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The Dielectric constant of Mono Ethylene Glycol (MEG), well-known as a dielectric medium, has
been enhanced sufficiently by addition of special Nanocomposite filler called Gold Nanonetworks.
The gold network structure has been grown inside the ethylene glycol medium by pulsed laser (PLD)
bombardment of gold. The Impedance Spectroscopy has been carried out on the fluid medium,
covering a wide frequency range (100 Hz–10 MHz), for investigating the dielectrical properties of
the systems. A model based on lumped circuit of capacitors and resistors was used for the analysis.
Results show a huge increase in the dc dielectric constant in the mixed MEG solution. So this
network is used as very good dielectric fillers which can enhance the Dielectric constant for solvents.
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1. INTRODUCTION

The physical properties of a material significantly dif-
fer by reducing the size to nanometric scale. The surface
and quantum size effects play important roles to modify
the performance of the material. Nanocomposites are the
special class of materials in which at least one compo-
nent has nanosized dimension (Beecreft and Ober, 1997).
The investigation of polymer–inorganic nanocomposite is
motivated by many reasons, including the need for novel
electronic anisotropic materials, better performing bat-
tery, cathode materials functionalize structural materials
with superior mechanical, and thermal properties. The
larger surface area introduces more interfacial interac-
tion between the polymer and particles, which enhances
the material properties. Nanometric metals and inorganic
oxides are added to the polymer matrix to improve
the mechanical, tribological, and electrical properties of
polymer.1�2 The macroscopic properties of nanocompos-
ite can be controlled by shape and size and varying the
concentration of nanofillers. For the case of dielectric
properties of the polymeric system it has been seen that
fillers with delocalized electrons can enhance the dielec-
tric constants of polymers many fold.3�4 So we have tried
to use some other kind of filler materials for improving
the Dielectric properties of Ethylene Glycol. These spe-
cial types of filler materials are made by the organisa-
tion of nanoparticles into a networked structure in which
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charges can hop from one nanoparticle to another. Gold
is one of the metals with the most positive electron affin-
ity so a good sources of charges, and also disperses eas-
ily. Alcohols like MEG (Mono Ethylene Glycol), PEG
(Poly Ethylene Glycol) were found to be the best sol-
vent for this system. Therefore, these combinations give
the most stable nanometre-sized colloidal dispersion. The
motivation for using Au nanoparticles ranges from device
application of nanoparticles to biomedical (due to its bio-
compatibility) that includes imaging as well as cancer
therapy. In recent years hybrid materials containing water
soluble polymers (like Chitosan) attached to nanoparti-
cles are being used for biomedical applications.5 Particu-
larly Au nanoparticles-Polyethylene Glycol (PEG) hybrid
nanocomposites are finding in vivo applications in radia-
tion therapy.6 Au nanoparticles coated with polymers have
been attached to MEG through chemical means.7 Au and
Pt nanoparticles within dendrimeric polymeric networks
have been synthesised as novel hybrid materials.8�9 Impor-
tant functionality in Au-PEG system that has not yet been
explored is the enhancement of dielectric constants and
electrical conductivity with rather dilute Au addition while
retaining the fluidity of the Ethylene Glycol.

2. MATERIAL SYNTHESIS

Au networks (Sample 2) were prepared by laser ablation
of an Au metal plate (>99.99%) which was placed on
the bottom of a high quality quartz cuvette (10×20 mm2�
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(HELLMA GmbH, Germany) filled with 10 mL of com-
mercially available base fluid Mono Ethylene Glycol
(MEG) (GR grade from Merc. Chemicals Co.). After
proper focusing the laser ablation was performed by using
the fundamental (248 nm) of KrF gas (Coherent laser,
Germany) pulsed laser operating at 5 Hz and energy was
200 mJ, spot size was 5×2 mm2, the fluence was 2 J/cm2

and number of laser shots given was about 5000.
This network structure is rigid enough to survive (retains

its structure) ultrasonic vibration (120 W) in water. TEM
image is given in Figure 1. We have also found from
the NMR experiment that these Au nanoparticles are con-
nected with each other by PEG chain by the polymerisa-
tion of MEG by the laser.10

For morphological characterisation SEM, TEM, EDX
images were taken using (FE-SEM, FEI HELIOS 600)
using 30 kV electrons and 200 kV JEOL JEM 200CX
respectively.
Optical characterisation of the colloids was done by, UV

vis spectra (400–700 nm) of the samples were recorded on
a Shimadzu UV-2408 spectrometer.
UV-Vis spectra were used to characterise these net-

work structures. These extended network structure shows
a broad spectrum in contrast to that of sharp peak in the
case of individual nanoparticles as shown in Figure 2.

3. IMPEDANCE SPECTROSCOPY
MEASUREMENT

3.1. Introduction

Impedance spectroscopy (IS)11 is the tool, generally
employed by electrochemists to measure the kinetics of
electrodes. However, this tool can be applied almost any-
where, and particularly to systems modelled by an equiv-
alent circuit. From the equivalent circuit elements the
physical parameters of the system can be calculated. This
technique is particularly suitable if the circuit consists of

Fig. 1. TEM image of Au Networks at different length scales.

Fig. 2. UV-Vis spectra of the MEG, and MEG with Au Networks. Au
Nanoparticles is shown for comparison only.

one or two time constants. The parameter measured or cal-
culated by IS are the capacitance, the parallel resistance
and the series resistance. The method used here is based on
the frequency response analysis. IS records the response
of a system to a small applied perturbation (i.e., a.c. sig-
nal), over a pre-determined frequency range. The applied
ac voltage and the resultant ac current are measured and
the impedance calculate (Z = V /I). The technique is non-
destructive and is particularly sensitive to small changes in
the system. The resultant current has the same frequency
f as the applied voltage but different phase � and ampli-
tude �Z�. By measuring the complex impedance (Z = Z′ +
iZ′′� and separating the real and imaginary terms (Z′ and
Z′′�. The complex plane plot ‘Nyquist plot’ (Z′ vs. Z′′�, the
capacitance dispersion C (�� and resistance dispersion R
(�� are derived. An equivalent circuit consisting of paral-
lel combination of resistance (Rp) and capacitance (C), in
series with another resistance (Rs) is usually used to inter-
pret the complex impedance data exhibited in Figure 3(a).
Ideally each RC element of the circuit gives rise to a semi-
circle. The position of the arc depends on the time constant
RC of the individual circuit.
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Fig. 3. RC-model (a) and resulting Nyquist plot (b). Rs, series resis-
tance; Rp, parallel resistance; C, capacitance; Z

′, real impedance; Z′′,
imaginary impedance; �Z�, absolute impedance; �, phase-shift; �, fre-
quency; � , time-constant. The arrow indicates the direction of increasing
frequency �.

The simplest equivalent circuit analysed in this study
consists of a parallel resistor Rp and capacitor C in series
with another resistor Rs. This model shown in Figure 3(a)
is used as starting point for the other two more complex
models. If this simple cell model is valid the spectrum
should be a semicircle, as shown in Figure 3(b). The char-
acteristics of this semicircle arc, the central point on the
real axis Z′, a diameter of Rp displaced from the origin by
Rs, the series resistance, and a maximum of Z′′,

Z′′
max = Rp =

1
�maxC

(1)

The capacitance C is calculated from Eq. (2). The single
RC-model leads to a semicircle that is characterised by a
single time constant � , defined by Z′′

�max = �−1 = �RpC�
−1 (2)

where �max is the angular frequency at the top of the semi-
circular arc.

3.2. Measurement

The complex dielectric constants were obtained from the
measurements of capacitance (C� and dissipation factor
(D� by using impedance spectroscopy in a sample holder

Fig. 4. Impedance spectra (Nyquist plot) and corresponding model fit
for all samples.

type coaxial capacitor coupled in an impedance analyser
(HIOKI 3535 LCR HITESTER impedance analyser). The
range of frequency measures were between 100 Hz and
10 MHz with an applied potential of 1 V at 27 �C.

We have carried out the measurement on two different
systems, Sample (1) The base fluid MEG and Sample (2)
MEG containing the Au Networks dispersed and hetero-
geneously mixed.

3.3. Experimental Results

We have constructed the Nyquist plot for the Sample (1)
and (2) as shown in the Figure 4. The plots are semi cir-
cular arcs in complex Z planes indicating a simple Debye
type relaxation process. The frequency dependence of the
impedance is arising from the time constant determined by
the RC network only and not from the frequency depen-
dences of the dielectric constant or the resistance which
can be seen to be nearly frequency independent. From the
plot itself, without any analysis it can be seen that the
impedance of the sample with Au network is much lower
than the MEG, (Sample (1)) pointing towards a much
enhanced conductance Sample (2). This is due to the pres-
ence of these networks in the MEG that the conductivity
of the Sample (2) is much higher than MEG.

3.4. Circuit Analysis and Modelling

We started with a generalised complex circuit Figure 5(a)
which contains R and C elements in parallel or series
according which they helps in modelling and explain our
observations.
Generalised circuits can be ultimately reduced to simple

RC circuit in two different stages as shown in subsequent
Figures 5(b) and (c).
For sample (1):
From the above circuit in Figure 5(b) we have
Rseff = Rs1 = series resistance of MEG,
Rpeff = Rp1 = parallel resistance of MEG and
Ceff = Cs = �C1 +C2�; where C1 = the capacitance of

MEG, C2 = the stray capacitance
So the real (Z′� and imaginary (Z′′� part of the

impedance is given below from Figure 5(b)

Z′
MEG = Rs1+

Rp1

1+�2C2
sR

2
p1

� Z′′
MEG = �CsR

2
p1

1+�2C2
sR

2
p1

(2)

From Figure 5(c) we calculate the equivalent resistive
part of the Figure 5(b) of MEG which is given below

Req=Rs1+
Rp1

1+�2�2
� �2= Rs1

Rs1+Rp1

R2
p1C

2
s =R2C2

s (3)

Now changing continuously the value of Rs1, Rp1, R, Cs

in Eq. (2), we have fitted the experimental Nyquist plot
of Sample (1) by varying �� (as shown in Fig. 3(b)) and
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Fig. 5. Details RC model for the depicting the results for the system.

from the fitting curve Rs1, Rp1 and Cs of Sample (1) are
obtained and listed in Table I.
For Sample (2):
Rseff = Rs1��Rs2; Rs2 = series resistance of the Au

nanonetworks,
Rpeff = Rp1��Rp2; Rp2 = parallel resistance of the Au

nanonetworks and
Ceff = C1+C2+C3; where C3 = capacitance of the Au

nanonetworks.
So from Figure 5(b), we find out the real (Z′� and imag-

inary (Z′′� part of the Sample (2) solution as in case of
sample (1) and they are given below

Z′
sample=Rseff+

Rpeff

1+�2C2
effR

2
peff

� Z′′
sample=

�CeffR
2
peff

1+�2C2
effR

2
peff

(4)

From the Figure 5(c) we calculate the equivalent resis-
tive part of the Figure 5(b) of the sample and it is given
below

R′
eq=Rseff+

Rpeff

1+�2� ′2 ��
′2= Rseff

Rseff+Rpeff

R2
peffC

2
eff =R′2C2

eff

(5)

Now again varying the Rseff , Rpeff , R
′, Ceff in Eq. (4),

we have fitted the experimental Nyquist plot of Sample
solution by varying �� (as shown in Fig. 3(b)) and from
the fitting curve we find out the Rseff , R

′ and Ceff and from
these quantities we can easily find out Rs2, Rp2, C3 of the
Au network separately (Table I).
So from the fitting results of our samples we can extract

out the dielectric constant, effective capacitance and resis-
tances of the two phases of the composite separately. Val-
ues of all the intermediate and varying parameters of the
samples coming out after fitting are noted in the Table I.
From the fit it is clear that our lumped circuit model in

Figure 5(a) mimic the system well.

Table I. Dielectrical parameters of the MEG and Au Nanonetwork.

SAMPLE Series resistance (K	� Effective resistance (K	� Capacitance (pF) Parallel resistance (K	� Relaxation frequency (MHz)

Sample (1) Rs1 = 320 R= 330 Cs = 1
21 Rp1 = 540 2.49
Sample (2) Rseff = 4
4 R′ = 9
8 Ceff = 13
7 Rpeff = 25
5 7.41
Au network Rs2 = 4
34 — C3 = 12
5 Rp2 = 26
7 —

For comparison on the effective electrical parameters,
we have given the Table I. In which different values final
RC model is calculated. From this we can easily see that
inclusion of Au networks (mediated by PEG) results in
a huge increase of electrical conductivity and capacitance
i.e., in turn dielectric constant of the medium.

4. RESULTS AND DISCUSSION

One of the new functionality that synthesized mate-
rial shows is in their modified electrical property which
shows much enhanced dielectric constant as well as much
enhanced electrical conductivity.12 It is noted that while
Au-PEG nanocomposites have been explored for biomed-
ical and similar applications due to its desirable function-
ality for such applications, few measurements exist that
actually explore the enhanced electrical properties of such
“nanocomposites” that are fluid (low viscosity) yet have
higher electrical conduction arising from very small Au
addition.
The value of conductivity and dielectric constant for

MEG obtained 3×10−6 S/cm and 30 respectively, are very
close to the standard value. The analysis of the data gives
us the contribution of the Au-network which as expected
makes the dominant contribution. The data, presented in
Table I, show that there is a tenfold increase in the dielec-
tric constant of the composite due to the presence of
the Au Networks. The conductivity of the Network struc-
ture is nearly 80–100 times more than that of the MEG
and approaching fractions of mS/cm. (Generally, in most
solids when the conductivity is more than 1–10 mS/cm,
they show metallic behaviour.) The electrical characteris-
tics thus show clearly that there is large change due to
formation of the Au Networks.
Enhancement of the dielectric constant as well as the

electrical conductivity of such a nanocomposite consisting
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of the Au nanoparticle chains, over that seen in MEG is a
new observation. The limiting low frequency (f < 1 GHz)
dielectric constant �0 of MEG at room temperature is
nearly 40 which in Diethylene Glycol is nearly 30
and decreasing further on polymerization.3 The tenfold
enhancement on the Au nanoparticles chain formation
would mean that the nanocomposite has a dielectric con-
stant approaching 400. This is indeed a large d.c dielec-
tric constant. The exact cause of the enhancement of
dielectric constant, however, remains a subject of future
investigations. In recent years conductance of a number
of molecules have been measured. For most molecules
of the type and length used here have the conductance
G∼ 10−3 G0 where G0 = �2e2/h). The capacitance of the
Au nanoparticles connecting the molecular links (assuming
them to be spheres of diameter d is C ≈ 2��0d= 5×10−19

farad. The approximate local charge relaxation time in
these systems �local = C/G∼5 psec. The measured dielec-
tric relaxation time in pure MEG, �dielectric∼100 psec for
MEG increasing to 130 psec3 for the Diethylene Glycol.
The presence of the Au nanoparticles thus enhances the
local charge relaxation substantially enhancing the charge
hoping rate and the resulting conductivity of the composite
and enhancing the dielectric constant consequently.

5. CONCLUSIONS

The substantial enhancement of conductivity arising out
of the Au nanoparticles inclusion at a rather low volume
fraction merits attention. In this case the material consist-
ing of Au nanoparticles interlinked by PEG molecules8

act as a network of metal electrodes connected by weakly
conducting links. These molecules themselves have a low
but finite conductance (G). The charge thus can hop from
one metal nanoparticle to the other through these link
molecules. The enhancement of the dielectric constant on
Au embedding in the Ethylene Glycol likely occurs due
to the large polarizability the metal inclusion can provide.
It has been seen that fillers with delocalized electrons can
enhance the dielectric constants of polymers many fold.

So enhancement of the dielectric constant as well as the
electrical conductivity of such a nanocomposite consisting
of the Au nanoparticle Networks, over that seen in MEG
is a new observation and it can be exploited for various
applications where much higher capacitance is required by
adding such network structure in the electrolyte/dielectric
medium. Such types of networks of Gold can be used as
good filler materials for causing a huge enhancement in
Dielectric constant of usual dielectric materials.
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