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Preparation of heteronanoparticles of the core-shell type has been described based on
single-dispersed spherical nanoparticles of silicon dioxide and gold. Using the colloid
chemistry techniques, nanoparticles having different dielectric core diameters and differ-
ent metal shell thickness have been obtained. The effect of the nanoparticle structure on
the absorption spectra thereof has been investigated. The maximum position in the absorp-
tion spectra has been shown to be defined by dielectric core diameter ratio to the gold shell

thickness in the SiO,/Au nanoparticles.

IIpuBegeHsl pes3yabTaThbl IO IIOJYYEHHIO TeTePOHAHOYACTHIL THUIA — ALPO-06010uKa” Ha
OCHOBE MOHOJMCIIEPCHBIX CepuuecKoil (POPMbl HAHOYACTUI, JUOKCHUIA KPEMHMS U METAJLJIU-
yeckoro 3ojora. MeTogaMu KOJJIOMAHOM XMMHUHK IIOJY4YE€Hbl HAHOYACTUIEI C PABIUYHBIM
IMaMEeTPOM AUAJIeKTPUUYECKOro siapa M TOJINUHON MeTaJJndecKoil 000gouKku. M3yueHo BJIM-
sSHMe CTPYKTYPHI HAHOYACTHIL HA CIEKTPHI IOIJIOMIeHUs. IIOKAa3aHO, YTO OTHOIIEHUE AUaMET-
pa AWDIEKTPUYECKOrO fAAPA K TOJIIUHE 30JI0TOM OGOJIOUKM OIIPEeHeseT IIOJOMKEeHHe MAKCHU-
MyMa B CIEKTpax IOIJIomeHHs rereporanouactur SiO,/Au.

Unusual optical properties of small parti-
cles are known for a long time [1]. For
example, colloidal solutions of metal parti-
cles exhibit the highest known 38'd order
susceptibility, absorption coefficient, and
ultrafast nonlinear optical response. These
properties are interpreted usually in the
frame of concept of surface mode excitation
in the small particles, in particular, for
metal particles, within the concept of the
surface plasmon excitation.

The optical absorption by homogeneous
spherical gold particles of a 2.6 to 10 nm
radius is known to exhibit a spectral maximum
near to the Froehlich frequency (o, = 520 nm).
As the radius increases from 10 nm up, the
absorption spectral curve is broadened sig-
nificantly while its maximum shows a shift
as small as about 50 nm towards longer
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wavelengths. As to particles of a radius
smaller than 2.6 nm, the absorption maxi-
mum position is independent of the particle
size but the spectral line shape changes sig-
nificantly. In this size range, the metal
nanoparticles exhibit the dimensional quan-
tum effects of the charge carrier motion
caused by the spatially restricted path
length of free electrons. The slight depend-
ence of the plasmon resonance frequency on
the size of small homogeneous metal
spheres, and thus lack of possibility to con-
trol the plasmon resonance frequency
therein, restricts the practical use fields of
materials based on such structures.

Now, synthetic methods have been devel-
oped providing the complex nanoparticles
consisting of a thin metal shell (gold or
silver as a rule) and a dielectric core [2-T7].
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The optical properties of those particles
have been shown to depend on the particle
size and shape, the number of coating lay-
ers and sequence thereof, as well as on di-
electric constants of the core and shell ma-
terials and environment.

In [4], the formation growth and condi-
tions of gold clusters at the surface of large
nanoparticles of silicon dioxide have been
studied. The effects of solvent and the na-
ture of the ligand functional groups on the
cluster formation at the surface of func-
tionalized silica has been studied. A general
approach to metal nanoshells based on the
molecular self-assemblage using the colloid
chemistry methods is described in [5]. The
optical spectra calculated in the frame of
the classical Mie theory of electromagnetic
scattering have been shown to agree well
with the absorption spectra of the obtained
core-shell type complex nanoparticles con-
sisting of a dielectric silica core (of 120 and
340 nm diameter) and a gold metal shell.

In spite of the available publications, the
methods and conditions for the dielectric
core/metal shell complex nanoparticles and
the properties thereof (in particular, at the
dielectric core diameter smaller than
50 nm) are still insufficiently studied in ex-
periment. The aim of this work is to obtain
the heterogeneous nanoparticles containing a
silica core in a gold shell with different core
diameters (including those of < 50 mm) and
to study the manifestations of dimensional
effects in the absorption spectra.

The monodispersed spherical silica parti-
cles were prepared using a technique similar
to that described in [8]. To synthesize SiO,,
50 mL of absolute ethanol were mixed in a
100 mL conical flask with 4 mL of 25 %
ammonia solution (Makrokhim, Kyiv) under
continuous stirring at 22°C and 2 mL tetra-
ethyl orthosilicate (TEOS) (special purity
grade, SUREL, St. Petersburg). Assuming
that the whole TEOS is reacted and knowing
the SiO23 nanoparticle density to be of
2.2 g/em® [9], the number of nanoparticles
in the solution can be determined to be
7.1015 171,

To provide the heterogeneous nanoparti-
cles, the dielectric core (SiO, nanoparticle)
surface was modified using bifunctional or-
ganic molecules, namely, 3-aminopropyl-
triethoxysilane (APTES) (99.8 %, Aldrich)
that provides the adhesion of the metal
shell to the core. To 10 mL of SiO, suspen-
sion in aleohol, 0.04 mL of APTES was
added, the solution was stirred and refluxed
under periodic addition of ethanol to pro-
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vide the constant mixture volume. Then the
suspension was centrifuged using an OPN-3
centrifuge (83000 rpm) for 20 min, the resi-
due was re-suspended in ethanol using ul-
trasound (UZDN-1 device) to remove the or-
ganic impurities.

The gold reduction method in solution
[10] was used to prepare the SiO,/Au het-
eronanoparticles. Tetrakis(hydroxymethyl-
phosphonium)chloride (THMP) (80 % aque-
ous solution, Aldrich) was used as the re-
ducing agent to provide colloidal gold. The
mixture containing water (45 mL), 1 M
NaOH (0.3 mL), and freshly prepared 1 %
aqueous THMP solution (1 mL) was stirred
for 10 min and then 2 mL of 25103 M
HAuUCI43H,O  (99.99 %, Aldrich) were
added. The synthesis process resulted in
formation of a stable gold sole with 1 to
3 nm particle size. The colloidal gold solu-
tion was stored in a refrigerator and used
within 7 days after preparation. To obtain
the SiO,/Au nanoparticles, the suspension
of SiO, nanoparticles modified with or-
ganosilane was mixed with the colloidal
gold solution. The mixture was stirred for
3 h, then the unreacted gold colloid was
separated from the SiO,/Au nanoparticles by
centrifugation at 1000 rpm for 5 min. The
heteronanoparticles were purified by twice-
repeated centrifugation and dispersion in
ethanol using ultrasound. To obtain the
SiO5/Au core-shell nanoparticles, the alco-
holic solution of SiO, nanoparticles modi-
fied with organosilane was mixed with the
aqueous solution of colloidal gold with 1 to
3 nm particle size. The gold nanoparticles are
bound at the silica particle surface due to
electrostatic interaction with the positively
charged amino group at the modified silica
surface. The concentration and size of the
metal clusters on the SiO, core can be varied
by changing the HAuCl;-3H,O concentration.

The electron microscopy was carried out
using an EM-125 transmission electron mi-
croscope (100 kV accelerating voltage) and
a JEOL-820 scanning electron microscope.
The samples were prepared according to the
standard procedure by application of the
nanoparticle solutions onto copper films
coated with a carbon film, the excess solu-
tion was removed using filter paper. The
absorption spectra of the obtained colloidal
nanoparticle solutions were taken using a
Specord M-40 spectrophotometer in the
wavelength range 200 to 900 nm using a
1 cm long quartz cell, an ethanol/water
mixture was used as the reference solution.

245



N.A.Matveevskaya et al./ SiO2/Au core-shell ...

% 7|

0 510 530 535

////////////////////
AN

.

.

430 4

49

0

50 47

1 um

Functional materials, 12, 2, 2005

Diameter of particles, nm
Fig. 1. Electron-microscopic images and size distribution histograms of SiO, nanoparticles of the

mean diameter (nm): 40 (a), 115 (b), 350 (c), 500 (d).
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Fig. 2. Electron-microscopic images of SiO,/Au heteronanoparticles, SiO, diameter 40 nm, Au shell
thickness ( nm): individual clusters (1), 5 (2), 7 (3).

The monodisperse  spherical  SiO,
nanoparticles exhibit a complex fractal
structure. The particle size and polydisper-
sity depend on the synthesis conditions,
namely, the concentrations of reagents
(TEOS, ethanol, water, ammonia hydrate)
and the mixing sequence thereof, the solu-
tion pH wvalue, the reaction temperature,
etc. The synthesis of SiO, nanoparticles
consists of the following stages: TEOS hy-
drolysis, polymerization of the molecular
SiO,, condensation of polymer clusters, and
aggregation of the primary SiO, nanoparti-
cles into monodisperse colloidal particles of
amorphous SiO, [9].

We have selected the TEOS hydrolysis
conditions providing the spherical silica
nanoparticles of 30 to 500 nm in diameter
at a good reproducibility and low dispersity.
The colloidal solutions of SiO, nanoparticles
are transparent and stable for prolonged
time periods (2 to 3 months).

Fig. 1 presents the electron-microscopic
images of SiO, nanoparticles. The nanopar-
ticles are almost ideal spheres and a high
size uniformity. The histogram of the parti-
cle size distribution shows the r.m.s. devia-
tion does not exceed 10 % for each particle
size value obtained in this work.

The SiO,/Au heteronanoparticles were
obtained at different filling density of the
dielectric core surface with metal particles.
To increase the metal shell thickness at the
SiO, nanoparticle surface, the chemical re-
duction of gold hydrogen chloride in solu-
tion with hydroxylamine hydrochloride.
Fig. 2 presents the electron images of
40 nm diameter SiO, nanoparticles with
gold particles fixed at the surface. It is
seen that the metal shell is not continuous.
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Fig. 3. Electron diffraction pattern of a
SiO,/Au heteronanoparticle.

Therefore, the shell thickness has been de-
fined as the “effective thickness” deter-
mined as the ratio of the total volume of
gold nanoparticles to the core surface area.

The electron diffraction pattern of
Si0,/Au heteronanoparticles shown in Fig. 3
allows us to conclude that there is a poly-
crystalline gold coating with fcc lattice at
the amorphous SiO, surface.

The absorption spectra of the core-shell
nanoparticles have been interpreted using
the theory of light absorption and scatter-
ing by small particles [11]. The excitation
condition of surface plasmons in a thin
metal shell of a thickness d and dielectric
constant g5 formed at the surface of a small
spherical particle having dielectric constant
g1 (r is the core radius,: A, the exciting
wavelength, r << }) is

Ko+ 2(x + %x5) _o, (1)
where
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Fig. 4. Dependence of the optical absorption
maximum position for a heteronanoparticle
on the core diameter (D) ratio to the metal
shell thickness (d).
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According to the Drude-Lorentz model,
the dielectric function for a metal shell can
be presented as

2
02, ®
2 2

(&)
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(1)2 + l(l)ylc+ #
0)0 - 0° - l(D'Yb

gg(w) = g5|1 -

where Opf is the contribution to the plasmon
frequency due to free electrons; ®pps that
from the bound electrons of the metal; g,
the resonance frequency of the bound elec-
trons; Yt Voo the damping constants of the
free and bound electrons, respectively. The
solution of Eq.(1) taking into account (2) is
the frequency © = oy (Froehlich frequency)
that depends both on the volume ratio of
the whole spherical nanoparticle to the core
and on dielectric constants of the core and
shell materials and the surrounding me-
dium.

Assuming the contribution from bound
electrons to the metal dielectric constant to
be small as compared to that from free elec-
trons, the real and imaginary parts of the
metal shell, &'5(0p) &'9(wp), respectively,
can be presented as g'5(0p) =1 — (ogfz/(oRz +
19, &'9(0p) = 0,21/0g (0p* +74%), where
for gold, O pf = 1.3.1016 Hz, =
1.12.1015 Hz [12].
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Fig. 5. Absorption spectra (plasmon reso-
nance) for SiO,/Au heteronanoparticles with
the core diameter (nm): 40 (1), 115 (2), 350 (3).
Shell thickness 5 nm.
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Fig. 6. Absorption spectra of SiO,/Au hetero-
nanoparticles, SiO, diameter 40 nm, Au shell
thickness (nm): individual clusters (1), 5 (2), 7 (3).

Substituting the expressions for & and
€9'" into (2) and solving the Eq.(1) with re-
spect to mp, we obtain an analytical expres-
sion for as a function of the core and shell
sizes.

Fig. 4 presents the calculated dependence
of the absorption maximum position on the
dielectric core diameter ration to the metal
shell thickness.

The optical absorption spectra of colloid
solutions containing the obtained hetero-
nanoparticles having various dielectric core
diameters and the metal shell thickness
were studied. Fig. 5 shows the absorption
spectra of such solutions containing the
SiO5/Au  nanoparticles of 40, 115, and
350 nm in diameter at the effective shell
thickness of 5 nm. It is seen from the Fig-
ure, as the dielectric core diameter in-
creases, the metal shell thickness being the
same, the absorption maximum becomes
shifted towards longer wavelengths at a si-

Functional materials, 12, 2, 2005



N.A.Matveevskaya et al./ SiO2/Au core-shell ...

multaneous considerable broadening of the
absorption band.

Fig. 6 presents similar absorption spec-
tra for a constant dielectric core diameter
of 40 nm and various thickness of the Au
shell. As follows from the Figure, the ab-
sorption maximum position is defined by
the surface density of the gold metal clus-
ters on the core. The core size being the
same, the higher the surface density of
metal clusters is, the larger is the absorp-
tion maximum shift towards shorter wave-
lengths. As the effective thickness of the
gold shell increases up to 8 or 10 nm at the
small dielectric core diameter, the absorp-
tion maximum position becomes shifted into
the absorption region of colloidal gold par-
ticles. It is obvious that at a relatively
thick metal shell, the surface plasmons will
be excited at the metal/solution interface
and the effect of the small dielectric core on
the position of the plasmon resonance maxi-
mum for the heteronanoparticle will be in-
significant.

In Fig. 7, presented are the obtained ex-
perimental dependences of the plasmon
resonance maximum position on the SiO,
core diameter ratio to the shell thickness
for various core diameters at a constant
metal shell thickness (curve 1) and for vari-
ous shell thickness at a constant small
(40 nm) core diameter (curve 2). The plas-
mon resonance maximum position depend-
ence on the core diameter/shell thickness in
the first case is seen to be linear within the
studied wavelength range, thus agreeing
well with the theoretically calculated de-
pendence. In the second case (the same
small core size and varying shell thickness),
the above-mentioned dependence is linear,
too. The small dielectric core diameter pro-
vides the plasmon resonance maximum shift
even if the metal shell thickness is changed
insignificantly. The maximum position is
defined by the gold shell thickness.

Thus, the monodisperse spherical
nanoparticles of silica have been obtained
within a wide diameter range (40 to
500 nm) and an insignificant (<10 %) size
dispersion as well as SiOy/Au hetero-
nanoparticles of core-shell type with various
outer-to-inner diameter ratio. The dimen-
sional effects have been revealed in the ab-
sorption spectra of the heteronanoparticles.
The absorption maximum position (plasmon
resonance) is defined by the dielectric core
diameter/metal shell thickness ratio. As the
dielectric core diameter increases at a con-
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Fig. 7. Dependences of the plasmon resonance
maximum position on the core diameter (D)
ratio to the metal shell thickness (d): con-
stant d = 5 nm, D =40 to 350 nm (I); con-
stant D = 40 nm, d =1 to 10 nm (2).

stant metal shell thickness, the spectral
maximum position becomes shifted towards
longer wavelengths at a simultaneous con-
siderable broadening of the absorption
band. When the core size is small (<50 nm),
the plasmon resonance maximum position is
defined by the gold shell thickness. As the
effective thickness of the metal shell is in-
creased up to 7-10 nm, the absorption
maximum position is shifted into the ab-
sorption region of colloidal gold particles.
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Hanouactuaku aapo-o6oaonka SiO,/Au:
CHHTE3 Ta XapaKTePUCTHKH

H.A.Mamegeescvrka, O.B.Tormauwos, 10.1.I1a3opa,
I0.M.Caséin, C.B.Jyrxapos, B.Il.Cemunoixenxo

HaseneHo pesyJbTaTH 3 OJepP:KAaHHA IeTePOHAHOUYACTUHOK THUILY = dpPO-000JOHKA Ha OC-
HOBI MOHOHMCIIEpCHUX c(epuuHoi (PopMU HAHOUACTHUHOK AIOKCUIY KPEMHil0 Ta MeTaJeBOro
sojgora. MetogamMu KoJjoigHOl Ximil ofep:KaHO HAHOYACTHUHKM 3 PiBHMM [JiaMeTpOM [IiesIeKT-
PUYHOTO fAApa 1 TOBIIMHOIO MeTAjJeBOi 000JOHKN. BUBUEHO BIJINB CTPYKTYPU HAHOUYACTUHOK
Ha CIeKTpHu MorjaumHaHHA. [lokasaHo, IO BigHOIIEHHA AiaMeTpa AieJeKTPUUYHOrO Aapa I0
TOBIIIMHMU B0JI0TOI OOOJOHKM BHU3HAUAE IIOJIOKEHHS MaKCUMyMy B CIHEeKTpax MOTJIMHAHHSA
rereponanouactuHok SiO,/Au.
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