coreless (shell only) nanoparticles. The core-
shell samples were prepared by diluting 120 puL of dye-doped
nanoparticle solution in 10 mL of MES buffer (11.2 mM, pH
6.5). The coreless samples were prepared by adding 70 pL of
0.1 M KCN(yq) to 7 mL of this buffered nanoparticle solution
and left for 24 h to dissolve the silver cores before taking
fluorescence measurements of the resulting solution.

This journal is © The Royal Society of Chemistry 2013
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Monitoring the plasmon intensity by UV-Vis after the addition
of cyanide showed a rapid decrease in plasmon band intensity
while undergoing a blue shift, indicating smaller average
metal core diameters until none could be detected.
Measurements on a buffered eosin solution confirmed that 1
mM cyanide has no noticeable effect on fluorescence intensity
or lifetime. Because of the lower sensitivity of the fluorescence
lifetime platform used in this work, more concentrated
nanoparticle samples were prepared for the time-resolved
fluorescence measurements. The core-shell samples were
prepared by adding 500 pL of dye-doped nanoparticles to 5
mL of MES buffer, with corresponding nanoshells obtained
from the latter by spiking with 50 pL 0.1 M KCNpgq).
Measurements were taken after 24 h to ensure complete
etching of the plasmonic cores. The instrument response
function (IRF) was acquired using Ag@SiO, nanoparticles as
the scatterer.

Nanoparticle characterization

Transmission electron microscopy (TEM, Phillips Tecnai 12)
was used to evaluate the size, morphology, and structure of the
core-shell nanoparticles. Nanoparticle samples were prepared
on carbon films supported by copper hexagonal 200 mesh
grids (Canemco). TEM images were processed using commer-
cial image analysis software (IMT i-Solution). Steady-state
fluorescence measurements were performed on a high-end
spectrofluorometer (Fluorolog 3-22 with R928 PMT detector,
Horiba). Fluorescence lifetime data was obtained with a time-
resolved fluorescence platform (FluoTime 200, PicoQuant
GmbH) equipped with a 485 nm pulsed laser (LDH-P-C-485,
PicoQuant GmbH). Repetition rate for the laser was 10 MHz,
and the detector monochromator was set to 540 nm.
Fluorescence lifetimes were extracted from the decay curves
using commercially available fluorescence lifetime analysis
software (FluoFit Pro, PicoQuant GmbH). UV-Vis extinction
spectra were measured on a Varian Cary 50 spectrophotometer
(200-800 nm).

Results and discussion

Using tannic acid as a reducer, we were able to produce ~ 50
mg batches of PVP10-coated silver nanoparticles with con-
trollable sizes ranging from 26-118 nm in diameter. The
various sets of experimental conditions used to cover this
range are presented in Table 1. The corresponding extinction
spectra and TEM images, along with size distribution
histograms are shown in Fig. 1 and 2, respectively. For all

Table 1 Characterization data and reagent concentrations for Ag nanoparticles
with core diameters 26-118 nm

A B C D E F
Diameter (nm) 26 33 40 59 96 118
RSD (%) 10 10 14 13 14 9
Citrate (mM) 12.2 12.2 12.2 12.2 1.70 1.53
Tannic acid (uM) 24 47 290 1460 1110 1760
Amax (NM) 395 398 409 433 484 507

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Normalized extinction spectra for Ag nanoparticle samples A-F (see
Table 1).

syntheses, the RSD calculated on the diameter was below 15%.
The samples were stable for months when stored in the dark at
20 °C.

Control over the nanoparticle size was achieved by altering
the tannic acid and sodium citrate concentrations. It was
suggested by Santhanam® that the concentration of tannic
acid dictates the rate and extent of nucleation, with lower
concentrations favoring fast nucleation and smaller particles.
This would be the case because tannic acid acts not only as a
reducing agent, but also as a ligand (through gallic acid
monomers) for silver atoms. As the tannic acid concentration
is lowered, the average number of silver atoms per tannic acid
molecule increases, favoring nucleation over growth.
Conversely, as the ratio is shifted to fewer silver atoms per
tannic acid, the nucleation rate between silver atoms is
lowered. Nanoparticles increase in size with increasing tannic
acid concentration, for a fixed citrate concentration. This
synthesis follows this trend, as seen in Fig. 3. Sodium citrate
influences particle size in the opposite way, with higher
concentrations leading to smaller particles for a fixed tannic
acid concentration. This is consistent with the reported role of
citrate as surface-stabilizing agent.’”** By tuning both the
citrate and tannic acid concentrations, it is possible to obtain
silver nanoparticles with specific sizes in a repeatable fashion.

Silver nanoplates could be observed alongside the larger
particles (Fig. 2F). Such structures appear more abundant as
the reagent concentrations are adjusted to yield bigger
nanoparticles. The nanoplates account for roughly 8% of the
nanoparticle count in the images (N = 1600), but arguably less
of the mass of the sample because of their planar shape. This
has been observed in all syntheses yielding nanoparticles 90
nm in diameter or larger.

The repeatability of the method was evaluated by compar-
ing several samples prepared at different times over a one year
span, using two distinct sets of reaction parameters. The
resulting average particle size for samples prepared using
parameter set A (12.2 mM citrate, 1.11 mM tannic acid) is 44
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Fig. 2 TEM images and size distribution histograms for Ag nanoparticles described in Table 1. Red scale bars represent 100 nm.

nm with a RSD of 3.7%, while the average particle size for
parameter set B (12.2 mM citrate, 1.47 mM tannic acid)
samples is 57 nm with a RSD of 2.9%. As shown in Fig. 4 (top),
the extinction spectra for the samples in each set are very
similar, with average plasmon band central peak wavelengths
of 420 + 2 nm and 430 + 2 nm, and bandwidths (FWHM) of
81 + 4 nm and 93 + 7 nm for sets A and B, respectively. This
is very convincing evidence of a very good repeatability of the
achieved average diameter and polydispersity for these
reaction conditions.

The reproducibility of the method was evaluated by
supplying four people with instructions to synthesize silver
nanoparticles using parameter set A without prior knowledge
of the methodology. As shown by the extinction spectra in
Fig. 4 (bottom), the optical extinction spectra of the nano-
particles remain constant regardless of who performed the

synthesis with a given set of reaction parameters, with an
average plasmon band central peak wavelength of 417 + 1 nm
and a bandwidth (FWHM) of 86 + 4 nm.

The key to controlling the thickness of the silica coating on
tannic acid prepared nanoparticles resides in the addition of
sodium citrate alongside the silica precursor. The effect of
citrate on the thickness of condensed silica as a function of
TEOS concentration was investigated for various core sizes,
and silica shells were fabricated with tuneable thicknesses
ranging from 6-51 nm (Fig. 5). Table 2 shows the relationship
between TEOS concentration, citrate concentration and silica
shell thickness for core sizes ranging from 33-96 nm. Fig. 6
(top) shows the increase in shell thickness due to increasing
citrate concentration from 1.11-3.33 mM for two fixed TEOS
concentrations. This study unambiguously shows the influ-
ence of citrate on the formation of the silica coatings. For every

RSC Adv. This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Effect of varying concentrations of tannic acid (top, 12.2 mM sodium
citrate) and sodium citrate (bottom, 222 uM tannic acid) on silver core diameter
(all other parameters are kept constant).

silver core size, the use of a low (1.11 mM) citrate concentra-
tion leads to the condensation of thinner silica coatings at
equivalent TEOS concentrations. On the other hand, the
reaction without added citrate leads to thin (~5 nm) or
incomplete silica shells, regardless of TEOS, ammonia or
nanoparticle concentrations. As a rule, increasing the con-
centration of sodium citrate, for a given TEOS concentration,
leads to greater shell thicknesses, albeit with a less marked
difference observed between 2.22 and 3.33 mM. For all citrate
concentrations studied, increasing the TEOS concentration
leads to an increase in shell thickness (Fig. 6, bottom).

The goal behind this work is to create a platform providing
stable and controllable geometry for the study and use of
plasmon-altered processes in composite nanoparticles. To test
the suitability of the as-prepared core-shell Ag@SiO, nano-
particles as potential fluorescence enhancers, a series of dye-
doped core-shells were synthesized. Their core sizes ranged
from 29-99 nm with coatings from 6-10 nm in thickness. The
resulting fluorescence data is presented in Fig. 7 and Table 3.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Evaluation of repeatability (top) and reproducibility (bottom) of normal-
ized extinction spectra from several nanoparticle samples.

Emission enhancement was observed for the samples with 38,
55 and 99 nm core diameters, ie., the fluorescence intensity
from core-shell nanoparticles were stronger than from their
coreless counterparts. These findings were confirmed by
fluorescence lifetime measurements, with plasmon-enhanced
eosin emission exhibiting average lifetimes of 210 ps or less,
much shorter than eosin’s lifetime of 1.11 ns when free in
solution. Interestingly, since the photostability of fluorophores
depends, among other factors, on the lifetime of their excited
states, these Ag@SiO,@SiO,—dye core-shell nanocomposites

“ R M o
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Fig. 5 TEM images of Ag@SiO, nanoparticles with average core size of 54 nm
and increasing silica shell thicknesses (7, 13, 21 nm left to right). Red scale bars
represent 100 nm.
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Table 2 Data showing the relation between TEOS concentration and silica shell thickness for varying concentrations of sodium citrate and core sizes

Core diameter (nm)

33 40 59 96
Citrate (mM) TEOS (mM) dsio, (nm) RSD (%) dsiop (nm) RSD (%) dsioz (nm) RSD (%) dsioz (nm) RSD (%)
1.11 0.41 6.4 14 7 21 6.2 13 9 23
0.74 9 16 10 18 12 12 11 16
1.07 12 16 14 14 14 15 14 12
1.40 12 17 16 13 15 12 24 14
2.22 0.41 9 13 8 16 8 13 12 18
0.74 17 15 19 17 20 11 29 7
1.07 21 11 29 11 25 14 37 9
1.40 25 9 34 13 26 10 40 18
3.33 0.41 10 14 11 13 9 16 17 9
0.74 19 11 19 12 22 9 38 8
1.07 21 10 26 10 33 9 51 8
1.40 28 8 30 9 38 9 40 7

should display enhanced robustness toward photodestructive
processes and thereby giving a substantial increase in number
of emitted photons." Furthermore, the highest enhancement
factor (4.6) was measured for the 55 nm sample, which falls
within the 40-70 nm range for optimal fluorescent enhance-
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Fig. 6 Thickness of silica shell coating on 59 and 96 nm Ag cores for varying
citrate (top) and TEOS concentrations (bottom).
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ment for silver nanoparticles according to Lakowicz."* On the
other hand, eosin emission was lower in the 29 nm core-shell
sample (E.F. = 0.18), possibly due to the thinner spacer
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Fig. 7 Steady-state fluorescence spectra (top) and fluorescence lifetime decay
curves (bottom) for eosin coated core—shell and coreless nanoparticles (55 nm
core, 8 nm shell).
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Table 3 Fluorescence, enhancement factor, and lifetime data for core-shell (top row) and coreless (bottom row) for given sets of Ag@SiO, nanoparticles”

View Article Online

Core (nm) Shell (nm) Fluo (10° CPS) E.F. Tave (DS) 74 (ns) Ay 7, (ns) A, 72
29 + 3 6 +1 0.54 0.18 0.43 0.23 198 1.36 43 1.000
2.90 1.33 1.19 4138 3.85 230 0.980
38+ 4 8+1 10.6 2.6 0.21 0.19 2096 0.61 118 1.001
4.04 1.18 1.06 1135 2.27 123 1.078
55+ 7 8 +1 11.4 4.6 0.19 0.19 1023 1.086
2.47 1.22 1.16 8511 4.17 171 1.001
99 + 9 10 + 2 4.22 1.8 0.13 0.11 882 0.85 26 1.078
2.35 1.27 1.14 3806 3.81 187 1.046

¢ Average fluorescence lifetimes were calculated by fitting the decay curves with a double exponential of the form T, = (11 X 41 + 15 X A,)/(4;

+ A,), where t and A are the lifetime and amplitude values, respectively.

allowing the fluorophore to creep too close to the metallic core
in the porous silica matrix, thus promoting quenching over
emission enhancement."®

Conclusion

In this work, we were able to fabricate, using a versatile,
simple, and reproducible procedure, a core-shell nanoarchi-
tecture featuring a silver core surrounded by a concentric silica
layer acting as a spacer between the core and outlying
molecular fluorophores. The pivotal innovation in this
procedure is that both the core size and the spacer thickness
can be tuned over a wide range of diameters and thicknesses
by the simple variation of the reagent stoichiometric ratios, so
that the geometry of the nanocomposites can easily be adapted
for maximum plasmonic enhancement of photophysical or
photochemical processes.

The comparison of photophysical characteristics of fluor-
ophore-coated core-shell and coreless nanostructures with
similar geometry shows that the luminosity and radiative
decay rate of the surrounding fluorophores are increased
several fold by the metal-enhanced fluorescence displayed by
the core-shell nanocomposites. The improved photophysical
properties of such tailored metal@dielectric nanocomposites
could be useful for many plasmonic applications, including
biosensor design, intracellular chemical imaging, and plas-
monic enhancement of solar photovoltaic devices.
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