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Dielectric measurements were carried out on colloidal suspensions of palladium nanoparticle chains
dispersed in poly�vinyl pyrrolidone�/ethylene glycol �PVP/EG� solution with different particle
volume fractions, and dielectric relaxation with relaxation time distribution and small relaxation
amplitude was observed in the frequency range from 105 to 107 Hz. By means of the method based
on logarithmic derivative of the dielectric constant and a numerical Kramers-Kronig transform
method, two dielectric relaxations were confirmed and dielectric parameters were determined from
the dielectric spectra. The dielectric parameters showed a strong dependence on the volume fraction
of palladium nanoparticle chain. Through analyzing limiting conductivity at low frequency, the
authors found the conductance percolation phenomenon of the suspensions, and the threshold
volume fraction is about 0.18. It was concluded from analyzing the dielectric parameters that the
high frequency dielectric relaxation results from interfacial polarization and the low frequency
dielectric relaxation is a consequence of counterion polarization. They also found that the dispersion
state of the palladium nanoparticle chain in PVP/EG solution is dependent on the particle volume
fraction, and this may shed some light on a better application of this kind of materials. © 2007
American Institute of Physics. �DOI: 10.1063/1.2721561�

I. INTRODUCTION

Metallic or inorganic nanoparticle �NP� assemblies have
been intensively investigated in recent years, not only be-
cause they can yield collective physicochemical properties
that are evidently different from single NPs as a result of
their specific particle size, spacing, and organized
structure,1–3 but also because of their potential applications
in electronic and photonic devices, telecommunications, and
sensors.4 Tremendous efforts have thus been devoted to the
preparation of a variety of NP assemblies with different size
and well-defined morphologies, for instance, see Refs. 5–7.
Compared with the synthesis works, however, corresponding
research works on the structural properties of these newly
synthesized NP assemblies are far from enough, even though
it is well known that the structural properties can sometimes
remarkably influence their physical and chemical
properties.8,9 Therefore, research works of this kind by
means of various modern physical techniques are highly de-
served to carry out nowadays, especially those on the struc-
tural properties of NP assemblies in environments similar to
those they are working in, for example, dispersed in liquid
solutions.

Among many modern physical techniques, dielectric re-
laxation spectroscopy �DRS� occupies a special and impor-
tant place due to its outstanding sensitivity to the properties
of the systems under investigation as well as a number of

other advantages.10,11 For the characterization of colloidal
suspensions, DRS now has become one of the most effective
methods due to both these advantages and the development
in theory, experiment, and data treatment in the past several
decades. The dielectric theories on Maxwell-Wagner �MW�
polarization relaxation12–14 and counterion polarization
relaxation,15–17 which are the most typical relaxation mecha-
nisms for colloidal suspensions in the radio frequency range,
and can offer rich information on particle dispersion state,
charge diffusion, interfacial configuration, and so on.18–21

Data treatment methods such as the logarithmic derivative
method22,23 and numerical Kramers-Kronig transform
method24 have been developed in the past decade, which can
markedly increase the accuracy of the dielectric data process-
ing. Since many applications, such as used as catalyzer, de-
mand that NP assemblies be in the state of colloidal suspen-
sion, DRS investigations on their colloidal suspensions may
offer information about their structure in their working state,
and thus are hoped to reveal the working mechanism and to
further their applications.

The suspensions under study in this paper are suspen-
sions of Pd NP chain dispersed in poly�vinyl pyrrolidone�/
ethylene glycol �PVP/EG� solution, where the dispersed par-
ticles are chainlike metallic nanosphere assemblies covered
by PVP molecules. Pd NPs have been extensively used as
one of the primary catalysts for many organic reactions,25

and their catalytic power is definitely influenced by such
properties as dispersion state and surface/volume ratio. On
the other hand, the dispersed Pd NP chains are highly con-
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ducting particles with nonspherical shape and hence are
much different from conventional dispersed particles previ-
ously investigated. Till now, experimental DRS investiga-
tions on conducting particle suspensions are fairly sparse to
the best of our knowledge. Nevertheless, it will be shown in
this paper that the basic principles of these theories are still
applicable for such systems and DRS investigation on them
can also provide important information on the dispersion
state and surface/volume ratio of Pd NP chains in organic
solutions. The result may help to facilitate the applications of
Pd NP chains to fields such as catalysis and waste-water
treatment on one hand, and may offer valuable evidence for
the development of DRS theory on conducting particle sus-
pensions on the other.

II. EXPERIMENT AND METHODS

A. Suspensions of Pd nanoparticle chain dispersed
in PVP/EG solution

The one step polyol synthesis approach recently pro-
posed by Feng et al.7 was used to produce short ordered Pd
NP chains formed by using PVP as soft template. As can be
seen from the transmission electron microscope picture �Fig.
1�, The mean size of the particles in the Pd NP chains is
about 8 nm, the interparticle distance is about 1.4±0.6 nm,
and the Pd NPs self-assembly to linear chain over 100 nm.

After the reaction was completed, the original reaction
mixture, which is a mixture of Pd NP chains dispersed in
PVP/EG solution with some inorganic ions, was used as
mother suspension. Equal volume �0.5 ml� of mother suspen-
sions were diluted by EG to 1, 2, 3, 4, 5, 6, 7, and 8 mL
respectively. In this way, suspensions with different Pd NP
chain volume fractions were obtained. Dielectric measure-
ments were then carried out on these suspensions including
the mother suspension without further treatments. The back-
ground PVP/EG solution at the absence of Pd NP chain was
also confected, which contains equivalent components to
those of the mother suspension. Then the solution was di-
luted in the same way so as to obtain solutions with different
PVP and inorganic ion concentration, and these solutions
were conducted to dielectric measurements as well.

Since almost all Pd�II� can be reduced to Pd�0� after this

synthesis approach,7 the volume fraction � of Pd NP chain of
the mother suspension thus can be roughly estimated using
the following formula:

� =
M�Pd�II��

�
, �1�

where �Pd�II�� is the initial Pd mole concentration, � is the
Pd bulk density and M is the Pd molecular weight. Accord-
ing to the value of �Pd�II�� reported in Ref. 7, the volume
fraction of the mother suspension is about 0.319, and the
volume fractions of other suspensions under study are thus
ranging from 0.02 to 0.159.

B. Dielectric measurement

Dielectric measurements were carried out using 4294A
precise impedance analyzer �Agilent Technologies� con-
trolled by a personal computer. The experiments were carried
out at 25±0.5 °C. The dielectric cell used in our study con-
sists of concentrically cylindrical platinum electrodes,26 and
the cell constant Cl and stray capacitance Cr that have been
determined by use of several standard liquids were 0.47 and
0.081 pF, respectively, by which the directly measured con-
ductance G and capacitance C at each frequency were trans-
ferred to the corresponding conductivity � and dielectric
constant �� in line with the following relations: �=G�0 /Cl

and ��= �C−Cr� /Cl, where �0 is the permittivity of vacuum.
Prior to the transformation, all experimental data were sub-
jected to certain corrections27 for the errors arising from re-
sidual inductance due to the cell assembly. First, the induc-
tance Lr �0.14 nH here� of the dielectric cell was determined
by use of standard KCl solutions with different concentra-
tions and the relation C=LrG

2. Then all values of G and C
were subjected to modification through the following
expressions:27

GS =
GX

�1 + �2LrCX�2 + ��LrGX�2 ,

CS =
CX�1 + �2LrCX� + LrGX

2

�1 + �2LrCX�2 + ��LrGX�2 − Cr,

where the subscript X and S denote the directly measured and
modified values, respectively, and � is the angular frequency.

C. Data treatment methods

1. Calculating dielectric loss from dielectric constant

Although dielectric loss ���� and dielectric constant ����
are interrelated by the Kramers-Kronig relations, �� spectra
often show more details and are therefore more suitable for
the evaluation of complicated dielectric data than �� spectra.
Two methods were used here to calculate �� from ��, both
based on the Kramers-Kronig relations.

One is based on the analysis of the logarithmic deriva-
tive �LD� of dielectric constant,22,23 which is based on the
following derivative:

FIG. 1. Transmission electron microscope images of linear assembles of Pd
NP chains.
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�Der� ��� = −
�

2

���

� ln �
� �Rel� ��� , �2�

where �Der� and �Rel� denote the derivative and real dielectric
losses, respectively. This method is convenient and effective
in eliminating electrode polarization effect, as shown in Refs.
19 and 23, it also offers a better way to resolve overlapping
peaks due to its peak sharpening.23

The other one is the numerical Kramers-Kronig trans-
form method developed by Steeman,24 which can be used to
better analyze Ohmic conduction processes and relaxation
processes. The basic idea of this method is to calculate the
dielectric loss by weighted differences of dielectric constant
data, by use of the following approximation: for central fre-
quency �� data,

����� � �
i=1

n

bi�����/2i� − ����2i�� , �3�

for lower edge frequency �� data,

����� � �
i=1

nMax

bi�����/2i� − ����2i��

+ �
i=nmax+1

4

bi������ − ����2i�� , �4�

and for higher edge frequency �� data,

���� � �
i=1

nmax

bi�����/2i� − ����2i��

+ �
i=nmax+1

4

bi�����/2i� − ������ , �5�

The bi �i=1,2 ,3 ,4� coefficients for the calculation are listed
in Ref. 24. To get a more accurate dielectric loss data, the
dielectric constant data were measured over the frequency
ranging from 25.4 to 226.6 Hz with an interval of 0.2 on the
log2 f �f =� /2�� scale. Although the first and the last four
data could not be calculated in this way, this did not matter
because no relaxations happened in the edge regions in this
study.

As an example, Fig. 2 shows us the calculated dielectric
loss of one of the suspensions by means of the above-
mentioned two methods. It can be seen that, although the

results obtained from different methods are not exactly con-
sistent with each other, they both show a wide relaxation
distribution in the same frequency range, namely,
105–107 Hz. The dielectric loss curve derived from LD
method is sharper, from which we can see that there are two
mechanisms of dielectric relaxations contributing to the cur-
rent dielectric behavior in this frequency range.

2. Determination of dielectric parameters from
dielectric spectra

Now that two dielectric relaxations were observed, as
shown in Fig. 2, the dielectric parameters can be determined
by fitting the following Cole-Cole equation28 with two Cole-
Cole terms to experimental and calculated dielectric spectra:

�� = �h +
�l − �m

1 + �j��l��1
+

�m − �h

1 + �j��h��2
, �6�

where �*=��− j�� is the complex dielectric constant, � is the
characteristic relaxation time, � is the Cole-Cole parameter
�0	�
1� denoting the width of the distribution of relax-
ation times, and j2=−1. The subscripts l, m, and h denote the
low, medium, and high frequency limit values, respectively.
To obtain the most accurate dielectric parameters, we started
with fitting Eq. �6� to experimental �� curve, and then the
obtained dielectric parameters were used to get a theoretical
�� curve, which was compared with the derived �� curves
�from both methods�. During this process, the optimized re-
sults were determined by the nonlinear least-squares
method22 to minimize the sum of the residuals for the dielec-
tric constant �� and dielectric loss ��.

� = �
i

��e���i� − �i���i��2 + �
i

��e���i� − �i���i��2, �7�

where � is the sum of squares error estimate, the subscripts e
and t, respectively, refer to the experimental and theoretical
values, and �i is ith angular frequency.

During the fitting process we found that the best fitting
was only reached under the condition of having simulta-
neously �1=1 and �2=1. This means that the two relaxations
are both of Debye type, and thereby implies that only two
dielectric relaxations were involved in this frequency range,
which is consistent with what was observed in the �� curve
derived by LD method �see Fig. 2�. The result shown in Fig.
2 also indicates clearly that the values of �� that calculated
from numerical Kramers-Kronig �K-K� transform are more
approximating to theoretical values; however, the LD
method is definitely in favor of resolving overlapping relax-
ation peaks due to its peak sharpening. Therefore in the data
treatment process hereinafter, LD method was used to find
out characteristic relaxation frequency, and K-K transform
method was used to determine dielectric parameters.

III. RESULTS AND DISCUSSION

Figure 3�A� shows us the frequency dependency of di-
electric constant of Pd NP chain suspensions with different
volume fractions, from which we can see that no dielectric
relaxation can be observed for the mother suspension
��=0.319�, but all the other suspensions with lower volume

FIG. 2. Frequency dependences of dielectric constant ��� and dielectric loss
�LD method ���, K-K transform method ���� of Pd NP chain suspension.
The dashed line is fitting curve and solid line is theoretical curve.

164505-3 Dielectric relaxation of Pd nanoparticles J. Chem. Phys. 126, 164505 �2007�
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fractions distinctly exhibit dielectric relaxations in the fre-
quency range from 105 to 107 Hz although the relaxation
amplitudes are rather small. On the other hand, PVP/EG so-
lutions also exhibit no dielectric relaxation in this frequency
range, as shown in Fig. 3�B�, where, as an example, the
dielectric behavior of the Pd NP chain suspension with �
=0.02 is compared with that of its corresponding PVP/EG
solution. This definitely indicates that the dielectric relax-
ations observed in Fig. 3�A� are due to the existence of Pd
NP chain in these suspensions. Dielectric parameters were
determined in the way described above, which were listed in
Table I. As shown in Table I, the relaxation amplitude is
rather small, but the dielectric increment �� and relaxation

time of both low and high frequency dielectric relaxation
vary regularly with increasing volume fraction.

The small relaxation amplitude is a characteristic of con-
ducting or semiconducting particle suspensions.19,29 With re-
spect to this phenomenon, Hanai29 gave a phenomenological
explanation aiming at water-in-oil–type emulsion and
Dukhin and Shilov presented an electrokinetic analysis.30

The fact that the mother suspension exhibits no relaxation in
this frequency range is somewhat out of our expectation,
which seems to imply that a special structure of the NP
chains be formed when � is bigger than a critical value.

A. The conductance percolation of Pd NP chain
suspension

It is well known that the phenomenon of conductance
percolation will occur in binary mixtures containing conduc-
tor and insulator such as the present systems.31 After a
threshold volume fraction �t ��t�0.17� of spherical par-
ticles, the conductance increases sharply and then levels off.
Basically, dielectric measurements can simultaneously give
information on dielectric constant and conductivity of the
systems under measurement. The limiting conductivity at
low frequency �l is generally approximating to the dc con-
ductivity of the system, which can be directly determined
through fitting the conductivity spectra �listed in Table I�. By
plotting �l against the volume fraction of the Pd NP chain
suspensions, we got Fig. 4, which demonstrates a typical
conductance percolation behavior that the conductivity in-
creases sharply when the volume fraction is about 0.18 and

FIG. 3. Frequency dependences of dielectric constant of Pd NP chain
suspensions with different volume fractions �A�, and a comparison between
the frequency dependency of dielectric constant of the suspension with
�=0.02 and that of its corresponding PVP/EG solution as an example �B�.

TABLE I. Dielectric parameters of Pd NP chain suspensions dispersed in PVP/EG solution with different volume fractions. Ci is the concentration of
the solution, � is relaxation time, the subscripts l, m, and h denote the limiting value at low, medium, and high frequencies, and ��l= ��l−�m� /� and
��h= ��m−�h� /� represent low and high frequency dielectric increments, respectively.

� Ci �mol/m3� �l �mS/m� �l� �m� �h� �l �ns� �h �ns� ��l� ��h�

0.020 0.83 0.298 42.0 41.9 41.8 407 232 4.1 7.8
0.023 0.95 0.311 42.1 42.0 41.9 401 231 4.6 6.0
0.027 1.11 0.380 42.6 42.5 42.3 404 213 3.9 5.6
0.032 1.33 0.386 42.7 42.6 42.4 423 219 3.2 4.9
0.040 1.67 0.480 43.3 43.1 43.0 465 193 3.5 3.7
0.053 2.22 0.483 43.4 43.2 43.1 505 187 2.8 3.0
0.080 3.33 0.581 44.0 43.9 43.7 569 170 2.0 2.1
0.159 6.67 1.281 44.7 44.6 44.3 612 159 0.8 1.7
0.319a 13.30 9.328 ¯ ¯ ¯ ¯ ¯ ¯ ¯

aSuspension with �=0.319 exhibits no dielectric relaxations.

FIG. 4. Limiting conductivity at low frequency as a function of volume
fraction for Pd NP chain suspensions. The line is drawn for guiding the eyes.

164505-4 Chen et al. J. Chem. Phys. 126, 164505 �2007�

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.118 On: Thu, 01 Sep

2016 05:02:12



then levels off at about 0.35. Therefore, from this figure we
can find that the threshold volume fraction is about 0.18,
which is approximating to 0.17 predicted by percolation
theory.31 This also suggests that the values of � calculated
from Eq. �1� are reasonable. When �	�t, we can imagine
that most Pd NP chains are isolated although some chains
may partially congregate; while when ��t, it is believed
that a complex metallic matrix would be formed because of
aggregation or some other mechanisms, and ion transfer
channels would probably exist between the aggregated Pd
NP chains, resulting in a sharp increase of conductivity. This
may also account for the fact why no dielectric relaxations
were observed for the mother suspension where ��t. In
what follows, since the mother suspension exhibit no dielec-
tric relaxations, it will no longer be considered in the discus-
sion of the dielectric behaviors.

B. The mechanisms of high and low frequency
dielectric relaxations

Few dielectric investigations are carried out on conduct-
ing particle suspensions, and discussions on the dielectric
relaxation mechanisms of this kind of systems are rather rare
to date. For the present suspension, which consists of rela-
tively complicated compositions, a lot of relaxation mecha-
nisms may contribute to the observed dielectric relaxations.
One of these possibilities is the rotation of PVP molecules,
however, as previously discussed, since no relaxations are
observed in background PVP/EG solution, this possibility
can be ruled out and the dielectric relaxations are surely due
to the existence of Pd NP chain. The most likely mechanisms
that immediately comes to mind are MW polarization12–14

and counterion polarization.15–17 The former is due to the
buildup of charge on the interface at the presence of an ap-
plied electrical field, and the latter mainly arises from a field
induced polarization of electrical double layer �EDL� where
counterion prevails.

Essentially, characteristic relaxation time ��� is the most
effective criterion for confirming the mechanism of a dielec-
tric relaxation. For MW polarization relaxation, its time scale
corresponds to a charge carrier diffusing a distance of the
order of the Debye length or double layer thickness �−1,32

�−1 =� �a�0KT

e2�
i
CiZi

2 , �8�

here K, T, Ci, and Zi are Boltzmann constant, absolute tem-
perature, number concentration of free charge, and valence
of type i ions, respectively, �a is the permittivity of the elec-
trolyte solution. For the present suspensions, although the
disperse medium is not an aqueous solution, Eq. �8� is still
applicable because the dielectric constant of EG is large
enough to support an EDL and because the electrokinetic
behavior of the suspensions is analogous to that observed in
aqueous systems.33 On the other hand, the dispersed particles
in the present case are conducting metallic particles, so the
field lines are locally perpendicular rather then parallel to the
surface of the particle in an applied electric field, which
means tangential movement of counterions along the surface,
and hence the surface conductivity, is negligible.34 The MW

polarization relaxation time, accordingly, can be more accu-
rately estimated by the well-known Einstein equation, that is

�MW = �−2/DMW, �9�

where DMW is the ion diffusion coefficient in the region
where space charge built up. However, the polarization of
conducting particles is different from that of insulating
particles,30,34 and the �MW of conducting particle suspension
thus is thought to be �a �a is the particle radius� times longer
than that of insulating particle suspension, that is

�MW = a�−1/DMW. �10�

The relaxation time of counterion polarization relaxation
for a spherical particle, on the other hand, corresponds to
the time for the counterion to diffuse from one side of the
particle to the other.35 This distance is of the order of
2�a+�−1�, therefore the counterion polarization relaxation
time can be estimated by

�C =
4�a + �−1�2

DC
, �11�

where DC is the counterion diffusion coefficient.
Since the mother suspensions were diluted with EG �sol-

vent� that does not include small inorganic ions such as Cl−

ions, the concentration of small inorganic ions �solute� de-
creases with the dilution of the mother suspension, and hence
Ci decreases as the volume fraction decreases. The estimated
values of Ci are listed in Table I, which were roughly calcu-
lated from the hydrochloric salt concentration reported in
Ref. 7 and the dilution multiples. The values of �−1 calcu-
lated from Eq. �8� thus range from 2.58 to 7.31 nm, which
are comparable to the radius of Pd nanoparticle. Conse-
quently, �−1 could not be neglected from Eq. �11� as done in
thin double layer systems where �a�1, and it is not difficult
to conclude that �C is always bigger than �MW and that they
should both decrease with an increasing Ci or �. Now we
can judge, for the moment, that the high frequency dielectric
relaxation is attributed to MW polarization and the low fre-
quency one is a result of counterion polarization.

Figure 5 shows us the volume fraction dependency of
the relaxation times of low and high frequency relaxations,
from which we can find that with increasing �, �h decreases
while �l increases. This obvious volume fraction dependency
of the relaxation times is certain evidence that these dielec-
tric relaxations arise from induced dipole moment instead of

FIG. 5. Volume fraction dependency of the relaxation time of low ��� and
high ��� frequency dielectric relaxations of Pd NP chain suspension. The
real lines are drawn for guiding the eyes.
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permanent dipole moment such as PVP molecule. The vol-
ume fraction dependency of �h is not beyond our expectation.
In accordance with Eq. �10�, �MW should linearly increase
with increasing C−1/2 considering that a and DMW are con-
stants. We plotted �h as a function of C−1/2 in Fig. 6, in which
the linear dependency surely consolidates the conclusion that
the high frequency dielectric relaxation results from MW po-
larization. This linear dependency also signifies that MW
polarization relaxation is somewhat independent of particle
aggregation before the threshold volume fraction. In other
words, despite the particle aggregation, the distance between
the adjacent particles still keeps a characteristic distance of
the order of �−1. By the slope of this linear dependency, DMW

can be calculated from Eq. �10�, which is about 2.42
�10−10 m2/s. This value is reasonable considering that the
inorganic ions are solved in EG whose viscosity is one order
bigger than that of water.

The low frequency dielectric relaxation thus should be
attributed to counterion polarization. Nevertheless, it should
be noted that two counterion polarization relaxations are sup-
posed to be observed due to the chainlike configuration of
the Pd NP assemblies in principle, which correspond to the
diffusion of counterions parallel and perpendicular to the NP
chain, respectively. The relaxation time of the relaxation aris-
ing from the parallel diffusion of counterions basically falls
into the frequency range far beyond the frequency region of
interest, because the length of the Pd NP chain here is over
100 nm. Accordingly, the low frequency dielectric relaxation
observed in Fig. 3 is a result of the perpendicular diffusion of
counterions, and the relaxation time is equivalent to that of
single spherical particle, i.e., consistent with Eq. �11�. The
volume fraction dependency of �l, as shown in Fig. 5, was
surprising to us because it is not in line with the prediction of
Eq. �11� and also deviates from the prediction of the dielec-
tric theory of concentrated dispersion proposed by Carrique
et al.36 The theory predicts that the characteristic time for the
low frequency relaxation �l decreases with the increasing
volume fraction, because the diffusion length of the counter-
ion around the particle will be reduced by the presence of the
neighboring particles as the volume fraction increases. For
the present case, however, the dispersed particles are chain-
like and easy to distort, therefore the result shown in Fig. 5
seems to indicate that the dispersion state of the Pd NP chain
is varying with the volume fraction.

C. The dispersion state of palladium nanoparticle
chain in the PVP/EG solution with different volume
fractions

When � is smaller than 0.03, we can find from Fig. 5
that �l is barely changed and even has a minor decrease with
the increasing �, which is normal according to Eq. �11�.
Under this condition, it is believed that the Pd NP chains are
fully stretching and no interaction exists among them. The
value of DC calculated from Eq. �11� is about 8.35
�10−10 m2/s, which is bigger than that of DMW although
both are of the same order. This is not surprising taking into
account the following fact. On one hand, the Pd NP is sur-
rounded by PVP molecules, which are absorbed by the sur-
face via the coordination of the PVP carbonyl group to the
Pd atoms,38,39 therefore the diffusion of the ions within the
double layer is blocked by PVP molecules and is slower than
in bulk solution. On the other hand, since tangential counter-
ion diffusion around the particle is forbidden as previously
discussed, the volume diffusion mechanism proposed by
Dukhin and Shilov16 is preferable to account for the present
dielectric relaxation, that is, the relaxation arises from the
diffusion of ions in the bulk solution adjoining the EDL due
to a concentration gradient, and DC is comparable to that in
bulk solution.

Whereas when � is bigger than 0.03, �l increases obvi-
ously with the increasing �. This phenomenon seems to sug-
gest that the Pd NP chain begins to fold and then to aggre-
gate when �0.03. It should be kept in mind that the Pd NP
chains are covered by a PVP shell and the EDL around the
chain is comparable thick, which means the chains actually
occupy much more volume than that of naked chains. There-
fore, even at not very high volume fraction, an increase in �
will bring about a potential electrostatic repulsion between
the adjoining chains. To ease this electrostatic repulsion, it is
likely that the chain will contract itself and form a folded
chain, as shown in the inset of Fig. 1. This will then result in
a longer time for counterions to diffuse from one side of the
chain to the other, and hence a bigger �l. The contraction,
however, will not continue forever, so a further increase in �
will give rise to aggregation and thus an increasing �l.
Judged from the curves in Fig. 5, the watershed volume frac-
tion from contraction to aggregation seems to be around
0.08.

The dispersion state of Pd NP chain may also be re-
flected by the volume fraction dependency of dielectric in-
crements. Figure 7 gives us the volume fraction dependency
of the dielectric increments of low and high frequency di-
electric relaxations of Pd NP chain suspensions, where ��l

= ��l−�m� /� and ��h= ��m−�h� /�. From this figure we can
tell that both ��l and ��h are decreasing with increasing �,
which is consistent with the prediction of the theory of Car-
rique et al.,36 but the decreases distinctly trail off after � is
about 0.08. This result thus also indicates that the aggrega-
tion happens when the volume fraction is bigger than 0.08. It
is well known that relaxation amplitude, for example,
��l�=�l−�m�, increases with increasing volume fraction,35–37

but dielectric increment denotes the relaxation amplitude per
unit volume and thereby is only decided by the induced di-
pole coefficient of a single particle. As the volume fraction

FIG. 6. Relaxation time of high frequency dielectric relaxation of Pd NP
chain suspensions as a function of the reciprocal of the square root of the
ionic concentration.
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increases, ion concentration in the bulk solution increases,
then more counterions will reside in the stagnant layer of
EDL and fewer counterions will be left in the diffuse layer.
As concluded from several former works,20,21 the dielectric
increment of MW polarization relaxation for conducting par-
ticles is mainly a function of the counterion concentration in
the diffuse layer, therefore ��h basically decreases with in-
creasing �. The fewer counterions in the diffuse layer, on the
other hand, lead to a relatively smaller concentration gradient
in the adjoining bulk solution, accordingly ��l also decreases
with increasing �. When aggregation happens, say �0.08,
the interaction between the chains will definitely influence
the counterion distribution of the EDL. At the presence of an
applied field, it is not difficult to imagine that each chain is
polarized with excess positive charges on one side and ex-
cess negative charges on the other, and for adjacent chains,
the positively charged side of one chain will certainly face to
the negatively charged side of the other chain. This situation
is surely in favor of allowing some counterions that origi-
nally reside in the stagnant layer to go into the diffuse layer
due to the electric attraction, so the dielectric increment of
aggregated chains will not decrease as intensely as the single
chain does.

Summarizing, when � is smaller than the threshold vol-
ume fraction �l, since for conducting particles the surface
potential will be held constant even when the charge density
in the EDL changes,14 the volume fraction dependency of the
dielectric increments, as shown in Fig. 7, apparently indi-
cates that the surface/volume ratio of the Pd NP chains is
reducing with the increasing volume fraction due to the fold-
ing or aggregation of the chains. Whereas when � is bigger
than �l, as previously discussed, a rather complex metallic
matrix will be formed due to further aggregation, and ion
transfer channels will exist between the aggregated Pd NP
chains. Under this condition, MW polarization is likely to
occur at a much higher frequency range because of the ion
transfer channels, while counterion polarization will prob-
ably fall into a rather lower frequency range because more
time is needed for counterions to diffuse over the metallic
matrix.

IV. CONCLUDING REMARKS

In the frequency range from 105 to 107 Hz, dielectric re-
laxations with wide relaxation time distribution and small

relaxation amplitude were observed for the suspensions of
Pd NP chain dispersed in PVP/EG solution with different
volume fractions, which exhibited a distinct dependency on
the volume fraction. Two relaxations were confirmed in this
frequency range by means of the logarithmic derivative
method, which turned out to be very effective in resolving
overlapped relaxations. While it is found that the numerical
Kramers-Kronig transform method is able to obtain dielectric
loss more approximating to real values, by using which the
dielectric parameters were accurately determined.

The low frequency limiting conductivity �l is dependent
on the volume fraction, which shows a typical conductance
percolation phenomenon of Pd NP chain suspension, with a
threshold volume fraction of about 0.18. Through analyzing
the volume fraction dependent relaxation time, we attributed
the mechanisms of high and low frequency dielectric relax-
ations to Maxwell-Wagner polarization and counterion polar-
ization, respectively. The volume fraction dependency of low
frequency relaxation time as well as the dielectric increments
disclosed a variation of dispersion state of the Pd NP chains
with the increasing volume fraction. When the volume frac-
tion is very low, the chains are totally isolated and fully
stretched. As the volume fraction increases, the chains begin
to contract and fold due to electrostatic repelling; and a fur-
ther increase of the volume fraction, say, bigger than 0.08,
will lead to local aggregation of the chains. While when the
volume fraction is bigger than the threshold volume fraction,
a metallic matrix seems to be formed from an overall aggre-
gation of the chains and ion transfer channels seems to exist
between them, resulting in not only a sharp increase of con-
ductivity but also the absence of dielectric relaxation for the
mother suspension.

This contribution is another evidence of the effectivity of
dielectric relaxation spectroscopy on the characterization of
the properties of constituent phases and their interface of
colloidal suspensions, and the result is hoped to facilitate the
application of Pd NP chain to catalysis and waste-water treat-
ment.
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