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The influence of polymer matrix of polymethyl methacrylate (PMMA) on the specific conductivity,
percolation threshold, energy of activation of charge transport in polymer composites PMMA — polyaniline
(PAN) is studied. Concentration dependence of the electrical conductivity of composites reveals percolation
behavior with the low value of percolation threshold within 2 % content of polyaniline. It is found that in the
polymer composites PMMA-PAN the specific conductivity increases by more than 8—9 orders of magnitude
compared to the original matrix. On the base of temperature dependence of the specific conductivity of the
obtained composites, it is concluded that PMMA polymer matrix does not change the semiconductor nature of
PAN conductivity in the composite but effects on the activation parameters of the charge transport. From ESR
spectra, it is found that the presence of a polymeric matrix causes significant delocalization of the charge along

the macrochains of the dielectric polymeric matrix.
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Introduction

Composite materials based on dielectric polymer
matrices and conductive polymers are promising
components of a new generation of electro-optical
devices: organic LEDs, flexible displays, display boards,
environmental monitoring sensors [1-3]. Along with the
matrices of polyvinyl alcohol, polyvinyl chloride,
polycarbonate, and others [4-6] used to produce such
composite materials, a promising polymeric matrix is
polymethyl methacrylate (PMMA) [7]. The choice of
PMMA as a dielectric polymeric matrix is due to the
high optical transparency of the films based on it, which
enables optical and electro-optical applications, namely
obtaining films with electrochromic properties (”smart
windows”), elements of optical sensors, various boards,
and flexible displays and conductive composites for anti-
static screens [7-10].

An interesting electrochromic material that has the
ability to change the color (and therefore the spectrum)
under the action of applied voltage is polyaniline (PAN)
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[10, 11], as well as its derivatives [12-14] with their own
electronic conductivity. Such polymers act in composites
with PMMA or other matrices as conductive fillers. A
necessary condition for the functioning of such
composites is their ability to transfer charge (or electrical
conductivity). The term “conductivity mechanism” refers
to the mechanism of charge transfer from one particle of
the filler to another [15]. Therefore, study the features of
charge transport in conductive polymers are of the
greatest interest for the production of functional polymer-
polymer composites.

In many literary sources, fine crystalline PAN is
regarded as a mesoscopic metal (“nano-metal”) [8, 11]: a
metal core surrounded by a non-metallic (or
semiconductor) shell. The diameter of such particles is
8 - 10 nm. According to X-ray diffraction data of PAN
samples [14, 16], the sizes of crystalline PAN clusters are
2 - 3 nm, depending on the type and level of proton acid
doping. The nanosize of particles of conducting polymers
in composites obtained using the latest nanotechnologies
(template or matrix synthesis, formation of polymer
blends in a common solvent, in situ polymerization, etc.)
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are preserved [17, 18].

The study of the influence of the polymeric matrix
on the regularities of charge transport in nanosystems
with conductive polymers presents an interesting
scientific task and due to the possibility of practical
application of such nanocomposites.

The aim of the work was to study the influence of
the polymer matrix on the charge transport features in
PMMA — PAN polymer nanocomposites obtained on the
basis of polymer “blends” in a common organic solvent.

I. Experimental technique

PMMA with a molecular weight of 6x10° and a
destruction temperature Ty = 473 K was used to form the
composites. As electrically conductive filler used PAN,
doped with sulfuric acid. The synthesis of PAN was
carried out by the oxidative polymerization of 0.2 M
solution of aniline sulfate in 0.5 M solution of sulfate
acid with an equimolar amount of a solution of
ammonium peroxodisulfate (NH,),S,0g (oxidizer) at
room temperature [19]. The polymerization process
lasted 24 hours. As a result, a conjugated polymer was
formed in the form of a fine crystalline dispersed
precipitate of black color with a dark blue tint. The
resulting product was filtered, washed with distilled
water until complete removal of electrolyte residues,
were neutralized with 5% ammonia solution and dried
under dynamic vacuum to constant weight at T = 353 K
for 8 hours. The result was an undoped form of
polyaniline - the emeraldine base. The doping was
carried out with the exposure of a certain amount of
emeraldine base in 0.5 M sulfuric acid solution for 24
hours. The resulting solution was filtered, dried under
dynamic vacuum. Ultrasonic dispersion of sulfuric acid-
doped PAN and PMMA solutions mixed in the desired
proportion in a mixture of DMF-chloroform (1:1) was
carried out for two hours. The composites were obtained
after evaporation of the organic solvent in vacuo at

temperatures of 343 - 363 K for several days [9]. The
specific density of composite was 1.04 + 0.01 glem®.

The conductivity of PMMA — PAN composites was
measured by the two-contact method at room
temperature. Samples in the form of cylinders of size
(d = 1.8 mm, h = 2 mm) were made by the method of
thermal pressing at a pressure of 150 atm at T = 353 K.
The temperature dependence of the resistivity of the
obtained composites was studied in the temperature
range T = 298 - 397 K as described in [12]. ESR spectra
were obtained using an X-band ESR spectrometer at the
Institute of Physics of the Polish Academy of Sciences
(Warsaw) on powder samples in quartz ampoules in the
temperature range of 4.2 - 300 K.

I1. Results and Discussion

The electrical conductivity of polymer composites
with conductive filler depends essentially on its content.
In traditional composites with metal or carbon fillers,
appreciable conductivity values are achieved with a filler
content of 50-70% [20, 21], and the conductivity
mechanism is determined by the properties of the
electrically conductive component only. The smallest
concentration of filler at which a sharp jump in electrical
conductivity is called the percolation threshold [22].

It is established that in the polymer composites
PMMA — PAN specific conductivity may increase by
more than 9 orders of magnitude compared to the
original PMMA matrix with extremely low content of
conductive polymer [23-25]. The concentration
dependence of the electrical conductivity of the formed
composite on the content of the filler (PAN) has a
percolation character with a low “percolation threshold”
within 2 vol. % content of PAN (Fig. 1). The appearance
of this dependence is similar to the percolation behavior
of polyvinyl chloride - polyaniline composite doped with
camphorosulfonic acid [26] with a “percolation
threshold” of 0.8 - 1.0 vol. %.
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Fig. 1. The dependence of the logarithm of the specific conductivity of PMMA — PAN composites on the content of
the polymeric filler.
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Table 1
The dependence of the specific conductivity on the content of the polymeric filler for PMMA-PAN composites
o, vol. %
of PAN 0 1 2 4 10 20 100
gzng]é‘; 10" 7.03:10°° 8.12:10°° 52810 2.76:10°° 2.16:107° 3.60-10°°
8,51 a
u
8.0 -
4000000 —
o 7.5
2000000 | Q 70, '/
T & ' ./
= T il
4 0+ b 6,5
6,01
-2000000 4 L
5,51 \ o
n /
-4000000 50 ‘-8
3330 3340 3350 3360 3370 338 0 50 100 150 200 250 300
H, Oe. T,K
a b

Fig. 2. (a) ESR spectra for PMMA —10 % PAN at different temperatures; (b) Dependence of signal width AHpp
(distance between peaks) on temperature for composite PMMA — 10 % PAN.

If the content of PAN becomes higher than 2 vol. %,
the conductivity value of the PMMA — PAN composite
exceeds the conductivity of the PMMA polymeric matrix
by 8 - 9 orders of magnitude, after which it remains
almost constant. It is interesting that the conductivity of
the PMMA — PAN composite with a filler content of 2 -
15 % slightly exceeds the conductivity of pure PAN
(Table 1).

We assume that high values of the specific
conductivity (o) at exceeding the percolation threshold
for PMMA - PAN composites are caused by the
formation of their own conductive network inside the
host polymer and thus forming a continuous electrically
conductive phase, which is uniformly distributed over the
entire volume of the polymer composite, that is, a
continuous conductivity cluster is formed [22, 23].

As shown by B. Wessing and co-authors [8], the
conductivity in thermally compressed PAN composites
doped with d,I-camphorosulfonic acid with PMMA
containing 40 % PAN may be higher than that of pure
PAN. A probable cause of this phenomenon may be the
additional doping of the polyaniline by PMMA
functional groups near the melting point. On the other
hand, the dielectric polymeric matrix can affect the
degree of coupling of the conductive polymer structure
by orienting the macrochains in one direction to form
one-dimensional 1D structures [9]. The presence of
structures of this type ensures the preservation of the
physico-mechanical properties of high-polymer matrices
without disrupting the semiconductor nature of the
conductivity of the conjugated polymer, and sometimes
even enhances charge transport, affecting its electronic
structure, which leads to changes in the concentration of
polaron charge carriers. Perhaps in this case, a structural
matrix effect is manifested [24-26], which consists in the

ability of the polymer matrix to influence the length and
chemical structure of polyaminoarene chains, including
their spatial structure.

Using ESR spectroscopy in the range T = 4.2 - 300 K
it was established that PMMA-PAN composites give a
clear EPR signal at room temperature with a g-factor
value of 2.0025 £+ 0.0002 (Fig. 2, a).

According to the analysis of the temperature
dependence of the ESR, it can be assumed that in the
synthesized nanocomposites there is a significant
delocalization of charge carriers along the PMMA
dielectric polymeric matrix, which causes increased
values of the specific conductivity (Table 1). This is also
evidenced by the change in the shape of the ESR signal,
namely its significant extension — the distance between
the peaks AHpp increases to 5.05 - 8.29 Oe for the
PMMA — PAN composite (Fig. 2.b), as compared to the
unfilled PAN (3.1 - 3.4 Oe) [9, 27, 28].

This increase in the AHpp value for the PMMA —
PAN composite compared to the PAN confirms the
delocalization of the electron density of the conductive
filler in the PMMA matrix. In addition, the temperature
dependence of AHpp for the PMMA — PAN composite is
characterized by the presence of a minimum in the
temperature range of 30 - 60 K, which may indicate the
reorganization of the electronic structure and the
manifestation of the effects of magnetic interactions [28,
29]. Close correlation between ESR parameters (line
width, peak height ratio) suggests that both mobile and
fixed spins exist in the electronic structure of the
obtained composites. That is, at temperatures of 4.2 -
300 K, the electron density is uniformly distributed in
the composite matrix, which causes an increase in the
conductivity of PMMA — PAN composites compared to
pure PAN.
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Thus, the formation of PMMA — PAN composites
exhibits specific effects that are related to the
peculiarities of polymer nanostructures formation. Such
effects are not observed in mechanical mixtures, but are
inherent mainly in nanosystems. The results of Raman
spectroscopy confirmed that PMMA macromolecules in
the process of formation of PMMA — PAN composites
enter into weak intermolecular interaction with PAN
molecules due to coordination or donor-acceptor bonds
[9, 23].

For acid-doped PAN, the temperature dependence of
electrical conductivity is caused by two contributions: (a)
purely metallic conductivity, which is limited by the
quantum dimensions of the metal core and (b) the
process of thermo-activated tunneling between the
primary particles [14, 27, 29]. An important factor in
influencing the dependence of electrical conductivity on
temperature is the nature of the polymer, the type and
concentration of the filler.

For all composites under study, as for most organic
semiconductors, the resistivity of the samples in the
initial region decreases by exponential law with
increasing temperature. The linear nature of the
dependence 1g (p/pag3) —1/T for this plot indicates the
thermoactivation nature of the conductivity and allows
one to calculate the value of the charge transport

activation energy (g,;) in this temperature range
depending on the PAN content (Fig. 3).
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Fig. 3. Temperature dependence of normalized resistance
of PMMA — PAN composites. PAN content: 1 — 100 %;
2-2%;3-10%.

As can be seen from Fig. 3, the semiconductor
character of the electrical conductivity is not disturbed in
the composites, but the influence of the polymer matrix
on the activation parameters of charge transfer is traced.
It is found that the effective activation energy of the
composite conductivity (e,) depends on the content of
PAN and is in the range of (0.26 - 2.16) = 0.04 eV
depending on the content of the conductive filler (Fig. 4).
As the PAN content increases, the value of the
conductivity activation energy decreases significantly.
The obtained results confirm the presence in the PMMA-
PAN composites of a continuous self-conducting
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polymeric grid, which possibly provides higher values of
the specific conductivity compared to the fine crystal
filler. This suggests that as the content of PAN in the
composite increases the number of percolation bridges,
which creates additional channels for charge transfer,
increase too. This causes a decrease in the activation
energy of the conductivity and increase the length of free
path of charge carriers [23].
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Fig. 4. Dependence of the activation energy of charge
transport for PMMA — PAN composites on the content of
electrically conductive filler (PAN).

Analyzing the results obtained, we can assume that
the investigated composites behave as typical organic
semiconductors after reaching the percolation threshold.

Conclusions

Therefore, based on the results of experimental
studies, it is established that there is a strong interaction
between the PMMA polymer matrix and the PAN filler,
which is manifested in the low percolation threshold
values for these composites, which is explained by the
formation of a spatial conductive network. On the other
hand, the dielectric polymeric matrix can affect the
structure of the conjugated polymer, and therefore the
number of unpaired spins corresponding to the charge
carrier concentration. Confirmation of this assumption is
the results of ESR spectroscopy according to which,
when forming PMMA — PAN composite, the electronic
structure of the material undergoes significant changes,
which may indicate the formation of a composite with a
molecular degree of dispersion, in other words, a
nanocomposite [18, 23].
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Oco0,1MBOCTI TPAHCIOPTY 3apsiAy B NMOJIMEPHUX KOMIIO3UTAX
MOJIIMEeTHJIMETAKPHJIAT - MOJTIAHIIiH

Pignencoruii Oepoicasnuii 2ymanimapnuii ynieepcumem, Pisne, Yipaina, galmart@ukr.net
2 ITvsisckuii HayionanbHuil yuisepcumem imeni Isana @panka, Jveis, Yrpaina, aksimen@ukr.net

BuBdeno BmiuB mojiMepHoi Marpuui noiiMerwiMerakpuiaaty (IIMMA) Ha mUTOMY €lE€KTPONPOBIIHICTS,
MOpIT MEepKOJALil, eHeprilo aKkTHBALil TPAaHCIOPTY 3apAdy B ModiMepHHX kommo3utax [IMMA - momiaHimiH
(TTAH). BcraHoBneHo, 1o B komrno3utax IIMMA-TIAH 3a HasBHOCTI €JEKTPONPOBIAHOTO MONIMEPYy MHUTOMA
MIPOBIJHICTE 3pocTae Oimble HK Ha § - 9 MOpAAKiB MOPIBHSAHO 3 BHXigHOIO Marpuieio [IMMA, mpu npomy
KOHIIEHTpaNiifHa 3aJIeXHICTh EJIEeKTPOIPOBITHOCTI BUSBILIE NEPKOJIIIIHHY IOBEAIHKY i3 HH3BKMM 3HAYEHHSIM
nopory nepkossiii B Mexax 2 % Bwmicty ITAH. Ha ocHoBi TemmepaTypHOi 3aleXHOCTI HHTOMOTO OIIOPY
BCTaHOBJICHO, 110 TToJliMepHa Matpuilst [IMMA He 3MiHIO€ HaIiBIPOBITHUKOBOTO XapakTepy nposigHocti [IAH B
KOMITO3UTI. ajle YMHUTH BIUIMB Ha aKTHBALiifHI MapaMeTpH mnepeHeceHHs 3apsaay. 3 manux EIIP cmextpockomii
BCTAHOBJICHO, IO HASABHICTh MOJNIMEPHOI MATPHLI 3YMOBIIOE 3HAYHY JEJOKATi3aliio 3apsAay B3IOBXK
MaKpOJIAHLIOTIB JieNeKTPUYHOT ITOTIMEPHOI MATPHIIL.

KiouoBi ciioBa: momiMepHi KOMITO3UTH, NHTOMAa MPOBIAHICTh, €HEPTris aKTHBALii MPOBIAHOCTI, MOPIr
MEPKOJIATIIT.
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