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Abstract In the present study, silver nanoparticles were
synthesized from aqueous silver nitrate through a simple,
eco-friendly and ‘green’ method using gripe water as
reducing as well as stabilizing agent. Control over the
dispersity of silver (Ag) nanoparticles was attained by
altering the synthesis process. The size and morphology of
the particles were perceived using high-resolution trans-
mission electron microscope and the surface plasmon res-
onance of the prepared nanoparticles was observed by UV—
VIS spectrum. Herein, we report the nonlinear optical
behavior and surface-enhanced Raman spectroscopy of
silver nanoparticles with different particle size and dis-
persity. The nonlinear optical behavior was studied by
single beam Z-scan technique using tunable Ti: Sapphire
mode-locked femtosecond laser as source. The nonlinear
optical parameters such as the nonlinear refractive index,
nonlinear absorption coefficient f§ and the third-order
nonlinear susceptibility 5 of the prepared Ag nanoparticles
were obtained for various wavelengths by tuning the
wavelength of the laser from 700 to 950 nm. Surface-
enhanced Raman spectroscopy (SERS) is an inspiring
phenomenon especially in the case of silver nanoparticles.
The as-synthesized silver nanoparticles show huge
enhancements in the order of 10° in the Raman spectrum of
rhodamine 6G dye.
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Introduction

Metal nanoparticles have gained interest mainly because
of their size- and shape-dependent electronic and optical
properties (Kelly et al. 2003). Although tailoring the size
and shape of the nanoparticles for a required application is
always challenging, metal nanoparticles have found a
wide range of applications in catalysis (Lakshmipathy
et al. 2014; Venkatesham et al. 2014), photonics and
optoelectronics (Maier et al. 2003; Sun and Xia 2002). In
medical field they are also used in biosensing (Anker
et al. 2008), biolabeling (Junhua et al. 2009), drug
delivery (Liong et al. 2008) and cancer diagnosis and
treatment (Sayed et al. 2005; Jeyaraj et al. 2013). Owing
to the anti-bacterial activity of Ag nanoparticles, they are
used as coating in medical devices and also in burn
ointments (Atiyeh et al. 2007). A number of methods have
come up for the preparation of gold and silver nanopar-
ticles including electrochemical reduction, photochemical
reduction (Pourjavadi and Soleyman 2011) and laser
irradiation (Mafuné et al. 2000). Silver nanoparticles with
uniform size are usually synthesized using the conven-
tional chemical reduction methods using reducing agents
such as sodium borohydride and sodium citrate (Dong
et al. 2010). However, there is a growing need of the
green synthesis techniques for the preparation of nano-
particles. The ‘green’ synthesis protocols are advanta-
geous over the chemical reduction techniques as they are
less toxic, eco-friendly and economical. Ag nanoparticles
have been synthesized using microorganisms such as
algae (Singh et al. 2013), bacteria (Mohanpuria et al.
2008), and fungi (Honary et al. 2013). Various green
synthesis procedures for the synthesis of gold and silver
nanoparticles have evolved using plant extracts (Vankar
and Shukla 2012; Augustine et al. 2013; Swamy et al.
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2014; Majumdar and Bag 2013), fruit (Dauthal and Mu-
khopadhyay 2013) and flower extracts (Philip 2010). The
three main factors of complete green synthesis of Ag
nanoparticles on green chemistry perspectives include the
selection of solvent, environmentally benign reducing
agent and the selection of nontoxic stabilizing agents
(Raveendran et al. 2003).

In this study, we report a complete green synthesis of Ag
nanoparticles using gripe water as environmentally benign
reducing as well as nontoxic stabilizing agent adopting the
procedure followed for the synthesis of Au nanoparticles
(Kirubha and Palanisamy 2013). The dispersity of nano-
particles was controlled by this technique as both mon-
odispersed and polydispersed Ag nanoparticles were
produced using gripe water at room temperature (25 °C).
Gripe water is a well-known, antacid generally prescribed
for children to treat indigestion, gripe and acidity (Blu-
menthal 2000). In this reported work, we have used
Woodward’s gripe water. It is easily available in medical
stores all over the world. We also report the nonlinear
optical behavior and the SERS performance of the prepared
silver nanoparticles. Using single beam Z-scan technique,
the nonlinear refractive index n,, nonlinear absorption
coefficient B and the third-order nonlinear susceptibility of
the y* were studied and measured for different wavelengths
varying from 700 to 900 nm using Ti:Sapphire mode-
locked femtosecond laser.

Surface-enhanced Raman spectroscopy discovered in
the early 1970s (Fleishman et al. 1974; Janmaire and Du-
yne 1977) is a valuable tool for chemical and biological
sensing due to its high sensitivity and precision. The
molecules in close contact with metallic nanoparticles
enhance the Raman signal to several orders of magnitude.
SERS occurs due to two main mechanisms: (1) electro-
magnetic and (2) chemical of which the main contribution
is due to the electromagnetic mechanism (Moskovits
2005). Silver nanoparticles are extensively used in SERS
studies as they serve as good substrate to enhance the
Raman signals. In this study, we also report the surface-
enhanced Raman scattering of the rhodamine 6G by
varying the dispersity of the as-synthesized Ag
nanoparticles.

Experimental
Materials

AgNO; was purchased from Sigma-Aldrich and used
as such and Woodward’s gripe water was purchased
from TTK Health Care Ltd., INDIA. For SERS
studies, rhodamine 6G was purchased from Sigma-
Aldrich.
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Synthesis

By adding 5 mL of gripe water to 0.3 mM of AgNO3, three
different samples of Ag nanoparticles were synthesized by
varying the stirring time. Sample 1 was prepared by stirring
the source solution for the first 1 h, while samples 2 and 3
were prepared by stirring the solution for 6 and 22 h,
respectively.

Instrumentation

The surface plasmon bands of the particles were recorded
using UV-VIS spectrometer. The absorption spectra for all
the particles were recorded using Shimadzu Spectrometer,
with a resolution of 0.5 nm taking the nanoparticles in a
10-mm optical length quartz cuvette. The particle size and
shape were monitored using high-resolution transmission
electron microscope (HR-TEM, JEOL JEM 3010) operated
at 200 kV. Samples for TEM images were prepared by
placing a drop of colloidal silver on carbon-coated copper
grid 300 mesh. The IR spectra were recorded on JASCO
FT/IR-4100 Fourier Transform Infrared spectrometer in the
range 400—4,000 cm~! with a resolution of 4 cm™'. The
Z-scan studies were performed using a tunable, mode-
locked Ti: Sapphire at a repetition rate of 80 MHz with a
pulse width of 160 fs laser beam (Mai Tai—-Deep SEE)
focused by a lens of 32 mm focal length. A photodetector
(COHERENT) was connected to the digital power meter
Field Master Gs-COHERENT to measure the laser power.
The Raman spectra were recorded using LabRAM HR800,
Jobin—Yvon, France, with an 80-cm focal length spec-
trometer and a He—Ne 633 nm with 11 mW power on the
sample. The spectra were acquired over a wavenumber
region of 1,800-600 cm ™" with an acquisition time of 10 s.

Results and discussion
UV-Visible spectra

The surface plasmon bands (SPR) of the prepared Ag
nanoparticles (AgNps) were obtained using the UV-VIS
spectra (Fig. 1a). The obtained Ag nanoparticles of sam-
ples 1 and 2 (polydispersed as seen from TEM images)
exhibit SPR at 413 and 420 nm, respectively, while the
nanoparticles of sample 3 (monodispersed as seen from
TEM image) exhibit SPR at 405 nm. Broader peaks are
observed in the case of polydispersed silver nanoparticles.
Figure 1b shows the step by step growth of monodispersed
Ag nanoparticles with time. The spectra were recorded for
every 15 min and it was observed that up to 45 min there
was no formation of nanoparticles as indicated by the flat
line, while the spectrum taken after 60 min exhibited SPR
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Fig. 1 a Surface plasmon band of gripe water reduced polydispersed and monodispersed silver nanoparticles, b variation of surface plasmon

band of silver nanoparticles with time

band as seen in Fig. 1b. Other spectra taken at 1-h interval
exhibited an increase in intensity without any shift in its
peak. After 5 h, this increase in intensity also reduced and
after 22 h, no change in the intensity was observed indi-
cating that the growth was complete. Observation of no
shift in the absorption peak implies that with time the size
of the grown nanoparticles did not vary but the number
increased.

Transmission electron microscopy

The morphology and the particle size of the nanoparti-
cles thus grown were deduced by high-resolution trans-
mission electron microscope (TEM). The nanoparticles
obtained by the stirring the source for the first 1h
(sample 1) resulted with very high polydispersity. The
particle size of the Ag nanoparticles of sample 1 varied
from 2 to 40 nm as seen in Fig. 2a. The Ag nanoparti-
cles of sample 2 resulted with relatively lesser polydis-
persity, as the variation in particle size was from 5 to
15 nm. The Ag nanoparticles attained by this process
exhibited different shapes such as spheres, cubes, trian-
gles and also polygons as seen in Fig. 2b. Ag nanopar-
ticles acquired by the third process (sample 3) with 22 h
of continuous stirring exhibited monodispersity with
particle size 10 £ 2 nm. The monodispersed Ag nano-
particles are highly spherical as seen in Fig. 2c. Thus, by
altering the stirring time, the dispersity of the particles
could be controlled. The obtained polydispersed Ag
nanoparticles are polycrystalline as the lattice orientation

changes within the particle as seen in Fig. 3a. Such
change is not observed in the case of monodispersed Ag
nanoparticles as seen in Fig. 3b confirming that these
particles are single crystals.

FTIR spectrum

The FTIR spectra taken for all three samples are identical.
The spectrum reveals the functional groups present in the
sample (Fig. 4). The intense broad band at 3,386 cm™' is
attributed to the hydroxy group, while 1,638 cm™" shows
the C=C stretching. The band 1,051 cm™! corresponds to
C-O stretch, while 2,926 and 999 cm ™! are related to the
C—H stretching and bending of the aromatic benzene rings,
respectively. In the sample, the benzene rings are present in
sodium benzoate, sodium methylparaben and sodium pro-
pylparaben. The band at 1,418 cm™' corresponds to the
carboxylate (COO-) group which is also seen in the ben-
zene ring. The wavenumbers 1,268 and 929 cm™! are
related to the OH bending and 640 cm™' shows the NO,
vibrations associated with bronopol. Every 5 ml of gripe
water used contains (as per its label) sodium bicarbonate
(Sarjikakshara)—0.05 g, Dill oil (Anethum Graveolens)—
0.005 ml, sugar—1.10 g with the preservatives bronopol,
sodium benzoate, sodium methylparaben, and sodium
propylparaben. FTIR spectrum concludes that sodium
benzoate, sodium methylparaben, sodium propylparaben,
and bronopol (also called as 2-bromo 2-nitropropane 1,3-
diol) present in gripe water stabilize the
nanoparticles.

silver
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Fig. 2 a Polydispersed Ag nanoparticles (Sample 1) with particle size variation from 2 to 40 nm b polydispersed Ag nanoparticles (Sample 2)
with particle size variation from 5 to 15 nm ¢ Monodispersed Ag nanoparticles (Sample 3) with particle size variation from 8§ to 12 nm

Fig. 3 a Lattice orientation
within a single polydispersed
Ag nanoparticle b lattice
orientation within a single
monodispersed Ag nanoparticle
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Fig. 4 FTIR Spectrum of Ag nanoparticles synthesized using gripe
water
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When the source solution of AgNOs; is stirred with the
gripe water, it acts as a reducing agent, i.e., gripe water
breaks the bond and Ag'" ions are formed. As more and
more of these metal atoms form, the solution becomes
supersaturated and the Ag gradually starts to grow in the
form of sub-nanometer particles, which finally grows into
nanoparticles and is stabilized by the same gripe water. The
ingredients sodium bicarbonate and sucrose in gripe water
act as reducing agents. These ingredients are tested as
reducing agents separately and also they are reported ear-
lier as reducing agents (Ayadi et al. 2013; Filippo et al.
2009). The other elements present in gripe water such as
dill oil (Anethum Graveolens), sodium methylparaben,
sodium propylparaben, sodium benzoate, 2- bromo
2-nitropropane 1,3-diol (bronopol) help in stabilizing the
Ag nanoparticles. The color of the Ag nanoparticles is
yellowish brown when synthesized. The SPR band of the
nanoparticles recorded exactly after 90 days of synthesis
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Fig. 5 Schematic
representation of closed-
aperture Z-scan set-up
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Fig. 6 a Closed-aperture Z-scan of monodispersed Ag nanoparticles
at different wavelengths, b closed-aperture Z-scan of polydispersed
Ag nanoparticles at different wavelengths, ¢ open-aperture Z-scan

does not show any shift or change indicating the stability of
Ag nanoparticles. After 90 days period, black precipitates
form gradually and the sample becomes colorless. UV-VIS
spectrum taken does not show any band. Thus, it is inferred
that the prepared nanoparticles are highly stable for
3 months at room temperature (25 °C).
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Z-scan analysis

The nonlinear optical property was studied using single
beam Z-scan technique. Sheik- Bahae et al. (1990) devel-
oped this method to measure the sign and magnitude of
nonlinear refraction n, of a material. Both nonlinear
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absorption and nonlinear refraction were determined using
closed- and open-aperture Z-scans, respectively. The
experimental schematic set-up of Z-scan is shown in
Fig. 5. The colloidal Ag was taken in a quartz cuvette of
width 1 mm and mounted on a translation stage. The
cuvette with the Ag nanoparticles was moved across the
focal region (4+z to —z, i.e., —10 to +10 mm) along the
direction of propagation of the laser beam.

The transmitted beam intensity was collected and mea-
sured through an aperture by a photodetector attached to
the digital power meter. When the sample was moved
towards the focus of the lens z = 0, the beam irradiance
increased leading to pre-focal peak and when moved away
from the focus, the beam irradiance decreased suddenly
leading to post-focal valley (as seen in Fig. 6a, b). This
indicates that the prepared Ag nanoparticles have negative
nonlinearity. The nonlinear refractive index (n,) is calcu-
lated using the standard relations (Bahae et al. 1990;
Cassano et al. 2001) given by Eqgs. 1 and 2.

Ad,
n =
> kLexelo

(1)

where n, is the nonlinear refractive index, k is the wave
number (k = 27//) and A®,, is the on-axis phase shift at the
focus. I is the peak intensity within the sample at the
focus. Lqg is the effective thickness of the sample (1 mm).

= Lozs (2)

0.406(1 — S)

S is the linear aperture transmittance (0.5) and 4T,_, is
the normalized peak valley difference obtained from the
closed-aperture Z-scan trace. Nonlinear absorption coeffi-
cient f of the prepared Ag nanoparticles is obtained from
open-aperture Z-scan using Eq. 3. In this set-up, the aper-
ture was removed as the name suggests and the entire beam
was focused into the detector through a lens.

2V2AT
ToLest

0

B= (3)
AT = 1-T,, where T, is the normalized peak value from
the open-aperture plot. Figure 6a shows the closed-aperture
Z-scan trace of monodispersed Ag nanoparticles for dif-
ferent incident wavelengths from 700 to 950 nm.

Third-order nonlinear susceptibility %> of the nanopar-
ticles was obtained using the relations as in Egs. 4, 5 and 6,
(Prakash et al. 2002).

(13) = \/{Re(13)+Im(13)"} (4)

oc?1074n3

Re(%3) X 1y (5)

, socznélO_zi

Im(%3) P

x p (6)

el cllol ay .
rACST;;fmlJIq m;‘f;ﬁ @ Springer

where, €, = 8.854 X 10~'* F/m is the vacuum permittiv-
ity, ¢ is the speed of light in vacuum (3 X 10'® cm/sec)
and ng is the linear refractive index (1.33). The real part
Re(y’) is proportional to the nonlinear refractive index of
the nanoparticles, while the imaginary part Im(y’) is pro-
portional to the nonlinear absorption coefficient 5. The
measured nonlinear parameters of the prepared Ag nano-
particles are tabulated in Table 1.

The Z-Scan plots, both closed and open aperture are
illustrated in Fig. 6. The prepared silver nanoparticles
(both monodispersed and polydispersed) indicate negative
nonlinearity as their closed-aperture Z-scan traces show
peak followed by valley. The nonlinear refractive index n,
of the nanoparticles is in the order of 10~* cm*W. The n,
value increases from 1.44 to 4.87 X 107% cm*/W with
increase in the incident wavelength for the monodispersed
Ag nanoparticles and a similar increase for the polydis-
persed nanoparticles is noted from 144 to
4.84 x 107® cm?/W. The concentration of the as-synthe-
sized monodispersed Ag nanoparticles obtained from
inductive coupled plasma (ICP) is 0.274 mol/L and for the
polydispersed Ag nanoparticles the concentration is
0.280 mol/L. The nonlinear refractive index n, also varies
with concentration of the nanoparticles. The variation of n,
with concentration is given in supplementary information.

The nonlinear absorption coefficient f§ is obtained from
the open-aperture Z-scan. From the open-aperture Z-scan,
it is seen that the nonlinear absorption of silver nanopar-
ticles decreases from 2.94 to 1.26 x 10~* cm/W for the
monodispersed Ag nanoparticles of concentration
0.274 mol/L with increase in wavelength. In the case of
polydispersed Ag nanoparticles with a concentration of
0.280 mol/L, the f3 value decreases from 2.8 to 1.4 x 10~*
cm/W. From the single beam Z-scan technique, it is seen
that the nonlinear refractive index n, of the silver nano-
particles increases with increase in wavelength while the
absorption coefficient B as well as the third-order nonlinear
susceptibility y> decrease. The variation of n,, ff and »°
with wavelength is shown in Fig. 7.

SERS analysis

In general, the SERS studies are performed by coating the
molecule to be studied as a probe and the metal nanopar-
ticles as analyte on a substrate. This leads to areas called
hot-spots at which large enhancement occurs at the junc-
tions between the nanoparticles. The hot-spots can be
defined as the regions where the enhancement is increased
manifold due to a number of factors (Nie and Emory 1997).
Due to the presence of hot-spots, certain peaks of the
molecule show huge enhancements due to the single mol-
ecule enhancement. However, in this case there are no such
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Table 1 Measured nonlinear parameters of monodispersed AgNps of concentration 0.274 mol/L and polydispersed AgNps of concentration

0.280 mol/L
imm)  AT,, AD, nmx 10Fem¥W B x 107 em/W  Re(y’) x 1077 (esw)  Im(x}) x 1077 (esw)  x° x 1077 (esw)
Monodispersed AgNps

700 0.88 260 144 2.94 0.06 0.21 0.06

750 1.28 376 223 2.38 1.00 0.18 1.00

800 1.50 441  2.80 2.10 1.25 0.17 1.25

850 1.78 523 3.52 1.68 1.57 0.14 1.57

900 2.09 6.13 437 1.40 1.95 0.13 1.95

950 221 647 487 1.26 2.18 0.12 2.18
Polydispersed AgNps

700 0.88 260 144 2.80 0.06 0.20 0.06

750 1.27 373 222 2.52 0.99 0.19 0.99

800 1.51 444 2381 2.10 1.26 0.17 1.26

850 1.74 509 343 1.82 1.53 0.15 1.53

900 2.15 630  4.49 1.54 2.01 0.14 2.01

950 2.20 644 484 1.40 217 0.13 2.17

/. wavelength, AT,_, normalized peak valley difference, n, nonlinear refractive index, f nonlinear absorption coefficient, Re(y?) real part of »°,

Im(x3)’ imaginary part of X3 s x3 third-order nonlinear susceptibility

constraints as the whole experiment was carried out in
liquid phase in a cuvette. The nanoparticles were taken in
colloidal form and the probe R6G was in solution phase.
This leads to the enhancement of all the peaks of R6G. The
enhancement factor was calculated as an average
enhancement over all the peaks obtained in the spectrum.
The SERS of rhodamine 6G using polydispersed and
monodispersed Ag nanoparticles is exhibited in Fig. 8 and
the calculated enhancement factors are tabulated in
Table 2.

The concentration of the dye R6G taken was very low as
high concentrations led to blinding of the Raman signals.
Equal volume ratio of R6G (1 x 10~'* M) and nanopar-
ticles was taken in a quartz cuvette for the analysis as this
ratio yielded the maximum enhancement of Raman signal
of the dye. The key parameter that defines SERS is the
enhancement factor (EF). It is defined as the ratio of the
enhancement obtained to what would be obtained for the
same molecule in non-SERS conditions. The average
SERS EF was calculated according to the formula in Eq. 7
(Wang et al. 2014).

I N
B — [sersNo 7)
IoNsgrs

where Iy and Isgrs are the peak intensities of the Raman
measurement under normal and SERS conditions, respec-
tively. Ny and Nggrs are the number of R6G molecules in
the scattering volume for the normal Raman measurement
and SERS measurement correspondingly. The vibrational
modes of the R6G dye are in the range of 1,800-600 cm™".
The vibrational bands observed in the R6G spectra from

1,314 to 1,651 cm~! are due to the aromatic C—C stretch-
ing. The other wavenumber 1,124 cm ™! is a weak band due
to the C-H (ip) bend, while 774 cm™ ! arises from the C-H
(oop) bend and 614 cm™ ! is due to C-C-C (ip) bend
(Vosgrone and Meixner 2005).

SPR spectra recorded for R6G with addition of pure
gripe water are not showing any enhancement of Raman
spectra, whereas addition of Ag nanoparticles synthesized
using gripe water results in enhancement in the order of
10°. From the SERS spectrum, it is deduced that the large
enhancements are observed with increase in dispersity of
the nanoparticles. Polydispersed nanoparticles consist of
shapes such as spheres, cubes, triangles, hexagons, penta-
gons and other polygons. Since the shape and dimensions
of Ag nanoparticles have an influence on the surface
plasmon resonance of the nanoparticles, it also has an
effect on the enhancement of Raman spectrum.

Conclusion

In summary, we have developed a complete green meth-
odology for the synthesis of silver nanoparticles using gripe
water as reducing as well as stabilizing agent. The dis-
persity of the nanoparticles could be controlled by this
method as both monodispersed and polydispersed particles
were obtained in one step with great ease. The prepared
nanoparticles are highly stable for more than 2 months at
room temperature (25 °C). The as-prepared Ag nanoparti-
cles exhibit good optical nonlinear properties. The optical
nonlinear refractive index variation of the nanoparticles
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Fig. 7 a Variation of nonlinear refractive index of Ag nanoparticle with wavelength; b variation of nonlinear absorption coefficient of Ag
nanoparticles with wavelength; ¢ variation of nonlinear susceptibility of Ag nanoparticle with wavelength

was studied using tunable mode-locked Ti:Sapphire laser
with a pulse width of 160 fs by varying the wavelength
from 700 to 950 nm. The optical nonlinearity of the
nanoparticles increases with increase in wavelength. The
nonlinear refractive index n, is found to be in the order of
108 cm>W , nonlinear absorption coefficient /5 is obtained
in the order of 10™* cm/W and the third-order nonlinear
susceptibility y* is in the order of 107 (esu). The SERS
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behavior of the nanoparticles is also studied using dye
rhodamine 6G. All the nine predominant peaks of the dye
are enhanced by the Ag nanoparticles and the enhancement
factor obtained is high in the order of 10°. The dispersity of
the nanoparticles also plays a vital role in this SERS phe-
nomenon as the polydispersed particles offer more
enhancement than the monodispersed nanoparticles.
Hence, this study proves to be an excellent tool for the
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Fig. 8 Surface enhanced Raman spectrum of rhodamine 6G using Ag
nanoparticles

Table 2 Calculated average enhancement factors of R6G polydis-
persed and monodispersed Ag nanoparticles

Ag nanoparticle Average enhancement factor

Polydispersed (2-40 nm) 8.16 x 10°
Polydispersed (5-15 nm) 2.79 x 10°
Monodispersed (8-10 nm) 1.67 x 10°

enhancement of Raman signals and can be extended for
biosensing.
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