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Abstract Metal-polymer nanocomposite materials have interesting physical,
chemical, and optical properties which were highly utilized in electronic, op-
tical, and biomedical applications. Here, we have experimentally and theoret-
ically studied the crucial role of polymer Polyvinylpyrrolidone (PVP) on the
localized surface plasmon resonance (LSPR) spectra of silver (Ag) nanopar-
ticles (NPs). In this work, we have synthesized PVP stabilized Ag NPs in
Ethelene Glycol (EG) medium and observed a large blueshift (∼ 20 nm)of
LSPR peak and tunable plasmonic properties of PVP coated Ag NPs by only
varying the concentration of PVP. A reduction of Ag NP size from ∼ 13 nm
to ∼ 5 nm with the increase in PVP concentration from 0.125 mM to 3 mM
is seen. We found that the observed large blueshift of the LSPR bands with
the varying in PVP concentration is not just due to the reduced Ag NP size
but due to the combined effect of thickness of the PVP shell and radius of the
Ag NP core. The polymer PVP used in the synthesis process of Ag NPs plays
role of a surface modifier and forms a protective shell/layer surrounding the
(core) particle. This is supported by the theoretical optical absorption data
obtained from a modified effective medium theory. To accommodate such a
large blueshift of the LSPR bands we have considered the Ag-PVP core-shell
structure. The LSPR peak shift in the core-shell nanostructure is well accom-
modated by varying the effective shell thickness of PVP while taking the core
size of Ag NPs as measured experimentally for each case. This clearly indicates
that the observed large blueshift of SPR band of Ag NPs cannot be justified
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by considering the decrease in Ag NP size alone. It is also confirmed that
the shell thickness of PVP plays a crucial role in explaining the blueshift of
the SPR band of Ag NPs. This study can help to understand the optical re-
sponse especially plasmonic properties of other metal NPs coated with organic
polymers.

Keywords Ag-PVP core-shell · Nanoparticles · Surface plasmon resonance ·

Blueshift · Shell thickness

1 Introduction

Silver nanoparticles (NPs) have been investigated for a long time due to their
unique functional and optical properties which have been efficiently used in
photo-catalytic [1,2], sensing [3,4], electronic [5], optical [6,7] and bio-medical
applications [8,9,10] . Among the various useful properties of Ag NPs, op-
tical properties of these materials received huge attention from the scientific
community due to the large tunable optical response in the visible to the near
infrared region of the electromagnetic spectrum [11,12]. The unique optical re-
sponse or the optical absorption (OA) spectra of the noble metal NPs like Ag
is due to the localized collective oscillations of the free surface electrons when
resonates with the excitation of the external electromagnetic waves which is
well known as localized surface plasmon resonance (LSPR)[13,14]. The LSPR
effect in metal NPs enhances the electric field near the close vicinity of the
metal NPs. This surface effect of metal NPs made them a useful materials for
optical, chemical, and bio-material sensors [15,16,17]. The LSPR of the metal
NPs was generally found to be dependent on particle size, shape, surrounding
dielectric medium (solvent), and surface functionalization [18,19,20,21]. Thus
the OA spectra of metal NPs can be varied by changing these parameters.
In this context, polymer-metal nanocomposite is a useful system to study the
optical response of metal NPs as the polymer not only stabilized the NPs by
preventing the agglomeration in the solvent medium but also modified the
surface of the NPs by making a protective layer or shell surrounding it. Most
of the previous experimental works which studied the variation in OA spec-
tra of polymer (surfactant) stabilized metal NPs emphasized on the change in
the particle size and shape when the solvent /dielectric medium is fixed but
the role of polymer (surfactant) layer (or shell) was not well studied. These
polymers can effectively change the dielectric behavior of the medium in close
vicinity of the NPs[22]. This is the basis for the use of noble metal NPs as
sensitive sensors. Therefore, it is important to study the effects of polymers as
capping agents on the resonant absorption of the NPs.

In this work, we have experimentally and theoretically investigated the
crucial role of polymer Polyvinylpyrrolidone (PVP) as a stabilizing agent on
the OA spectra of Ag NPs synthesized in Ethylene Glycol (EG) medium.
With the varying concentrations (0.125 to 3 mM) of PVP, we observed a large
blueshift of 20 nm in the LSPR peak in the OA spectra of Ag NPs. To find
out the role of the PVP layer in the observed large blueshift of the LSPR
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peak, we considered the Ag-PVP system as a core-shell structure where Ag
NP is the metal core and the PVP layer is the protective shell. We performed
theoretical calculations using the effective medium theory to obtain OA spectra
for these core-shell NPs for each concentration of PVP using the uncoated
Ag NP particle size (as estimated from the experimental data). From the
theoretical calculations, we have shown that the decrease in Ag NP size can
produce a blueshift of the LSPR peak but this shift is not comparable with
the blueshift observed in the experimental OA data and also showed that the
ratio of the core (Ag NP) to shell (PVP) radius causes the observed large
blueshift. We also found that the LSPR peak shift is actually linear with
respect to the combined radius of the core and shell. Thus, we have provided
both experimental and theoretical understanding of how the size of the NP
core and the thickness of the polymer shell can simultaneously change the
LSPR spectra of Ag NPs which may help to understand the optical response
of other plasmonic NPs coated with polymer layers.

2 Experiments

Ag-NPs were synthesized by polyol process. All the chemicals were of analyti-
cal grade and used as purchased without any purification. We have synthesized
silver NPs by polyol proses using fixed weight percentage of AgNO3 (2 mM)
to dissolve it in fixed volume (20 mL) of Ethelene Glycol (EG) for making
AgNO3 solution. Different weight percentage of Polyvinylpyrrolidone (PVP)
solution was added as a stabilizer into the prepared solution of AgNO3 to make
different molar concentrations. The prepared mixture was stirred for about 30
minutes at room temperature to make homogeneous solution. Finally, it was
heated up to ∼70 0C to synthesize Ag NPs. It is to mention that silver nitrate
(AgNO3) and ethylene glycol (EG) were purchased from Merck (EmpartaR)
and Loba Chemie Pvt. Ltd, respectively. Polyvinylpyrrolidone (PVP-K30, av-
erage molecular weight of 40000) was purchased from SRL. For the present
study, we have added different concentrations of PVP (0.125 mM−3 mM)
keeping the concentration of AgNO3 fixed to a value of at 2 mM. This is to
study the role of PVP concentration on the growth of Ag NPs.

The as-synthesized Ag NPs were characterized by ultraviolet-visible (UV-
Vis) OA spectroscopy using a double-beam spectrophotometer (Jasco V-630)
in the wavelength range of 340 nm to 700 nm. For microstructural studies of
the Ag NPs, we have used the X-ray diffractometer (PROTO AXRD). For
X-ray diffraction (XRD) measurements, all the samples were spin-coated on a
glass substrates which were properly cleaned using a standard RCA cleaning
method. XRD measurements were carried out using with Cu Kα radiation (λ
= 0.154 nm) and the intensity data were collected over a 2θ range of 200 to
800 with scanning steps of 0.020. All the measurements were carried out at
room temperature. Further to understand the role of PVP concentration on
the growth of Ag NPs during the process of synthesis of we have carried out
a systematic theoretical studies based on OA of Ag NPs using the effective
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medium theory [23,24]. The details of the theoretical studies including the
methodology will be discussed later in this article.

3 Experimental Results

3.1 The dependence of particle size on the PVP concentration

To study the effects of surfactant (here PVP) on the size of the Ag NPs,
XRD measurements were carried out on all the samples. Figure 1(a)shows
the XRD patterns of the Ag NPs for different concentrations of PVP. For

Fig. 1 (a) XRD patterns of Ag NPs synthesized for different PVP concentrations. (b)
Variation of change ∆D with PVP concentration. Inset shows the variation of NP size D
with PVP concentration

the lowest concentration of PVP (0.125 mM), few XRD peaks are seen at 2θ

positions of 38.40, 44.50, 64.70, and 77.50. These peaks are identified as the
(111), (200), (220) and (311) crystal planes of face centered cubic (fcc) Ag[25]
. These are marked in the figure against each peak. With increase in PVP
concentration, only (111) XRD peak retains indicating that the Ag particles
preferably oriented towards the stable structure [26]. From XRD data we did
not observe any phase related to impurity present with the Ag in our samples.
This observation clearly indicates that the synthesized Ag particles are of
good quality. With a careful observation to the peak corresponding to (111)
plane, one can find a systematic increase of the width with increase in PVP
concentration. Such changes of the XRD peak width is indicative of reduction
of crystallite size. For quantitative analysis, we have estimated the size of the
crystallites, D, of Ag particles using Debye-Scherrer’s equation

D =
Kλ

βcosθ
, (1)

where K=0.9, λ=1.54 Å, β is FWHM of the XRD peak in radian, and θ is
the XRD peak position. For the estimation, we have also taken into account
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the instrumental broadening β0 =0.103 to estimate the correct β value using
β =

√

(βm)2
− (β0)2 where βm is the measured value of β. The size of the Ag

NPs with different concentrations (c) of the surfactant is estimated between
13 nm to 5 nm for the lowest to highest surfactant concentration (0.125 mM
and 3 mM), respectively. The variation of change in particle size (∆D) with
the surfactant concentration c is shown in figure 1(b) and inset shows the
variation of NP size (D) with PVP concentration c considering 3 mM precursor
concentration as the reference. Initially, ∆D decreases very fast with increase
in the value of c and then decreases slowly showing a saturation behaviour.
Such variation of ∆D with c can be very well using an exponential decay
function

∆D = ∆D0 + ∆Dm[exp(−
c

c0

)] (2)

and from the fitting we have found the different fitting parameters as ∆Dm =
∼ 7.7 nm, ∆D0 ∼ 0.37 nm, and c0 = 0.37 mM. Here ∆Dm is the maximum
change in Ag NP size for a change in c from 0.125 mM to 3 mM.

3.2 Spectral shift of LSPR absorption for different PVP concentrations

From the above discussions, it is evident that surfactant concentration plays
an important role in the formation of Ag NPs and hence determining the size
of the NPs. Here, we will study the effect of surfactant concentrations on the
OA properties, especially LSPR properties of Ag NPs.Figure 2(a) shows the
OA spectra of all the samples. A clear OA band centered at around 422 nm

Fig. 2 (a) The change in LSPR peak position of Ag-NP solutions prepared with different
molar concentrations of PVP. (b) The shift of LSPR peak position (∆λ) with PVP concen-
tration. ∆λ shows an exponential dependence with PVP concentration.Inset shows the peak
position at different PVP concentration.

is observed for the PVP concentration of 0.125 mM. Appearance of such a
peak in the OA spectrum with a sample containing of Ag NPs is due to the
SPR absorption of the Ag NPs [27]. Such LSPR bands also appear for other
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samples prepared for higher concentrations of PVP. A clear blueshift of the
LSPR peak with increase in PVP concentration is seen. This blueshift is about
20 nm for the variation of PVP concentration from 0.125 mM (422 nm) to 3
mM (402 nm. This appears to be a very large shift. Such blueshift of LSPR
peak is indicative of reduction of Ag NP size [28].

Figure 2(b) shows the observed variation of ∆λ with the different molar
concentrations of the surfactant and inset shows the peak position at different
PVP concentration. Here the values of ∆λ were calculated considering the
data for 3 mM as the reference. ∆λ is seen to decays exponentially with the
concentration of PVP. This variation is well fitted using the following equation

∆λ = ∆λ0 + ∆λm[exp(−
c

c0

)]. (3)

From the fitting we have found different important fitting parameters as c0 =
0.96 mM, ∆λ0 = -1.9 nm, and ∆λm = 22 nm which is the maximum shift of
LSPR peak position.

Eqn. (2) can be justified in a sense that the increasing surfactant con-
centration controls the NP’s size which in turn affect the SPR which has a
direct relationship with NP diameter. The critical concentration c0 is actually
correlated with the critical particle size above which there would not be any
appreciable change in the LSPR peak and this will be discussed in later sec-
tion. But the observed change in LSPR peak position cannot be explained only
due to the variation of NP size as we should not ignore other crucial parame-
ters like dielectric interface between the NP and the surrounding medium, and
the role of polymer thickness which also controls the NP size. The surfactant
actually covers the NP (core) as a shell which prevent the particles from fur-
ther agglomeration. The core-shell ratio (in terms of radius or volume) plays
a crucial role in the SPR which will be discussed in detail in the later section.

4 Theoretical Model and Discussions

UV-Vis absorption measurements of different Ag NP solutions with varying
surfactant concentration (c) show a noticeable LSPR peak shift (∆λ) of ∼ 20
nm [shown in figure 2(b)], which is found to be proportional to the variation of
NP size, (D). However, the NP size is not only controlled by PVP concentration
but also depends on the surrounding dielectric medium [29] as well as the
surfactant layer, which implies that the LSPR peak shift is not solely for
the change in Size of the Ag NPs. In this section, we show that ∆D is not
sufficient enough to produce such a large ∆λ and SPR peak shift is also a
result of the changing ratio between the radius of the NP (core) and the
thickness of the surfactant layer (shell). For this purpose, we have considered
the Ag NP as the spherical core of radius, RC , and the surfactant (PVP)
layer surrounds the core as a spherical shell. Thus the synthesized Ag NPs
were considered as core-shell structures. In our previous study [21], we have
shown a systematic redshift of the SPR band with increase in concentration
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of precursor (AgNO3) while keeping the surfactant concentration fixed. In
this case, it was observed that average size of the Ag NPs were increased
with increase in precursor concentration. This was confirmed through XRD
and transmission electron microscopy (TEM) studies (average Ag NP sizes
for different precursor concentrations measured from XRD and TEM studies
were found to be consistent). It is to mention that with increase in NP size, the
effective shell thickness of the surfactant (PVP) increases. Considering core-
shell (Ag core PVP shell) structures we have explained the observed large
redshift of the SPR band in this case. Similarly, for the present study also
we have considered a core-shell structures of Ag NPs and PVP to account
the observed large blueshift of the SPR band. This is shown schematically in
figure 3. The core plus shell radius, RS [30], is schematically shown in Fig.3.

Fig. 3 Schematic diagram of Ag core and PVP shell nanostructure.

For the calculation of OA spectra for Ag NPs in PVP or EG (ethylene
glycol) we have considered the effective medium theory for the electromagnetic
response of the composite system [31]. It is well known that the dielectric
constant of the surrounding medium of the metal NPs plays an important role
for the position of the SPR band [32]. The equivalent dielectric constant of
the core-shell [33] system can be expressed as

ǫE = fǫC + (1 − f)ǫS , (4)

where ǫE is the effective dielectric constant of the composite system, ǫC is the
dielectric constant of the core, ǫS is the dielectric constant of the shell, and f

is the volume fraction of the core with f =
R

3

c

R3

S

. It will be shown that this f

plays a vital role to control the LSPR peak shift (∆λ) depending up on the
values of core radius and shell radius.
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To study the effects of Ag NP size in EG or PVP (without considering core-
shell structure) on the OA spectra we have used the above mentioned effective
medium theory modified by Garćıa et al [34]. The details of the theoretical
model can be found elsewhere [34,35]. This theory was successfully employed
to calculate the OA data for Au[34,36], Ag[37], and Al [38] NPs. Also this
model was extended to calculate the OA spectra of alloys’ metal NPs [39,
40]. For the present theoretical study, we have considered all the required
parameters same as that in the case of [35] except the size (radius) of Ag NPs
and the medium dielectric constant. The sizes of the (uncoated) Ag NPs were
considered as estimated using XRD measurements and the medium dielectric
constant was kept fixed to a value of 2.04. The optical constants of Ag were
taken from the work of Johnson and Christy [41].

Figure 4(a) shows the theoretical normalized OA spectra of uncoated Ag
NPs in EG for different sizes. The OA spectra corresponding to the Ag NP

Fig. 4 (a) Theoretically calculated normalized OA spectra of uncoated Ag NPs in EG for
different NP sizes. (b) Variation of OA peak position as a function of Ag NP radius. Inset
shows the magnified SPR bands of (a).

radius of 2.5 nm shows an absorption band with a peak at around 387 nm
and for the NP radius of 6.5 nm, the OA peak appears at around 394 nm.
These absorption band corresponds to the surface plasmon resonance (SPR)
of Ag NPs. With the decreasing NP size, a systematic shift of the absorption
peak towards lower wavelength (blueshift) with the corresponding increase of
its FWHM is observed. Such a peak shift with increased FWHM is due to the
reduction of the Ag NPs size [35]. Figure 4(b) shows the variation of the OA
peak position as a function of Ag NP radius and can be expressed as

λP eak = λ0 + m[Rc], (5)

where, λ0 =382 nm, and the slope m=1.83.
The OA peak position changes linearly with a slope 1.83 towards a lower

wavelength side with a decrease in NP. One can see that there is a peak shift
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of about 4 nm for the lowest sized to highest sized Ag NPs. Such an LSPR
peak shift in OA spectra is due to the Ag NP size only [35]. This shift is much
smaller than that we have observed experimentally (∼20 nm) in the present
study. Thus the size of the Ag NPs alone is not sufficient to accommodate
the experimentally observed LSPR peak shift in the OA spectra. Like our
previous study, such large peak shift can be accommodated by considering
the Ag-PVP core-shell structure. The process of synthesis likely to produce a
capping layer of PVP on the Ag NPs [42]. Hence it is better to consider a core-
shell nanostructure made of Ag PVP in EG. For the theoretical calculation of
the OA spectra of such a system, we have extended the theoretical model of
Garćıa et al [34] through Eqn. (4). It is to mention that the energy dependent
dielectric constants of PVP were taken from the work of Ref.[43]. To obtain
the LSPR peak positions as per the present experimental data, we have also
varied the PVP shell thickness (RS-RC) through the parameter, f , via Eqn.
(4) for each radius of Ag NPs measured using XRD technique [Figure 1].

Figure 5(a) shows the OA spectra of Ag-PVP core-shell NPs for different
core-shell radius (RS =RC + PVP shell thickness). It is to mention that for
each case the core radius (RC) was considered as it was for the uncoated Ag
NPs [figure 4(a)]. The PVP shell thickness was chosen in such a way so that the
theoretical OA spectra for each case would produce the OA band with LSPR
peak positions as observed experimentally. Hence this process of choice will
accommodate the required shift of LSPR peak position as seen experimentally
(figure 2). One can see from figure 5(a) a clear blueshift of LSPR peak position
with decrease in shell thickness. The variation of peak position as a function
of RS is shown in figure 5(b) and can be expressed as

λP eak = λ0 + m[Rs], (6)

where, λ0=398 nm, and the slope m=1.79. The peak position increases linearly
with an increase of RS . Consideration of core-shell nanostructures clearly ac-

Fig. 5 (a) Theoretically calculated normalized OA spectra of AG-PVP core-shell nanos-
tructures in EG for different sizes. (b) Variation of LSPR peak position as a function of
radius of core-shell of Ag-PVP NPs.
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commodate the observed experimental LSPR peak positions of the OA spectra
for different sized Ag NPs with varied PVP shell thickness. At this stage it
is to important to understand the process of synthesis of Ag-PVP core-shell
nanostructures and the role of PVP concentration for the control of both size
of Ag NP as well as thickness of PVP shell. PVP shell plays a role of protec-
tive layer to control the the Ag NP particle size by reducing the inter-particle
interactions. The metal NP surface and and the PVP layer have electrostatic
interaction in nature and this interaction arises due to the charge transfer prop-
erties of PVP ligand with the metal NP surface. The increase in PVP layer
thickness not only change the effective dielectric constant of the medium (ǫE)
by changing f or RS but also change the electrostatic interaction between the
metal NP surface and the PVP layer by modifying the surface charge density
of metal NP surface [22]. Thus the modified surface charge density on metal
NP surface and decrease in dielectric constant of the surrounding medium
results in overall blue-shift of the LSPR peak.

5 Conclusion

We have observed the tunable optical response of PVP coated Ag NPs con-
sidering the varying particle size as well as shell thickness. LSPR of the Ag
NPs having different surfactant concentrations shows a large blueshift (∼20
nm) with increase in concentration of surfactant. From the XRD analysis of
the samples, we found that the maximum change in particle size is 8 nm
but from the theoretical model considering uncoated Ag NPs, it comes out
that this change in NP size cannot produce the observed shift with changing
core radius, RC , up to 6.5 nm. It is evident that the LSPR peak in the opti-
cal absorption spectra of Ag NPs has profound dependence on effective shell
thickness, RS-RC , along with the particle size, RC . We have found that the
LSPR peak has a linear dependence on RS . The finding of this work can also
be useful to understand and analyze the optical response of other polymer
coated plasmonic NPs.
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