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Sols of silver nanoparticles in toluene were studied by broadband dielectric spectroscopy
(10–3—105 Hz). The frequency dependences of the specific alternating current (ac) conductiv�
ity and the complex electric modulus  were used to estimate the temperature/frequency inter�
vals of  long� and short�range charge transfer occurs, respectively. A considerable increase
(by more than 30 °С) in the Vogel temperature T0 and the glass transition temperature Tg in sols
compared with the pure solvent was found. It can be hypothesized that these cooperative effects
reflect the initial stage of the superlattice formation. Although the dielectric characteristics of
sols are generally controlled by the conductivity relaxation, the dielectric response was ob�
served in the high�frequency range (1—103 Hz) at low temperatures (from –50 to +10 °С). This
response results from the presence of nanoparticles in solution. It is supposed that the relaxation
is caused by the motion of ion impurities on the Ag nanoparticle surface within the carboxylate
ligands shell. The dielectric properties of films strongly depend on both the characteristics of
nanoparticles and the conditions of the film preparation. Like in sols, the direct current (dc)
conductivity and the dielectric response of Ag nanoparticles in films are due to ion impurities.
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As noted previously,1 an important problem of the
modern nanoindustry is the manufacture of stable mono�
disperse nanoparticles (NP) able to spontaneously form
ordered 2D and 3D structures, so�called superlattices,
upon concentration.2 From this standpoint, silver NP are
of considerable interest as they combine valuable optical,
catalytic, and other properties and are readily accessible.3

The currently known methods for the synthesis of silver
NP4 mainly imply the use of multicomponent dilute sys�
tems at silver ion concentrations of 10—3—10–4 mol L–1,
which hampers isolation of reasonable amounts of NP
from the final sol. Therefore, particular attention is at�
tracted by the synthesis of silver NP by reducing silver
carboxylates based on fatty acids with tertiary alklylamines
first described by Yamamoto et al.5 Characteristic features
of the synthesis of silver NP from various low�molecular�
weight carboxylates in triethylamine and their effect on
the characteristics of the obtained NP were studied.1 We
made an attempt to investigate the initial stages of the
self�assembly of NP in a sol.

Experimental

The synthesis and characteristics of samples have been de�
scribed in detail previously.1 Silver carboxylate based on saturat�

ed tetradecanoic acid CH3(СН2)12СООН was prepared by the
reaction of the sodium salt of the acid with AgNO3 in water. The
carboxylate was reduced with triethylamine, which acted simul�
taneously as the reducing agent and as the reaction medium, at
Т = 348 К under argon. The resulting silver NP had a rather
narrow size distribution and an average radius of 1 nm and were
coated with a stabilizing ~1.8 nm�thick carboxylate ligand shell.
The highest NP concentration in the samples was 0.036 g cm–3

of the sol. Toluene was used as the solvent.
The dielectric measurements were carried out on a Novo�

control broadband dielectric spectrometer in the frequency range
of f = 10–3—105 Hz and temperature range of 183—323 К. The
sample temperature during the measurements was monitored to
within 0.05 °С. The measuring cell comprised two gold�plated
copper electrodes. The 50—200 μm gap between the electrodes
was established by quartz spacers. The electrode diameter was
10—20 mm. The voltage between the electrodes did not exceed 1 V.

Results and Discussion

Frequency dependences of εεεεε´, εεεεε″″″″″, tanδδδδδ, and σσσσσac´. Fig�
ures 1—4 show the frequency dependences of the real ε´
and imaginary ε″ parts of the complex dielectric permittiv�
ity ε* = ε´ – jε″, tanδ, and the real part σ´ of the complex
specific electrical conductivity σ* = σ´ + jσ″ in pure tolu�
ene and in NP sol in toluene at several temperatures from
183 to 223 К (here j = √–

—
1
–

). It can be seen that in pure
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toluene at low frequencies and high temperatures, ε´, ε″,
and tanδ increase by several orders of magnitude com�
pared with these values characteristic of dipole relaxation
and they should be attributed to the conductivity relax�
ation and spatial charge polarization.6—8 The reason for
these phenomena is charge migration between the elec�
trode surface and the sample.

Apart from conductivity relaxation and spatial charge
polarization, high ε´, ε″, and tanδ values in the low fre�
quency range may be caused by Maxwell—Wagner—Sil�
lars—Weiss (MWSW) polarization and relaxation, which
are observed in microphase�separated systems. The MWSW
polarization is caused by polarization in the sample bulk at

the interface of two phases with different conductivities
and permittivities. Due to high conductivity of Ag parti�
cles, the characteristic frequency of relaxation of MWSW
polarization (MWSW relaxation) of a single silver NP
occurs at GHz frequencies (i.e., beyond our frequency
range).9 However, it is possible that from the microphase
separation standpoint, it is necessary to consider coated
silver NP rather than NP as such. These complex particles
are much larger, and their dielectric characteristics can
differ considerably from characteristics of metallic NP. As
a result, it may happen that the corresponding MWSW
polarization/relaxation effects would be manifested in an
available temperature/frequency range.

In the case of MWSW relaxation/polarization, the cor�
responding frequency dependences of ε″ usually have

Fig. 1. Dependence of ε´ on frequency for pure toluene (1—5)
and NP sol in toluene (1´—7´) at 183 (1, 1´), 203 (2´), 223 (3´),
243 (4´), 263 (2, 5´), 283 (3), 303 (4, 6´), and 323 К (5, 7´). The
inset shows ε´(f) vs. frequency for 10—3—102 Hz.
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Fig. 2. Dependence of σ´ on frequency for pure toluene (1—5)
and NP sol in toluene (1´—5´) at 183 (1, 1´), 223 (2, 2´), 263 (3, 3´),
303 (4, 4´), and 323 К (5, 5´).
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Fig. 3. Dependence of ε″ on frequency for pure toluene (1—5)
and NP sol in toluene (1´—5´) at 183 (1, 1´), 223 (2, 2´), 263 (3, 3´),
303 (4, 4´), and 323 К (5, 5´).
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Fig. 4. Dependence of tan(δ) on frequency for pure toluene (1—5)
and NP sol in toluene (1´—7´) at 183 (1, 1´), 203 (2´), 223 (2, 3´),
243 (4´), 263 (3, 5´), 303 (4, 6´), and 323 К (5, 7´).
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a maximum in the region where a step is recorded for ε´
(Δε ≈ 10—20 irrespective of temperature). As the tempera�
ture increases, the peak and the step shift to higher tem�
perature.10 As can be seen from Fig. 1, for NP sol, the
right wings of the curves have steps that shift to higher
temperature. However, it is impossible to draw conclu�
sion about the step amplitude variation vs. temperature
on the basis of these data due to the overlap of conductiv�
ity relaxation and spatial charge polarization processes,
which becomes more pronounced as the temperature is
increased.

For further elucidation of the issue whether the MWSW
polarization/relaxation is responsible for increase in ε´, ε″,
and tanδ in the low�frequency/high�temperature region,
consider the frequency dependence of the specific con�
ductivity σ´ac. As for other concentrations, the plot
logσ´ac = ϕ(log f ) (see Fig. 2) has a clear�cut plateau at
low frequency, which extends to higher frequency as the
temperature increases; this is attributable to free charge
transport.11

The conductivity values σ´ac in the plateau region cor�
respond to the direct current (dc) conductivity σdc both in
pure toluene and in the sol. The transition from the pla�
teau region to the frequency dependence of σ´ac (at the
frequency f *) corresponds to a change in the mechanism
of electrical conductivity.11,12 In this case, the plateau
region in the left�hand part of the plot logσ´ac = ϕ(log f )
reflects the charge transport by long distances, while in
the right�hand part, the σ´ac values increase with increase
in the frequency and the charge transport is restricted to
the space of their potential wells.

The frequency region of σdc (see Fig. 2) corresponds to
the region of high ε″ values (see Fig 3). In the low frequen�
cy/high temperature region, all of the studied systems show
the linear dependence logε″ = ϕ(logf) with a slope close
to –1. This behavior is typical of the conductivity relax�
ation.9,11 Therefore, one can expect that a sharp increase
in the dielectric loss (see Fig. 3) is related to the dc con�
ductivity, and MWSW polarization does not make a no�
ticeable contribution to this increase.

Thus, in the low�frequency/high�temperature region,
the frequency dependences of σac´ (see Fig. 2), ε″ (see Fig. 3),
and tanδ (see Fig. 4), show the following features: devia�
tion from the linearity of ε″, a maximum of tanδ, and
a slight decrease in σac´. The described features of dielec�
tric behavior are typical of electrode polarization associat�
ed with charge accumulation at the interface between the
sample and the electrodes.11,13—16 Note, however, that
the tanδ(f ) plots (see Fig. 4) of NP sols exhibit also the
second maximum at the high�frequency wing whose be�
havior correlates with the step in the frequency depen�
dences of ε″ (see Fig. 3). In a pure solvent, no maximum is
observed. On temperature rise, the maximum shifts to
high�frequency region. The amplitude of this maximum
depends little on the temperature.

Temperature dependence of the specific conductivity. It
is known that in many glass�forming media, the experi�
mental dependences of the specific conductivity and di�
electric relaxation times on the reciprocal temperature are
not described by the Arrhenius law. Most often, the em�
pirical Vogel—Fulcher—Tammann (VFT) formula is used
in this case:6

σdc = σdc0exp[–B/(T – T0)], (1)

where σdc0, B , and T0 are the adjustable parameters, T0 is
the so�called Vogel—Fulcher temperature often interpret�
ed as the "static freezing" temperature of electric dipoles
or the transition temperature to the dipole glass state17,18

(T0 is usually lower than the glass transition temperature
Tg by several tens of degrees19).

The plots logσdc = ϕ(1/T) for pure toluene and for the
NP sol in toluene (0.036 g cm–3) are shown in Fig. 5. They
are described quite satisfactorily by the VFT function (sol�
id lines). This fact implies that on decreasing the tempera�
ture, the change in the system viscosity is considerably
affected by cooperative motion.

The temperature dependence of the dc conductivity is
described by the relation20

σdc = σdc0exp[–DT0/(T – T0)], (2)

where D is the so�called strength parameter, the D value
can be used to estimate the system fragility.

The fragility concept was introduced to take into ac�
count the thermodynamic and kinetic aspects of glass tran�
sition. The parameter D characterizes the deviation of the
temperature dependence logσdc = ϕ(1/T) from the Arrhe�
nius linear dependence. The greater the deviations of the
plot logσdc = ϕ(1/T) from the straight line,8 the lower the

Fig. 5. Vogel—Fulcher—Tammann dependence for pure tolu�
ene (1) and NP sol in toluene (0.036 g cm–3) (2).
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Table 1. VFT parameters from relation (2) for toluene and a silver nanoparticle sol (0.036 g cm–3)

Sample Calculation method –logσdc0 log(τmax,M ″
–1) T0/K B D Tg/K

Toluene A* 8.40 — 71 2098 29.5 124

Silver NP A* 6.86 — 142 602 4.2 157
in toluene
(0.036 g cm–3)

B** — 5.9 143 617 4.3 159

* From the data of Fig. 5 and Tg  parameters found from relation (3).
* In view of data on τmax,M″ (see Fig. 7), the results of calculations using relation (9), and the data
of Fig. 8.

D values. For example, for "stable systems" including ion�
ic glasses, the plot logσdc = ϕ(1/T) is nearly linear and D
reaches 100. For covalent glasses and polymers, this de�
pendence is non�linear and D values are 30 and 5—20,
respectively.20,21

The parameters logσdc0, D, and T0 for the NP sol in
toluene system are summarized in Table 1. It can be seen that
with increase in the NP concentration, the parameter D
decreases. This fact indicates that as the NP concentration
increases, their influence on the sol properties increases
and the charge transport in the NP�containing sol is correlat�
ed with the molecular motion of sol particles and its beha�
vior reflects the increase in the role of cooperative effects.

Having determined D, it is possible to estimate the
glass transition temperature Tg with the assumption that
for both pure toluene and sols, the following relation
holds:22

Tg = T0(1 + 0.0255D).

It can be seen from Table 1 that upon the addition of
silver NP in a concentration of 0.036 g cm–3, the glass
transition temperature increases by 33 К.

It is of interest to find out how the Tg values that we
determined by dielectric spectroscopy are related to the
values determined by other methods and published previ�
ously. It was found that the Tg values we determined (see
Table 1) are 7—10 К higher than the published data: for
pure toluene, Tg = 114 (see Ref 23) and 117 K (see Ref. 24).
It is unknown as yet what is the reason for the observed
difference and whether relation  holds for our system. One
might suggest that in a measuring cell with metallic elec�
trodes and Teflon spacers, it is difficult to ensure the ab�
sence of ionic impurities at high level. However, control
experiments did not support this suggestion. Probably, the
differences in Tg for toluene are due to the specific condi�
tions of sample freezing/thawing.

Unfortunately, there are no published data on Tg for
silver NP sols in toluene. However, the detected increase
in Tg in the sol as compared with pure toluene indicates
that the glass transition in the sol differs considerably from
the glass transition in pure toluene.

Effect of silver NP on the specific conductivity and di�
electric permittivity of the sol. As noted above, upon the
addition of NP in toluene, the plots of ε´ vs. frequency
show a feebly pronounced inflection at f < 102 Hz (see Fig. 1),
the position of the inflection point shifting to lower fre�
quency as the temperature is decreased. This inflection
point is correlated with the position of the high�frequency
maximum in the frequency dependences of tanδ (see Fig. 4).
In addition, as the NP concentration increases, the pla�
teau in the frequency dependences of σac extends to higher
frequencies and the σdc value increases (the frequency of
transition from dc to ac conductivity (f *) increases by
more than an order of magnitude).

It can be seen from Fig. 2, at a nanoparticle concen�
tration of 0.036 g cm–3, the σdc value at 223 К increases by
more than two orders of magnitude. However, σdc still
remains low (~10–9 Ω–1 cm–1) and rather typical of di�
electrics and not of percolating systems. The volume frac�
tion of silver NP coated by shells made of acid residues for
the concentration of 0.036 g cm–3 (see Table 1) is estimat�
ed as ~4%, which is considerably lower than the theoreti�
cal percolation threshold of 16 vol.% (at a random distri�
bution of spherical particles in the three�dimensional sys�
tem25). Even a lower volume fraction is obtained if un�
coated particles are considered. This provides the conclu�
sion that the jumps of electrons from one silver NP to
another are unlikely in this system. Thus, at these NP
concentrations, no percolation bridges are apparently
formed. Otherwise, the conductivity would have increased
by several orders of magnitude.

Thus, analysis of the plot logσ´ac = ϕ(log f ) (see Fig. 2)
made it possible to estimate σdc under various experimen�
tal conditions and to determine the limits of operation of
the conductivity mechanism where charge carriers can
travel by short and long distances. As noted above, the
conductivity is provided by ions that move in the solvent
(and partially in the NP shell made of acid residues) to
a higher extent than by the electrons of silver particles. An
additional reason supporting this issue is the temperature
dependence of the dc conductivity (see Fig. 5), which
attests to the crucial influence of the molecular motion of
the solvent on the conductivity mechanism.
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Thus, it can be concluded that the NP concentration
in our sols is below the percolation threshold and the par�
ticle distribution should be considered rather uniform. In
this case, according to the percolation theory, the con�
ductivity away from the threshold should differ little from
the solvent conductivity. However, in experiments, a real
increase in the conductivity with increase in the NP con�
centration is observed. Meanwhile, the data of Fig. 5 pro�
vide grounds to believe that the conductivity is performed
by the ions whose motion is controlled by the molecular
motion in the sol. The conductivity value is determined by
the mobilities and concentrations of ions. Therefore, high
dc conductivity values in the studied sols are apparently
caused by the impurities arising during the sample prepa�
ration. However, the observed step in the high�frequency
part of the ε´ curves (see Fig. 1) and the high�frequency
maximum of the tanδ curves (see Fig. 4), which are miss�
ing in toluene but are manifested in NP sols, are attribut�
able to dielectric relaxation caused by nanoparticles.

Complex electric modulus. The measured ε´ and ε″ val�
ues can be converted to the complex electric modulus (M*)
expressed by the equation

M*(iω,T) = [ε*(iω,T)]–1 = M´(iω,T) + iM″(iω,T), (4)

where

M´ = ε´/(ε´2 + ε″2) (5)

and

M″ = ε″/(ε´2 + ε″2). (6)

Here M´ and M″ are the real and imaginary components of
the complex electric modulus. The frequency dependenc�
es of the imaginary part of M* for pure toluene and NP sol
are shown in Fig. 6. It can be seen that the introduction of

NP in toluene results in the shift of maxima to higher
frequencies. An increase in the frequency of the maxima is
clearly observed upon increase in temperature, which at�
tests to their relaxation character.

In order to understand the molecular mechanism of
the discussed process, compare the frequency dependenc�
es of M″ and σac. At identical temperatures, the frequency
of the maximum of M″ is close to that for f * in all of the
studied systems. This trend has also been observed previ�
ously in other systems and was attributed to the relaxation
conductivity.11,26 Apparently, this situation also occurs in
this case. With this assumption, the frequencies of the M″
maxima (see Fig. 6) should separate the regions of short�
and long�order charge mobility, which are located on the
right and on the left of the maximum, respectively.

When the M* value is completely caused by ionic con�
ductivity, it is related to the Maxwell relaxation time or
the conductivity relaxation time τσ as follows:

M*(iω,T) = M0iωτσ(T)/[1 + iωτσ(T)], (7)

where τσ = e0ε0/σdc, σdc is the dc conductivity and
M0 = ε0

–1. In Eq. (7), the M* value is invariant with
respect to ω and τσ (or equivalent to σ0), and M´ and M″
obey the equation

[M″(ω,T)]2 + [M´(ω,T) – M0(T)/2]2 = [M0(T)/2]2. (8)

The plot of M″ vs. M´ is a semicircle with the radius of
0.5M0 and the center in the M´ axis if ω and T are chosen
in such a way that no processes other than ionic conduc�
tivity make a contribution to ε*(iω,T). Otherwise, the
shape of the plot deviates from the semicircle.

Thus, the observed semicircle in the M* data represen�
tation attests to the Debye relaxation with the only relax�
ation time τ, so that at the semicircle maximum

ωτmax,M″ = 1; (9)

here the alternating current electric field conductivity is
equal to the direct current field conductivity. This situa�
tion was found to arise in both pure toluene and NP sol
(Fig. 7). It can be seen that the data fit satisfactorily to the
semicircle centered on the x�axis.

Fig. 6. Frequency dependence of M″ for pure toluene (1—5) and
NP sol in toluene (1´—5´) at 183 (1, 1´), 223 (2, 2´), 263 (3, 3´),
303 (4, 4´), and 323 К (5, 5´).
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The plots log(M″) = ϕ(logf ) are presented in Fig. 8. It
can be seen that in these coordinates, the M″ values on the
left of the maximum depend linearly on the frequency,
while in the right�hand part a feebly pronounced maxi�
mum is observed at high frequencies f > 105 Hz. The onset
of the transition is consistent with the transition frequency
from the dc to ac conductivity f * ≈ 102 Hz. In view of this
result, the low�frequency peak can be assigned to the con�
ductivity relaxation and the less pronounced high�frequen�
cy peak can be assigned to the relaxation of dipole po�
larization.

The conductivity relaxation times found from the data
of Fig. 7 are shown in Fig. 9 as the functions of the recip�
rocal temperature. The results of adjustment of the tem�

perature dependence of τmax,M″ are presented in Fig. 9 and
in Table 1 (calculation from Eq. (3)). The results are in
satisfactory agreement with the data of Fig. 5 and Table 1
(calculation from Eq. (2)); this is not surprising, as both
reflect the free charge conductivity relaxation process.

The dielectric response of nanoparticles. As noted above,
some facts are indicative of the dipole relaxation in the NP
sols, which is not always clearly seen due to high dc con�
ductivity. In particular, this is a step in the high�frequency
region of the ε´ curves (see Fig. 1) and the high�frequency
maximum in the tanδ plots (see Fig. 4), which are not
recorded in toluene but are manifested in the NP sols. The
presence of dipole relaxation is also indicated by the feebly
pronounced maxima in the range of 1—103 Hz in the fre�
quency dependences of the conductivity (see Fig. 2). These
features are not observed in the pure solvent and, hence,
they are undoubtedly attributable to the NP.

It is natural to believe that the positions of maxima in
the frequency dependences of ε´ (see Fig. 1) and tanδ (see
Fig. 4) are described, at least roughly, by the condition
2πfNPτNP = 1, where fNP = 1—103 Hz, τNP is the relax�
ation time. As noted above, τNP cannot be related to the
electronic conductivity of the silver NP, because this time
is five to six orders of magnitude longer than that expected
in the case of electronic conductivity. However, since the
NP are coated, the dipole polarization/relaxation may be
provided by ions that move in the shell. Let us estimate the
necessary mobility of ions in this model. For a 200 μm
thick sample, the electric field strength E = 50 V cm–1

(without allowance for the depolarization factor). Assum�
ing the radius of the silver NP and the shell thickness to be
1 and 1.8 nm (13 bond lengths 0.14 nm each), the drift
length along the shell can be estimated as ~l—6 nm. For
observance of the time�of�flight conditions for ion mobil�
ity in the range T = 223—283 К, one gets

μi = l(τNPE)–1 = 2πfNPl/E ≈ 10–7—10–4 cm2 V–1 s–1.

The obtained estimate does not contradict the typical
values of ion mobility in liquid media and can justify the
proposed model.

Thus, we presented the results of dielectric studies of
silver NP sols in toluene at low frequency (10–3—105 Hz).
Using the frequency dependences of the ac conductivity
σ´ac and the imaginary part of the complex dielectric mod�
ulus M″, the boundaries of the temperature/frequency
ranges where long� and short�range charge transfer takes
place were estimated. On increase in the silver NP con�
centration, the direct current conductivity σdc increases;
however, even at the highest NP concentrations in the sol
(0.036 g cm–3), the percolation threshold is not reached
and no electron conductivity is found either. The σdc curves
vs. temperature showed pronounced deviation from the
Arrhenius plot, which attests to a considerable contribution
of cooperative effects to the charge transport mechanism.
A considerable (33 К) increase in the Vogel—Fulcher—Tam�

Fig. 8. Dependence of M″ on frequency for pure toluene (1—3)
and M″ (1´—3´) and σ´ (1″—3″) on frequency for NP sols in
toluene.
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mann temperature (T0) and glass transition tempera�
ture Tg in the sols compared with the pure solvent was
found. Apparently, the cooperative effects reflect the ini�
tial stage of formation of superlattices. Although the
dielectric characteristics of the sols were mainly con�
trolled by the conductivity relaxation, a dielectric response
caused by the presence of NP in the sol was observed at
1—103 Hz between –50 and +10 °С. Analysis of the data
suggests that the ion motion over the silver NP surface
within the carboxylate ligand shell is responsible for the
relaxation.

The authors are grateful to P. V. Buzin for the aid in
performing the experiments and to V. I. Irzhak for useful
discussion and valuable advice concerning the work.
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