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The electrical properties of polymer nanocomposites based on dielectric polymer matrices of different types
and electrically conductive polymer fillers — polyortotoluidine, polyorthoanisidine and polyaniline have been

studied.

It is shown that the concentration dependence of the specific conductivity on the content of fillers has a
percolation character with a low “percolation threshold”, which depends on the nature of the polymer matrix and
polyaminoarene and is 1.7-10.0 vol.%. The calculated critical parameters of electroconductivity are characteristic
of the formation of an infinite 3-dimensional cluster of conductivity and indicate a significant influence of the
nature of the components and morphology of the material on the charge transfer processes in such systems.
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Introduction

The rapid development of modern technologies
requires the creation of “intelligent” or ”smart” polymer
nanomaterials that would provide a wide range of
functional  properties, ease of processing and
environmental stability [1—10].

The use of electrically conductive polymer fillers in
the structure of “intelligent” material allows to create
highly efficient devices of new generation: flexible
sensors [3, 6], biosensors [4, 8], supercapacitors [9],
antistatic and anti-radar coatings [10], solar cells [5, 7],
organic displays [11], the principle of operation of which
is based on the change of electronic properties of
conjugated polymers [1, 5, 12 —14].

Electrically conductive conjugated polyaminoarenes
based on polyaniline and its derivatives have their own
electronic conductivity and act in composites with
polymer matrices as conductive fillers [6]. They combine
high conductivity and stability [5, 12, 15], are
characterized by simplicity of synthesis and relatively
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low cost. These polymers can be considered as “synthetic
nanometals” with a particle diameter of 10-20 nm and
unique electronic, optical, electrochemical and catalytic
properties, the ability to absorb radioactive rays.

Under the action of electric potential or chemical
agents, electrically conductive polymers can be
reversibly oxidized or reduced, thus changing the
electrical conductivity, the work of electron yield, optical
absorption and other properties [5, 15].

It is known that in polymer-polymer systems that
form dielectric polymer matrices of different types,
conductivity can be manifested even at low content of
conductive filler [6, 14]. The study of percolation
phenomena in filled polymer systems is an important
fundamental task, as the description of the properties of
systems in the vicinity of the critical point opens up
prospects for the creation of nanomaterials with predicted
functional characteristics.

The peculiarity of conductive polymer-polymer
composites is that the improvement of electrical and
optical properties is achieved at very low concentrations
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of fillers (< 5% vol.) and depends on their degree of
dispersion and interfacial interaction filler — matrix [6].
At some critical concentration of electrically conductive
filler, the values of which differ significantly for different
systems, an abrupt change in properties is observed [6,
14].

At low filler content, the conductivity value (o) is
close to the conductivity of the polymer matrix, in which
case the conductive particles or aggregates of particles
are isolated from each other. Increasing the filler content
to the limit content leads to a sharp transition from the
nonconductive state to the conductive state (there is a
phase  transition insulator-conductor)  with  the
corresponding value of conductivity (o). In this case, all
filler particles are completely delocalized by the volume
of the polymer matrix, and the formed composite has the
maximum conductivity, and as a result, an infinite cluster
of conductivity is formed [16—19], schematically shown
in Fig. 1.
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Fig. 1. Schematic representation of an infinite cluster of
conductivity.

To scientifically explain the complex dependence of
conductivity on the content of electrically conductive
filler in composite materials (two-phase systems), a
theory was developed, which was formulated for a
continuous medium and was called “percolation theory”.

This theory determines the value of the critical
volume concentration of the conductive phase ¢c, ie the
percolation threshold, which allows the insulator-
conductor transition in stochastic systems [6, 16—19].

The theory of percolation (flow, impregnation) is a
mathematical theory used in chemistry, physics and other
fields of science, which describes the emergence of
infinite connected structures (clusters) in random
(stochastic) mediums consisting of individual elements
[20].

This theory makes it possible to describe processes
of the most diverse nature, in conditions when the
properties of the system change abruptly with a gradual
change in one of the parameters (for example,
concentration) [16, 17]. In chemistry, the theory of
percolation is used to describe the processes of
polymerization, analysis of the mutual distribution of
phases in different media. Percolation processes can also
lead to self-organization and the formation of
nanostructures. The objects that are formed during
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percolation are fractals. Many publications [16, 17,
20—22] present various models that characterize the
dependence of the percolation threshold on the content of
the loading filler.

To describe the concentration dependence of the
conductivity of filled heterogeneous composite systems,
we can use the basic approaches of the theory of
effective environment and the symmetric Bruggeman
formula: [22]

(1_ p) (O-DC _O-m)+ (O-Dc_o-f):
20 +0,,

0

1
20 + 0, M

of, om, opc — electrical conductivity of the filler,
polymer matrix and composite, respectively;

p — the effective volume content of the filler.

The main equation of percolation theory
(Kirkpatrick's model or scaling law) in filled polymer
systems, which reflects the dependence of electrical
conductivity (o) on the bulk content of the filler () after
the percolation threshold is the dependence:

gl — ) @)

where ¢ — is the volume fraction of filler, ¢ — is the
percolation threshold, ie the lowest content of filler at
which a continuous cluster of conductivity is formed
from particles under the condition ¢> ¢.; t — the critical
conductivity index.

To determine the critical parameters, construct a
logarithmic dependence lgo - 1g (¢ — ¢c), the slope of the
obtained line gives the value of “t”. For a three-
dimensional system, the universal constant (t) acquires
values of 1.6 —2.06, which mainly depends on the
topological dimension of the system and does not depend
on the structure of the particles forming the clusters and
their interaction. [20—23].

I. Experimental part

In this work, the electrical properties of polymer-
polymer composites based on dielectric polymer matrices
of different types and electrically conductive polymer
fillers are investigated. Industrial polymer materials -
polyvinyl alcohol (PVA), styrene copolymer with maleic
anhydride - styromal (StMA), polyacrylic (PAA) and
polymethacrylic (PMAA) acids were chosen as polymer
matrices. Conjugated polyaminoarenes —
polyortotoluidine  (PoT), polyorthoanisidine (PoA),
polyaniline (PANI), used as electrically conductive
polymer fillers.

The synthesis of composites was performed by the
method of polymerization of aminoarenes directly in a
solution (gel) of the polymer matrix in a suitable solvent
as described previously [3, 6, 13, 24, 25].

To study the electrical properties the composites in
the form of cylinders with dimensions (d = 1.8 mm,
h = 2.0 mm) were made by thermal pressing at a pressure
of 150 atm at appropriate temperatures [26]. The
electrical conductivity of the formed composites was
measured by the two-probe method at room temperature
[6]. Studies of the morphology and microstructure of the
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obtained composites were performed using an optical
microscope “Micromed” with a digital camera ‘“Nicon-
2500” for film samples formed on the glass surface.

I1. Results and Discussion

The electrical conductivity of polymer-polymer
composites with the same filling depends on the particle
size, the homogeneity of the distribution of the
conductive filler in the polymer matrix, the nature of the
interaction of the components of the conductive and
nonconductive phases [15, 24].

The dependence of the logarithm of specific
conductivity (o) of the obtained composites based on
polymer matrices of different types on the content of
polymer filler (PANI, PoT, PoA) is nonlinear and
indicates the percolation nature of conductivity in the
studied composites (Fig.2, a, b).
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Fig. 2. (a) Dependence of the logarithm of the specific
conductivity of PVA-based composites on the content of
polymeric filler: 1— PANI; 2 — PoT; 3 — PoA; (b);
Dependence of the logarithm of specific conductivity on
the content of polymeric filler for composites PAA —PoT
(1); PMAA — PoT (2).

The percolation threshold determined from these
dependences, at which there is a sharp transition between
insulator and conductor, for composites based on PVA is
1.7-2.8 % (vol.), while for the composite POoT — PAA ¢c
=2.3 % and 3 — 4 % for PoT — PMAA. For composites
of polyacrylic acids with PoT there is a decrease in
specific conductivity at high concentrations of polymeric
filler, which may be associated with the formation of a
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separate phase of PoT, which has a “loosening” effect
and contact between individual areas of the composite is
broken [6, 24].

Therefore, the filling of the polymeric binder with a
conductive highly dispersed filler determines the
percolation dependence of the conductivity on the
volume content of the filler.

Such low values of the percolation threshold are
characteristic of composites with a conductive polymer
phase [13]. It can be assumed that the electrically
conductive filler forms its own polymer network inside
the host polymer and thus a continuous conductive
polymer phase is formed, which is evenly distributed
throughout the volume of the polymer composite [7, 25,
26]. The obtained photomicrographs of polymer-polymer
composites with different content of polymeric filler
(before and after the percolation threshold) indicate in
favor of this assumption (Fig. 3 a, b).

b)
Fig. 3. Micrographs of the surface of polymer
composites based on the matrix of PVA and polyaniline
as a filler. The content of PANI: (a) 2.0 % vol. (to the

percolation threshold); (b) 4.3 % vol. (after the
percolation threshold). Magnification 120 times.

It is probable that such a content of conductive filler
in the composite ensures proper contact between the
particles with the formation of a continuous cluster of
conductivity.

When using hydrophobic polymer matrices (PMMA,
StMa), the concentration dependence of the specific
conductivity of the composite also has a percolation
character. For PMAA-PANI composites, an extremely
low “percolation threshold” within 2 vol. % of PANI
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content was determined [13]. As in the case of other
composites [10, 12], the concentration dependence of the
electrical conductivity of StMA - polyaminoarene
composites also has a percolation character [25], but the
values of the “threshold” of percolation are slightly
higher and are at the level of ¢c = 8-10 % vol., and
namely: PoT — 10.0 % vol., PANI — 8.4 % vol. and
PoA — 8.0 % vol. (Fig. 4).
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Fig. 4. Dependence of the logarithm of the specific
conductivity of composites based on StMA on the filler
content for PoT (1), PANI (2), PoA (3).
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At this filler concentration, the resistance of the
composites decreases by 8 —10 orders of magnitude
compared to the resistance of styromal (StMA). As can
be seen from the presented photographs (Fig. 5), the
electrically conductive polymer in the styromal matrix
forms its own percolation grid, and the conduction
channels, in contact with each other, provide increased
conductivity of composites compared to the StMA
matrix.

: )
Fig. 5. Photomicrographs of films of composites
StMA-PoT with different content of PoT: a — 9.7 % vol.;
b —24.3 % vol [25].
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To calculate the critical conductivity parameter after
reaching the percolation threshold, the experimental data
are presented in logarithmic coordinates according to
equation 2. Typical dependences are shown in Fig. 6 (a,
b, c), the calculated values of the parameter “t” — in
table 1.
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Fig. 6. Logarithmic dependence of specific conductivity
on the content of conductive filler after reaching the
percolation threshold for composites:
(a) PVA-PANI (1), PVA-PoT (2), PVA-PoA (3);
(b) PAA—PoT (1), PMAA-PoT (2); (c) StMA—PoT (1),
StMA-PANI (2), StIMA-PoA (3).

As can be seen from the data shown in table 1, the
values of the critical conductivity parameter “t” for the
studied composites is from 1.66 to 2.9 and differ
depending on the nature of the polymer matrix and the
type of polyaminoarene. For composites based on PVA
and conjugated polyaminoarenes, the value of
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t~1.88-2.25, which is typical for three-dimensional
objects, including those with a porous structure [27] and
on average agrees well with the values predicted by the
theory of percolation.
Table 1.
Percolation parameters of conductivity of polymer
composites with electrically conductive polymer filler.

Polymer Percolation Critical
yim Filler threshold . cgrs
matrix index “t
(9c) %, vol.
PANI 2,1 1,88
PVA PoT 2,8 1,54
PoA 1,7 2,25
PAA PoT 2,3 1,66
PMAA PoT 34 1,76
PoT 10 2,58
SIMA - o ANI 8,4 2,75
PoA 8,0 2,9

At the same time, the value of t = 2 is observed for
many two-phase materials. Significant deviations of this
value for composites based on the StMA matrix
(t = 2.58-2.9) can be caused by a number of reasons:
contact phenomena, in particular, if tunnel contacts are
realized between the conductive elements of the material,
instead of ohmic [28]; different morphology and different
specific surface of the material [29].

The deviation of the critical index “t” from universal
values can be explained by the peculiarities of
composites formation in “in situ” polymerization
conditions, when the electrically conductive filler is
formed directly in the dielectric polymer matrix, and by
the presence of anisotropic forms of electrically
conductive filler.

Conclusions

It was found that polymer composites based on the
studied polymer matrices and conjugated
polyaminoarenes are characterized by low values of the
percolation threshold, which is typical for composites
with an electrically conductive polymer phase.

The conductive filler forms its own polymer network
inside the host dielectric polymer matrix, ie a continuous
electrically conductive polymer network is formed,
which is evenly distributed throughout the volume of the
composite, forming a continuous cluster of conductivity

The determined values of percolation parameters
(percolation threshold, critical conductivity index) are
generally consistent with the main provisions of the
theory of percolation for composite systems with
dielectric and electrically conductive components. Some
deviations of the critical index from the universal values
may be due to the nature of the polymer matrix and
polyaminoarene, the structure, morphological features
and conditions of formation of polymer-polymer
composites.
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IlepkoasiiiiHi ABUINA B MOJIMEPHUX KOMIIO3UTAX 3 €JIEKTPONPOBIAHUMH

HO.]'IiMepHI/IMI/I HalIOBHIOBaAYaMH

Ylveiscokuii nayionansnuii ynieepcumem imeni lsana @panka eyn. Kupuna i Megoois, 6/8, Jlveis 79005, aksimen@ukr.net

2PigHenchKull OeparcasHutl 2ymanimapnutl ynisepcumem, 6yi. Ilnacmosa,31, 6, Pisne, 33000, galmart@ukr.net

BuBYEeHO eneKTpHYHI BIACTHBOCTI IMOJIMEPHUX HAaHOKOMIIO3HTIB HAa OCHOBI JIENEKTPHUYHHUX MOJIMEPHUX
MaTpUIlb PI3HOTO THITy 1 EJNEKTPONPOBIJHUX TMOJIMEPHHX HAMOBHIOBAYiB — MOJIOPTOTONYiAHMHY,
MOJIIOPTOAHI3UANHY Ta TomiaHimiHy. [loka3zaHo, MO KOHIEHTpaLiiiHa 3aJeXHICTh ITUTOMOI €JIeKTPOIPOBITHOCTL
BiJl BMICTY HAIlOBHIOBAuYiB Ma€ MEPKOJILIHHUI XapaKTep 3 HU3bKUM ,,IOPOTOM TEPKOJISLIi”, SIKHI 3aJIeXHUTh BiJl
MPUPOAM TOJIIMEPHOI MaTpuui Ta moiiaMmiHoapeHy i craHoButh 1.7-10.0 06. %. PospaxoBani KpuTHYHI
rapaMeTpy eJEKTPONpPOBITHOCTI  XapakTepHi s YTBOPEHHS HECKIHUEHHOTO 3-X BHMIPHOTO KilacTepa
HPOBIZHOCTI i CBiTYaTh MPO CYTTEBHH BIUIMB NPUPOAM KOMIOHEHTIB Ta Mopdomorii Marepiaqy Ha mporecu
NEPEHECEHHS 3apsAly B TaKUX CUCTEMAX.

Kio4oBi cjioBa: eneKTpUYHI BIACTUBOCTI, MEPKOJIIIIHI SBUIIA, TOPIr MEPKOJIALIi, TOTIMEpHA MATPHUII,
CJIEKTPONPOBIJHUI HAIIOBHIOBAY.
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