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Research into the microstructure, electric and dielectric properties of the systems based on
polyethylene glycol and multiwalled carbon nanotubes (MWCNTS), which were functionalized by
different methods is done using the methods of impedance spectroscopy and optical microscopy. It
is determined that the probed systems show the percolation behavior. It is discovered that when
using of OH-functionalized MWCNTs, the percolation threshold of conductivity is increased from
0.44% to 0.55%, and using H2O-functionalized MWCNTs, the percolation threshold of conductiv-
ity is increased to 3%. It is determined that the percolation threshold of dielectric permittivity
considerably increases when functionalized MWCN'Ts are used.
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I. INTRODUCTION

Polymer nanocomposites filled with carbon nanotubes
(CNTs) have been attracting the considerable attention
of researchers already for over 20 years. This interest is
determined mostly by the unique properties of CNTs that
allow to use nanocomposites filled with CNTs in many ar-
eas: from electronics to materials science [1, 2]. Thus, due
to good functional descriptions of CNTs, nanocomposites
filled with them have exceptional mechanical, electric,
thermophysical, optical characteristics, even when CNTs
content in the polymeric matrix is low [3, 4].

However, properties of polymer nanocomposite mate-
rial filled by CNTs considerably depend on the type of
CNTs (single-walled or multiwalled), physical and chem-
ical state of their surface and methods of polymer and
nanofiller mixing [5, 6]. In case of direct mixing of CN'Ts
in a liquid polymeric matrix it is very hard to divide
bundles and aggregates of CN'Ts and to get the random
distribution of the nanofiller. Aggregation of CNTs caus-
es decreasing of the interphase area in nanocomposites,
wich results in worsening of their functional descriptions.
So, the key requirement for the realization of the desired
improvement of functional descriptions of nanocompos-
ites is achieving a homogeneous dispersion of CNT in a
polymeric matrix.

Chemical modification of CNTs surface forming cova-
lently bonded special functional groups are applied for
the improvement of CNTs dispersion when creating dif-
ferent nanocomposite materials [7]. As shown in works
[8, 9], the chemical type of functionalization considerably
improves the distribution of CN'Ts in a polymeric matrix,
which plays a critical role in the forming of both ther-

mal and electric properties of polymeric nanocomposites.
This type of modification also leads to an increase in
contacts between CNTs, which is crucial to the creation
of a percolation network and creates more possibilities
of covalent bonding of the nanotube to the matrix due
to the functional groups on their surface. On the other
hand, surface functionalization with the use of strong ox-
idants can destroy the structure of CNTs, which leads to
a reduction of the amount of nanotubes and creation of
defects in the graphene structure of their walls [10, 11].

In work [12] the authors applied the soft type of mod-
ification (physical functionalization) with the use of dif-
ferent anionic, cationic and non-ionogenic surfactants
for the exfoliation of CNTs bunches on individual nan-
otubes in different solvents. In such systems, modifi-
cation of CNTs surface with low-molecular compounds
takes place due to non-covalent supramolecular inter-
actions, in particular hydrophobic-hydrophobic interac-
tion, van der Waals forces, m— 7 interaction, formation of
hydrogen bonding and electrostatic attraction [13]. This
approach eliminates the necessity of previous treatment
of CNTs with strong oxidants for functionalization of
their surface. It allows to improve interaction and dis-
persion of nanotubes in most solvents with the main-
tainance of their mechanical, electric and optical descrip-
tions. Consequently, research into the influence of CNTs
functionalization on the microstructure and properties
of polymeric nanocomposites is a relevant task and a
promising direction in the creation of new nanocompos-
ites materials. Therefore, the purpose of this work is to
study the influence of CNTs functionalization on a mi-
crostructure, percolation behavior, electric and dielectric
properties of the model polymer/CNTs system based on
polyethylene glycol.
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II. EXPERIMENTAL PART
A. Materials

Polyethylene glycol (PEG-400) HO[-CH2-CH,-O-],,H
(n =9) with the molecular mass of M,, = 400 (Aldrich)
was used as a fluidic polymer matrix. Its density at T =
293 K was p = 1013kg/m3. PEG-400 is an oily viscous
liquid. Before using, PPG-400 was dewatered by heating
in vacuum (2 mm) at residual pressure p = 270 Pa and
temperature 7' = 363 — 383 K during 5 hours.

Multi-walled CNTs (MWCNTSs) of three types of func-
tionalization were used as a filler. Non-functionalized
MWCNTs (TNM3) (“Timesnano”’, Chengdu Organic
Chemicals Co. Ltd., China) are produced by natu-
ral gas catalytic decomposition over Ni-based catalyst.
MWCNTs-OH (TNMH3) are hydroxyl-functionalized
TNMS3. They are produced by KMnO, oxidation in
H>SO4 solution at different temperatures and KMnOy
concentrations. The content of hydroxyl groups was
3.06%. MWCNTs-H2O are water-functionalized MWC-
NTs (493A) (“Specmash” Ltd., Ukraine) and are made by
the method of CVD (chemical vapour deposition) with
FeAlMo as a catalyst. The content of sorbed water was
7%.

The typical outer diameter d of all the MWCNTs used
for the preparation of the systems was 30-50 nm [14],
their length [ was 5-10 um and mean aspect ratio was
a =1/d = 100—300. The specific surface area of the pow-
ders determined by Ny adsorption was S > 100m? /g.
The purity of MWCNTs was > 98 wt. %. The electrical
conductivity, o, of MWCNTSs was about 10 S/cm.

B. Preparation of composite materials

The composites were obtained by adding the appro-
priate weights of the filler (MWCNTSs) to PPG-400 at
T = 323K (viscosity is 30 mPa-s) with subsequent 5
min sonication of the mixture using a UZDN-2T ultra-
sonic disperser at the frequency of 22 kHz and the output
power of 150 W. A series of samples with the content of
MWOCNTs within 0.1-10 wt. % was investigated.

C. Testing and characterization

Electric properties of nanocomposites are investigated
by the method of impedance spectroscopy realized on the
basis of impedancemeter Z-2000 (Russia). A sample is
placed between the electrodes of a cell and the real (Z’)
and imaginary (Z”) parts of impedance are measured.
From the frequency dependence of complex impedance
the direct current (DC) conductivity ¢ = d/RS is de-
termined using the method described in [15]. Here, S is
the area and d is the thickness of the sample, respesc-
tively. The measurements are carried out at the room
temperature in the frequency range 1 Hz — 2 MHz.

The transmittance microphotographs of the nanocom-
posites are received using the optical XY-B2 microscope
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(China), equipped with the ICM 532 digital video eye-
piece and with the AMCAP/VIDCAP (Microsoft) sys-
tem of image treatment. The probed samples are placed
in a glass cell with the thickness of 100y m.

III. RESULTS AND DISCUSSION
A. Microstructure of the PEG-MWCNTs systems

The microscopic images of the investigated nanocom-
posites based on PEG are presented on Fig. 1. As we
can see from the micrographs, fractal aggregates appear
in the probed systems filled with MWCNTs of different
types. Comparing with MWCNTs, in the case of intro-
duction of MWCNTs-OH, the aggregates appear more
fluffed, which is explained by the attraction forces be-
tween the OH-functionalized nanotubes. But, in the case
of introduction of MWCNTs-H5O, the aggregates appear
more dense and compact. It is shown that, when the
concentration of MWCNTs (Fig. 1,a) and MWCNTs-OH
(Fig. 1,b) is 0.2% and the concentration of MWCNTs-
H,0 (Fig. 1,c) is 0.5%, single clusters which do not con-
tact between themselves appear. When the MWCNTs
content is 0.5%, the formation of a percolation cluster
in the system based on PEG (connection of single ag-
gregates forms a continuous structure) is observed (Fig.
1,d). However in the system filled with MWCNTs-OH
and MWCNTs-H50, a continuous cluster does not ap-
pear during at this concentration. The formation of a
percolation cluster in the system filled with MWCNTs-
OH and MWCNTs-H5O is observed when the filler con-
tent is 0.75% (Fig. 1,h) and 3% (Fig. 1,i), respectively.

From the microscopic images it is possible to estimate
the fractal dimension (df), which represents the mor-
phology of the clusters of MWCNTs in the 2D projec-
tion. The images were analysed using the box-counting
method, with the help of the image analysis software
ImageJ v1.41. The ‘capacity’ fractal dimension was ob-
tained from the dependence of the number of boxes nec-
essary to cover the boundary of an aggregate N versus
the box size L [16]:

N o L%, (1)

For the estimation of fractal dimension all images were
translated into a binary format. The dependence of the
fractal dimension on the MWCNTs content in the sys-
tem is presented on Fig. 2. The unmonotonous growth
of d¢ with the increase in the number of MWCNTSs in
the system is observed on Fig. 2. Such behavior was
also observed for different types of systems filled with
MWCNTs, for example, for PEG-1000-MWCNTs [17]
and for binary liquid mixtures water—1-Cyclohexyl-2-
pyrrolidone-MWCNTSs [18]. The value of dy lies in the
range from 1 (the case of linear aggregates) to 2 (the
case of dense aggregates). As we can see from Fig. 2,
the behavior of the fractal dimension for the investigat-
ed systems filled with nanotubes of different types differs
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considerably. When the content of nanotubes is 0.2%, ds
of the system filled with MWCNTs-OH is higher than
for the system filled with unmodified MWCNTs. It indi-
cates a better distribution of the modified nanotubes in
a polymeric matrix due to the attraction between sep-
arate CNTs. However, such attraction leads to an in-
crease in the percolation threshold comparing to using
unmodified MWCNTs. Thus, the percolation threshold
for the PEG-MWCNTs system is 0.5%, and for the PEG-

MWCNTs-OH system it lies in the range from 0.6% to
0.7%. Unmodified MWCNTs, due to powerful van der
Waals attraction forces, form denser aggregates, that is
why a continuous cluster appears at lower concentra-
tions comparing to MWCNTs-OH. Consequently, OH-
functionalization of MWCNTSs results in a more random
distribution of nanotubes in a polymeric matrix, howev-
er it leads to an increase in the value of the percolation
threshold.
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Fig. 1. The microscopic images of the nanocomposites based on PEG filled with MWCNTs (a, d, g), MWCNTs-OH (b, e, h)

and MWCNTs-H20 (c, £, i). MWCNTs and MWCNTs-OH content was 0.2% (a,

content was 0.5% (c), 1% (f), 3% (i).
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Fig. 2. Dependence of the fractal dimension on the filler
content for the system based on PEG filled with unmodified
MWCNTs (1), MWCNTs-OH (2) and MWCNTs-H,0 (3).

Unlike the microstructure of PEG-MWCNTs and
PEG-MWCNTs-OH systems, large and very dense ag-
gregates form in the system filled with MWCNTs-H,O
(Fig. 1,c,f,i). The formation of large dense aggregates
leads to the lower fractal dimention (Fig. 2, curve 3) and

b), 0.5% (d, e), 0.75% (g, h), MWCNTs-H,0

to an increases in the percolation threshold. The perco-
lation threshold for the PEG-MWCNTs-H>O system is
near 3%.

B. Percolation behavior of the conductivity

The structural organization of the modified MWC-
NTs introduced in the polymer nanocomposite deter-
mines physical properties of the system. The depen-
dences of conductivity on the nanofiller content for the
investigated systems based on PEG filled with MWC-
NTs, MWCNTs-OH and MWCNTs-H;O are represented
on Fig. 3. The step-like change of the conductivity is
associated with the percolation phenomenon and is ob-
served in different intervals for the systems filled with
different nanotubes. For the systems filled with MWC-
NTs and MWCNTs-OH this range is 0.4-1.5%, for the
systems filled with MWCNTs-H2O this range is 3-10%.
After the percolation threshold, is achieved the conduc-
tivity of all systems is almost an order higher than its
values below the percolation threshold.

According to the percolation theory, the relation be-
tween the electric conductivity and the content of a con-
ducting nanofiller in systems is described by the scaling
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law [19, 20]:
oo (p—pe), (2)

where p is the mass fraction of a conducting nanofiller,
pe the critical mass fraction of a nanofiller at the per-
colation transition (the percolation threshold), and the
power exponent t is the critical exponent of conductivi-
ty. The exponent ¢ mainly depends on the dimension of
the system and does not depend on the structure of the
particles that form clusters as well as on the interaction
between them.
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Fig. 3. The dependences of the conductivity on CNTs con-
tent for the systems based on PEG-400 filled with MWCNTs
(squares), MWCNTs-OH (circles) and MWCNTs-H2O (trian-

gles). The dependences of the conductivity in the coordinates
of Eq. (2) are shown in the inset.

Name/formalism

o(p)

e(p)

Samples

pca%

t

pca%

q

PEG-MWCNTs

0.50

1.20+£0.08

0.55

0.55£0.05

PEG-MWCNTs-OH

0.55

1.344+0.07

0.8

0.72£0.04

PEG-MWCNTs-H,O

3.0

1.47+0.08

3.5

0.69£0.07

Table 1. Percolation parameters for the systems based
on PEG, filled be MWCNTs, MWCNTs-OH and MWCNTs-
H-2O0.

By applying the least-squares method and Eq. (2) for
the description of experimental data (Fig. 3), we deter-
mined the percolation threshold p. and the critical expo-
nent t. The results of the approximation for the systems
filled with nanotubes with different types of modifica-
tion are shown in Table 1. The values of the percolation
thresholds correlate well with the information microscop-
ic images (Fig. 1), which specify the formation of the con-
tinuous cluster in the PEG-MWCNTSs system when the
nanofiller content is < 0.5%, and in the PEG-MWCNTs-
OH system when the value of the nanofiller content lies
in the interval from 0.5% to 0.75%. The rapid increase of
the percolation threshold to 3% is observed for the sys-
tem filled with HoO-functionalized MWCNTs. As we can
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see from the values of the percolation threshold cited in
Table 1, the percolation conducting cluster for the sys-
tems which contain unfunctionalized MWCNTs appears
at lower concentrations than for the systems which con-
tain functionalized MWCNTs. It should be noted that
the use of modified and unmodified MWCNTs for the
creation of nanocomposites based on PEG-400 does not
influence the general level of conductivity of the system,
which in all cases has the value near 107* S/cm.

The value of the critical exponents for the systems
based on PEG increases with the use of nanotubes in
such order MWCNTs—MWCNTs-OH—-MWCNTs-H5O.
The increase of the value of ¢ meens the increase of the
structural dimension of the clusters and a more random
distribution of functionalized MWCNTs in a polymeric
matrix [21].

The differences in the values of the percolation thresh-
olds and the critical indexes for the systems filled with
different types of nanotubes can be explained as follows.
The conductivity of nanofilled polymeric composites is
due to the existence of two mechanisms of charges trans-
fer: the motion of electrons through continuous percola-
tion clusters from MWCNTs, which form direct contacts
between themselves, and the hopping mechanism which
is realized by default for direct contacts between the par-
ticles of the filler [22-24].

At the MWCNTs concentration lower than the per-
colation threshold (formation of the continuous cluster),
the basic mechanism of conductivity is a hopping mech-
anism, i.e., the jumping of charges from one nanotube to
another; that is why the conductivity is inverse propor-
tionally dependent on the distance between MWCNTs.
At the MWCNTs concentration higher than the percola-
tion threshold, when the nanotubes form direct contacts,
the value of conductivity depends on the amount of con-
ducting clusters and the amount of free charge carriers in
MWCNTs. The functionalization of MWCNTs results in
the decrease in the amount of free electrons in the nan-
otube through their chemical interaction with hydroxyl
groups.

The interaction of oligomeric chains with the modi-
fied surface is improved due to the presence of hydrox-
yl groups on the nanotube surface. This effect leads to
appearance of the layer of adsorbed molecules, which
destroy electric contacts and increase the distance be-
tween MWCNTs in clusters. Besides, the breaking of
the chemical structure of the nanotubes at the covalent
modification considerably worsens their own conductivi-
ty. The considerable increas in the percolation threshold
observed when MWCNTs-HO are used is explained by
the fact that the molecules of water on the surface of the
nanotube not only destroy the direct contacts between
MWCNTs but also remove them on a distance, which an
electron cannot overcome by either the hopping mecha-
nism or the tunneling mechanism. So, the modification of
the nanotubes leads to a better distribution of MWCNTs
and destroys their aggregates, but decreases the conduc-
tivity of the systems filled with functionalized fillers.
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C. Percolation behavior of the dielectric
permittivity

The dielectric permittivity is one of the key param-
eters of composition materials, which determines their
functional descriptions and makes it possible to apply
such systems as a basis for the creation of condensers
of variable capacity. According to literary data, for the
nanofilled conducting systems there is a sharp jump of
the dielectric permittivity in the area of percolation tran-
sition [25, 26].

The dependences of the dielectric permittivity on
MWCNTs content for the systems based on polyethy-
lene glycol are shown on Fig. 4. The rapid increase of
the dielectric permittivity is associated with the per-
colation phenomenon and is observed in different in-
tervals for the systems, filled by different nanotubes.
For the systems filled with MWCNTs and MWCNTs-
OH this range is 0.7-1.5%, for the systems filled with
MWOCNTs-HyO this range is 2-10%. After the percola-
tion threshold is reached the dielectric permittivity in-
creases in 14, 6 and 26 times for the systems filled with
MWCNTs, MWCNTs-OH and MWCNTs-H50, respec-
tively. The phenomenon of the sharp increase of the di-
electric permittivity in the area of percolation transition
is confirmed by the literature [25-27]. In [27] it was shown
that the dielectric permittivity for the system based on
polyethylene increases in 66 times, comparing to the neat
polymeric matrix after introduction of the critical con-
centration of iron particles.
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Fig. 4. The dependences of the dielectric permittivity
on MWCNTs content for the systems based on PEG-400
filled with MWCNTs (squares), MWCNTs-OH (circles) and
MWCNTs-H2O (triangles) at frequency of 1 kHz. The depen-
dences of the dielectric permittivity in the coordinates of Eq.
(3)are shown in the inset.

In the percolation systems, nanofillers form conducting
clusters and when the percolation threshold is reached
these clusters unite in the conducting channels which
pass through all volume of the system. Each two of the
conducting channels are electrodes of condenser and are
characterized by large capacity. The conducting channels

are connected in parallel. As is known, the resulting ca-
pacity of the parallely connected condensers is equal to
the sum of the capacities of all of the condensers. That is
why the dielectric permittivity of the systems increases
sharply when the percolation threshold is reached [28].

The difference in the increase in the dielectric permit-
tivity for the systems filled with different nanotubes can
be explained as follows. For the PEG-MWCNTs system,
results in the formation of a branched structure of the
percolation cluster. In this case, the cluster has a large
surface area, and MWCNTSs form direct contacts between
themselves. It is known that the capacity of a condenser
is proportional to the surface area of the contact with
the insulator and inverse proportional to the distance
between the electrodes. Due to the presence of function-
al OH-groups on the surface of MWCNTs, the distance
between the nanotubes in the clusters increases. That
leads to a decrease of the general capacity of the in-
vestigated systems. Therefore, the dielectric permittiv-
ity of the PEG-MWCNTs systems, after the percolation
threshold, is higher than the dielectric permittivity of the
PEG-MWCNTs-OH systems.

According to the percolation theory, the relation be-
tween the dielectric permittivity and the content of a
conducting nanofiller in systems is described by the scal-
ing law [26]:

£ X (p *pc)iqv (3)

where € is the dielectric permittivity of the nanofilled sys-
tem, p is the mass fraction of the conducting nanofiller,
pe the critical mass fraction of the nanofiller at the per-
colation transition (the percolation threshold), and the
power exponent ¢ is the critical exponent of the dielectric
permittivity.

By applying the least-squares method and Eq. (3) for
the description of the experimental data (Fig. 4), we de-
termined the percolation threshold p. and the critical
exponent ¢q. The results of approximation for the sys-
tems filled with nanotubes with different types of modi-
fication are shown in Table 1. These values correlate with
the values of the percolation thresholds received from the
analysis of the conductivity data. However, the values of
pe determined from the analysis of the dielectric permit-
tivity are higher than the values of p. determined from
the analysis of the conductivity. As we can see from Ta-
ble 1, the values of the critical exponent ¢ for nanocom-
posite systems filled with functionalized MWCNTs are
very close to the theoretical values ¢ = 0.73 [21]. In the
percolation theory, the quantity ¢ is coupled with the
dimensions of the electric channels consisting of cluster-
composing MWCNTs. According to the results of works
[21, 29], the value of the exponent ¢ characterizes the
average number of MWCNTs in the clusters. For con-
ductive percolation clusters with an identical effective
volume to be formed, a smaller number of MWCNTs, in
comparison with functionalized MWCNTs, which do not
always form direct contacts between themselves, should
be taken. That is why the value of ¢ for the the systems
PEG-MWCNTs is smaller than that for systems contain-
ing functionalized MWCNTs.
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IV. CONCLUSIONS

The influence of nanofiller functionalization on the
structure and properties of the systems based on
polyethylene glycol and multiwalled carbon nanotubes
(MWCNTs) was studied as a result of the conducted re-
search. It is established that the investigated systems
show a percolation behavior. It is discovered that the
use of functionalized MWCNTs leads to the increase
in the percolation threshold of the nanocomposite sys-
tems from 0.5% (in the case of unmodified MWCNTs)
to 3%. This happens due to the obstacles created by hy-
droxyl groups and molecules of water on the surface of

a nanotube, which results in the decrease of the con-
ductivity. It is shown that the value of the percolation
thresholds is confirmed by microscopic images. It is es-
tablished that the dielectric permittivity of the investi-
gated systems also shows a percolation behavior and de-
pends on MWCNTs functionalization. It is shown that in
the case of introduction of OH-functionalized and H,O-
functionalized MWCNTs, the percolation thresholds are
0.8% and 3.5% respectively, while for unfunctionalized
MWCNTs, the percolation threshold is 0.5%. Such be-
havior is explained by the increase of the distance be-
tween the modified nanotubes.
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BIIJIUB MOJU®IKAIIII BYIVIELIEBUX HAHOTPYBOK HA MIKPOCTPYKTYPY
TA HEPKOJ’IHL[IﬁHy IIOBEAIHKY CHUCTEM HA OCHOBI ITIOJITETUJIEHTJITKOJIFO

E. A. Jlucenkos, B. B. Kuenko?, 1. TI. Jlucenkosa'
! Mukonaiscoruti nayionasvhud yrisepcumem im. B. O. Cyzomaurcokozo,
sya. Hixoavcora, 24, Muxoaais, 54030, Yxpaina
2 Incmumym ximii eucokomonexyraprux cnoayx HAH Yepainu,
Xapriecvke woce, 48, Kuis, 02160, Yxpaina

BukopucroByroun MeTon iMmesaHCHOT CIIEKTPOCKOTIT Ta ONTUYIHOT MiKPOCKOITil, ITPOBEIEHO AOCTIIZKEeHHsT MiK-
POCTPYKTYPH, €JIeKTPUYHUX Ta JIieJIEKTPUYHUX BJIACTHBOCTEH CHCTEM Ha OCHOBI IIOJIIETHJIEHIVIIKOJIIO Ta BYTIJIElle-
BHUX HAHOTPYOOK, PyHKIIOHAII30BAHUX PI3HUMHU MeToaMu. BeTaHOBIIEHO, [0 JOCIII/KYBaHI CUCTEMH IIPOSIBJIAIOTH
MIEPKOJIAIIHY TOBeiHKY. BusBiieHo, 1110 pu BUKOPHUCTaHHI HAHOTPYOOK, (PYHKITIOHATIZ30BAHUX T1APOKCHILHUME
rpylaMu, Mopir eJeKTPUYHOl nepKorsil 36iabmryerhes 3 0.44% no 0.55%, a BAKOpUCTOBYIOUM HAHOTPYOKH, DyH-
KITIOHAJII30BaHl BOJOIO, MTOPIT eJIeKTPUIHOI MepKOJIAIil 36iabIyeThbes 10 3%. BeraHoBiieHo, 10 MOpIr MepKoIsil
JJ1s1 TieJIeKTPUIHOI IPOHUKHOCTI 3HAYHO 3POCTA€ IPU BUKOPHUCTAHHI (DYHKITIOHATI30BAHNX HAHOTPYOOK.
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