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ABSTRACT The intriguing optical and catalytic properties of metal —silica core—shell nanoparticles,
inherited from their plasmonic metallic cores together with the rich surface chemistry and increased stability
offered by their silica shells, have enabled a wide variety of applications. In this work, we investigate the confined
vibrational modes of a series of monodisperse Ag@5Si0, (cubic core) —shell nanospheres synthesized using a
modified Stober sol—gel method. The particle-size dependence of their mode frequencies has been mapped by
Brillouin light scattering, a powerful tool for probing hypersonic vibrations. Unlike the larger particles, the
observed spheroidal-like mode frequencies of the smaller ones do not scale with inverse diameter. Interestingly,
the onset of the deviation from this linearity occurs at a smaller particle size for higher-energy modes than for
lower-energy ones. Finite element simulations show that the mode displacement profiles of the Ag@Si0,
core—shells closely resemble those of a homogeneous Si0, sphere. Simulations have also been performed to
ascertain the effects that the core shape and the relative hardness of the core and shell materials have on the
vibrations of the core—shell as a whole. As the vibrational modes of a particle have a bearing on its thermal and
mechanical properties, the findings would be of value in designing core—shell nanostructures with customized
thermal and mechanical characteristics.

KEYWORDS: core—shells - vibrational modes - Brillouin light scattering - finite
element simulations - mode displacement profiles

ore—shell nanoparticles have gar-

nered intense interest due to their

unique properties that have en-
abled applications in diverse areas such as
catalysis, surface-enhanced Raman scatter-
ing (SERS), biosensing, bioimaging, and
drug delivery." ~'° Of particular interest are
core—shell nanostructures derived from
metal nanoparticles through coating with a
silica layer. This is because such hetero-
nanostructures have special catalytic, opti-
cal, and surface chemical properties derived
from their metallic and silica
components.®'° For instance, using
gold—silica core—shell nanoparticles, Li
et al. developed a new technique called
shell-isolated nanoparticle-enhanced Ra-
man spectroscopy which has a significantly
higher detection sensitivity than existing
surface- or tip-enhanced Raman spectrosco-
py.2 The growth of silica shells on metal
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nanoparticles can be achieved using an ap-
proach adapted from the Stober sol—gel
method.""'? The key to this synthetic route
is to attach a layer of functional ligands,
such as (3-aminopropyl)trimethoxysilane,
onto the metal nanoparticle surface fol-
lowed by hydrolysis of the —Si(OCHs);
groups to form the silica shell. Among the
various metals employed as core materials,
silver is of special significance in optical ap-
plications due to its strong surface plasmon
resonance (SPR).'>'*

However, most studies are confined to
core—shell structures with spherical sym-
metry, while research into core—shells of
other symmetries, such as those with fac-
eted cores, is scarce.”?'>"¢ Indeed, a major
impediment to research into such non-
spherical core—shells is the difficulty in syn-
thesizing high-quality monodisperse core
nanoparticles, especially those larger than
50 nm. However, due to their wide applica-
tions, recent years have seen the rapid de-
velopment of synthetic techniques for pro-
ducing nonspherical nanoparticles of
various symmetries such as cubes, octahe-
dra, triangular prisms, and other exotic
shapes.'>'*'7~21 For instance, the large-
scale synthesis of uniform-size silver
nanocubes has been achieved by Im et al.
following a polyol synthetic route."®

The confined acoustic vibrations of a
freely oscillating particle are restricted to a
set of discrete characteristic or eigenfre-
quencies. An understanding of these vibra-
tional modes of a particle is essential to the
calculation of its thermal properties such
as the specific heat due to phonons.?> While
much research has been undertaken on
the vibrational eigenmodes of single-
component nanoparticles, little informa-
tion is available on the eigenvibrations of
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hetero-nanoparticles.>> 22 This
is particularly so for core—shells
of nonspherical symmetry for
which, to our knowledge, no
study has been reported. Infor-
mation on the dependence of
core—shell eigenmodes on the
shape of the core, thickness of
the shell, and component materi-
als is of fundamental scientific
interest.

In this article, we report on
the first experimental study of
the eigenvibrations of core—shell nanoparticles with
nonspherical symmetry. For this study, monodisperse
nanostructures in the form of silver cubic cores encased
in silica spheres were fabricated using a modified St6-
ber sol—gel method for the first time. Brillouin light
scattering, a powerful probe of hypersonic vibrational
modes in the gigahertz range, was employed to map
the particle-size dependence of the eigenfrequencies
of a series of Ag@SiO, core—shells with a wide range of
shell thicknesses. To elucidate the nature of the ob-
served modes, numerical simulations based on the fi-
nite element approach were performed to determine
the frequencies and displacement profiles. Additionally,
to ascertain the influence of the material hardness of
the core and shell on the vibrational mode frequencies,
simulations were also carried out on the inverse struc-
ture, viz. SiO,@Ag core—shells. The influence of the
geometric shape of the core was also theoretically
investigated.

RESULTS AND DISCUSSION

Silver nanocubes, of edge length L = 76 nm, stabi-
lized with poly(vinylpyrrolidone) (PVP) were prepared
in ethylene glycol following the method developed by
Im et al.’® The resulting silver nanocubes were then
coated with silica using a modified procedure reported
by Graf et al.?® Briefly, an aqueous dispersion of the
nanocubes with PVP was transferred into ethanol fol-
lowed by mixing with water and ammonium hydrox-
ide (NH4OH). A solution of tetraethyl orthosilicate
[Si(OC;3Hs)4] in ethanol was then rapidly injected into
the mixture. By varying the amount of water and the re-
action time, core—shells with a wide range of silica
shell thicknesses were synthesized. Upon completion
of the growth of the silica shells, the particles were
washed with ethanol and water several times and redis-
persed in water.

A series of six aggregates of monodisperse Ag@SiO,
(cubic core)—shell nanospheres, with respective outer
diameters D = 148, 184, 204, 262, 392, and 802 nm,
were used in this study. It is to be noted that the mini-
mal possible outer core—shell diameter is 132 nm, the
body diagonal of the L = 76 nm cube, corresponding to
the case where the shell just covers the entire cubic

www.acsnano.org

‘— 100 nm .

Figure 1. (a) FESEM image of uncoated silver nanocubes of edge length L = 76 nm. (b,c) TEM
images of Ag@SiO, (cubic core)—shell nanospheres with respective diameters D = 184 and
802 nm.

‘ == 200 Nnm

core. Characterization by field emission scanning elec-
tron microscopy (FESEM) and transmission electron
microscopy (TEM) reveals that the nanoparticles are
monodisperse and their shapes well-defined, as shown
in Figure 1.

Prior to the Brillouin measurements, various aggre-
gates of loose core—shell nanoparticles were prepared
by eye dropping colloidal solutions of the nanoparticles
onto respective clean pieces of silicon wafers, followed
by vacuum drying at room temperature for several
hours. All Brillouin spectra were excited by the 514.5
nm radiation from an argon ion laser and recorded in
the 180° backscattering geometry using a 6-pass tan-
dem Fabry—Perot interferometer.

The Brillouin spectra of the core—shells, which are
generally well-resolved, feature several peaks. Repre-
sentative spectra, displayed in Figure 2a—c, show that

(d) Uncoated Ag cubes

10 20 30 40 10 20 30 40
_(b) Ag@sio, (e) Si0, spheres
D=184 nm D=140 nm

Intensity (arb. units)

(f) sio, spheres

D =790 nm‘

2 6 10 2 6 10
Frequency (GHz)

Figure 2. (a—c) Brillouin spectra of Ag@SiO, (cubic
core)—shell nanospheres with respective diameters D =
148, 184, and 802 nm. (d) Brillouin spectrum of uncoated
Ag nanocubes of edge length L = 76 nm. (e,f) Brillouin spec-
tra of homogeneous silica spheres with respective diam-
eters D = 140 and 790 nm. Experimental data are denoted
by dots. The spectra are fitted with Lorentzian functions
(dotted curves) and a background (dashed curves), while
the resultant fitted spectra are shown as solid curves.
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Figure 3. Dependence of measured frequencies of Brillouin
peaks, labeled as P1 to P6, of Ag@SiO, (cubic core)—shells on
their inverse diameters (1/D). Experimental data on the
core—shells are denoted by circular dots. Brillouin data, de-
noted by squares, on the uncoated Ag cubes of edge length
L = 76 nm are also plotted against 1/L. The dotted lines are
guides for the eye.

each spectrum can be fitted with up to six Lorentzian
peaks. The spectrum of the uncoated 76 nm silver
nanocubes, shown in Figure 2d, contains four peaks,
which were fitted with four Lorentzian curves. A com-
parison of Figure 2a and Figure 2d shows that the spec-
tral features of D = 148 nm Ag@SiO, core—shells and
those of uncoated silver nanocubes are different. This
indicates that the presence of even a thin SiO, shell (~8
nm thick, measured radially through a cube corner)
can significantly affect the eigenvibrations of the
nanocubes. It is noteworthy that the spectrum of the
D = 148 nm core—shells also radically differs from that
of solid homogeneous SiO, spheres with a similar size
of D = 140 nm, which features only one dominant peak
(Figure 2e). However, with increasing shell thickness,
the spectral features of the Ag@SiO, heterostructures
progressively resemble those of the homogeneous SiO,
spheres of similar sizes. This is evident from a compari-
son of Figure 2c and Figure 2f, which shows the respec-
tive spectra of the D = 802 nm core—shells and the
790 nm SiO, spheres.

The frequencies of the six Brillouin peaks, labeled
as P1, P2, P3, P4, P5, and P6, are plotted as a function
of inverse core—shell particle diameter in Figure 3. Also
displayed are the measured frequencies for the L = 76
nm bare silver cubes plotted against 1/L. Figure 3 re-
veals that as the size of the particles decreases from D
= 802 nm, the peak frequencies are blue-shifted. The
increase in the frequencies is steep for the larger par-
ticles but is more gradual for the smaller ones. It should
be noted that, as stated above, the minimal possible
core—shell diameter is 132 nm.

An earlier Brillouin study of homogeneous solid
SiO, nanospheres established that their observed
modes are spheroidal in nature, and that their eigenfre-
quencies are inversely proportional to their diam-
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Figure 4. Dependence of eigenmode frequencies of Ag@SiO,
(cubic core)—shell nanospheres on their inverse diameter.
Measured frequencies of Brillouin peaks are denoted by dots
whose size represents measurement errors. Numerically cal-
culated data are shown as dashed lines. The solid lines rep-
resent the theoretical frequencies of eigenmodes (n,/), based
on Lamb’s theory, of homogeneous SiO, spheres.

eters,>* confirming the theoretical prediction by
Lamb.3° In this theory, the modes are labeled by (n,/),
where | denotes the angular momentum and n denotes
the nth order solution for a given /. It is expected that
as the Ag@SiO, nanosphere becomes larger, the effect
of its fixed-sized core on the vibrational frequencies of
the nanosphere as a whole will diminish. In other words,
the larger core—shells will effectively behave as homo-
geneous solid SiO, nanospheres, as far as acoustic dy-
namics is concerned. Guided by this observation, we
decided to compare the measured size dependence of
the eigenfrequencies of the core—shells with the calcu-
lated size dependence of the eigenfrequencies v, of
homogeneous SiO, spheres, based on the Lamb theory.
The calculations were performed following the proce-
dure described in ref 25 and based on the respective
Young modulus, Poisson ratio, and mass density val-
ues of 29 GPa, 0.18 and 1.96 g/cm? (corresponding to
longitudinal and transverse sound velocities V| = 4009
m/s and V; = 2505 m/s, respectively) determined for
SiO, nanospheres.?> The calculated size dependences
of the eigenfrequencies for the modes of SiO, spheres,
labeled as (n = 1,1 = 2),(1,3), (1,4), (1,5), (1,6), and (1,7)
are shown as solid lines in Figure 4. It is to be noted
that the spectral peaks observed by scattering from
the core—shells are not assigned to the (n = 1,/ = 2-7)
spheroidal modes®'32 of a homogeneous SiO, sphere.

Figure 4 shows that the calculated size dependence
for the SiO, spheres (solid lines) is very close to the mea-
sured one for the larger Ag@SiO, core—shells. This ob-
servation, together with the similarity of the Brillouin
spectra of the large core—shells and those of SiO,
spheres of similar size, suggests that the observed
peaks from the larger core—shells arise from eigen-
modes which are spheroidal-like in character. Further,
it can be deduced from these observations that the
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presence of the L = 76 nm cores has a limited effect
on the vibrational mode frequencies of core—shells
when their size is much larger than that of the core.

To ascertain the acoustic dynamics of the core—shell
particles, their eigenvibrations were computed using a
numerical approach based on the finite element analy-
sis technique. The displacement field u(r,t) of an elastic
medium of density p(r) is given by the following equa-
tions which govern small displacements u; of an elastic
solid, and assuming the absence of body forces, can be
expressed as

du, au
SO Tk (1)
art o\ M ax

where Cy; and p are the stiffness tensor and material
density, respectively. The equations, with the imposi-
tion of the stress-free boundary condition at the par-
ticle surface, were solved numerically using COMSOL
Multiphysics*? to yield the frequencies and displace-
ment profiles of the eigenmodes.

In the numerical calculations, the same values of
the elastic parameters, used above to determine mode
frequencies of the silica sphere, were used for the silica
shells.?® In the case of the silver cores, the respective
values of the Young’s modulus, Poisson ratio, and den-
sity of 43 GPa, 0.43, and 10.5 g/cm? (corresponding to
longitudinal and transverse sound velocities V| = 3415
m/s and Vr = 1196 m/s, respectively), taken from ref 17,
were used. Identification of the eigenmodes of the
core—shells was carried out in the following way. The
eigenmodes of the largest core—shell (D = 802 nm)
were first calculated numerically. The resulting eigenfre-
quencies and displacement profiles were found to be
very similar to those of the modes of a homogeneous
SiO, sphere with the same diameter, which were also
numerically computed. The six core—shell modes,
whose frequencies and profiles match those of the
(1,2) to (1,7) spheroidal modes of the SiO, sphere, were
then identified as those giving rise to the six observed
P1—P6 peaks of the core—shell. Hence, the observed
modes of the core—shell are indeed spheroidal-like in
nature. Figure 5 depicts the simulated profiles of the six
spheroidal-like modes of the 802 nm core—shell. Eigen-
modes of core—shells of other sizes were also numeri-
cally computed. Their P1—P6 modes were identified by
comparing their profiles with the corresponding pro-
files of the 802 nm core—shell. The resulting eigenfre-
quencies are presented as dashed curves in Figure 4,
which reveals that the simulated data accord very well
with the Brillouin measurements. It is noteworthy that
the displacement profiles of the particle with the thin-
nest shell (D = 148 nm) are very similar in resemblance
to those of the 802 nm one.

It is evident that for the larger Ag@SiO, particles,
the peak frequencies scale with inverse diameter (i.e., v
o« D7), while the smaller ones exhibit a deviation from
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Figure 5. Simulated displacement profiles of the various
spheroidal-like vibrational modes of the D = 802 nm
Ag@SiO; (cubic core)—shell nanospheres. The profiles are
similar to those of the spheroidal modes of a homogeneous
SiO, nanosphere, with respective angular momenta | = 2—7
for n = 1, corresponding to Brillouin peaks P1—P6 in Figure
3. The displacement magnitudes are color-coded, with red
denoting the maximal value.

this linear relationship. This deviation occurs for par-
ticles with diameters D < 250 nm (i.e, D' > 4 pm™").
Interestingly, the diameter at which the onset of the de-
viation occurs, Dy, is dependent on vibrational mode,
decreasing with increasing mode energy. This can be
explained qualitatively as follows. The displacement
amplitudes of the higher-frequency vibrational modes
are small, while those of the lower-frequency ones are
larger. Hence, the vibrational energy of the former
modes is expected to be confined mainly within the re-
gion below the surface of the core—shell sphere. In con-
trast, the lower-frequency modes have an energy dis-
tributed over a greater depth below the surface and are
thus more sensitive to the presence of the core. It fol-
lows then that Dy is larger for lower-frequency than for
higher-frequency modes. This is an interesting phe-
nomenon which warrants further theoretical
investigation.

It would be of interest to explore the effects that
the hardness of the component materials and the geo-
metric shape of the core have on the vibrational mode
frequencies of the core—shell structure. The influence
of the material hardness is first investigated by carrying
out simulations on the corresponding inverse
core—shells, viz. SiO,@Ag (cubic core)—shell nano-
spheres. Employing the above simulation procedure
and material parameters for silver and silica, the respec-
tive frequencies of the lowest-energy spheroidal-like
mode of the inverse core—shell and the lowest-energy
(1,2) spheroidal mode of the homogeneous Ag nano-
sphere were calculated. The results are plotted as a
function of inverse particle diameter (up to 1/D = 6.76
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Figure 6. Theoretical eigenmode frequencies of various
nanoparticles as a function of inverse diameter. The six
curves represent respective data for the (1,2) spheroidal
modes of homogeneous SiO, spheres (solid violet line, A)
and homogeneous Ag spheres (solid red line, A’); the lowest-
energy spheroidal-like modes of Ag@SiO, spheres with a
spherical core (dotted green line, B) or a cubic core (dashed
pink line, C); the lowest-energy spheroidal-like modes of
SiO,@Ag spheres with a spherical core (dotted orange line,
B’) or a cubic core (dashed blue line, C’). The cubic core
(edge length = 76 nm) and the spherical core (diameter =
94.3 nm) have the same volume. The inset shows the com-
plete calculated size dependence of the vibrational mode
frequencies of the six series of particles.

pm~', corresponding to our smallest D = 148 nm) and
shown respectively as C' and A’ in Figure 6.

Like the Ag@SiO, (cubic core)—shell nanospheres
(Q), the eigenfrequencies of their inverse core—shells
scale with D' for the larger particles and deviate from
this linear relationship for the smaller ones. However, in-
stead of bending downward away from the linear line
representing the (1,2) eigenmode of the SiO, homoge-
neous sphere (A), the “v vs D™ curve of the inverse par-
ticles (C') bends upward away from the linear line rep-
resenting the (1,2) eigenmode of the Ag homogeneous
sphere (A’). This can be understood from the fact that,
as silica is harder than silver, the mode frequency of a
silica particle is generally higher than that of a silver one
of the same size and shape. It is noteworthy that the fre-
quency deviation from linearity at 1/D = 6.76 pm ™' is
40% for the direct core—shell, while it is only 6% for its
inverse counterpart. This implies that, for a core—shell
nanosphere comprising two given materials, a core
composed of the softer material will have a stronger in-
fluence on the vibrational frequencies than one made
of the harder material.

) VOL. 4 = NO.12 = SUN ET AL.

The effect of geometric shape was next investi-
gated by considering Ag@SiO, and SiO,@Ag nano-
spheres with a spherical core. The diameter of the core
was set at d = 94.3 nm, so that it has the same volume
as the L = 76 nm cubic core (L* = wd*/6). The simu-
lated size dependences of the lowest-energy mode fre-
quencies of these Ag@SiO, and SiO,@Ag structures are
presented as B and B’, respectively, in Figure 6. Similar
to the case of (cubic core)—shell nanospheres, the cal-
culated eigenfrequencies of these spherical structures
deviate from the “v « D™ linear relationship, for the
smaller-sized structures. Our theoretical findings are
borne out by the experimental data obtained by Still
et al. in their studies of SiO,@PMMA (hard core—soft
shell)*” and polystyrene@SiO, (soft core—hard shell)*®
spherical particles. Additionally, it is evident from Figure
6 that the deviation from linearity is less pronounced
for particles with a spherical core than those with a cu-
bic one (C and C'). This suggests that, for a core—shell
composed of two given materials, a cubic core will have
a greater impact on the core—shell vibrations than a
spherical one, regardless of whether the core is com-
posed of the harder or softer material.

CONCLUSIONS

In summary, high-quality monodisperse
core—shells, in the form of 76 nm silver cubes encased
in silica nanospheres, have been fabricated by a modi-
fied Stober sol—gel method. The vibrational modes of
these core—shell particles were investigated using Bril-
louin light scattering. The frequencies of the observed
modes, which were ascertained to be spheroidal-like in
nature, were measured as a function of particle size.
For the larger particles, the mode frequencies were
found to scale with inverse diameter, but deviation
from this linear relationship was observed for the
smaller particles. Interestingly, the onset of this devia-
tion occurs at a smaller particle size for higher-energy
modes than for lower-energy ones. Finite element
simulations reveal that the mode displacement profiles
of the Ag@SiO, (cubic core)—shells closely resemble
those of a homogeneous silica sphere. The experimen-
tal results were well reproduced by numerical calcula-
tions based on the finite element approach. Our simu-
lations hint that, for a core—shell nanosphere of two
given materials, a core composed of the softer material
will have a stronger influence on the vibrational fre-
quencies of the core—shell than a core made of the
harder material. Additionally, a cubic core will have a
greater impact on the core—shell vibrations than a
spherical one, regardless of whether the core is made
of the harder or softer material. As the thermal and me-
chanical properties of a particle are related to its vibra-
tional modes, these findings would be of value in tailor-
ing core—shell nanostructures with desired thermal
and mechanical characteristics.
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MATERIALS AND METHODS

Materials. Ethylene glycol (EG, Sigma-Aldrich), silver nitrate
(AgNO;, Sigma-Aldrich), poly(vinylpyrrolidone) (PVP, MW =
55 000, Sigma-Aldrich), hydrochloric acid (HCI, 37%, Merck), eth-
anol (C,HsOH, Merck), tetraethyl orthosilicate (Si(OC;Hs),, Sigma-
Aldrich), and ammonium hydroxide (NH,OH, Sigma-Aldrich)
were used as received, and 18.2 M() - cm ultrapure water was
used throughout the fabrication process.

Synthesis of Ag Nanocubes. In a typical synthesis, a glass vial con-
taining 10 mL of EG was placed in an oil bath heated at 140 °C
under stirring for 1 h. Then, 2.1 mL of HCl solution (3 mM, in EG)
was then injected rapidly into the mixture. After 10 min, 6 mL
of AgNO; (94 mM, in EG) and 6 mL of PVP (147 mM, in EG) were
simultaneously pumped into the vial by using a two-channel sy-
ringe pump at a rate of 36 mL/h. The reaction vial was then
capped and heated at 140 °C for 27.5 h, after which the prod-
uct was washed with acetone and water several times to remove
excess EG and PVP. The Ag nanocubes were finally redispersed
in 16 mL of H,0.

Synthesis of Ag@Si0, Core —Shell Nanoparticles. In a typical proce-
dure, 0.1 mL of as-prepared Ag nanocubes, 1.077 mL of 85.5
mM PVP solution, and 0.9 mL of H,0 were stirred vigorously in
a glass vial for 12 h. The solution was then washed with H,0 once
to remove excess PVP in the solution and then transferred into
ethanol. Subsequently, appropriate amounts of H,O and 45 pL of
ammonium hydroxide (NH,OH) were mixed with the reactant so-
lution. A mixture of 70 L of Si(OC,Hs), and 200 L of ethanol
was then rapidly injected into the reactant mixture. The reaction
was stopped at desired reaction times, and the resulting
core—shell nanoparticles were washed with ethanol and water.
The concentrations of the reactants and reaction times are listed
in Table 1. Finally, the Ag@SiO, nanoparticles were redispersed
in water.

TABLE 1.
reaction
core—shell time
diameter (nm) [NH,0H] (M) [H,01 (M) [Si(0C,H5),] (M) (min)
148 0.97 8.7 0.26 5
184 0.97 8.71 0.26 10
204 0.97 8.71 0.26 240
262 0.97 5.45 0.26 240
392 0.97 6.39 0.26 240
802° 0.97 8.71 0.26 10; 120

“The coating step was performed twice for this sample.

Brillouin Light Scattering. All Brillouin measurements were per-
formed at room temperature in the 180° backscattering geom-
etry using a JRS Scientific Instruments (3 + 3)-pass tandem
Fabry—Perot interferometer (FPI), of finesse about 120, equipped
with a PerkinElImer SPCM-AQR-16 single photon counting (sili-
con avalanche diode) module. The 514.5 nm radiation of a Spec-
tra Physics 2080—15S argon ion laser, operating in single mode,
was used to excite the spectra. The power incident on the
samples was of the order of a few milliwatts, and the data accu-
mulation time for each spectrum ranges from 2 to 10 h.
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of Education Singapore, under Grants R-144-000-185-112 and
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