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ABSTRACT. On thebasisof the blends of phenolfor maldehide and epoxy resin with silicon organic
compound and fiber glass annealed at 800-1600 K in vacuum (10Pa) the new conductive monolithic
materialswere created and their both mechanical and el ectric conducting propertieswer einvestigated.
Inclusion of fiber glassinto compositions gives a possibility to obtain the monolith material thanksto
formation of covalent bondsasa result of high temper atur er eactionsbetween or ganosiloxanesand glass
sidegroupsdisposed on theglasssurface. It isestablished experimentally that the obtained productsare
characterized by semiconducting properties, thelevel of conductivity and conductivetypeof which are
regulated by selection of technological methods. Thepropertiesof obtained materialsareexplained by
intensification of processes promoting increase of the polyconjugation regions(infinitive clusters) and
their drawing together, which result in continuous decrease of the potential barrier height, and
conductivity approximatestothe metal type. The density and mobility of carriersincreaseat increasing
of annealing temper atur eup to definitelevels. Thetemper atur e dependence of the electrical conductivity
and charge mobility aredescribed by M ott for mulas. On the basis of obtained resultsit isproposed that
formation of conducting cluster sand the char getransport between them under goesto the mechanism of
chargejumping with alter native longevity of thejump. © 2017 Bull. Georg. Natl. Acad. Sci.

K ey wor ds: phenolformal dehide and epoxy resins, fiber glass, pyrolysis, electric conductivity, charge mobil-
ity, paramagnetic properties

Interest to the processes proceeding at increased
temperatures (up to 600 K) in polymer materialsis
stimulated by possihility of obtaining of systemswith
double conjugated bonds, which give the semicon-
ductor propertiesto high-molecular compounds. Ef-
fectiveness of formation of the polyconjugation sys-

tems increases with temperature, if pyrolysis pro-
ceedsin vacuum or ininert atmosphere[1-3].

Deep transformationsin the molecular system at
high temperatures were studied well on the example
of polyacrylonitrile [4]. Thermal transformation of
polyacrylonitrileleadsto formation of polymer, con-
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sisting of condensed pyridine cycles with conjuga-
tion by C=C bonds, as well as by C=N ones. As a
result of reactions proceeding at high temperatures
in the vacuum or inert atmosphere the systems of
double conjugated bonds are created, which are char-
acterized with electric conductivity [5]. Physical and
chemical transformations in polymers proceed at com-
bination of temperature varying with introduction of
various donor-acceptor inorganic or organic addi-
tives into reactor. Basing on the works [6-8] on ob-
taining organic semiconductors by pyrolysis of or-
ganic compounds one may conclude that the materi-
als of this type, obtained until the present time, were
generally applied in chemical reactions (for example,
in catalysis and inhibition of various processes). At
the same time, unique semiconducting properties, as
arule, were not used in practice. This is mainly ex-
plained by the powder-like state of the existing mate-
rials, and obtaining of construction materials on their
basis requires various adhesives and plasticizers,
which significantly reduce their electric conducting
properties. Despite it there are several works, which
contain methods of obtaining more or less mono-
lithic conducting materials. For example, multistage
pyrolysis of some phenoloformaldehyde resins at tem-
peratures up to 3000 K gave, the so-called, glassy
carbon, which name is devoted to the glassy-like
structure of the material [8]. Glassy carbon is charac-
terized by high electric conductivity, thermal resist-
ance and resistance to aggressive media. However,
very narrow range of specific resistance and increased
friability of glassy carbon significantly decrease the
suitability of this conducting material. But in this case,
production of common articles from this material was
also difficult due to high friability of pyropolymers.

The main aim of the presented work is obtaining
of pyrolized monolithic materials with wide range of
the electric conductivity.

Experimental

Epoxyresin (ER), novolac phenol-formaldehyde resin
(PFR), polymethyl-silsesquioxane (PMS) and fiber
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glass (FG) were chosen as the initial substances. Py-
rolysis of mixtures of the components mentioned,
pressed in press-forms, was conducted at various tem-
perature ranged within 800-1600 K in 10 Pa vacuum.
Products obtained in this manner possess good me-
chanical and electric conducting properties, and are
monolythic materials. The conductivity of the obtained
materials was tested with the use of impedance
method. The type and mobility of charge carriers were
defined with the use of Hall effect technique.

Results and Discussion

Inclusion of fiber glass into compositions was in-
duced by the following idea. At high temperatures
organosiloxanes react with side hydroxyl groups and
dispose on the fiber glass surface. In this reaction
they form covalent bonds with those side groups
according to the following reaction scheme:

é{ +X—0—Si—-R—= g; +X0H
N e N B
glass glass

where X = H, Na, K; R is a hydrophobic organic resi-
due.

Moreover, proceeding of the following reaction
is possible:

M

OH + CH—CH—Rjn—» O0—CH,—CH-(Rjy

|
d © i OH
— T R e O,
g]ass glass

After high-temperature treatment silsesquioxanes
obtain a structure, close to inorganic glass with
spheres of regulation due to formation of three-di-
mension siloxane cubic structures and selective sorp-
tion of one of the composite elements is possible on
the filler surface in the hardening composite.

Control tests on pyrolysis conducted in air
showed that all tested composites displayed proceed-
ing of ash formation and mechanical degradation with
increase of pyrolysis temperature. These products
will not be discussed below.

Fig. 1-5 reflect changes of some mechanical and

electric conducting properties of polymer compos-
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Fig. 1. Dependences of p .. (1) and resistance at elongation

o (2) on pyrolysis temperature for the composite ED-
20 + PFR + KO-812 + FG.
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ites depending on temperature of pyrolysis in amor-
phous medium. These dependences are the result of
proceeding of deep physicochemical transformations
in materials, the heterogeneity of which increases
with pyrolysis temperature. Combined analysis of the
change of density of materials (Fig. 1) with the in-
crease of pyrolysis temperature induces a conclu-
sion that excretion of some volatile fractions of or-
ganic part of the material, carbonization of organic
residue and caking of glassy fibers cause the increase
of pyrolyzate density, based on the composite with
polymethylsilsesquioxane. The limit of pyrolyzate
density is reached at temperatures in the region of
1600 K (Fig.1, curve 1), followed by a decrease of the
material density due to intensification of thermal deg-
radation processes with pyrolysis.

Changes in resistant properties of composites at
pyrolysis are more complex. For example, Fig. 1 shows
that the material strengthening at elongation extremely
depends on the pyrolysis temperature, possessing
an intermediate maximum near 1400 K. Comparison of
the microstructure schemes for pyrolized compos-
ites and the dependence of the electric conductivity
on temperature of pyrolysates shows that burning
out of organic part of the composite and, conse-
quently, weakening of adhesion forces in the inter-
phase lead to decrease of the material resistance with
pyrolysis temperature increase up to a definite value.
At further increase of pyrolysis temperature the re-
sistance increases also and then decreases at higher
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Fig. 2. Dependences of electric conductivity y (1) and
mobility of charge carriers p (2) on pyrolysis
temperature for the composite ER + PFR + PMS + FG.

temperatures after passing a maximum. Moreover, for-
mation of covalent chemical bonds is quite probable
in this case. Such bonds were mentioned at the be-
ginning of the present part, formed between organic
and inorganic parts of the composite. This, evidently,
promotes increasing of resistant properties of the
material.

According to Fig. 2, the dependence of electric
conductivity on pyrolysis temperature for compos-
ites grows monotonously. This dependence points
out a constant accumulation of polyconjugation sys-
tems due to complex thermochemical reactions, analo-
gous to those discussed above on the example of
polyacrylonitrile pyrolysis. As to our point of view,
formation of polyconjugated systems is rather prob-
able at pyrolysis of a compound containing
phenoloformaldehyde or epoxy resin with inclusion
of polymethylsilsesquioxane at the glass surface.
These conjugated systems are covalently linked to
Si-O groups on the glass surface by the skeleton of
pyrolized polymethylsilsesquioxane (Fig. 3). Chemi-
cal bonds which link organic and inorganic parts of
the composite reliably increase stability of
polyconjugated structures, responsible for electri-
cally conducting properties of materials. The electri-
cally conducting system of the materials can be con-
sidered as a heterogeneous composite material, con-
sisted of highly conducting spheres of
polyconjugation and barrier interlayers between them
[2, 9,10]. Volumetric part of the polyconjugation
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Fig. 3. Schematic image of disposition of glassy structures
(1), pyrolyzed polymethylsilsesquioxane (2) and
polyconjugation systems (3) in pyrolyzed composite:
epoxy resin + phenoloformaldehide resin +
polymethyl-silsesquioxane + glassy fiber. Big circles
mark atoms of silicon, small circles — oxygen atoms.

spheres is determined by the pyrolysate production
technique. It increases gradually with temperature of
pyrolysis. Figure 2 shows that the number of charge
carriers and their mobility increases with the volume
of polyconjugation spheres (these parameters were
measured by the technique of Hall effect).

The most apparently true model of electric con-
ductivity in materials with the system of double con-
jugated bonds seems to be the change transfer in
the ranges of polyconjugation possessing metal
conductivity and jump conductivity between
polyconjugation spheres.

An important information on the nature of con-
ductivity of pyrolized polymer materials is given by
investigation of the y dependence on temperature
(Fig. 4).

For semiconductive pyropolymers this depend-
ence was studied in many works [6-8]. Excluding
some small deviations, most of experimental data
fit linear dependence of 1gy on 1/T. The nature of
such change of the conductivity was explained in
the frames of electronic properties of irregular ma-
terials [9].

Comparison of the experimental data on depend-
ence of y - T with the use of known for organic
semiconductors formula (y = y,exp (-dE/KT, whereyy,
isy at very high temperatures, E -activation energy, k
- Boltzmann constant) [4] and the one proposed by
N. Mott shows that the dependence obtained by us
experimentally satisfies better to Mott law [10]:

Bull. Georg. Natl. Acad. Sci., vol. 11, no. 4, 2017

1/4
Toj
=y exp| - —2 , 1
Y =7YoCXp [T

where T and y, are parameters of the presented model:

T — ﬁ 362V(D0 [g(u)aj 1/2
0~ 3 Yo= . P
kg(u)a 2 2nkT

where a is the radius of localized states, close to the

Fermi level; g(p) is the density of states at the Fermi
level; e is the electron charge; n is the phonon fre-
quency; F = 1 is the constant; § =21.2 + 1.2 is the
coefficient, determined from the percolation theory
[10].

Figure 4 shows that for four pyrolized compos-
ites dependences of electric conductivity on tem-
perature in 1gy - T and Igy - T-"* coordinates display
results better in the frames of the Mott dependence.
However, as it follows from the same Figure the dif-
ference in temperature dependences of conductivity,
composed in both coordinates, become so smooth
with temperature increase that they are nearly drawn
together for the sample with pyrolysis temperature
higher than 1573 K. On the other hand, the same
dependences show that the activation energies (ac-
cording to the curve slope) decrease with pyrolysis

temperature increase. It is explained by intensifica-
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Fig. 4. Temperature dependence of y for composite
materials based on ED-20 + PFS + KO-812 + FG,
pyrolized at 873 (1, 1°), 1173 (2, 2°), 1373 (3, 3°)
and 1573 K (4, 4°) in the 1gy - T' (1-3) and lgy - T-'#
(1°-3”) coordinates, respectively.
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Fig. 5. Temperature dependence of charge carriers mobility
p for the composites ED-20 + PFS + KO-812 + FG,
pyrolized at 873 (1), 1173 (2) and 1373 K (3),
respectively.

tion of processes promoting increase of the
polyconjugation regions (infinitive clusters) and their
drawing together, which result in continuous decrease
of the potential barrier height, and conductivity ap-
proximates to the metal type. Evidently, at very high
temperatures electric conductivity dependences on
temperature cannot be described by equations noted
above. Fig. 4 shows also that temperature depend-
ence of conductivity in narrow temperature ranges
fits a straight line in the 1gy - T-! coordinates. At the
same time, the E value, corresponded to these tem-
perature ranges, decreases monotonously with tem-
perature.

In Fig. 5 the dependence of the carrier mobility on

the temperature is presented.
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According to [11] the increase of conductivity of
semiconducting materials with temperature belongs
to the growth of carrier mobility u due to the expres-

sion:

1/4
- _| 20
e (9]
The character of dependence (2) is analogical to
Mott formula for dependence of electric conductiv-

ity on the temperature, which is quite logical.

Conclusions

1. High-temperature treatment (pyrolysis) of poly-
mer composites in the inert atmosphere or in the
hydrogen medium stimulates processes of the
polyconjugation systems, in the frames of which elec-
tric conductivity proceeds with a very low activation
energy (it has semimetal character).

2. Charge transfer between poly-conjugation sys-
tems is ruled by the jump conductivity mechanism
with variable jump length. In this case, its tempera-
ture dependence is described by the Mott formulas.

1. Presence of a glassy fiber and poly-
methylsilsesqwioxane in composites promote forma-
tion of covalent bonds between organic and inor-
ganic parts of the composite at pyrolysis. This leads
to improving of mechanical properties of materials
together with the electric ones.
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