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Colloids and Surfaces A: Physicochenm. Eng. Aspects 25] (2004) 197-201
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Abstract

A method for silicacoating of Agl nanoparticles is proposed, which applies Stdber method in the presence of a silane eoupling apent,
3-mercaptopropylirimethoxysilane (MPS), with the use of dimethylamine (DMA) catalyst for alkoxide hydrolysis. The Agl nanoparticles
were prepared from AgClO, and KI. The silica-coating was performed with 0-2.3 x 10~* M MPS, 11-20M water, 0-0.1M DMA and
0.0004-0.15M tetraethy] orthosilicate (TEOS). The addition of MPS suppressed generation of free silica particles and improved uniformity
of shell thickness. Silica shells were formed at water concentrations of 11-15M, but excess water (20 M) caused aggregation of free silica
particles, and resulted in formation of gel network, The silica shell thickness could be varied from 3 to 33.0nm as the TEOS concentration
was increased from 0.0004 to 0.04 M at 4.5 x 10~% M MPS under the condition of 11 M water and 0.01 M DMA.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nano-sized semiconductor particles such as CdS, CdSe
and Agl attract special interest because they are in an inter-
tnediate state between atoms or molecules and bulk material,
and can be expected to exhibit excellent properties different
from bulk material [1-3].

A common technique for stabilizing nanoparticles is the
use of surface active agents or macromolecular substances
that are adsorbed to particle surface to form a physical bar-
rier against other approaching particles. The coating of the
particles with inert silica shells can also be used as a stabiliz-
ing technique [4-9]. Role of the silica shell is two-fold, since
it not only provides a greatly enhanced colleidal stability in

* Corresponding author. Tel.: +81 22 217 7239; fax: +81 22 217 7241,
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water, but also can be used to control distance between core
particles within assemblies through shell thickness.

From this view point, extensive studies on silica-
coated nanoparticles have been made [5,7]. The method
of the silica-coating was composed of three steps: (1)
modification of the nanoparticle surface to make it vit-
reophilic by using silane coupling agents with an amino or
thiol group such as 3-aminopropyltrimethoxysilnae and 3-
mercaptopropyltrimethoxysilane (MPS), (2) slow silica de-
position in water from a sodium silicate solution, and (3) ex-
tensive growth of the silica shells through sol-gel reaction of
silicon alkoxide in ethanol/ammonia mixtures [5]. The silica
deposition in the sodium silicate solution requires long-time
if silica shells are to be grown to certain thickness. In ad-
dition, the sodium silicate possibly introduces impurities to
the particles. Therefore, a simplified and more rapid method
with no sodium silicate is desirable.
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A study on preparing silica-coated Agl nanoparticles was
performed by Giersig et al. [10]. They showed that silica-
coated Ag nanoparticles that were prepared according to the
ref. [7] were mixed with 1; solution, in which 1; molecules
diffused in silica shell layer, and eventually transforming the
Ag nanoparticles inside to Agl nanoparticles. However, long-
time processes with sodium silicate were required, and gen-
eration of Agl nanoparticles also took place on external silica
surface. We have recently developed [11.12] a technique for
direct silica-coating of metal nanoparticles in one single step
without need of sodium silicate, which is based on Stéber
method. In the present work, the direct silica-coating method
was extended to silica-coating of Agl nanoparticles in the
presence of MPS.

2. Experimental
2.1, Chemicals

Silver perchlorate (AgClO;) (Kanto Chemical Co. Inc.,
99%) and potassium iodide (K1) {Wako Pure Chemicals
Ltd., 99.5%) were used as silver precursors. Tetraethyl or-
thosilicate (TEOS) (Wako Pure Chemicals Ltd., 95%), MPS
(Aldrich, 97%) and ethanol (Wako Pure Chemicals Ltd.,
99.5%) were used for silica-coating, and DMA (Wako Pure
Chemicals Ltd., 50%) was used as catalysts for a sol-gel reac-
tion of TEOS and MPS. All chemicals were used as received.
Ultrapure deionized water (resistivity higher than 18 M£2 cm)
was used in all the preparations.

2.2. Preparation of materials

2.2.1. Agl nanoparticles

Colloids of Agl nanoparticles were prepared by mixing of
AgClO4 and K1. Freshly prepared 0.015 ml of 0.2 M AgCl0Oy
in Hy0 was added to 6 m! of 0.001 M KI under vigorous stir-
ring at room temperature. Color of the mixture turned yel-
low immediately. Fig. | gives absorption spectrum of Agl
nanoparticle colloid. A sharp peak around 421nm and a
shoulder peak around 330 nm were attributed to exciton peaks
of Agl [13-16], which provided an evidence for generation
of Agl particles. Typically, spherical Agl nanoparticles with
an average size of 23.8 nm were observed in TEM (see inset
of Fig. 1).

2.2.2. Silica-coating

Stober method with TEOS was applied to silica-coating
of the Agl nanoparticles. Six millilitres of the Agl col-
loid was added to 0.1 ml of 0.00135M MPS in H,O. After
15 min, 24 ml of ethanol and successively 0.0266 ml of TEQS
were added to the colloid. Then, the silica-coating was initi-
ated by rapidly injecting an aqueous DMA solution into the
Agl/TEOS colloid. The concentrations of TEQS and water
were ranged from 0.0004 to 0.15M and from 11 to 20 M,
respectively.
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Fig. 1. TEM image and UV-vis absorption spectrum of Agl colloid in
ethanol/water.

2.3, Characterization

The silica-coated Agl (Agl-SiO;) nanoparticles were
characterized by transmission electron microscopy (TEM)
and ultraviolet (UV)-visible (vis) spectroscopy. TEM was
performed with a Zeiss LEO 912 OMEGA microscope oper-
ating at 100 kV. Samples for TEM were prepared by dropping
and evaporating the nanoparticle suspensions on a collodion-
coated copper grid. Silica shell thickness was estimated as
the difference between silver particle and composite parti-
cle sizes. UV-vis extinction spectra were measured with a
Hitachi UV-3010 spectrophotometer.

3. Results and discussion
3.1. Effect of MPS concentration

Fig. 2 shows TEM micrographs of Agl-$i0; nanoparti-
cles prepared at various MPS concentrations. In Fig. 2a and
b, many core-free silica particles and shell-free Agl nanopar-
ticles were observed, though a few core-shell particles were
present. Probably, silica did not have a strong affinity for the
Agl nanoparticle surfaces during growth from silica nuclei
to silica nanoparticle. Particles in Fig. 2¢ and d had core-
shell structures composed of the Agl core with a size of
13.5 nm and the silica shell with a thickness of 15.1 nm, MPS
molecules possibly had streng affinity for Agl surface so that
condensation reaction between MPS and TEOS was initiated
on the surface.

3.2. Effect of water concentration

Fig. 3 shows TEM micrographs of Agl-SiO; nanopar-
ticles prepared at water concentrations from 11 to 20M.
All the DMA concentrations were 0.01 M in a series of
the experiments. The water concentration of 11 M was the
lower limit in the present experimental, because the water
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Fig. 2. TEM images of Agl-SiO; prepared at MPS concentrations of O (a),
4.5% 1077 (b), 4.5 x 107% (c) and 2.3 x 10~ M (d). Initial concentrations
of water, DMA and TEOS were 11, 0.0 and 0.004 M, respectively.

concentration in the commercial DMA solution is 50% and
adjusting the DMA concentration to 0.01 M provided the
water concentration of 11 M at lowest. Agl-SiO; core-shell
particles were observed in Fig. 3a and b. The Agl cores that
were observed in Fig. 3b were large, compared to Fig. 3a.
As the water concentration rises, DMA is dissociated and
consequently jonic strength increases in tum [17]. Since
the increase in ionic strength reduces electrostatic repulsion
between the Agl nanoparticles, the reduction of electrostatic
repulsion probably promoted the aggregation and growth
of Ag! nanoparticles. It was also observed in Fig. 3b that
many core-free silica particles with a size of 22.1 nm were

Fig. 3. TEM images of Agl-SiOy prepared at water concentrations of 11
{a), 12 (b), 15 {c) and 20 M (d). Initial concentrations of MPS, DMA and
TEOS were 4.5 ~ 1078, 0.01 and 0.004 M, respectively.

Fig. 4. TEM images of Agl-8i0; prepared at DMA concentrations of 0 (a),
0.005 (b}, 0.01(c) and 0.1 M (d). Initial concentrations of MPS, water and
TEOS were 4.5 » [07%, 11 and 0.004 M, respectively.

generated. The increase in icnic strength due to the dis-
sociation of DMA reduces electrostatic repulsion not only
between Agl nanoparticles but also between silica nuclei
generated with hydrolysis of TEQS. Consequently, the silica
nuclei aggregated and grew as the silica nanoparticles with
the increase in water concentration. In Fig. 3¢, network
structures were formed, though some Agl-SiO; core-shell
particles were still observed. In Fig. 3d, no core-shell
particles were formed. Further increase in jonic strength at
high water concentration probably promoted aggregation of
silica nanoparticles and succeeding formation of gel network
structures.

3.3. Effect of DMA concentration

Fig. 4 shows TEM micrographs of Agl-Si0O; nanoparti-
cles prepared at different DMA concentrations. At a DMA
concentration of 0 M (Fig. 4a), no silica shell and no silica
particle was observed because of a shortage of the catalyst. At
0.005 M (Fig. 4b), particles that contained multiple cores and
core-free silica particles were obtained. At 0.01 M, core-free
silica particles were obtained a little and the Agl nanopar-
ticles were coated with silica with a thickness of 15.1nm
(Fig. 4¢). Anincrease in the concentration to 0.1 M increased
silica shell thickness to 16.6 nm (Fiz. 4d). Addition of DMA
is considered to increase the ionic strength of the solution
due to the dissociation and catalyzes the hydrolysis and con-
densation of the alkoxysilanes [18). Thus, the high DMA
concentration should reduce the double layer repulsion be-
tween the Agl nanoparticles and the silica nuclei. As a result,
the silica nuclei were deposited on the Agl particle surfaces
and then the silica shells grew.



200 Y. Kobayashi et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 251 (2004) 197-20]

Fig. 5. TEM images of Agl-Si0; prepared at TEOS concentrations of 0.0004 (a), 0.002 (b), 0.004 {c), 0.04 (d) and 0.15 M {e). Initial concentrations of MPS,

DMA and waler were 4.5 x 107%,0.0] and 11 M, respectively.

3.4. Effect of TEOS concentration

For the control of shell thickness, TEOS concentra-
tion was varied in the experiments of Fig. 5 a-e. At
[TEOS]=0.0004-0.04 M (Fig. 5a—d}, most of the particles
were quasi-perfect core-shells with just one Agl core and
the shel! thickness increased from 3.0 to 33.0 nm. Thus, the
TEOS concentration was found to control the silica shell
thickness within a certain threshold. However, further ad-
dition of TEOS ([TEQS]=0.15 M) did not increase the shell
thickness, and generated a large amount of core free silica
particles, as shown in Fig. Se.

3.5. UV-vis speciroscopy

Fig. 6 gives absorption spectra of Agl-Si0; colloid. In
the spectra in Fig. 6a through c, a sharp peak around 421 nm
and a shoulder peak around 330 nm were observed, which
were the typical absorption spectra of the Agl nanoparticles.
As the shell thickness increased, these peaks seemed to
be screened by the strong scattering from the silica shell,
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Fig. 6. UV-vis absoiption spectra of Agl-Si0;. Refer to Fig. 5 for symbols.

Although the shoulder peak was not clearly seen in Fig. 6d
and e, the absorption peak of the Agl nanoparticles appeared
around 421 nm in these figures. Thus, the existence of Agl
nanoparticles was confirmed from the UV—-vis spectroscopy.

4, Conclusion

A synthetic method for Agl-8i0; core-shell particles was
developed. The method was based on the deposition of a sil-
ica shell on the Agl cores. The silica-coating was performed
with a sol-gel reaction of TEOS in the presence of the Agl
nanoparticles. At high water concentrations, no formation of
homogeneous silica shells could be performed. With increas-
ing TEQS concentration, the silica shell thickness increased.
Concentration effects can probably be explained by the dif-
ference in ionic strength of the solution.
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Abstract

This paper describes silica-coating of pelystyrene microspheres incotporated with fluorescence dyes (fluorescent microspheres) by means
of a seeded polymerization technique based on Stdber method. The silica-coating of the fluorescent microspheres was performed i the
presence of 0-10 g/1 polyvinylpyrrolidone (PVP), 1.13-17 M water, 0-1.2 M aqueous ammonia and 0.00038-0.2 M tetracthoxyorthosilicate
(TEOS). The addition of PVP was found to suppress the generation of free silica particles and improve the uniformity of shell thickness.
The silica shell thickness increased from 13 to 138 nm with an increase in TEOS concentration at 10 g/l PVE, 0.4 M aqueous ammonia and
10.9 M water, The thickness also increased with the ammonia concentration and the water concentration. However, excess ammonia and water
caused aggregation of free silica particles and the polystyrene microspheres. The silica-coated fluorescence microspheres showed more stable

fluorescence 1o laser-irradiation than uncoated microspheres.
© 2004 Elsevier B.V, All rights reserved.

Keywords: Fluorescent microsphere; Core-shell; Silica-coating; Sol-gel; Seeded polymerization

1. Introduction

Microspheres incorporated with fluorescence dyes (fluo-
rescent microspheres) have been used widely as cell-surface
antigen detection, neutral retrograde tracers, phagocytosis
tracers, sensitive diagnostic reagents and blood flow mea-
surements [1-4]. It is desirable that fluorescences of dyes
in the microspheres are strong and persistent for long peri-
ods. The photostability of the dyes is environmentally sen-
sitive, and singlet state oxygen molecules play the main role
of photo-bleaching of the fluorescence dye molecules in the
excited state [5-7]. Core-shell type particles are good can-
didates for preventing decomposition because the shell ma-
terials can keep dyes from contact with oxygen molecules,

* Comesponding author. Tel.: 481 22 217 7242; fax: +81 22 217 7293,
E-mail address: yoshio@mickey.che.tohoku.acjp (Y. Kobayashi).
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The core-shell types particles show various unique prop-
erties owing to their composite structures. They are applica-
ble to a wide variety of materials such as magnetism [8-12],
electronics {13-16] and optics [17-19]. Liz-Marzin and
co-workers demonstrated silica-coating on CdS nanopar-
ticles inhibited light-induced surface reactions, so that
photostability of CdS was improved [20]. Our group also
reported a protection effect of silica shell using silica~coated
Co nanoparticles, in which the silica-coating prevented Co
nanoparticles from oxidization and provided crystallization
to cubic metal Co phase that showed magnetic properties
[21]. In addition, we employed direct silica-coating on gold
nanoparticles by a seeded polymerization techniques [22].

In this article, the silica-coating technique is extended
to the fluorescence microspheres. The fluorescence micro-
spheres have been coated with silica shell at different con-
centrations of polyvinylpyrrolidone (PVP), water, ammonia
and tetracthoxysilane (TEQS). The photo-bleaching of the
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fluorescence dyes within the microspheres has been moni-
tored under irradiation of laser in the presence of air.

2. Experimental
2.1. Chemicals

FluoSpheres® beads (F-8803) commercially available
from Molecular Probes Inc. were used as fluorescent mi-
crospheres. The fluorescent microspheres were composed
of a host matrix of polystyrene and a dopant of fiuorescent
dyes. Fig. | shows their fluorescence spectrum and photo-
graph taken by a transmission electron microscope (TEM).
The fluorescent microspheres have a fluorescence peak
at 512nm and an average size of 193nm. The chemicals
of ethanol (99.5%), NH;OH (25% aqueous solution) and
tetraethylorthosilicate (TEOS, 95%) obtained from Wako
Pure Chemicals Ltd., and polyvinylpymolidone (PVP, av-
erage molecular weight: 36000) from Nacalai Tesque Ltd.
were used as received. Ultrapure deionized water (resistivity
higher than 18 M2 cmy) was used in the preparations,

2.2. Preparation of materials

Silica-coating of the fluorescent microspheres was car-
ried out with ammonia-catalyzed reaction of TEQS in
ethanol-water solution in a hermetically sealed reactor
equipped with a magnetic stimer at room temperature,
Ethanol solution of TEOS was added to aqueous PVP solu-
tion under vigorous stirring after addition of the suspension
of the fluorescent microspheres. Hydrolysis reaction of
TEOS was initiated by the addition of the aqueous ammo-
nia solution to form silica shell on the microspheres, which

Fluorescence Intensity (a.u.)

500 550 600 650 700
Wavelength {nm)

Fig. 1. Fluorescence spectrum of FluoSpheres® (F-8811) and their TEM
image shown in the inset. The excitation wavelength was 438 nnw

Quartz cuvetta

Arion laser
{488nm, 300mW)

\Band pass filter(541nm)

Si photodiode = Optical power meter |— PC

Fig. 2. Experimemtal set-up for measurements of photo-bleaching,

was reacted for 24 h under stirring. Concentrations of PVP,
water, ammonia and TEOS and were in ranges of 0-10 g/,
1.13-17M, 0-1.2 M and 0.00038-0.2 M, respectively.

2.3. Characterization

The silica-coated flucrescent microspheres were ob-
served with a transmission electron microscope (TEM)
(Zeiss LEO 912 OMEGA) operated at 100kV accelerating
voltage. Samples for TEM were prepared by dropping the
suspension of the flucrescent microspheres onto the top of a
collodion-coated copper grid and drying. Fluorescence spec-
tra were measured with a Hitachi F-4500 fluorophotometer.
Fig. 2 shows a set-up for analysis of photo-bleaching. The
silica-coated microspheres in & quartz cuvette were irradi-
ated by an argon ion laser (Coherent, INOVA90) with an
emission wavelength of 488 nm and a power of 300 mW.
Fluorescence at 541 nm was selected using a band pass
filter with a bandwidth of 10nm and detected with an Si
photediode (Anritsu, MAS411A) connected with an Anritsu
ML90G01 optical power meter.

3. Results and discussion
3.1. Effect of PVF concentration

Fig. 3 shows TEM micrographs of silica-coated fluores-
cent microspheres prepared at various PVP concentrations.
In whole images, many core-free silica particles with sizes
of 50-80nm were observed. According to Kawahashi and
Shiho [23-25}, PVP is required for preventing aggregation
of particles. However, no aggregations of the fluorescent mi-
crospheres were observed even without the addition of PVP
(Fig. 3(a)). The fluorescent microspheres used have carboxyl
groups on their surfaces according to a commercial cata-
log of FluoSpheres® beads. These carboxyl groups prob-
ably prevent such aggregation. In Fig. 3(a) and {I), silica
particles with sizes of 45-90nm deposited on the surfaces
of fluorescent microspheres, which indicated that silica did
not have a strong affinity for the fluorescent microsphere
surfaces during growth from silica nuclei to silica nanopar-
ticle. Such deposition decreased with the increase in PVP
concentration. In Fig. 3(c}-(e), the silica shell with a size of
40-45 nm was formed on the surfaces, though the deposited



