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FEATURES OF PERCOLATION TRANSITION
IN SYSTEMS ON THE BASIS OF OLIGOGLYCOLS
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AND CARBON NANOTUBES

The results of researches on the electric conductivity in the percolation transition region of the
oligoglycol/nanotubes systems are reported. It is shown that the conductivity can be described
in the framework of the critical percolation theory. The critical parameters of percolation tran-
sition are found to change, by depending on various factors, and to differ from the predictions
of the statistical percolation theory. A relationship between the critical conductivity indices and
the fractal dimensionality of a conducting cluster is found. It is demonstrated that the applica-
tion of a scaling function allows the concentration dependences of conductivity to be described
with the help of a unique universal function.
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1. Introduction

Researches of the structure and properties of nanosys-
tems have been attracting a high interest in the re-
cent years [1]. Such attention to nanosystems is as-
sociated, first of all, with a complex of their new
unique properties different from those demonstrated
by macroscopic systems, which makes their applica-
tion in novel nanotechnologies very promising [2]. It
was found that the properties of substances can
substantially change at the transition from macro-
scopic structures to microscopic ones (the dimen-
sions of the latter lie in the nanometer range, 1-
100 nm), because nanoclusters in the condensed state
are characterized by properties that are different from
those for macrosystems. The results of modern re-
searches [3] testify that the properties of nanosys-
tems are governed not only by the size of nanopar-
ticle clusters, but also by the structure organiza-
tion in them. The character of the latter in the sys-
tems concerned depends on the origin of nanoparti-
cles themselves and on the technology of their fab-
rication, as well as on the matrix (the medium),
in which nanoparticles are distributed. At the same
time, the research of specific features of the clustering
in nanosystems (nanocomposites) is often not a triv-
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ial problem, because the structural effects can man-
ifest themselves at extremely low concentrations of
nanoparticles (e.g., 0.001-0.5% if nanoparticles with
high anisotropy of their shapes are applied, such as
nanotubes, nanofibers, and nanowhiskers). One of the
effective methods to study the processes of structure
formation in those systems is the method of neutron
scattering, which allows various “fine” structural ef-
fects in nano-structured systems to be analyzed owing
to wide capabilities of the contrast variation. The ad-
vantages of the neutron scattering method over other
methods were demonstrated, in particular, in works
by L.A. Bulavin et al. [4-8] devoted to the study
of nanosystems on the basis of fullerenes, ferrofluids,
and colloids.

Among the nanofilled systems, a special place is
occupied by systems on the basis of carbon nan-
otubes (CNTs). Since CNTs are characterized by a
high strength and high electric and heat conductivi-
ties, they are very usable for the creation of various
composite materials with enhanced parameters. A
high shape anisotropy of nanotubes results in a dras-
tic change of composite properties near the percola-
tion transition point, which is observed at filler con-
tents of about 0.1% [9]. For instance, the electric con-
ductivity in the matrix/nanotubes systems grows by
several orders of magnitude, which is associated with
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the formation of a continuous conducting cluster by
the filler.

In the framework of the critical percolation theory,
the following scaling relations are used to describe the
conductivity near the percolation transition point:

o o< (p—pe) at p > pe, (1)

o (pe—p)~ " at p < pe, (2)

where o is the conductivity of the system, p the filler
concentration, p. the critical filler concentration, and
t and s are critical exponents for the electric conduc-
tivity. In the statistical percolation theory, the latter
equal t ~ 2 and s ~ 0.73 [10].

The analysis of publications devoted to the study of
electric properties of polymer composites with CNTs
shows that the critical exponent ¢t can considerably
differ from its theoretical value, and, in the ma-
jority of systems, it takes values within the limits
1.2 < t < 3 [11]. The deviation of the exponent 7y
in dependence (1) from the value t = 2 testifies to a
more complicated mechanism of charge transfer in the
corresponding systems and can be associated with the
features of the cluster formation near the percolation
threshold in polymer systems. In particular, in the
absence of direct electric contacts between filler parti-
cles, the conductivity can take place due to tunneling
effects [12-14]. In this case, because of different dis-
tances between the particles in a conducting cluster,
expression (1) loses its universal character. In work
[15], a model was proposed that suggested another
possible reason for a deviation of the exponent ¢ from
the value inherent to systems with the average sta-
tistical distribution of the conducting phase. It was
postulated that some fraction of the electrically con-
ducting filler is attached to the percolation cluster in
the form of dangling chains (“dead ends”); i.e. they
are connected to the cluster by only one of their ends
and do not make any contribution to the conductiv-
ity of a continuous cluster. It was shown that, in the
framework of this model, t = 1.6+1.8 [15].

To analyze the influence of the features in the
cluster formation and in the percolation cluster mi-
crostructure on the conductivity near the percolation
transition point, we carried out the electrophysical
researches of some oligoglycols — polyethylene glycol
(PEG) and polypropylene glycol (PPG) — filled with
multiwalled CNTs.
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2. Experimental Part

Composite matrices were prepared with the use
of PEG with M, = 400 (Aldrich), PEG with
M, = 10000 (Fluka), and PPG with M,, = 400
(Fluka). Multiwalled CNTs (the content of mineral
impurities 0.1%, the specific surface 190 m? /g, the ex-
ternal diameter 20 nm, and the length 510 pm) were
fabricated at the public corporation “Spetzmash”
(Ukraine), by using the chemical vapor deposition
method [16]. The specific conductivity o of pressed
CNTs (at a pressure of 15 TPa) was 10 Q7! cm™!
along the compression axis.

Before their application, the oligoglycols were dehy-
drated by heating in the vacuum for 2 h at 80-100°C
and a residual pressure of 300 Pa. The specimens were
prepared, by using the ultrasonic (US) and mechan-
ical mixing under normal conditions. The ultrasonic
mixing was performed with the help of a disperser
UZDN-2T at an US frequency of 22 kHz and a power
of 400 W. The mechanical mixing was executed, by
using a mechanical mixer with a screw diameter of
15 mm at a rotation velocity of 300 rpm. The ul-
trasonic mixing was performed for 0.5, 2.5, 5, and
10 min; the mechanical one for 5 min.

The electrical properties were studied on an
impedance meter Z-2000 (Russia), by using the
impedance spectroscopy method. A specimen was
placed between the cell electrodes, and the real,
7', and imaginary, Z", parts of its impedance were
measured. The complex impedance dependences were
used to determine the dc conductivity og4. = %dc,
where S and d are the specimen area and thickness,
respectively, by following the technique described in
work [17]. The measurements were carried out at
room temperature in a frequency interval from 1 Hz
to 2 MHz. The constant gap between the electrodes
amounted to 0.11 mm. The measurements were car-
ried out in a temperature interval from 20 to 80°C.

3. Research Results
3.1. Influence of polymer matrix crystallinity

In Fig. 1, the conductivity dependences on the CNT
content are shown for composites on the basis of
PEG-400 and PEG-10000. At room temperature, the
crystallinity degrees of PEG-400 and PEG-10000
equal 0 and 72%, respectively. A drastic jump of the
conductivity (the percolation transition) is observed
in the CNT content interval of 0.3-0.6% for both an-
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Fig. 1. Conductivity dependences on the CNT content for

PEG-400/CNTs and PEG-10000/CNTs systems
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Fig. 2. Conductivity dependences on the CNT content for
PEG-400/CNTs and PPG-400/CNTs systems

alyzed systems. From Fig. 1, one can see that the
interval of percolation transition for the system on
the basis of PEG-400 is much wider than the anal-
ogous interval for the system on the basis of PEG-
10000. According to the results of work [19], the per-
colation transition interval width is reciprocal to the
crystallinity degree of a polymer matrix.

The values of percolation threshold indicated in
Fig. 1 are reciprocal to the crystallinity degree of
the polymer matrix. This dependence is explained by
the structure of partially crystalline polymers. The
structure of crystalline regions in a polymer is highly
compact, because their formation is driven by the
densest-packing principle. At the same time, the
structure of amorphous regions is chaotic and disor-
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dered. Therefore, the conducting fillers can accumu-
late only in the amorphous regions in the course of
formation of a nanocomposite: when crystallites grow
at the polymer crystallization, nanofiller particles are
pushed out into the amorphous regions. As the crys-
tallinity degree of the polymer matrix increases, the
fraction of crystalline regions grows. Accordingly,
the filler concentration in the amorphous regions in-
creases, and a percolation cluster emerges at a lower
CNT content [18]. As a result, the systems on the
basis of highly crystalline PEG-10000 have a lower
percolation threshold than the systems on the basis
of amorphous PEG-400.

3.2. Influence of polymer matrix topology

The issue concerning the influence of a polymer ma-
trix topology on the percolation behavior of nanofilled
systems is also of importance. For its elucidation, the
researches of conductivity were carried out for the sys-
tems on the basis of polyethers with the same molec-
ular mass, but with different topological structures:
polyethylene glycol, which has no lateral branches,
and polypropylene glycol, which has one lateral group
in every monomer link. In Fig. 2, the conductivity
dependences on the CNT content are depicted for
the systems on the basis of PEG and PPG. The de-
pendences were plotted in the coordinates (o /09, p),
which allowed the contribution of the intrinsic con-
ductivity of polymer matrices to be excluded.

From Fig. 2, one can see that the percolation curves
for the systems on the basis of PEG and PPG have
identical character and identical values of reduced
conductivity. The both systems demonstrate a per-
colation behavior and are characterized by the same
percolation threshold. The similar values of percola-
tion thresholds were obtained in works [20, 21] for
nanocomposite systems on the basis of PEG and PPG
filled with CNTs. The discrepancies between the ex-
perimental results obtained for the PEG/CNTs and
PPG/CNTs systems and shown in Fig. 2 fall within
the experimental error limits. Therefore, by analyzing
Fig. 2, a conclusion can be drawn that the polymer
matrix topology practically does not affect the per-
colation behavior and the percolation parameters of
nanofilled systems on the basis of polyethers.

3.3. Temperature effect

In order to establish the influence of a temperature
on the percolation behavior of nanofilled systems, the
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dependences of the conductivity of a composite on
the CNT content were measured at various tempera-
tures. The corresponding experimental results are ex-
hibited in Fig. 3. One can see that the general view
of percolation curves does not change with the tem-
perature. However, the influence of the temperature
on the conductivity is substantial. For instance, for a
filler content of 0.1%, the temperature growth leads
to the conductivity growth by more than an order of
magnitude. This fact is associated with the transi-
tion of the polymer matrix from the crystalline state
into the amorphous melt, which stimulates a con-
siderable increase in the mobility of polymer macro-
molecules [22].

From Fig. 3, one can see that the percolation
thresholds become a little higher if the temperature
increases. This effect is explained by the fact that
the mobility of polymer macromolecules grows with
the temperature. Nanotubes begin to move at that
and, owing to strong van der Waals attraction forces,
aggregate with one another. Hence, as the tempera-
ture grows, the aggregation degree of CNTs increases,
which results in higher percolation thresholds.

3.4. Influence of mixing regimes

The results of conductivity researches for systems
PEG-400/CNTs prepared with the help of US dis-
persion and mechanical mixing are exhibited in
Fig. 4. One can see that the method of CNT disper-
sion in the oligomer and the mixing time affect both
the magnitude of conductivity in the system up to the
percolation threshold (it can be a result of different
morphologies of aggregates that are formed) and the
percolation threshold itself. The smallest values of
percolation threshold were observed in the case of US
dispersion for 0.5 min. The increase of the US disper-
sion time resulted in a gradual shift of the percolation
threshold toward higher CNT concentrations. If the
US dispersion period exceeded 5 min, the percolation
threshold practically did not change. At the mechan-
ical mixing, the percolation threshold was maximal
and equal to 0.52%.

Hence, the changes in the percolation behavior (the
percolation threshold) of the PEG-400/CNTs system
and the electric conductivity in it (in the interval be-
fore the percolation threshold) depending on the mix-
ing regime result from the features of the nanofiller
structuring in the matrix. If the US dispersion is ex-
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Fig. 3. Conductivity dependences on the CNT content for
PEG-10000/CNTs system at various temperatures from 20 to
80°C
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Fig. 4. Conductivity dependences on the CNT content for
PEG-400/CNTs system at various mixing regimes

ecuted for 0.5 min, some CNTs become “fluffed” and
form a percolation cluster. Nanotubes themselves are
not destroyed at that, and a considerable amount of
a filler is in the aggregated state and in the form
of separate nanotubes, which explains the highest
conductivity level in the interval before the perco-
lation threshold. Longer dispersion times results in
a shift of the percolation threshold toward higher
CNT contents. This fact is associated with the de-
struction of both aggregates (and, as a consequence,
with a reduction of the aspect ratio) and separate
nanotubes. Some of the separate CNTs reaggregate,
which diminishes the conductivity level in the system
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Fig. 6. Scaled dependence conductivity versus the concentra-
tion for systems oligoglycol/nanotubes

before the percolation threshold. At the mechanical
mixing, the filler mainly exists in the form of large ag-
gregates. Therefore, the number of contacts between
nanotubes is small, which gives rise to an increase of
the percolation threshold [23].

4. Analysis of Results

In order to quantitatively analyze the results ob-
tained, let us determine the relationship between the
parameters that characterize, on the one hand, the
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conductivity of the system (the critical exponents ¢
and s) and, on the other hand, its microstructure
(the fractal dimensionality of “the conducting” cluster
dy). In work [24], it was shown that the following re-
lation between the fractal dimensionality and the crit-
ical exponents of the order parameter, P ~ (p —p.)?,
and the correlation length, & ~ (p — p.)” ", is satisfied
near the percolation transition point:

df:d_ga (3)

where d is the Euclidean space dimension. Using the
scaling approach and the relationships between the
critical exponents in Eq. (3) and in Egs. (1) and (2):

t=0v+p, (4)
s =2v—f3, (5)

where 6 is the critical exponent, we obtain the ex-
pression for the fractal dimensionality of the system
in terms of the critical exponents ¢ and s:

B(246)
t+s (6)

Using the theoretical values 8 = 0.42 and § = 1.5
[25, 26] and Eq. (6), we can calculate the fractal
dimensionality of the conducting cluster in the re-
searched systems.

The results of calculations are depicted in Fig. 5.
One can see that the upper values of experimental re-
sults agree with the calculations of the fractal dimen-
sionality in the framework of the three-dimensional
model of critical percolation with “dead ends™ t ~ 1.6
and d = 3 [27]. The lower values of experimental
results are close to the results of calculations given
by the two-dimensional model of critical percolation:
t=12and d=2.

In Fig. 6, the concentration dependences of the
composite conductivity are exhibited for all stud-
ied systems (Figs. 1-4) in the reduced coordinates
0 /Omax versus (p — pc)/pe, where opmax is the corre-
sponding composite conductivity maximum. One can
see that the applied scaling allows all experimental re-
sults obtained for the conductivity to be adequately
described irrespective of the specific matrix, prepara-
tion conditions, and temperature regimes.

Hence, the results of experimental researches of the
electric conductivity in systems of the type oligogly-
col/nanotubes show that the corresponding critical

dy=d—
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parameters can change, by depending on various fac-
tors, such as the matrix type, the temperature, the
mixing regime, and so forth. Since the process of per-
colation cluster formation in such systems is not sta-
tistical, the critical exponents for the conductivity
can differ from their theoretical values. The applica-
tion of the scaling function for the conductivity elim-
inates the influence of microstructural factors and al-
lows the behavior of similar systems near the perco-
lation threshold to be described, by using a universal
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Translated from Ukrainian by O.I. Voitenko

B.B. Kaenko, E.A. Jlucenxos

OCOBJIMBOCTI IIEPKOJIALIIMTHOT'O
INEPEXOIY B CUCTEMAX HA OCHOBI
OJIT'OIVIIKOJIIB TA BVIVIEHEBUX HAHOTPYBOK

Peszmowme

IIpencraBieno pe3ysnbraTu JOCTIIXKEHD €I€KTPOIPOBiAHOCTI B
cucTeMax THUILY OJIIrOIVIIKOJIb/HAHOTPYOKH B 06J1aCTi IEPKOJIs-
niitHoro nepexoxy. IlokaszaHo, IO eeKTPONPOBiAHICTE MOXKe
OyTH omnmcaHa B paMkax Teopil KpuTudHOl nepkossuii. Bera-
HOBJIEHO, III0 KPUTHUYHI ITapaMeTPH IEPKOJISIIHHONO IepexoLy
MOKYTb 3MIHIOBATUCH B 3aJIE2KHOCTI BiJt pi3sHuX (pakTopis i Bij-
Pi3HAIOTHCH BiJL repeidadeHb CTATUCTUIHOI TeOPil NEePKOJIAILT.
3HaliieHO 3B’#30K MiK KPUTHUIHUMU IHIEKCAMH IIPOBigHOCTI
Ta (PpaKTaJIbHOIO PO3MIPHICTIO IpOBigHOrO Kiacrepa. [lokaza-
HO, IIJ0 BUKOPUCTAaHHS MacuITabHOI (pyHKII TO3BOJISIE OIIUCATH
KOHIIEHTPAIIIIHI 3aJIe2KHOCTI ITPOBITHOCTI 3a JOMOMOIOI0 €/¥-
HOI yHiBepCaJIbHOI 3aJIE2KHOCTI.
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