
How Far Can We Probe by SERS?
Gayatri Kumari, Jyothirmayee Kandula, and Chandrabhas Narayana*

Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur P.O., Bangalore 560064,
India

*S Supporting Information

ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) has gained para-
mount importance in the recent past due to its widespread applications in
biodetection, monitoring chemical reactions, small molecule protein interactions,
etc. It is believed that SERS is a distance-dependent phenomenon and is effective
within 1 nm from the nanoparticle surface. In this work, we have investigated this
distance dependence of SERS as a function of nanoparticle size. Earlier attempts
have made use of flexible separators, like DNA and chemical molecules, between
nanoparticle and analyte to vary the distance. We have used silica coating to vary
the distance, without ambiguity, of the analyte from the silver nanoparticle surface.
Our results suggest that SERS is observed up to a distance of 1 nm for 20 nm
silver nanoparticles juxtaposed to 5 nm in the case of 90 nm silver nanoparticles.
This is due to large scattering cross sections and increased radiative damping in
the case of the larger nanoparticles. This study gives direct correlation between
the size of nanoparticles and distance probed through SERS which would aid in designing nanoparticle system for various
applications and analytes in the future.

Surface-enhanced Raman spectroscopy (SERS) is the
enhancement of Raman signal of molecules present in

the vicinity of intense electric field created near a plasmonic
nanostructure excited by electromagnetic radiation. The
enhancement is due to increased number of photons being
scattered by the molecule attributed to higher electric field in
the proximity of the nanoparticles (electromagnetic enhance-
ment) and/or due to charge transfer between the molecule and
the metal nanoparticles leading to redistribution of molecular
energy levels across the Fermi level (chemical enhance-
ment).1−4 Since its inception, there have been numerous
works on developing metal nanostructures5−8 yielding
consistently high SERS enhancement factor, rendering them
widely applicable for studying chemical dynamics,9 single
molecule detection,10−12 single molecule dynamics,13 DNA
detection,14 investigating conformational changes in pro-
tein,15,16 glucose sensing, and many more.17 The proximity of
the analyte to the nanoparticle surface plays a predominant role
in all the applications. It is believed that SERS can be effectively
obtained from molecules lying within 1 nm of the nanoparticle
surface since the electric field intensity drops by a factor of 1/
d12 with distance.18 This would substantially affect the SERS
signal from larger systems (>1 nm) such as proteins and other
macromolecules.
The intense electric field near nanoparticles is due to the

excitation of surface plasmons. Free electrons in conduction
band of metal nanoparticles can be collectively excited and are
confined within the nanoparticle. Once excited, the surface
plasmons can decay either radiatively or nonradiatively.
Theoretical modeling shows that 20 nm gold nanoparticles
are weak scatterers as the surface plasmon damping is mainly

governed by energy dissipation via nonradiative processes like
electron−electron, electron−phonon, or electron-defect scatter-
ing processes while larger gold nanoparticles are strong
scatterers as plasmon damping is mainly via the radiative
process.19−21 This means that smaller nanoparticles are weak
SERS enhancers in comparison to the larger nanoparticles. It
has been shown experimentally that the enhancement factor
increases as the nanoparticle size is increased up to a certain
limit and thereafter starts decreasing.22−24 The electric dipole
field decays as 1/d3, and the plasmonic field decays even more
rapidly as 1/d12, meaning that there will be no SERS
enhancement at large distances. The dipolar field is directly
proportional to the size of the nanoparticles and the
concentration of surface free electron. Hence, to increase the
electric field surrounding the nanoparticles, we can increase the
size of the nanoparticle and/or increase the charge q by
choosing a metal with higher surface free electrons. This
implies that the size of nanoparticles plays a vital role in
controlling far field enhancement. Recently, nanostructures
with 1 nm interior gap have been shown to yield high SERS
enhancement factors by Lim et al.25 Further, modulating
interparticle gap in hybrid nanostructures to achieve higher
Raman signal have also been reported. Li et al. showed SERS
signal decay up to a distance of 20 nm in SHINERS
particles,26,27 while Qin et al. showed highest SERS signal in
30 nm gap between 120 nm nanodisks.28 Shanthil et al. also
showed that the enhancement was higher when the separation
between 60 nm silver dimer particles are less than 15 nm.29
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While most of the distance-dependent SERS studies are based
on single particle size, the result cannot be extrapolated to
particles of either smaller or larger sizes. Second, these studies
were performed on film or planar substrates. The results may
differ from those of colloids in the solution which are primarily
employed to study biomolecules wherein charge neutralization
and nanoparticle aggregation play a crucial role.
The subject of distant SERS enhancement in colloidal metal

nanoparticles of different sizes is still unexplored. In this work
we have investigated the role of size of nanoparticles on
distance dependence of SERS. Noble metals like copper, silver,
and gold are among the best SERS enhancers in the visible
region known so far. Among them, silver is the most efficient
material as the real part of its dielectric constant is close to −2
in the near-UV while its imaginary part is small, making it the
most competent material for surface plasmon excitation as well
as SERS.30 So, we have chosen silver nanoparticles for the
present studies. Silver nanoparticles in the size regime of 20−
100 nm were synthesized by seed-mediated growth. This
approach yields homogeneous nanoparticles which are of
utmost importance for this study. For distance-dependent
studies, each nanoparticle was coated by thin silica shell of
varying thickness. Silica shell prevents direct contact between
the analyte molecule and the nanoparticle, thus ensuring
enhancement only by electromagnetic mechanism. This is also
important when we are using silver nanoparticle for SERS as
(a) silver’s antibacterial properties could make it difficult for in
vivo studies of biological samples when used as bare
nanoparticles and (b) effect of nanoparticles on the analyte
properties, namely, proteins is avoided. The challenge in such a
study was preparing controlled SiO2 coating on nanoparticles,
especially coatings of less than 5 nm for bigger nanoparticles.
Finally, SERS signal of rhodamine 6G was used to evaluate the
distance dependence of the nanoparticles.
Gold nanoparticles of size 12 nm were prepared by the Lee−

Meisel method and used as seed for preparation of silver
nanoparticles.31 Silver was reduced by ascorbic acid and capped
with sodium citrate. This method yields spherical Au@Ag
nanoparticles with a narrow size distribution which is generally
difficult to obtain by conventional method of preparation of
silver nanoparticles (i.e., reduction of silver salt in the presence
of capping agent). To get different sizes of Au@Ag nano-
particles, the ratio of seed nanoparticles to that of silver nitrate
was varied. All the silver nanoparticles are citrate capped and
hence are negatively charged at pH 7. Figure 1 shows the
extinction spectra of silver nanoparticles of size 20 nm (blue),
30 nm (pink), 45 nm (green), 66 nm (purple), 75 nm (sky
blue), and 90 nm (red) with the surface plasmon resonances
(SPR) occurring at values 392, 401, 412, 433, 439, and 460 nm,
respectively. Interestingly, bigger nanoparticles also show
higher quadrupole mode around 390 nm, attributable to
varying electric field across the nanoparticle.21 Since the
extinction spectrum does not show any plasmon peak
corresponding to the gold core, we will be referring Au@Ag
nanoparticles as the silver nanoparticles. The systematic
increase observed in the SPR position and the line widths
with silver nanoparticle size are attributed to the retardation
effects and increase in radiation damping, respectively.19,21

Plasmon damping is chiefly governed by nonradiative processes
for smaller nanoparticles whereas for larger particles it is
governed by radiative processes making them strong
scatterers.20 Further, it is also known that as the size increases,
the fraction of scattering in the extinction increases, making

larger nanoparticles better scatterers than smaller nano-
particles.19,32 Additionally, heterogeneity in size, shape, and
interaction with surrounding matrix is also known to contribute
toward plasmon broadening.33 TEM image and particle size
distribution (Figures S1 and S2, Supporting Information)
clearly show the smaller nanoparticles to be homogeneous and
larger nanoparticles to be heterogeneous.
Distance-dependent SERS studies necessitate the presence of

spacer between the silver surface and the analyte molecules.
Many such spacers have been employed in the past, such as
double-stranded DNA,34 thio−methylene spacers,35 polymer
coating (poly(ethylene glycol) or polystyrenesulfonate/poly-
(diallydimethylammonium hydroxide)),36,37 silica or alumina
coating, etc.26,29 Each method has its own limitations. Polymer
coating yields strong SERS signal of polymer itself while
flexibility of DNA chain spacer may yield inaccurate distances.
Dielectric coating or silica coating in particular is one of the
best ways to maintain distance between silver nanoparticles and
analyte molecules in order to monitor the distance dependence
in SERS while keeping the environment biocompatible. Our
method of thin layer silica coating on smaller nanoparticles
(Ag20, Ag30, Ag45, and Ag66) was based on an earlier report
by Mulvaney et al.38 Since the procedure was not suitable for
larger nanoparticles, an alternative approach based on the
reports of Li et al. and Ung et al. was followed for Ag75 and
Ag90 nanoparticles.26,39 Prior to silica coating, silver nano-
particle surface was functionalized with 3-aminopropyl-
triethoxysilane or trimethoxysilane. The silica shell was grown
using a very low concentration of sodium silicate solution in
water. It is known that the silica shell growth is highly
dependent on the pH of the solution. At pH 12−14, thick silica
shell forms while thin shell formation occurs at pH 9−10.39 In
order to achieve thin silica coating, the pH of sodium silicate
solution was reduced to pH 10 by addition of hydrochloric acid
or orthophosphoric acid. In addition, silica shell growth is also a
function of aging time and temperature. The shell grows slowly
at room temperature as the silica condensation reaction rate is
low, but the reaction rate increases manyfold as the
temperature is raised to 90 °C.26 The silica shell thickness is
increased by aging the solution at 90 °C. To halt the growth
process, the reaction is quenched by putting the reaction
mixture in an ice bath as reported in previous literature.26

Table 1 shows the silver nanoparticle name indicating the
silver core size and silica shell thickness. Figures 2−7 show the

Figure 1. Extinction spectra of silver nanoparticles of size 20 nm
(blue), 30 nm (pink), 45 nm (green), 66 nm (purple), 75 nm (sky
blue), and 90 nm (red). The arrow shows the appearance of
quadrupole mode in larger nanoparticles (Ag75 and Ag90).
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extinction spectra of Ag@SiO2 nanoparticles with 2−5 nm silica
coating followed by their TEM images (also see Figures S3−S7,
Supporting Information). From the UV−vis spectra, it is
observed that the SPR changes only by a few nanometers (∼1
nm) on thin silica coating and is attributed to increase in
refractive index of surrounding silica material. It has been
shown earlier that the SPR shifts by only 1 nm for thin polymer
coating on metal nanoparticles, which conforms with our
observation.40 Thin silica coating on silver nanoparticles is a
challenge in itself. Citrate-capped silver nanoparticles are
negatively charged, and it is the electrostatic repulsion between
the negative charges which prevents the nanoparticle from
coalescing. Surface functionalization by APTES/APTMS leads
to charge neutralization, resulting in nanoparticle aggregation.
To prevent aggregation, a minimum silica coating of 2−4 nm
should occur. The synthesis method was optimized to get thin
silica coating without aggregation of nanoparticles; never-
theless, we did observe aggregation in the smaller nanoparticles.
Further, thin silica coating always yields a range of silica shell
thickness. A single particle could also have a variation of ∼1 nm
in shell thickness (see Figure 3c). Incidentally, silica coating on
the larger nanoparticles was more uniform and had a narrow
distribution in comparison to smaller nanoparticles. TEM
images in Figures 5, 6, and 7 also show uniform coating on
Ag66, Ag75, and Ag90 nanoparticles while that of Ag30@SiO2
showed coalesced particles although no aggregation peak was
seen in the extinction spectra, suggesting that the particles
could have aggregated on copper grid used for TEM imaging.
SERS Studies. It is generally believed that SERS primarily

occurs within ∼1 nm from the nanoparticle surface. In order to

prove that the “limit on proximity to the surface” is a function
of particle size, SERS of Rhodamine 6G (R6G) was performed
on silver nanoparticles of different sizes precoated with variable
silica shell thickness. It is well-known that R6G shows surface-
enhanced resonant Raman (SERRS) on being excited by a 532
nm laser. Since resonance will not be affecting our conclusion
but help in detecting signal at lower concentration, we have
used R6G. Figure S8 shows the SERS spectra of 10−5 M R6G
with 30, 45, 66, 75, and 90 nm silica coated silver nanoparticles.
It is observed that there is variation in SERS intensity of R6G.
The intensity variation could be due to multiple reasons such as
formation of hot spots resulting from aggregation of nano-
particles, plasmon coupling, and formation of new plasmon
peaks as a consequence of aggregate formation, etc. Further, the
enhancement factor was found to be of the order of 103−104
for all the nanoparticles; however, their absolute values were
different. The SERS signal intensity decayed exponentially for
all the Ag nanoparticles and has been plotted in Figure 8. 20

Table 1. Nanoparticle Name and the Associated Core
Particle Size as Well as the Silica Shell Thickness

nanoparticle
name

Au@Ag core particle size
(nm)

silica shell thickness
(nm)

Ag20@SiO2_1 20 2.0
Ag30@SiO2_1 30 2.6
Ag30@SiO2_2 30 2.8
Ag45@SiO2_1 45 2.2
Ag45@SiO2_2 45 3.3
Ag66@SiO2_1 66 3.2
Ag66@SiO2_2 66 4
Ag66@SiO2_3 66 4.2
Ag75@SiO2_1 75 2.4
Ag75@SiO2_2 75 2.8
Ag75@SiO2_3 75 4.4
Ag90@SiO2_1 90 2.6
Ag90@SiO2_2 90 3.4
Ag90@SiO2_3 90 5.0

Figure 2. (a) UV−vis spectra of Ag20 and Ag20@SiO2_1. (b) TEM
image of Ag20@SiO2_1.

Figure 3. (a) UV−vis spectra of Ag30 and Ag30@SiO2. TEM image of
(b) Ag30@SiO2_1 and (c) Ag30@SiO2_2.

Figure 4. (a) UV−vis spectra of Ag45 and Ag45@SiO2. TEM image of
(b) Ag45@SiO2_1 and (c) Ag45@SiO2_2.
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nm Ag nanoparticles having 2 nm silica shell did not show any
SERS signal of R6G while for larger nanoparticles it is observed

that the signal intensity decreases as the silica shell thickness
increases due to increase in the distance between the analyte

Figure 5. (a) UV−vis spectra of Ag66 and Ag66@SiO2. TEM image of (b) Ag66@SiO2_1, (c) Ag66@SiO2_2, and (d) Ag66@SiO2_3.

Figure 6. (a) UV−vis spectra of Ag75 and Ag75@SiO2. TEM image of (b) Ag75@SiO2_1, (c) Ag75@SiO2_2, and (d) Ag75@SiO2_3.

Figure 7. (a) UV−vis spectra of Ag90 and Ag90@SiO2. TEM image of (b) Ag90@SiO2_1, (c) Ag90@SiO2_2, and (d) Ag90@SiO2_3.

Figure 8. Normalized SERS intensity of 611 cm−1 peak of R6G (10−5 M) as a function of silica shell thickness for (a) 20, (b) 30, (c) 45, (d) 66, (e)
75, and (f) 90 nm silver nanoparticles. The black dotted line is the guide to the eye.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b07556
J. Phys. Chem. C 2015, 119, 20057−20064

20060

http://dx.doi.org/10.1021/acs.jpcc.5b07556


and silver nanoparticle surface. The intensity of C−C−C in-
plane ring bending mode at 611 cm−1, a signature peak with
sharp feature of R6G, was chosen for determining the SERS
intensity as a function of distance.41,42 Further, the decrease in
SERS signal with the increase in distance from the nanoparticle
is also indicative of the nonporous nature of silica shell.
For a monolayer of molecule on the nanoparticle surface,

SERS intensity decays as (1 + r/d)10, where r is the radius of
curvature of roughness and d is the distance of molecule from
the surface.43 For 10−5 M concentration of R6G chosen in the
present work, there is a possibility of multilayer formation on
the nanoparticle surface. Hence, the intensity decay does not fit
into the above equation. Second, due to the experimental
limitation on precisely controlling the silica thickness in the
aqueous medium, we could not have many data points to fit
into this equation. Empirically, the decay in the SERS intensity
is much sharper than what has been reported.43

To demonstrate that the “accessible distance”, i.e., the
distance d from the nanoparticle surface up to which SERS can
be observed is a function of nanoparticle size, we have plotted
distance d which is nothing but the silica shell thickness
(obtained from Figure 8) against silver nanoparticle size in
Figure 9. It is noticed that for 30 nm nanoparticle SERS was

observed until a distance of 2.8 nm (which is the thickness of
silica shell), while for 45 nm particles, SERS could be recorded
as far as 3.2 nm. The farthest point which could be probed
increased to 4.4 nm for 75 nm particles. Interestingly, for 90 nm
Ag nanoparticles, SERS was observed up to 5 nm from the

nanoparticle surface. Here, it must be noted that the accessible
distance will not continue to rise with the particle size but
would start decreasing after ∼100 nm because nanoparticles
larger than 100 nm are not efficient SERS enhancers.22

To explain the experimental observation, near field intensity
of silica-coated silver nanoparticles was calculated using the
finite difference time domain method (FDTD). The electro-
magnetic wave polarized along x-direction was incident from y-
direction onto the nanoparticles as shown in Figure 10. In
order to accurately calculate the electric field, smaller mesh size
of 0.25 nm was chosen for Ag20 and relatively larger grid size of
0.5 nm was chosen for Ag90 nanoparticles. Perfectly matched
layer (PML) boundaries were chosen as they absorb the light
entering them. Figure 10 shows the calculated electric field
distribution in the vicinity of the nanoparticles on being excited
with 532 nm light source. From the FDTD simulations it was
observed that the electric field decay is faster for smaller
nanoparticles and slows down as the particle size increases. The
electric field at a distance of 5 nm from Ag90 nanoparticles was
higher, 2.32 V/m in comparison to a value of 1.85 V/m
calculated for Ag20 nanoparticles. The field intensity (|E|2) will
thus be even larger for larger nanoparticles in comparison to
smaller nanoparticles. SERS is proportional to |E|4 wherein not
only the incident laser field but the scattered field is also
enhanced. Thus, the net enhancement for Ag90 nanoparticles
will be very large in comparison the Ag20 nanoparticles.
Another feature to be noticed from Figure 10 is the distorted
electric field lobe for Ag90 nanoparticles. This is attributed to
the presence of varying electric field across larger nanoparticle
giving rise to quadrupole mode. The electric field intensity at a
distance of 5 nm from all the nanoparticle sizes was calculated
by making silica shell thickness of 5 nm. This field is plotted in
Supporting Information Figure S9. It can be clearly seen that
the field intensity is highest for Ag90 nanoparticles and shows a
gradual increase with the size of nanoparticle thus confirming
our experimental observation.
In conclusion, we have shown that the accessible distance up

to which SERS is observed is strongly dependent on the size of
the nanoparticle. This inference was arrived at based on
systematic study on Au@Ag@SiO2 nanoparticles of different
Au@Ag core size and silica shell thickness. We could illustrate
that the Raman signal can be enhanced even at a distance of 5
nm from the colloidal nanoparticles of 90 nm size, hitherto
never demonstrated. Hence, by tuning the Au@Ag nanoparticle
size, not only surface modes but other modes of molecules

Figure 9. SERS accessible distance as a function Ag nanoparticles size.
The black dotted line is the guide to the eye.

Figure 10. FDTD analysis showing electric field distribution on (a) Ag20 having 5 nm silica shell thickness and (b) Ag90@SiO2 with 5 nm silica
shell thickness. The red arrow shows the direction of incident field along with its polarization direction. The scale runs from −25 to 25 nm in (a) and
−85 to 85 nm in (b) on both axes.
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which are not in proximity of nanoparticle can also be obtained.
Thus, the statement that SERS occurs for molecule at 1 nm
from the nanoparticle surface is true only for smaller and
isolated nanoparticles bearing a monolayer of molecule. Since
most biomolecular studies are conducted in aqueous medium
where it is difficult to have control on monolayer formation and
nanoparticle aggregation, we need to critically choose the size
of nanoparticle which can give the best information. This result
will be helpful in selecting the nanoparticle size depending on
the size of analyte system. For instance, SERS studies of
macromolecules, polymers, or proteins using larger nano-
particles (90 nm) can give better information in comparison to
that obtained using smaller nanoparticles, as the vibrational
modes buried deep inside proteins will also be electromagneti-
cally enhanced and may appear in SERS spectrum except when
it is forbidden due to the selection rules.

■ EXPERIMENTAL METHODS
Chemicals. HAuCl4 (Spectrochem, India), sodium citrate

(Sigma-Aldrich), silver nitrate (Sigma-Aldrich), ascorbic acid
(Rankem), 3-aminopropyltriethosysilane (APTES, Merck), 3-
aminopropyltrimethoxysilane (APTMS, Sigma-Aldrich), etha-
nol (Commercial Alcohols, AR), sodium silicate (27% in water,
Sigma-Aldrich), sodium hydroxide (Merck), orthophosphoric
acid (S D Fine-Chem Limited), and hydrochloric acid (S D
Fine-Chem Limited). For all the synthesis Milli-Q water was
used, and the glasswares were thoroughly washed before use.
Active Silica.38 72 μL of 27% sodium silicate was added to

3.528 mL of water in a beaker. In another beaker, 0.6 g of
NaOH was added to 5 mL of water. The two solutions were
mixed to form active silica.
Sodium Silicate Solution (for Ag75).26 200 μL of sodium

silicate solution was added to 2 mL of water. To this, 6 mL of
0.01 M HCl solution was added with fast stirring. Further, 1.8
mL of water was added to make 0.54% solution of sodium
silicate with a pH of 10. The solution was freshly prepared
before use.
Sodium Silicate Solution (for Ag90).26 30 μL of

orthophosphoric acid was added to 20 mL of water in a
beaker to make 22 mM solution. In another beaker 500 μL of
sodium silicate was added to 5 mL of water. 15 mL of 22 mM
orthophosphoric acid solution was added to sodium silicate
solution. The solution was freshly prepared before use.
Synthesis of Gold Seed by the Lee−Meisel Method.

Gold nanoparticles of size 12 nm were prepared via the Lee−
Meisel method.31 Briefly, 48 mg of HAuCl4 was added to 100
mL of water and brought to boiling. 10 mL of 1% sodium
citrate was added, and the solution was further boiled for 1 h.
Growth of Silver over Gold Seed. To obtain silver

nanoparticles of uniform size, seed mediated growth approach
reported for by Uzayisenga et al. was adopted.44 The synthesis
protocol was further optimized to obtain even bigger silver
nanoparticles by varying the ratio of Au seed to silver salt.
Breifly, gold nanoparticle was diluted with Milli-Q water
followed by addition of sodium citrate (1% solution in water)
and ascorbic acid (10 mM) as given in the Supporting
Information Table S1. The mixture was stirred for 5 min, after
which silver nitrate (10 mM in water) solution was added
dropwise and aged at 100 °C for 2 h.
Thin Silica Coating. The silica coating procedures reported

in the literature can be categorized into two categories. The first
one is based on Stober’s method which describes the coating
using tetraethyl orthosilicate (TEOS) in ethanol or propanol−

water mixture. The second synthesis was developed by Liz-
Marzaǹ and Paul Mulvaney using sodium silicate solution.38,39

Apparently, Stober’s method can be best applied for thick silica
coating of tens of nanometers of silica, while the second
method is suited for thin layer silica coating of few nanometers.
Since our interests lay in thin layer silica coating, we followed
the approach given by Liz-Marzaǹ and Paul Mulvaney.38,39 We
have used a modified protocol to coat thin layer silica on Au@
Ag based on earlier reports.26,38 Slightly different procedures
were used for different size of Au@Ag nanoparticles as
described below.

Ag20@SiO2. 5 mL of Ag20 was added to 5 mL water and
stirred. 20 μL of 2 mM APTES (in ethanol) was added and
stirred for 15 min, followed by addition of 20 μL of active silica
(see above for preparation of active silica). The solution was
left undisturbed for 2 h, after which they were centrifuged and
redispersed in Milli-Q water. In order to get different silica
coating thickness, the amount of active silica and the time for
silica condensation were varied.

Ag30@SiO2. 5 mL of Ag30 was added to 5 mL of water and
stirred. 10 μL of 2 mM APTES (in ethanol) was added and
stirred for 15 min. Then 10 μL of active silica was added and
the solution was left undisturbed for 2 h. Further, the
nanoparticles were centrifuged and redispersed in Milli-Q
water. Similar procedures were followed for Ag45 and Ag66
nanoparticles. See Tables S2 and S3 in the Supporting
Information for experimental details.

Ag75@SiO2 and Ag90@SiO2. Silver nanoparticles were
functionalized with 1 mM APTES solution. Then, 0.54%
sodium silicate solution was added and heated at 90 °C. After
heating for specified time given in Tables S4 and S5 of the
Supporting Information, the reaction was quenched by
transferring the solution in a 1.5 mL centrifuge tube and
putting in an ice bath. After 30 min, the solutions were
centrifuged, washed with water once, and redispersed in Milli-Q
water. The silica-coated nanoparticles were stored in fridge at 4
°C. For further experimental details, refer to the procedure
summarized in Tables S3 and S4 of the Supporting
Information.

Characterization. The nanoparticles were characterized by
UV−vis spectroscopy and transmission electron microscopy.
UV−vis spectra of dilute solutions of nanoparticle were
recorded in a 1 cm quartz cell using a PerkinElmer Lambda
900 spectrometer. For TEM measurements, JEOL 3010 with an
operating voltage of 300 keV was used. TEM samples were
prepared by drop-coating nanoparticle solution on a Formvar-
film-covered carbon-coated copper grid. Particles size distribu-
tion was calculated from TEM images through digital
micrograph imaging software.
Raman and SERS measurements were conducted on a

custom-built Raman microscope equipped with 532 nm
wavelength laser provided by solid state frequency-doubled
Nd:YAG laser, described elsewhere.45 The accumulation time
for each spectrum was 10 s. For SERS studies, 5 μL of
nanoparticles was mixed with 5 μL of 10−5 M R6G solution in
water. 1 μL of the mixture was drop-casted on a cleaned glass
slide and dried in a desiccator.
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